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Abstract  In this study, the potential of infrared assisted freeze-drying (IRAFD) was 
tested for the production of shelf-stable edible insects: Protaetia brevitarsis larva (larva 
of white-spotted flower chafer). The IRAFD system was customized using an infrared 
lamp, K-type thermocouple, controller, and data acquisition system. The infrared lamp 
provided the sublimation energy for rapid freeze-drying (FD). The IRAFD conditions 
were continuous IRAFD-5.0 kW/m2 and IRAFD-5.0 kW/m2 at different weight reduction 
(WR) (10%, 20%, and 30%). The continuous IRAFD reduced the drying time to 247 min 
compared to the 2,833 min duration of FD (p<0.05). The electrical energy could be 
reduced by more than 90% through infrared radiation during FD (p<0.05). The Page 
model resulted in the best prediction among the tested drying kinetic models. In terms of 
quality, IRAFD showed significantly lower hardness, chewiness, and higher protein 
levels than hot air drying and FD (p<0.05). IRAFD better preserved the glutamic acid 
(6.30–7.29 g/100 g) and proline (3.84–5.54 g/100 g). The external product appearance 
after IRAFD exhibited more air pockets and volume expansion, which might result in a 
good consumer appeal. In conclusion, this study reports the potential of IRAFD in 
producing shelf-stable and value-added edible insects. 
  
Keywords  infrared assisted freeze-drying, insect, energy, efficiency, texture 

Introduction 

Insects have been used as valuable food sources for human consumption for a long 

time in Africa, Asia, and Latin America (Alves et al., 2016). Several edible insects 

have been studied for their potential of insect protein contents, such as mealworm larva 

(Tenebrio molitor), silkworm pupae (Bombyx mori), and white-spotted flower chafer 

larva (Protaetia brevitarsis) (Chung et al., 2013; Melis et al., 2018). P. brevitarsis 

larva is one of the most popular insects in East Asia, including Korea, Japan, Taiwan, 

and China. In particular, P. brevitarsis larvae have shown beneficial pharmaceutical  
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effects in cancer, inflammation, liver cirrhosis, and hepatitis (Jeong et al., 2020; Lee et al., 2017).  

Once a cold chain system is not available, freeze-drying (FD) is often applied for insect preservation (Baiano, 2020; 

Klunder et al., 2012). FD is a commercially used for stabilization of insects as food in the industry (Kröncke et al., 2018). It 

provides good quality attributes with low processing temperatures (Kröncke et al., 2018). Although good product quality of 

FD is advantage, it has limitations as slow processing with the ice sublimation taking a longer time than vaporization 

(Khampakool et al., 2019). Hybrid FD technologies have been investigated with combination of other drying methods 

(microwave, infrared, ultrasonic) for rapid FD (Chakraborty et al., 2011; Khampakool et al., 2019). Recently, the 

combination of IR and FD showed the efficiency of rapid drying and good quality retention of agricultural product drying 

(Baeghbali et al., 2020; Khampakool et al., 2019). The IR radiative energy penetrates into surface layer of wet porous 

product, creating molecular vibration and providing thermal energy for an enhanced drying rate during FD (Khampakool et 

al., 2019; Lin et al., 2005). Although there have been several previous studies on infrared assisted freeze-drying (IRAFD) for 

agricultural products, in our best knowledge, none of them described drying insects as food using the IRAFD technique. 

Therefore, the potential of IRAFD was investigated for the rapid FD of insects (P. brevitarsis) as foods associated with 

drying kinetics, energy efficiency, textural qualities, and nutritional aspects.  

 

Materials and Methods 

Insect samples and blanching 
Living P. brevitarsis larvae were obtained from a local farm (Gangneung, Korea). Larva samples were fasted for 24 h in 

order to clear any gastrointestinal feces as suggested by Zielińska et al. (2015), then washed to remove any residuals. 

Blanching in boiling water is essential to eliminate most of the present insect Enterobacteriaceae (Klunder et al., 2012). In this 

study, 400 g of larvae was blanched in 4 L of boiling water for 40 s, then chilled in refrigerated water for 60 s. This procedure 

was suggested by Vandeweyer et al. (2017). The blanched sample was sieved to eliminate the residual water, and one batch 

sample (total 40 g) was placed into a Petri dish covered with parafilm. They were frozen in an air blast freezer at –50℃ until 

further use. 

