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Abstract: A Brabender Kompakt extruder KE 19/25 was used to get corn third-generation pellets 

using high moisture content (25, 30, and 35%) and moderate temperature. The pellets were subjected 

to microwave expansion, and the drying curves were fitted to Page, Logarithmic, and Midilli and 

Kucuk mathematical models. The Page model best fits the experimental data, closely followed by 

the Midilli and Kucuk model. The variables evaluated were appearance, sectional expansion index 

(SEI), and volumetric expansion index (VEI), and they showed a strong dependency on moisture 

content. According to the results, the recommended expansion time with 25, 30, and 35% moisture 

content for mixtures is 50, 60, and 60–75 s, respectively. 
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1. Introduction 

Pellets called third-generation extruded are formed via extrusion at high moisture 

content, moderate temperature, and dried at ambient temperature, allowing the preser-

vation of thermally sensitive ingredients [1]. The expansion process of these pellets can be 

performed by domestic microwaves to achieve a crispy texture. This methodology pro-

vides an alternative in terms of generating nutritious food, and it also reduces export costs 

in which the volume usually raises the final sale costs. 

Electromagnetic waves with a frequency between 0.3 and 300 GHz (wavelength 1 

mm to 1 m) are called microwaves. These microwaves are utilized in different areas be-

cause the heat transfer is energetically efficient. The heat transfer is generated inside the 

food due to the alignment of the dipolar nature of the water molecule and ionic mecha-

nism by an electric field when the microwave penetrates through it [2]. The combination 

of nonexpanding extrusion and microwave expansion is referred to as indirect expansion 

or production of third-generation snacks. Recently, studies on microwave expansion were 

reported for potato flakes [3], blue corn, black beans, sweet chard [4], imitation cheese [5], 

and blue honeysuckle berry snacks [6]. 

Otherwise, scientists intending to transfer knowledge acquired experimentally to in-

dustrial applications use mathematical modeling of drying kinetics [7]. These models pro-

vide a fundamental analysis of mass transfer phenomena and apport vital information to 

design new equipment and optimize systems [8]. 

The objectives of this work were (1) to examine the influence of moisture content of 

the mixtures and microwave expanded time on the appearance, sectional expansion index 
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(SEI), volumetric expansion index (VEI), and water content of the expanded pellet, and (2) 

to fit the experimental data to Page, Logarithmic and Midilli-Kucuk models. 

2. Materials and Methods 

2.1. Preparation of Corn 3G Extruded Pellets 

Corn flour was mixed thoroughly with water, and the moisture content of the 

blended samples for extruder feed was adjusted to 25, 30, and 35% (wb) by mixing con-

tinuously at medium speed in a mixer (Bosch MFQ40303, Gerlingen, Germany). 

A single-screw laboratory extruder (Kompakt extruder KE 19/25; Brabender, Duis-

burg, Germany) with a barrel diameter of 19 mm and a length diameter ratio of 25:1 was 

used to get corn third-generation pellets. The extruder was operated at a 3:1 compression 

ratio, loaded with prepared corn samples at a constant dosing speed of 20 rpm. The screw 

was rotated constantly at 120 rpm, and temperatures of barrel sections 1–4 were set to 30, 

60, 100, and 120 °C, respectively; the nozzle diameter was 3 mm. Extruded products were 

immediately dried at 25 °C overnight. Dried samples were stored in polyethylene bags at 

room temperature and used for further analysis. 

2.2. Microwave Expansion 

The expansion process was performed in a microwave machine (FT339, Whirlpool 

Corporation, MI, USA) at 1000 W/g. To evaluate the microwave expansion-kinetics and 

dehydration-kinetics of the different corn 3G extruded pellets, the water content and char-

acteristic dimensions of pellets samples were analyzed after 10, 20, 30, 40, 50, 60, 75, and 

90 s of microwave expanded application time. 

2.2.1. Microwave Dehydration-Kinetics 

The microwave dehydration curves, obtained from the experimental water content 

of the samples after different process times, were fitted to the Page, Logarithmic, and Mi-

dilli-Kucuk models, as proposed by Igual et al. [9] for freeze-dried grapefruit. 

Water content (xw) was obtained by vacuum drying the samples in a vacuum oven 

(Vaciotem, J.P. Selecta) at 60 °C for 48 h. 

