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Yellow mealworm is an alternative protein source studied by researchers to provide 

an alternative supply of protein to meet the growing demands of human consumption. 

In this research, convective baking of yellow mealworms at 80°C, 100°C, and 120°C was 

carried out to study the baking kinetics and product quality. Studies showed the typical 

falling trend of the moisture ratio curves, which are typical for most bioproducts that 

undergo hot air treatment. Mathematical modelling showed that the Page model gave a 

good prediction on the baking kinetics with high fitting accuracy (R2>0.99). Effective 

diffusivities were determined from 1.66 x 10-11 to 2.88 x 10-11 m2/s within the temperatures 

tested. The activation energy was estimated at 15.7 kJ/mol based on the Arrhenius 

equation. The final baked samples appeared darker in color because the browning 

reaction and reduction in bulk density and product length were observed in the range of 

48-54% and 3.0-16.3%, respectively. 

 

Keywords: Baking, Diffusivity, Mealworm, Modelling, Moisture 

 

INTRODUCTION 

 

The utilization and consumption of 

insects as a food source have been 

practiced by humankind for many years 

(Ramos-Elorduy 2009). However, not 

everyone is able to accept this idea as 

insects are mostly perceived as pests that 

could carry diseases or could be poisonous 

and damaging to human health. In 

sustainable food sources and consumption, 

entomophagy is an alternative to meet the 

growing demands for proteins, fats, 

minerals, vitamins, and carbohydrates, 

especially to the 820 million populations 

currently still in hunger (WHO 2019). In 

addition, the increasing growth of the 

human population requires a search for an 

alternative protein source that could be 

acquired through natural products, 

especially from underutilized or unexplored 

sources, e.g., insects. 
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Although the consumption of edible 

insects is gaining more attention and 

awareness nowadays, it is yet to be 

accepted widely by many people (Megido 

et al. 2018). However, yellow mealworm 

(Tenebrio molitor) is the most widely used 

and researched as an alternative food for 

humans in Europe (Verhoeckx et al. 2014). 

Proximate analyses (dry basis) showed that 

mealworms contained 33% fat, 51% crude 

protein, and 43% true protein (Zhao et al. 

2016). This particular insect species is a 

highly sought after candidate as an 

alternative protein source owing to its high 

protein content, well-balanced amino acids 

profile, efficient feed conversion rate, low 

greenhouse gases emission, low water food 

print, low land usage, and technology to 

mass-produce is available (Liu et al. 2020). 

Elhassan et al (2019) reported sensory 

properties of mealworms that could be 

described as nutty, cereal, and umami,  

including the less intense flavor of 

vegetables and Maillard reaction products.  

The mealworms can be boiled, dried, or 

fried and applied to food products to 

enrich their protein content. Besides 

applying food ingredients for human 

consumption, mealworms can also be used 

as a protein source in animal feed such as 

fish, chickens, and pigs (Henuk, 2017). It 

was reported that about 25-100% of 

soybean meal or fishmeal could be 

replaced in the animal feed with no adverse 

effects observed. 

To date, studies on the impact of 

processing (e.g., baking/drying) on 

mealworms are scarcely reported in 

published literature, and most of the 

studies mainly reported on the nutritional 

aspects of the insects. Studies on the 

baking kinetics of food products are crucial 

as it enables a better understanding of the 

weight changes of the product due to 

moisture diffusion and evaporation 

(Papasidero et al. 2015). In addition, 

evaluation of the baking kinetics enables 

determining the engineering transport 

properties (e.g., effective moisture 

diffusivity), which is crucial in equipment 

design to improve the process economics 

and dryer efficiency (Hii et al. 2017). Finally, 

the development of product quality 

attributes (e.g., color, bulk density, and 

shrinkage) during baking can be related to 

quality control during processing in order 

to produce final products with consistent 

final qualities (Ling et al. 2015). 