 

IRAFD experimental setup 
Fig. 1 presents a schematic diagram of the semi-customized IRAFD system used in a previous study (Khampakool et al., 

2019, Elsevier and Copyright Clearance Center License Number 4866430761862). The IRAFD unit was equipped with a 

cylindrical acrylic chamber (diameter: 290, height: 400 mm), oil rotary vacuum pump (JBA00089, Jungwoo Motor, Hanam, 

Korea), a refrigeration system down to –100℃, and a 250 Watt-powered near-infrared lamp (BR 125, Koninklijke Philips 

N.V., Andover, MA, USA). A digital balance (CB-300, A&D, Seoul, Korea) and an RS 232 cable were connected in the 

vacuum chamber. This enabled to record the weight changes in the sample during the IRAFD experiment. The infrared 

intensity was controlled using a variable alternating current transformer (Model 3-5-44, Paju, Korea) at 60 Hz. The 

temperature, voltage, and current in the IRAFD system were monitored and collected every 3 s using a data acquisition 

system (DAQ, 34972A, Keysight, Santa Clara, CA, USA). These data were used to evaluate the energy efficiency of the 

IRAFD system. The energy consumptions of the pump and condenser were analyzed using an electric energy meter (SJPM-

16, SEOJUN Electric., Seoul, Korea), as described in our previous work (Khampakool et al., 2019). 
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IRAFD trials 
The frozen larva sample (25 disks, total 40 g) was placed on the tray of #4 mesh (4.76 × 4.76 mm) above the balancing 

system. A distance of 150 mm was maintained between the sample and an IR lamp. In this study, four different IRAFD 

conditions were tested with a combined effect of IR power intensity and IR radiation initiation stage as follows: 1) FD 

without IR, 2) Continuous IRAFD-5.0 kW/m2, 3) IRAFD-5.0 kW/m2 at 10% WR, 4) IRAFD-5.0 kW/m2 at 20% WR, and 5) 

IRAFD-5.0 kW/m2 at 30% WR. IRAFD process parameters were optimized in a previous study (Khampakool et al., 2019) 

and preliminary experiments (data not shown) which does not induce the collapse phenomenon of samples.  

In the case of the FD, the samples were freeze-dried without IR radiation under a vacuum of 6.67 Pa and cold trap 

temperature at –100℃. In case of the continuous IRAFD, a variable power (AC) supplier provided IR radiant energy of 5.0 

kW/m2 from the initial stage to the final stage during FD at 6.67 Pa. In the IRAFD-5.0 kW/m2 at 10% WR, the IR lamp was 

turned off at the initial stage of FD, then the IR lamp was turned on at 5.0 kW/m2 power after the sample weight was reduced 

by 10% to its initial weight. For the IRAFD-5.0 kW/m2 at 20% WR and the IRAFD-5.0 kW/m2 at 30% WR, the IR lamp was 

shut down at 5.0 kW/m2 power when the weight of sample was reduced by 20% and 30% to their initial weight, respectively. 

Each condition was replicated three times. Larva samples were dried until the final moisture content (moisture ratio, MR) 

reached <0.20. 

Hot air drying of insects was conducted at 70℃ for 4 h to compare their external appearance, protein content, content of 

essential amino acids, and content of non-essential amino acids using a hot air dryer (OF-02GW, PNC Trading, Seoul, Korea) 

at 70℃ for 4 h. 

 

Radiant energy 
Radiant energy from IR lamp provided the drying force of ice sublimation; thus, the total energy used to sublime ice was 

estimated as shown in Eq. (1) as suggested (Khampakool et al., 2019). 

(a)                                                         (b) 

Fig. 1. Infrared assisted freeze drying (IRAFD) system: (a) schematic diagram and (b) photo image (reproduced and modified with 
permission from Khampakool et al., 2019: Elsevier and Copyright Clearance Center License Number 4851920028217). IRAFD, infrared 
assisted freeze-drying. 
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𝐸 = 𝐸 + 𝐸                                                                                    (1)  

 

where Etl is the total energy (J), Evc is the vacuum energy (J), and Erd is the radiant energy (J). 

The total energy for ice sublimation from the initial (M0) to the final moisture content (Mf), as shown in Eq. (2), as 

suggested by Khampakool et al. (2019). 

   𝐸 = 𝑊 × (𝑀 − 𝑀 ) × 𝐿                                                                          (2) 

 

where Etl is the total energy (J), W is the weight of the sample (kg), M0 is the initial mass fraction of moisture (0.70), Mf is 

the final mass fraction of moisture (0.20), Ls is the latent heat for ice sublimation (LS, 2.834×103 kJ·kg–1) (Khampakool et al., 

2019; Zdunkowski and Bott, 2004). Subsequently, Etl the value was calculated as 991,900 J. 

The vacuum energy (Evc) of FD is 991,900 J, which is the same as Etl that of IRAFD, as only vacuum worked as the driving 

force of ice sublimation under vacuum during FD as previous study reported (Khampakool et al., 2019). All the IRAFD trials 

decreased the total drying time when compared to that of FD, which meant that the samples were stayed for a shorter time at 

vacuum condition and reduced vacuum energy, as presented in a previous work (Khampakool et al., 2019). Subsequently, the 

vacuum energy of each IRAFD trial (Evc,IRAFD) was calculated as the ratio of IRAFD drying time (tIRAFD) to FD drying time 

(tFD), as suggested by previous study (Khampakool et al., 2019) in Eq. (3). 