2.2.2. Microwave Expansion-Kinetics 

The sectional expansion index (SEI) and volumetric expansion index (VEI) of extru-

dates were determined following the methodology described by Patil et al. [10]. The width 

and large of expanded pellets were measured with a digital caliper. 

2.3. Statistical Analysis 

Non-linear regression analyses were carried out for the estimation of the kinetic pa-

rameters. Analysis of variance (ANOVA) was applied with a confidence level of 95% (p < 

0.05) to evaluate the differences. Statgraphics Centurion XVII Software, version 17.2.04 

(Statgraphics Technologies, Inc., The Plains, VA, USA) was used in both analyses. 

3. Results and Discussion 

3.1. Microwaving Dehydration Kinetic. Mathematical Modeling 

The microwave dehydration curves of corn pellets with different moisture of its mix-

tures (25, 30, and 35%) were obtained by plotting the moisture ratio vs. time. The experi-

mental data were fitted to the Page, Logarithmic, and Midilli-Kucuk models. Figure 1 

shows the microwave process experimental data and moisture ratio behavior. The kinetic 

parameters and the accuracy of the fit determined for the three models are presented in 

Table 1. These models coincided well with the experimental data, as seen from the ad-

justed regression coefficient (R2) and the root mean square error (RMSE) values. The best 

fit (higher R2) was Page for mixtures with 25 and 35% moisture and Midilli-Kucuk for 
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mixture with 30% moisture. Therefore, in general terms, the Page model provided the best 

fit with the experimental data. 

 

Figure 1. Microwaving expansion kinetics of corn pellets with a different water content of its mix-

tures ((a): 25, (b): 30, and (c): 35%) adjusted to Page, Logarithmic, and Midilli–Kucuk models. 

In Table 2, the model constants for each mathematic model are exhibited. For the 

Page models, the constant k could be related to the diffusion coefficient and the geometry 

of the sample. The trend of the values indicates a higher water diffusion coefficient at 25% 

of moisture and an inversely proportional trend to the water content; a similar effect was 

shown in starch-gluten-water mixtures heated by microwave [11]. The constant n is asso-

ciated with the type of diffusion phenomenon (n > 1 for super-diffusion and n < 1 for sub-

diffusion). According to Simpson et al. [12], this exponent should be related to the micro-

structure; for this reason, a fluctuation inversely proportional to the water content of the 

mixtures was observed. In all the moisture content, constant n was higher than unit due 

to the high heating velocity during the microwave process. 

Table 1. Values of the microwaving expansion kinetic parameters obtained for pellets when the 

Page, Logarithmic, and Midilli–Kucuk models were used to fit the experimental data. 

Water Content 

of Mixtures (%) 

Model 

 Page Logarithmic Midilli–Kucuk 

25 

Model constants 
k: 0.00062 

n: 1.93984 

a: 2.2581 

k: 0.0082 

c: −1.150 

a: 1.0939 

k: 0.0069 

n: 1.2271 

b: −0.0029 

Adj. R2 96.36 91.52 91.41 

RMSE 0.078 0.119 0.120 

30 Model constants 
k: 0.00054 

n: 1.81839 

a: 1.4349 

k: 0.0115 

c: −0.3080 

a: 0.9752 

k: 0.00002 

n: 2.6097 

b: −0.0006 
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Adj. R2 93.99 84.15 95.93 

RMSE 0.086 0.140 0.071 

35 

Model constants 
k: 0.00038 

n: 1.76371 

a: 1.3090 

k: 0.4091 

c: −0.1780 

a: 1.1008 

k: 0.0005 

n: 1.4632 

b: −0.0051 

Adj. R2 89.07 75.83 87.98 

RMSE 0.1064 0.1582 0.0718 

Adjusted regression coefficient (Adj. R2) and root mean square error (RMSE) values. 

3.2. Sectional Expansion Index (SEI) and Volumetric Expansion Index (VEI) and Appearance 

Figure 2 shows the evolution of the sectional expansion index (SEI) and volumetric 

expansion index (VEI) of the pellets as a function of the processing time for three different 

water content of mixtures. At the beginning of the process (10 to 30 s), microwave energy 

heated the matrix through the vibration of water molecules, and the temperature of the 

pellets increased progressively; however, these pellets did not show significant (p > 0.05) 

changes in SEI and VEI values. Then, the pellet from the mixture with 25% moisture ex-

panded at 40 s, while the 30 and 35% moisture in mixture expanded at 60 s. 