Therefore, studies were carried out with 

the aim to investigate the baking kinetics 

and mathematical modeling of yellow 

mealworms’ baking process at different 

convective oven temperatures (80-120°C). 

It would complement the current 

information and knowledge that has been 

reported mainly on the nutritional aspects 

of mealworms. Hence, the objectives of the 

studies are described as follow:  

 To investigate the baking kinetics and 

effective moisture diffusivities of yellow 

mealworms in convective hot air. 

 To model the baking kinetics using semi-

theoretical thin layer models. 

 To determine the final product quality 

attributes in terms of color, shrinkage, 

and bulk density. 

 

MATERIALS AND METHODS 

 

Sample 

Live yellow mealworms were purchased 

from an aquarium shop in the Semenyih 
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region (Selangor, Malaysia). Feed and soil 

residues, including dead or injured 

mealworms, were removed. The remaining 

mealworms were transferred to a container 

with a lid having perforated holes and left 

in the container for 2 days without food 

supply for the purpose of purging before 

freezing (Finke 2002). Upon purging, the 

mealworms were kept in a freezer at -10°C 

for two more days to completely stop the 

activity of mealworms (Verhoeckx et al. 

2014). The frozen mealworms were then 

blanched in hot boiling water for 10 

minutes. Upon blanching, the mealworms 

were let cool on a paper towel and stabilize 

to ambient conditions. 

 

Convective baking  

The treated mealworms were spread 

thinly on an aluminum tray (about 500 gm 

sample per tray) and subjected to 

convective hot air baking (Memmert, 

Germany). Baking was performed at 80°C, 

100°C, and 120°C for 90 minutes to ensure 

the mealworms achieved full dryness (no 

further weight changes). Moisture content 

was determined based on the oven method 

(Hii et al. 2009) by placing the mealworm 

sample in a small metal dish (randomly 

picked 12 samples) and dried overnight at 

105oC for 24 hours. Moisture content was 

determined every 5 minutes interval and 

expressed on a dry basis, as shown in 

equation 1. 

𝑀(𝑡) =  
𝑊𝑡−𝑊𝑑

𝑊𝑑
  (1) 

 

Effective moisture diffusivity (De) 

Determination of effective moisture 

diffusivity (De) was carried out by using 

Fick’s 2nd law equation (Crank 1975), which 

represents the thin layer of mealworms as 

placed on the tray (slab geometry). MR 

  

represents the moisture ratio (Law et al. 

2010), and the following equations were 

used. 

𝑀𝑅 =
8

𝜋2
∑

1

(2𝑛−1)2

∞
𝑛=1 exp [−(2𝑛 − 1)2 𝜋2𝐷𝑒𝑡

𝐿2 ] 

 (2) 

𝑀𝑅 =  (𝑀𝑡 − 𝑀𝑒)/(𝑀𝑖 − 𝑀𝑒)  (3) 

 

By taking n = 0 and multiplying both 

sides of the equation with a natural log, a 

linear equation as shown below. 

ln 𝑀𝑅 = ln
8

𝜋2 −
𝜋2𝐷𝑒

𝐿2 𝑡  (4) 

A plot of ln MR (y-axis) versus t (x-axis) 

would give a linear graph that enables the 

determination of the effective moisture 

diffusivity. In this case, the slope is equaled 

to π2De/L
2. 

The effective moisture diffusivity values 

determined were related to the baking 

temperatures by assuming an Arrhenius 

temperature dependency relationship 

(Bualuang et al. 2011). 

𝐷𝑒 = 𝐷𝑜𝑒𝑥𝑝
−𝐸

𝑅𝑇  (5) 

 

Mathematical modeling 

Mathematical modelling was 

conductedusing semi-empirical thin layer 

models (Table 2). Regression analyses were 

conducted using the solver tool (MS Excel, 

USA). The best-fitted model would show 

the highest R2, the lowest chi-square, and 

RMSE values (Hii et al. 2009), respectively. 