   𝐸 , = 𝐸 × 𝑡 𝑡                                                                            (3) 

 

Although reduced vacuum energy (Evc) was applied to IRAFD samples, radiant energy (Erd) supplied a greater driving 

force for the ice sublimation. The radiant energy (Erd) was estimated as shown in Eq. (4) (Khampakool et al., 2019). 

   𝐸 , = 𝐸 − 𝐸 ,                                                                          (4) 

 

where Erd,IRAFD is the radiant energy of IRAFD (J), and Evc,IRAFD is the vacuum energy of IRAFD (J). 

 

Drying kinetic models 
The moisture content of the drying sample at time t was expressed as the MR, as shown in Eq. (5). MR provides a good 

understanding of the drying kinetics during the drying experiment.  

   𝑀𝑅 = 𝑀 − 𝑀𝑀 − 𝑀                                                                                   (5) 

 

where M is the dry basis moisture content at an arbitrary time, Me is the equilibrium final moisture content, and Mo is the 

initial dry basis moisture content. 

In this study, the obtained MR data were fitted into three mathematical models (Exponential model, Page model, Simplified 

diffusion model) to select the appropriate model to explains the behavior of drying kinetics for each drying experiment. In 
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this study, a non-linear slope was observed for all the drying experiments. Thus, most commonly used non-linear drying 

kinetics were adopted. 

 

Exponential model 
The most simplified nonlinear drying model is known as the exponential model, as shown in Eq. (6) (Simal et al., 2005).  

   𝑀𝑅 = exp(−𝑘 ∙ 𝑡)                                                                                (6) 

 

where MR is the moisture ratio, k is the drying constant (min–1), and t is time (min). 

Exponential assumes that internal resistance could be neglected with no resistance to moisture transfer from central 

position to the surface (Kashaninejad et al., 2007). 

 

Page model 
The Page model adopts two constant empirical modifications of the exponential model, where it produces good fits to 

describe the drying of various foods and agricultural products (Doymaz, 2011; Kashaninejad et al., 2007; Page, 1949). The 

Page model is presented as shown in Eq. (7). 

   𝑀𝑅 = exp(−𝑘 ∙ 𝑡 )                                                                               (7) 

 

where MR is the moisture ratio, k is the drying constant, t is time (min), and N is the shape factor.  

 

Simplified diffusion model 
Fick’s second law of diffusion has been developed to describe the falling rate drying period for most food and agricultural 

products as a simplified diffusion model (Khampakool et al., 2019; Sacilik, 2007) as shown in Eq. (8). 

   𝑀𝑅 = 𝑀𝑀 = 8𝜋 × exp −𝜋 𝐷 𝑡4𝐿                                                                    (8) 

 

where MR is the moisture ratio, M is the moisture content at an arbitrary time, M0 is the initial moisture content, Deff is the 

diffusion coefficient (m2/min), L is the half-thickness of the sample (mm), and t is time (min). 

 

Electrical energy consumption 
Energy consumption should be critically considered in the drying process (Khampakool et al., 2019). Thermal drying 

operations consumes 10%–25% of the national industrial energy in almost all industrial sectors according to various 

calculations (Hafezi et al., 2014). In this study, the electrical equipment (vacuum pump, condenser, and IR lamp) of the 

IRAFD system were considered to evaluate the total energy consumption. The electrical energy meter (SJPM-16, SEOJUN 

Electronics, Seoul, Korea) measured the electricity consumption (J) of the vacuum pump and condenser. The energy 

consumption of the IR lamp was estimated with voltage and current data through Ohm’s law and its integration versus time as 
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shown in Eq. (9) as suggested by previous work (Khampakool et al., 2019). 

   𝐸 = 𝐼 ∙ 𝑉𝑑𝑡                                                                                   (9) 

 

where Eir is the energy consumption of IR lamp (kJ), I is current (A), V is voltage (V), and t is drying time (s). Eq. 9 was 

solved using trapezoidal numerical integration of MATLAB software (Version 2019b, Mathworks INC, MA, USA) as 

suggested by previous studies (Park and Jo, 2019; Park et al., 2014). 

 

Texture profile analysis 
The texture of dried larva samples was measured using a TA-XT Plus Texture Analyzer (Texture Technology, Brewster, 

NY, USA). Hardness (N) and chewiness of dried insects were estimated. Dried insect samples obtained from each condition 

were placed on an acrylic tubing (Ø18 mm) and tested using a P.2-cylinder probe. The texture analyzer was set for the 

following test conditions: pre-test speed at 1.0 mm/s, test speed at 1.0 mm/s, post-test speed at 5.0 mm/s, target distance at 5.0 

mm, time at 5.0 sec, and trigger type Auto. Hardness and chewiness were estimated. Hardness values were acquired from the 

peak force of the force-deformation curve. The chewiness was calculated as the product of hardness×springiness× 

cohesiveness value. 

 

Changes in external size 
IRAFD treated samples showed volume expansion; thus, changes in external size were analyzed using photo images. 