The pellets with 35% of water content showed lower SEI and VEI values at each time, 

and this behavior was closely followed by the pellets with 30% of water content. In con-

trast, pellets with 25% water content exhibited a higher expansion index in all the appli-

cation times evaluated. 

According to the SEI and VEI values, the best treatment is the pellet with 25% mois-

ture and a microwave application time of 40 s. In this case, the finished product was fully 

expanded with ≈2.5 in SEI and ≈3.1 in VEI. Temperature evolution during microwave ex-

pansion strongly depends on dielectric properties, which are closely determined by mois-

ture content [13,14]. Mixtures with approximately 20–30% moisture content are subjected 

to produce pellets with approximately 11–15% moisture equally dispersed throughout the 

pellet’s volume. According to some studies, the final product has shown better expansion 

indexes, light structure, and crispy texture [15,16]. 
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Figure 2. Evolution of SEI and VEI of the pellets as a function of the processing time for three dif-

ferent moisture content of its mixtures (25, 30, and 35%). Different letters (a, b, c) represent signifi-

cant differences (p < 0.05) by microwave expanded application time and (A, B). represent significant 

differences (p < 0.05) by water content. 

Figure 3 shows the appearance evolution as a function of the processing time. When 

75 s of microwave was applied, expanded samples showed darkest color in all samples. 

The evolution of expansion in Figure 3 corroborates the results of Figure 2. 

The best treatment according to the appearance is the pellet with 25% moisture and 

a microwave application time of 40 s. In this case, the finished product was fully expanded 

with 27 mm in length and 8.5 mm in diameter. The approximate weight of a pellet was 

0.35 g. 
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Figure 3. Evolution of the appearance as a function of the processing time for three different water 

content of its mixtures (25, 30, and 35%). 

4. Conclusions 

To explain the microwave expansion process behavior, three drying models available 

in the literature were compared using the statistical parameters of the regression coeffi-

cient (coefficient square R2 and root mean square error RMSE). The Page model yielded 

better results for 25% moisture content of mixture, while for 30% moisture content, the 

Midilli–Kucuk model fits the experimental data reasonably. The constant drying k showed 

an inversely proportional trend to the moisture content of the mixtures for Page model 

and a directly proportional trend for Logarithmic model. The constants n for Page and 

Midilli-Kucuk models were higher than unit due to the high heating velocity of the mi-

crowave process. According to the appearance of SEI and VEI the best expansion proper-

ties were exhibited in the pellet with 25% moisture and a microwave application time of 

40 s. Above the 75 s of microwave application, all the pellets were burned due to the loss 

of moisture content during the expansion. Using empirical models for modeling expan-

sion kinetics of corn third-generation extruded pellets during microwave expansion is im-

portant for developing a better understanding of the process at the macroscopic scale. 

Author Contributions: Conceptualization, P.G.-S., J.M.-M. and M.I.; methodology, M.I., F.M. and 

L.A.; software, F.M. and L.A.; formal analysis, L.A., F.M. and M.I.,.; investigation, P.G.-S., J.M.-M., 

M.I., L.A.; resources, P.G.-S., J.M.-M.; data curation, L.A., M.I.; writing—original draft preparation, 

L.A.; writing—review and editing, M.I., P.G.-S., J.M.-M.; supervision, M.I.; project administration, 

P.G.-S., J.M.-M.; funding acquisition, J.M.-M., P.G.-S. All authors have read and agreed to the pub-

lished version of the manuscript. 

Acknowledgments: For the financial support for the research stay for L.A., we would like to thank 

the Centro de Cooperación al Desarrollo (CCD) of the Universitat Politècnica de València. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Kraus, S.; Sólyom, K.; Schuchmann, H.P.; Gaukel, V. Drying kinetics and expansion of non-predried extruded starch-based 

pellets during microwave vacuum processing. J. Food Process Eng. 2013, 36, 763–773. 