The model with the best fitting to the 

experimental data was determined by the 

correlation of determination (R2), Chi-



168  Convective Baking Characteristics and Effective Moisture Diffusivities of Yellow Mealworms  

squared (χ2) ,and root mean square error 

(RMSE).  

 

Table 1. Thin layer drying models 

Model Equation  

Henderson-

Pabis 

𝑀𝑅

= 𝑎𝑒𝑥𝑝(−𝑘𝑡) 

(6) 

Page 𝑀𝑅 =

𝑒𝑥𝑝(−𝑘𝑡𝑛)  

(7) 

Verma et 

al. 

𝑀𝑅 =

𝑎𝑒𝑥𝑝(−𝑘𝑡) +

(1 −

𝑎) 𝑒𝑥𝑝(−𝑔𝑡)  

(8) 

 

𝑅2 = 1 − {[∑ (𝑀𝑅𝑝𝑟𝑒,𝑡 − 𝑀𝑅𝑒𝑥𝑝,𝑡)
2

]/𝑁
𝑖=1

[∑ (𝑀𝑅̅̅̅̅̅
𝑝𝑟𝑒,𝑡 −  𝑀𝑅𝑒𝑥𝑝,𝑡)

2𝑁
𝑖=1 ]} (9) 

𝜒2 =  [∑ (𝑀𝑅𝑒𝑥𝑝,𝑡 −  𝑀𝑅𝑝𝑟𝑒,𝑡)
2

]/𝑁
𝑖=1 (𝑁 − 𝑧) 

 (10) 

𝑅𝑀𝑆𝐸 =  [( 
1

𝑁
) ∑ (𝑀𝑅𝑝𝑟𝑒,𝑡 −  𝑀𝑅𝑒𝑥𝑝,𝑡)2𝑁

𝑖=1 ]
1/2

 

  (11) 

 

where N and z are the number of data and 

constants in the model, respectively. 

The best-fitted model would show the 

highest R2 and the lowest χ2 and RMSE 

values, respectively (Phahom and 

Phoungchandang 2018, Klungboonkrong 

and Phoungchandang 2018, Yaacob et al. 

2019) 

 

Product quality 

Colour analyses were conducted 

according to CIE L*, a*, and b* parameters. 

The baked samples were spread thinly in a 

petri dish, and the color sensor (Precision 

colour meter, China) was pointed at the 

samples, and care was taken to make sure 

it was covered fully.  

Bulk density was determined by putting 

the baked worm samples in a 250 ml 

measuring cylinder. The bulk density was 

calculated by dividing the mass (M) with 

the volume (V) using equation 12. 

𝑏 =
𝑀

𝑉
  (12) 

Product shrinkage was measured based on 

the length of the baked worm using a 

vernier calliper. The initial and final length 

after baking were compared. All the above 

measurements were carried out in 

triplicates.   

 

RESULTS AND DISCUSSION 

 

Baking kinetics 

Figure 3 shows the mealworms’ 

moisture ratio curves at baking 

temperatures of 80°C, 100°C, and 120°C, 

respectively. An exponential reduction 

trend over time could be observed, which is 

typical in most bioproducts under 

convective hot air treatment. It also 

represents the diffusion of moisture within 

the product, which could be due to the 

liquid/vapour diffusion process or a 

combination of both. Initial and final 

baking rates (Table 2) are recorded in the 

range of 0.029 - 0.065 g water/g ds.hr and 

2.7 x 10-4 – 3.4 x 10-5 g water/g ds.hr, 

respectively. Higher initial baking rates are 

recorded at a higher temperature range, 

mainly attributed to the bigger driving 

force (temperature gradient) between the 

hot air and the sample that is conducive to 

heat transfer. The high rate of heat transfer, 

in turn, results in a greater rate of mass 

transfer within the inner vicinity of the 

product and evaporation of moisture to the 

surrounding. Convective heat transfer is 
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expected to be the primary dominating 

mode of heat transfer as opposed to heat 

conduction due to the greater heat transfer 

coefficient, which is highly correlated to the 

air temperature.  