Images of dried larva samples were taken after the FD and IRAFD trials, and external size was measured using image 

analysis program (ImageJ software version 1.52 h, National Institute of Health, Bethesda, MD, USA). The photo image of 

sample was taken from top position and then cross sectional area was drawn using image analysis program. Image analysis 

was conducted at vertical direction of sample; so, it provided the cross sectional area of dried larva. In this study, this cross 

sectional area was considered as external size (mm2). The external size (mm2) indicates the size expansion of dried larva 

samples during different drying methods. Initial size of sample before drying was 270±8 mm2. 

 

Protein and amino acid analyses 
The protein content was determined by the Kjeldahl method (Chang, 2010) as described below. Kjehdal analysis of protein 

followed the method 918.10 of the AOAC international (AOAC, 2016). The analysis Crude protein was estimated as the 

average nitrogen content (N)×6.25. Amino acid groups were determined following the method of Chung et al. (2013). A 

sample of 5 g was dissolved in 40 mL of 6 N HCl into a round bottom flask. The dissolved sample mixture was hydrolyzed 

by N2 injection at 110℃ for 24 h. The hydrochloric acid was concentrated under vacuum at 50℃. The concentrated solution 

was diluted with 50 mL of 0.2 N sodium citrate buffer (pH=2.2) and filtered with filter paper (0.45 μm). The filtered sample 

(30 μL) was analyzed using an amino acid analyzer (L-8900, Hitachi, Minato, Tokyo, Japan). 

 

Statistical analysis 
Fisher’s least-significant difference (LSD) analysis were selected for multiple comparisons among experiments at the 95% 
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confidence interval (p<0.05). The data were analyzed using Statistical Analysis System (SAS) software (version 9.1.3, SAS 

Inst., Cary, NC, USA). Statistical analysis was performed using analysis of variance (ANOVA) for multiple comparisons. All 

experiments were repeated in triplicate. 

 

Results and Discussion 

Drying curves and temperature profiles during the FD and IRAFD trials 
Drying curves and temperature evolution of FD and different IRAFD trials are compared for P. brevitarsis larva in Fig. 2. The 

longest drying time and drying rate were found at FD of 2,833±88 min and 0.65±0.04 g/h, respectively, with the vacuum energy 

of 992±0 kJ which is driving force of ice sublimation (Table 1). The initial temperature of the FD dried larvae was –27.2±5℃ 

and the final temperature was 15.7±3℃. The FD process usually proceeds in three steps: freezing, the primary drying step, 

and the secondary drying step (Ciurzyńska and Lenart, 2011). In the primary step of FD, the sublimation rate gradually 

decreases due to the internal heat and mass rate decrease during the thickness of the dried layer develops (Jin et al., 2018). 

Hence, the secondary drying state usually takes approximately 1/3 or 1/2 time of primary drying (Nireesha et al., 2013). 

 (a)                                              (b) 

  

Fig. 2. (a) Moisture ratio and (b) temperature profiles of Protaetia brevitarsis larva during FD and different IRAFD trials. FD, freeze-
drying; IRAFD, infrared assisted freeze-drying; WR, weight reduction. 

Table 1. Drying time, drying rate, vacuum energy (kJ), and radiant energy (Erd, kJ) of FD and different IRAFD trials for dried P. brevitarsis larva

Methods Total drying 
time (min) 

10% WR 
(min) 

20% WR 
(min) 

30% WR 
(min) 

Drying rate 
(g/h) 

Vacuum 
energy (kJ)

Radiant 
energy  

(Erd, kJ) 

FD 2,833±88a 188±9a 475±5a 758±7a 0.65±0.04d 992±0a - 

Continuous IRAFD-5.0 kW/m2 247±9e  16±2e  22±3d  25±2e 7.17±0.15a  87±5e 905±5a 

IRAFD-5.0 kW/m2 at 10% WR 736±30d 125±4d 156±3c 171±4d 2.57±0.25b 258±11d 734±11b

IRAFD-5.0 kW/m2 at 20% WR 1,168±33c 160±8c 390±3b 444±16c 1.55±0.04c 409±24c 583±24c

IRAFD-5.0 kW/m2 at 30% WR 1,331±52b 173±5b 381±10b 503±8b 1.42±0.07c 477±31b 515±31d

a–e Means (±SD) with a different letter in the same column are significantly different at p<0.05. 
FD, freeze-drying; IRAFD, infrared assisted freeze-drying; WR, weight reduction. 
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These authors proposed that this leads to long drying time of FD and increases processing cost. 

Continuous IRAFD-5.0 kW/m2 had the shortest drying time of 247±9 min with a drying rate of 7.17±0.15 g/h. The drying 

time was reduced by 90% compared with FD (p<0.05) with the highest radiant energy (Er) of 905±5 kJ (Table 1). The 

product temperature elevated from –27.6℃ to 34.8℃. IR radiation might save the secondary drying time since energy of IR 

should work as a driving force for desorption (Khampakool et al., 2019). The gradient of MR showed a drastic decline within 

48 min. Infrared radiation penetrates food materials and then accelerates heating and enhances the drying rate (Wang et al., 

2019). 