2. Tang, J. Unlocking potentials of microwaves for food safety and quality. J. Food Sci. 2015, 80, E1776–E1793. 



Biol. Life Sci. Forum 2022, 2, x 7 of 4 
 

 

3. Gutiérrez, J.D.; Catalá-Civera, J.M.; Bows, J.; Peñaranda-Foix, F.L. Dynamic measurement of dielectric properties of food snack 

pellets during microwave expansion. J. Food Eng. 2017, 202, 1–8. https://doi.org/10.1016/j.jfoodeng.2017.01.021. 

4. Neder-Suárez, D.; Quintero-Ramos, A.; Meléndez-Pizarro, C.O.; de Jesús Zazueta-Morales, J.; Paraguay-Delgado, F.; Ruiz-

Gutiérrez, M.G. Evaluation of the physicochemical properties of third-generation snacks made from blue corn, black beans, and 

sweet chard produced by extrusion. LWT 2021, 146, 111414. https://doi.org/10.1016/j.lwt.2021.111414. 

5. Arimi, J.M.; Duggan, E.; O’Sullivan, M.; Lyng, J.G.; O’Riordan, E.D. Effect of moisture content and water mobility on microwave 

expansion of imitation cheese. Food Chem. 2010, 121, 509–516. 

6. Zhang, Y.; Gao, M.; Gao, R.; Xue, L.; Gao, F.; Shen, L.; Zheng, X. Effects of process parameters on texture quality of blue honey-

suckle berry snack under continuous microwave puffing conditions. J. Food Process. Preserv. 2021, 45, e16047. 

7. Babu, A.K.; Kumaresan, G.; Raj, V.A.A.; Velraj, R. Review of leaf drying: Mechanism and influencing parameters, drying meth-

ods, nutrient preservation, and mathematical models. Renew. Sustain. Energy Rev. 2018, 90, 536–556. 

https://doi.org/10.1016/j.rser.2018.04.002. 

8. Onwude, D.I.; Hashim, N.; Janius, R.B.; Nawi, N.M.; Abdan, K. Modeling the thin-layer drying of fruits and vegetables: A 

review. Compr. Rev. Food Sci. Food Saf. 2016, 15, 599–618. 

9. Igual, M.; Cebadera, L.; Cámara, R.M.; Agudelo, C.; Martínez-Navarrete, N.; Cámara, M. Novel ingredients based on grapefruit 

freeze-dried formulations: Nutritional and bioactive value. Foods 2019, 8, 506. https://doi.org/10.3390/foods8100506. 

10. Patil, R.T.; Berrios, J.d.J.; Tang, J.; Swanson, B.G. Evaluation of methods for expansion properties of legume extrudates. Appl. 

Eng. Agric. 2007, 23, 777–783. 

11. Umbach, S.L.; Davis, E.A.; Gordon, J.; Callaghan, P.T. Water self-diffusion coefficients and dielectric properties determined for 

starch-gluten-water mixtures heated by microwave and by conventional methods. Cereal Chem. 1992, 69, 637–642. 

12. Simpson, R.; Ramírez, C.; Nuñez, H.; Jaques, A.; Almonacid, S. Understanding the success of Page’s model and related empirical 

equations in fitting experimental data of diffusion phenomena in food matrices. Trends Food Sci. Technol. 2017, 62, 194–201. 

https://doi.org/10.1016/j.tifs.2017.01.003. 

13. Ling, B.; Wang, S. Dielectric properties of pistachio kernels as influenced by frequency, temperature, moisture and salt content. 

In Proceedings of the 2017 ASABE Annual International Meeting, Spokane, WA, USA, 16–19 July 2017; p. 1. 

14. Tao, Y.; Yan, B.; Fan, D.; Zhang, N.; Ma, S.; Wang, L.; Wu, Y.; Wang, M.; Zhao, J.; Zhang, H. Structural changes of starch subjected 

to microwave heating: A review from the perspective of dielectric properties. Trends Food Sci. Technol. 2020, 99, 593–607. 

15. Samray, M.N.; Masatcioglu, T.M.; Koksel, H. Bread crumbs extrudates: A new approach for reducing bread waste. J. Cereal Sci. 

2019, 85, 130–136. https://doi.org/10.1016/j.jcs.2018.12.005. 

16. Lusas, E.W.; Rooney, L.W. Snack Foods Processing; CRC Press: Boca Raton, FL, USA, 2001. 