 

 

Fig. 1: Variation of moisture ratio against 

baking time (line graphs represent fitting 

by Page model) 

 

Table 2. Baking rates 

Temperature 

(°C) 

Initial rate 

(g water/g 

ds.hr) 

Final rate 

(g water/g 

ds.hr) 

80 0.029 2.7 x 10-4 

100 0.044 2.8 x 10-4 

120 0.065 3.4 x 10-5 

Note: ds = dry solid 

 

Mathematical modelling 

Mathematical modelling using thin 

layer models shows that the Page equation 

could predict the changes in moisture 

contents for all temperatures throughout 

the baking period (Figure 1 and Table 3). 

However, for baking at 120°C, the Vermal et 

al. model was equally able to predict as 

good as the Page model.  Nonetheless, 

fitting analyses showed that the Page 

equation showed the highest R2 (0.9975 – 

0.9993), lowest Chi-square (0.0001 – 

0.0003), and lowest RMSE (0.0083 - 0.0155) 

in all the baking experiments. Several 

studies have reported similar findings  

 

where the Page model can predict at high 

accuracy for star fruit (Hii and Ogugo 2014), 

kiwi fruit (Simal et al. 2005), and mango 

(Akoy 2014).  

 

Table 3. Coefficients and constants of thin 

layer models 

Model Constants R2 2 RMSE 

T = 80°C 

Page k= 0.0086  

n=1.3244 

0.9975 0.0003 0.0155 

Verma 

et al. 

a=-2.0279  

k= 0.0632  

g=0.0462 

0.9968 0.0004 0.0175 

Hender

son & 

Pabis 

a=1.0748  

k=0.0307 

0.9822 0.0019 0.0416 

T = 100°C 

Page k=0.0132 

n=1.2408 

0.9987 0.0001 0.0111 

Verma 

et al. 

a=-2.7612 

k=0.0616 

g=0.0499 

0.9985 0.0002 0.0120 

Hender

son & 

Pabis 

a=1.0672  

k=0.0335 

0.9906 0.0010 0.0298 

T = 120°C 

Page k=0.0179 

n=1.3088 

0.9993 0.0001 0.0083 

Verma 

et al. 

a=-2.2824 

k=0.1044 

g=0.0783 

0.9993 0.0001 0.0083 

Hender

son & 

Pabis 

a=1.0662  

k=0.0512 

0.9887 0.0012 0.0327 

 

Page model is an improved version of 

the Newton model (without constant ‘n’), 

and the constant ‘n’ acts as a correction 

term to improve the experimental data's 

fitting accuracy. The main advantage of 

applying a semi-theoretical model is the 
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ease of application in describing the 

moisture diffusion process. 

 

Effective moisture diffusivity 

The effective moisture diffusivity values 

(Table 4) show an increasing trend across 

increasing baking temperatures. The values 

are in the order of magnitude, which falls 

within the range as reported in literatures 

(10-8 m2/s – 10-14 m2/s) (Law et al. 2010). It 

can be seen that the effective moisture 

diffusivity value determined at 120°C is at 

least 1.0 unit higher than that at 100°C, 

which could be due to the high rate of 

evaporation of moisture inside the 

mealworm as the boiling point of water is 

100°C at atmospheric pressure (1 atm). It 

contributes to a faster diffusion rate of 

moisture in a gaseous state as compared to 

liquid at the lower temperature.  

 

Table 4. Effective moisture diffusivities 

Temperature (°C) Effective 

moisture  

diffusivity (m2/s) 

80 1.66 x 10-11 

100 1.83 x 10-11 

120 2.88 x 10-11 

 

The relationship between the effective 

moisture diffusivities can be related to the 

baking temperatures using the Arrhenius 

relationship (Chong et al. 2009). It results in 

equation 12, where the activation energy is 

calculated at 15.7 kJ/mol. The activation 

energy is known as the minimum energy 

level that needs to be overcome for 

moisture diffusion to occur (Zogzas et al. 