The IRAFD-5.0 kW/m2 at 10% WR took the total drying time of 736±30 min and drying rate of 2.57±0.25 g/h. The drying 

time was reduced by 74% compared with FD (p<0.05). From a practical perspective, it would be challenging to precisely 

determine the limit between primary and secondary drying; therefore, this study investigates the effect of radiation initiation 

point on drying rate and quality attributes. The radiation initiation time of the IRAFD-5.0 kW/m2 at 10% WR was 125±4 min. 

Therefore, a sharp decline in the moisture decline curve was observed after this period. The sample temperature of IRAFD-

5.0 kW/m2 at 10% WR increased from –26.4℃ to 34.9℃, which is similar to the temperature profiles of continuous IRAFD. 

The vacuum energy and radiant energy was 258±11 kJ and 734±11 kJ, respectively (Table 1). IR radiation was started at 

125±4 min when the sample weight was reduced by 10%. After the primary drying of the FD process, heat must be added to 

the sample as more energy is required to eliminate the water, which is more strongly bound during the secondary drying 

process (Nireesha et al., 2013).  

In the IRAFD-5.0 kW/m2 at 20% WR showed the total drying time 1,168±33 min and 1.55±0.04 g/h of drying rate which 

reduced the time required for drying by 59% compared to FD with the combined effect of vacuum energy of 409±24 kJ and 

radiant energy of 583±24 kJ (p<0.05). The final temperature was indicated 35.2℃. In this test, the IR radiation was initiated 

at 390±3 min when the sample weight reduction (WR) reached 20%. Once the IR initiation time is delayed until the 

controlled WR, more drying time is required. 

In the IRAFD-5.0 kW/m2 at 30% WR, the temperature rose from –28.2℃ to 35.3℃. It required a total drying time of 

1,331±52 min and a drying rate of 1.42±0.07 g/h. It saved the total drying time by 53% compared to FD (p<0.05). The IR 

radiation was initiated at 503±8 min when the sample weight was diminished by 30%. IRAFD-5.0 kW at 30% WR reduced 

the radiant energy compared to that of continuous IRAFD-5.0 kW/m2 (905,428±5,364 J) (p<0.05). This is attributed to the 

delayed IR initial time until a 30% WR. The appropriate IR initiation time will be discussed later concerning the nutritional 

and quality aspects (amino acid content and texture). The radiant energy of IRAFD-5.0 kW/m2 at 30% WR was reduced to 

514,460±31,078 J as compared to 905,428±5,364 J of the Continuous IRAFD-5.0 kW/m2. Application of IR radiation in FD 

could appreciably decrease drying time and energy consumption (Lin et al., 2005). The IR energy penetrates into product and 

expands through the material for create molecular vibrations, providing temperature increase with good energy efficiency 

compared to other types of heat sources (Chakraborty et al., 2011). In this study, all the tested IRAFD experiments reduced 

the total drying times when compared with FD. This indicates that energy consumption could be reduced by the IRAFD 

drying system. 

 

Drying kinetics 
The calculated coefficients of the tested drying kinetic models (exponential, page, and simplified diffusion model) are 

summarized in Table 2. Fig. 3 compares the MR versus time between the experimental value and the model fit. All the 

IRAFD treatments accelerated the drying rate with a higher k value than that of FD. The highest k value of the exponential  
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model was found to be 0.0262 in the continuous IRAFD-5.0 kW/m2. In the experimental model, the lowest drying constant 

(k, min–1) of 0.0008 was found in the FD, which indicated the slowest drying rate. It is expected that an increased k value of 

the exponential model during drying methods took less drying time with highest drying rate (Khampakool et al., 2019; Lin et 

al., 2005). The magnitude of the k value corresponded to those of radiant energy (Table 1). The saving in the total drying time 

of food with increasing energy intensity might be due to an elevation in vapor pressure inside of product with raised 

temperature, resulting in more rapid moisture migration to the product surface (Afolabi et al., 2015). The coefficient of 

determination (r2) of FD and Continuous IRAFD-5.0 kW/m2 showed a good fit of 0.9555 and 0.9635 in the exponential 

model, respectively. However, r2 values showed decreasing trends once the initiation time of IR is delayed at IRAFD-5.0 

kW/m2 at 10% WR, IRAFD-5.0 kW/m2 at 20% WR, and IRAFD-5.0 kW/m2 at 30% WR. In the IRAFD trials, the slope of 

the MR curve showed a sharp decline once IR radiation was initiated. The exponential model could not fit this sudden decline 

without a shape factor. 

The page model adopts both the drying constant (k, min–1) and the shape factor (N) to better describe the non-linear drying 

curve. The Page model has the strong advantage of explaining both downward concave drying curves (N>1) and upward 

concave curves (N<1) (Khampakool et al., 2019; Park et al., 2013). In this study, FD showed k and N values of 0.000042 

min–1 and 1.4140, respectively. Continuous IRAFD-5.0 kW/m2 showed the maximum value of k as 0.007032 m–1 and resulted 

in N value of 1.3581. Once IR radiation time was delayed at IRAFD-5.0 kW/m2 at 20% WR and 30% WR, N value 

significantly increased up to 2.2262 and 2.1513 for a strong downward concave curve (Khampakool et al., 2019). A strong 

downward concave originates in the desorption of moisture with intense IR radiation. This raised N value could better explain 

the sharp decline in the drying curve with IR initiation. The r2 values of the Page model ranged from 0.9759 to 0.9914, which 

were the highest values among the tested models. The Page model presented the least gap between the experimental values  

Table 2. Coefficient and statistical of estimated model fitting of FD and different IRAFD trials for dried Protaetia brevitarsis larva

Model Method k (min–1) Deff ×10–10 (m2/s) N R2 

Exponential model FD 0.0008 0.9555𝑀𝑅 = exp(−𝑘 ∙ 𝑡) Continuous IRAFD-5.0 kW/m2 0.0262   0.9635

 IRAFD-5.0 kW/m2 at 10% WR 0.0040 0.9101

IRAFD-5.0 kW/m2 at 20% WR 0.0019 0.8692

IRAFD-5.0 kW/m2 at 30% WR 0.0016 0.8628

Page model FD 0.000042 1.4140 0.9914𝑀𝑅 = exp(−𝑘 ∙ 𝑡 ) Continuous IRAFD-5.0 kW/m2 0.007032  1.3581 0.9759

IRAFD-5.0 kW/m2 at 10% WR 0.000049 1.7837 0.9824

IRAFD-5.0 kW/m2 at 20% WR 0.00000012 2.2262 0.9902

IRAFD-5.0 kW/m2 at 30% WR 0.00000087 2.1513 0.9847

The simplified diffusion model FD   1.00  0.8402𝑀𝑅 = (8/𝜋 )exp (−𝜋 /𝐿 ) ∙ 𝐷 ∙ 𝑡  Continuous IRAFD-5.0 kW/m2  18.87  0.6964

IRAFD-5.0 kW/m2 at 10% WR   5.13  0.7667

IRAFD-5.0 kW/m2 at 20% WR   2.90  0.7971

IRAFD-5.0 kW/m2 at 30% WR   2.41  0.8114

FD, freeze-drying; IRAFD, infrared assisted freeze-drying; WR, weight reduction. 
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and model fitting (Fig. 3). Previous researchers reported that the page model is the most suitable for describing the drying 

behavior of fruits and vegetables (Khampakool et al., 2019; Lopez-Quiroga et al., 2019). Ikonić et al. (2012) also found that 

(a) FD                                              (b) Continuous IRAFD-5.0 kW/m2 

 
 

(c) IRAFD-5.0 kW/m2 at 10% WR                     (d) IRAFD-5.0 kW/m2 at 20% WR 

 

(e) IRAFD-5.0 kW/m2 at 30% WR 

 

Fig. 3. Comparison of drying curves for Protaetia brevitarsis larva between experiment and estimated model fittings. FD, freeze-drying; 
IRAFD, infrared assisted freeze-drying; WR, weight reduction. 
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the Page model showed good fitting to characterize the drying of meat. In this study, the Page model could be applied to 

describe the drying behavior of dried insects as well. 

In the diffusion model, FD showed the lowest Deff of 1.00×10–10 m2/s. Continuous IRAFD-5.0 kW/m2 increased the Deff to 

18.87×10–10 m2/s. NIR radiation increases thermal energy, which accelerates the vibration of water molecules of insects and 

creates high moisture diffusivity (Shi et al., 2008). Salehi and Kashaninejad (2018) reported that the Deff values increased 

with enhanced infrared radiation intensity and time due to the rapid moisture movement at elevated temperatures. The values 

of Deff are comparable with previous studies data of 4.39 to 9.96×10–10 m2/s for chicken muscle (Ismail, 2017), 6.55×10–10 

m2/s to 1.23×10–9 m2/s for fresh tilapia fillets (Guan et al., 2013), 0.85 to 1.75×10–10 m2/s for hull-less seed pumpkin (Sacilik, 

2007), 2.92×10–10, and 1.58×10–9 m2/s for lemon slices (Salehi and Kashaninejad, 2018), and 8.039 to 20.618×10–10 m2/s for 

mushroom (Darvishi et al., 2013). These values are in good agreement with the estimated Deff values for dried insects. In our 

study, the r2 of the diffusion model was quite low, ranging from 0.6964 to 0.8402. It showed a relatively large gap between 

the experimental and estimated model fittings (Fig. 3). As described above, the Page model could best explain the IRAFD 

drying kinetics with shape factor. 