1996). 

𝐷𝑒 = 3.27 × 10−9𝑒𝑥𝑝−15.7/𝑅𝑇 (12) 

 

Product quality 

Figure 2 shows the plot of L*, a*, and b* 

colour parameters of the baked worm 

samples. It can be seen that L* values 

showed a decreasing trend while a* and b* 

values showed an increasing trend with 

temperatures. It showed a tendency for the 

samples to turn darker, as indicated in the 

decreasing L* values (from 39.4 to 33.3). In 

addition, there was also a tendency for the 

samples to become reddish (a* values from 

7.3 to 11.6) and yellowish (b* values from 

13.1 to 18.2) upon baking. These colour 

changes could be attributed to the 

browning reaction as the mealworms could 

undergo the browning process owing to its 

high protein content. Typical protein 

contents of the mealworms are reported on 

a 63-69% dry basis (Ghaly and Alkoaik 

2009). 

 

 

Fig. 2: Variation of colour parameters 

against temperature (room temperature at 

26oC indicates raw samples) 

 

Figure 3 shows the plot of bulk density 

and product length (shrinkage) of the 

mealworms with temperature. It can be 

seen that there was a decreasing trend in 

both measured parameters upon baking.  

Bulk densities and length 

measurements showed a reduction in the 
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range of 48-54% and 3.0-16.3%, 

respectively. It is expected as moisture was 

being removed from the samples during 

baking and resulted in weight reduction 

and product shrinkage. It was observed 

that product shrinkage is more significant 

lengthwise compared to crosswise (e.g., 

diameter) during baking. 

 

 

Fig. 3: Variation of bulk density and length 

against temperature (room temperature at 

26oC indicates raw samples) 

 

 

CONCLUSIONS 

 

The current research investigated 

convective baking of yellow mealworms 

inside an oven. Studies showed that the 

initial rate of baking increased with 

convective baking temperature due to the 

greater temperature gradient for heat 

transfer and subsequently improved the 

moisture migration process. Modelling 

showed that Page model predicted well 

changes in moisture ratios with times (R2 = 

0.9975 – 0.9993,  2 = 0.0001 – 0.0003 and 

RMSE = 0.0083 - 0.0155) for temperatures 

ranging from 80°C – 120°C. Effective 

moisture diffusivities were determined, 

ranging from 1.66 x 10-11 to 2.88 x 10-11 

m2/s with activation energy estimated at 

15.7 kJ/mol based on the Arrhenius 

equation. Quality analyses showed colour 

changes of the final baked samples that 

were darker due to the browning reaction 

and reduction in the range of 48-54% and 

3.0-16.3% were observed in bulk density 

and length of the samples, respectively. 

 

NOMENCLATURE 

 

a,g,k,n : constants in empirical models 

De : effective moisture diffusivity, m2/s 

D0 : constant, m2/s 

ds 

E 

: 

: 

dry solid 

activation energy, kJ 

L 

L* 

a* 

b* 

: 

: 

: 

: 

sample half-thickness, m 

lightness 

greenness - redness 

blueness - yellowness 

MR : moisture ratio 

MRpre : predicted moisture ratio 

MRexp : experimental moisture ratio 

Mt : moisture content, g water/ 

g ds 

Mi : initial moisture content,  

g water/g ds 

Me 

 

M 

: 

 

: 

equilibrium moisture content,  

g water/g ds 

mass, g 

N : number of observations 

R2 : coefficient of determination 

R : gas constant, 8.314 J/mol.K 

RMSE : root mean square error 

t : time, hr 

T 

V 

: 

: 

absolute temperature, K 

volume, m3 

χ2 : chi squared 

Wt : mass after time t, g  

Wd : mass of dry solid, g  

z : number of constants 
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