 

Electrical energy consumption 
Table 3 shows the electrical energy usage of the FD and tested IRAFD treatments. The FD process has four main 

operations: freezing, vacuum, sublimation, and condensing (Ratti, 2001). The highest total electrical energy usage of 

113.75×103 kJ was found in FD since it took most of the drying time of 2,833 min and the shortest drying rate of 0.65 g/h. 

Condenser spent more electrical energy (70.26×103 kJ) than a vacuum pump (43.49×103 kJ). This study showed that all tested 

IRAFD conditions significantly reduced total electrical energy in comparison to FD (p<0.05). The continuous IRAFD-5.0 

kW/m2 consumed the lowest total electrical power of 9.67×103 kJ as it took the most rapid drying rate of 7.17 g/h. In the 

IRAFD, the energy consumption of the IR lamp was minor as compared to those of the vacuum pump and condenser 

(Khampakool et al., 2019). For example, the energy consumption of the IR lamp was 5.14 kJ, whereas the vacuum pump and 

condenser used significantly higher energies of 3.78×103 kJ and 5.88×103 kJ, respectively. IR heating has proven to be an 

efficient heat transfer to food products by saving processing time and energy costs (Pan et al., 2008), high energy efficacy, 

rapid heating, uniform heating, simple equipment, and minimized quality loss (Aghajanzadeh et al., 2016; Rastogi, 2012). 

When the IR energy penetrates into the dried product, the radiation works through the food geometry and induces the material 

to create molecular movement, providing temperature increase (Chakraborty et al., 2011).  

Table 3. Electrical energy consumption of FD and different IRAFD trials for dried Protaetia brevitarsis larva 

Methods Vacuum pump (×103 kJ) Condenser (×103 kJ) IR lamp (kJ) Total (×103 kJ) 

FD 43.5±1.4a 70.3±2.2a - 113.8±3.5a 

Continuous IRAFD-5.0 kW/m2  3.8±0.1e  5.9±0.2e 5.1±0.2a 9.7±0.6e 

IRAFD-5.0 kW/m2 at 10% WR 10.9±0.4d 18.8±0.8d 1.7±0.1b  29.7±1.2d 

IRAFD-5.0 kW/m2 at 20% WR 16.9±0.5c 27.1±0.8c 1.2±0.1c  44.1±1.2c 

IRAFD-5.0 kW/m2 at 30% WR 19.3±0.8b 30.9±1.2b 1.3±0.1c  50.2±2.0b 
a–e Means (±SD) with a different letter in the same column are significantly different at p<0.05. 
FD, freeze-drying; IRAFD, infrared assisted freeze-drying; WR, weight reduction. 
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Texture analysis, external size, and external appearance 
Table 4 summarized the texture analyses (hardness and chewiness) and external size of dried insects with hot air drying 

(AD), FD, and different IRAFD trials. Hardness and chewiness ranged from 2.68 to 8.26 N and 1.13 to 4.71 N, respectively. 

All the IRAFD trials showed lower hardness and chewiness than AD and FD (p<0.05). However, no significant differences 

were found among the tested IRAFD trials. Insect texture would be modified by a processing method (Mishyna et al., 2020). 

AD had the highest hardness and chewiness of 8.26 and 4.71 N, respectively. Convective hot-air dryers are popularly used in 

the various agricultural product industries. However, hot-air drying might result in physicochemical quality changes and 

protein denaturation of animal products as the temperature is the most influential factor (FAO, 1995; Mewa et al., 2018). As 

shown in Fig. 4, AD insect presented significant shrinkage and the least external size of 180 mm2 as compared to IRAFD 

trials. The hot air temperature of AD at 70℃ would induce protein denaturation and shrinkage, with the highest values of 

hardness and chewiness. 

Although FD samples showed no significant difference in hardness and chewiness to those of AD (p>0.05), FD insects 

Table 4. Effect of FD and different IRAFD trials on texture (hardness, chewiness) and external size of dried Protaetia brevitarsis larva

Methods Hardness (N) Chewiness External size (mm2) 

AD 8.26±1.71a 4.71±1.52a 180±4e 

FD 7.26±1.22a 4.59±1.08a 262±13d 

Continuous IRAFD-5.0 W/km2 5.01±0.90b 2.02±0.18b 497±19a 

IRAFD-5.0 W/km2 at 10% WR 3.47±0.40b 1.53±0.39b 470±13b 

IRAFD-5.0 W/km2 at 20% WR 2.68±0.34b 1.13±0.18b 465±15b 

IRAFD-5.0 W/km2 at 30% WR 3.21±0.68b 1.35±0.31b 347±10c 
a–e Means (±SD) with a different letter in the same column are significantly different at p<0.05. 
AD, hot air drying; FD, freeze-drying; IRAFD, infrared assisted freeze-drying; WR, weight reduction. 

 

Fig. 4. External appearance of dried Protaetia brevitarsis larva during AD, FD, and different IRAFD trials. AD, hot air drying; FD, freeze-
drying; IRAFD, infrared assisted freeze-drying; WR, weight reduction.  
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showed no significant shrinkage as compared to initial size of 270±8 mm2. In this study, all the IRAFD trials decreased the 

hardness and chewiness of dried insects as compared to AD and FD. This could be attributed to the volume expansion of 

IRAFD treated insects, as shown in Fig. 4. Although this study did not focus on the anatomy of insect larvae, radiative energy 

under vacuum would induce the expansion of space between the external membrane and body of larvae. Continuous IRAFD 

samples showed the highest volume expansion and external size of 497 mm2. Consumer expectations might have a significant 

effect on the textural qualities of unfamiliar foods (Mishyna et al., 2020). For example, people who expected to experience 

the crispy texture of mealworms evaluated this texture positively. Hence, those who preferred a meat-like texture negatively 

evaluated mealworms (Mishyna et al., 2020).  

 

Protein and amino acid contents 
The protein content is shown in Fig. 5. The results show that IRAFD-5.0 kW/m2 at 30% WR had the highest protein 

content of 58.5±3.5 g/100 g. When a protein solution is slowly heated over critical temperature, it induces a sharp transition 

from the native state to the denatured state with irreversible protein denaturation, loss in biological activity, and solubility 

(Abdul-Fattah et al., 2007). P. brevitarsis larva showed that a high amount of protein might be used as a valuable alternative 

dietary source.  

Valine has the highest concentrations ranging from 3.12 g to 3.75 g/100 g among the essential amino acids (Fig. 6A). 

Among the non-essential amino acids (Fig. 6B), the amino acid of P. brevitarsis larva was found to be high in glutamic acid 

(6.30–7.29 g/100 g) and proline (3.84–5.54 g/100 g). Of the non-essential amino acids, glutamic acid, in agreement with 

other scientific reports, was found to be dominant (Chung et al., 2013; Ghosh et al., 2017). For example, Ghosh et al. (2017) 

found that the highest glutamic acid content of P. brevitarsis larva (5.54 g/100 g), T. molitor (5.78 g/100 g), and G. 

bimaculatus (6.39 g/100 g). In contrast, cysteine has the lowest concentrations ranging from 0.71g to 0.83 g/100 g. Similarly, 

 
Fig. 5. Protein content (g/100 g) of dried Protaetia brevitarsis larva during AD, FD, and different IRAFD trials. A,B Means (±SD) with a 
different letter are significantly different at p<0.05. AD, hot air drying; FD, freeze-drying; IRAFD, infrared assisted freeze-drying; WR, 
weight reduction. 
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a study by Köhler et al. (2019) showed that cysteine has the lowest values in the Bombay locust (0.19 g/100 g), scarab beetle 

(0.35 g/100 g), house cricket (0.49 g/100 g), and mulberry silkworm (0.61 g/100 g). All IRAFD trials had glutamic acid and 

proline levels higher than those of AD. Proline is regarded as an energy supplment for protein synthesis and has a major role 

in invertebrates (Osanai and Yonezawa, 1986). Insects could consume proline in their diet and utilize it as an energy source to 

fly and other high-energy activities (Carter et al., 2006; Darvishzadeh et al., 2015). For humans, proline is one of the principal 

amino acids that the body uses to build collagen (Chung et al., 2013). Glutamic acid is the major neurotransmitter in the 

central nervous system and is associated with learning and memory (Dutta et al., 2013). 

 

Conclusion 

The IRAFD system exhibited good potential for the production of value-added shelf-stable insect foods. The IRAFD 

(a) 

 
(b) 

 
Fig. 6. Essential (a) and non-essential amino acid (b) contents of dried Protaetia brevitarsis larva during AD, FD, and different IRAFD 
trials. A–D Means (±SD) with a different letter are significantly different at p<0.05. AD, hot air drying; FD, freeze-drying; IRAFD, infrared 
assisted freeze-drying; WR, weight reduction. 
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system was found to significantly (p<0.05) reduce the drying rate when compared to FD alone. For example, continuous 

IRAFD-5.0 kW/m2 saved the time required for drying by 90% compared with conventional FD. The thin layer drying kinetics 

of dried insects was studied during FD and different IRAFD trials. The results showed that the Page model explained the best 

the drying kinetics of dried insects. Values for the effective moisture diffusivity (Deff) of dried insects were obtained in the 

range of 1–18.87×10–10 m2/s. Concerning the textural quality, IRAFD showed lower hardness, chewiness, and higher protein 

content levels than AD and FD. In IRAFD-5.0 kW/m2 at 10% WR, glutamic acid (6.30–7.29 g/100 g) and proline (3.84–5.54 

g/100 g) were found in high concentrations. The external product appearance after IRAFD showed more air pockets and 

volume expansion compared to the AD-derived product, which might result in a good consumer appeal for dried snack 

products. 
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