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1  | INTRODUC TION

Deep‐fat frying is a complex process of heat and mass transfer 
which involves immersing food in hot oil at a temperature above 
the boiling point of water (Rocío Teruel, García‐Segovía, Martínez‐
Monzó, Belén Linares, & Dolores Garrído, 2014; Vitrac, Trystram, & 
Raoultwack, 2015). Simultaneously, physicochemical and structural 
changes, such as water loss, oil uptake, protein denaturation, crust 
formation, starch gelatinization, and color formation occur in fried 
foods, resulting in a unique flavor, appearance, and taste (Adedeji, 
Liu, & Ngadi, 2011; Karimi, Wawire, & Mathooko, 2017; Mir‐Bel, 
Oria, & Salvador, 2012). The frying process can also substantially 
reduce weight and volume, minimizing packing, storage, and trans‐
portation costs in some products. However, frying is accompanied 
by many chemical reactions such as lipid oxidation, hydrolysis, po‐
lymerization, and fission of the frying medium (Li et al., 2019). These 
reactions lead to by‐products such as aldehydes, ketones, peroxides, 

esters, etc., which are absorbed by the finished products (Nayak 
et al., 2016) and many of these compounds have been shown to have 
adverse effects on human health (Venkata & Subramanyam, 2016). 
Recently, many studies have proposed new techniques to improve 
the frying process by either reducing the oil uptake in fried products 
and/or increasing the stability of the frying medium by, for example, 
vacuum frying (Belkova et al., 2018; Pan, Ji, Liu, & He, 2015), ultra‐
sonic microwave‐assisted vacuum frying (Devi, Zhang, & Law, 2018; 
Su, Zhang, Zhang, Liu, & Adhikari, 2018), pressure frying (Das, Pawar, 
& Modi, 2013; Pawar, Boomathi, Hathwar, Rai, & Modi, 2013), micro‐
wave frying (Parikh & Takhar, 2016), and radiant frying (Nelson et al., 
2013; Lloyd, Farkas, & Keener, 2004).

Infrared (IR) is one of the promising technologies that has been 
introduced in the food processing industry, especially in baking, 
roasting, drying, thawing, and pasteurization (Melito & Farkas, 
2013; Sakai & Hanzawa, 1994). In general, IR radiation is electro‐
magnetic radiation transmitted as a wave and converted into heat 
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Abstract
The impact of far‐infrared and conventional heaters on heat distribution and physico‐
chemical qualities of chicken nuggets and frying medium were investigated. For 
chicken nuggets, moisture content, fat content, color (L*, a*, and b*), and texture char‐
acteristics were determined, while free fatty acid (FFA), peroxide value (PV), total 
polar materials (TPMs), and color were used to measure the quality of frying oil. A 
higher heating rate and more uniform heat distribution were observed in the far‐in‐
frared frying. Physicochemical qualities of chicken nugget were not significantly in‐
fluenced by type of heater, except the fat content in the crust was significantly higher 
(p < 0.05) in far‐infrared fried samples. The FFA, TPM, and color values of frying oil 
were better in far‐infrared frying. Far‐infrared frying can be used for about 56 and 
115 more cycles than conventional frying when using FFA of 0.8% and TPM of 25%, 
respectively as an indicator to discard the oil.
Practical application 
These results present a novel technology for using far‐infrared radiation in deep‐fat 
frying process. The far‐infrared radiation provides a way of uniform heating of food. 
In addition, it therefore shortens frying time, saves energy, and prolong the shelf life 
of frying medium.
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when it touches the food surface (water molecules and ions) (Bingol, 
Wang, Zhang, Pan, & McHugh, 2014; Cullen, Tiwari, & Valdramidis, 
2011). Based on the wavelength, IR can be divided into three regions 
including near‐IR (0.78‒1.4 µm), mid‐IR (1.4‒3.0 µm), and far‐IR 
(3.0‒1,000 µm). Far‐IR radiation is advantageous for food processing 
because most food components can absorb radiative energy in far‐
IR region (Rastogi, 2012). In comparison with convective and con‐
ductive heating mechanisms, IR heating provides less degradation 
of nutritional components as well as higher thermal efficiency and 
more uniform heating (Sandu, 1986), which reduces processing time 
and energy costs.

Although the integration of far‐IR with other processing oper‐
ations, such as blanching (Chen et al., 2018; Jamali, Kashanunejad, 
Amirabadi, Aalami, & Khomeiri., 2018), convective‐drying (Adak, 
Heybeli, & Ertekin, 2017; Ding et al., 2018; Savas & Basman, 2016), 
freeze‐drying (Song, Hu, & Zhang, 2018; Wang, Zhang, & Adhikari, 
2015), thawing (Reis et al., 2017), roasting (Yang et al., 2010; Bagheri 
et al., 2016), and baking (Nicolas, Glouannec, Ploteau, Salagnac, & 
Jury, 2017; Ploteau, Glouannec, Nicolas, & Magueresse, 2015) has 
been shown to be a new processing option, it does not extensively 
apply as a replacement method for deep‐fat frying. Thus, the ob‐
jective of this study was to investigate the effects of far‐IR and 
conventional heat on the heat distribution and physicochemical 
characteristics of chicken nuggets and frying medium.

2  | MATERIAL S AND METHODS

2.1 | Frying experiments

Pre‐cooked chicken nuggets with a size of 3.5 × 5 × 1.2 cm and an 
average weight of 21 ± 1.5 g were purchased from CP Interfood 
(Thailand) Co. Ltd., Bangkok, Thailand and frozen at ‒10°C before 
use and brought to refrigerator temperature at 4°C for 24 hr before 
frying experiment. The coating layer thickness was approximately 
0.15 cm and it was comprised of wheat flour, salt, spices, bicar‐
bonate, yeast, and xanthan gum, while the core part composed of 
chicken breast, salt, phosphate, and albumin. Refined palm oil was 
obtained from Morakot Industry Co. Ltd., Bangkok, Thailand.

The frying process was performed in a commercial dual‐unit elec‐
tric batch fryer (Sripipat Engineering, Bangkok, Thailand) with a size 
of 40 × 30 × 20 cm and a capacity of 12 L of frying oil (Figure 1). The 
control consisted of the conventional heater with a power of 2000 W 
and output of 200 V, while the far‐IR heater with similar power and 
output was used in the infrared frying treatment. The materials in 

the far‐IR heater were mainly composed of magnesium oxide (MgO), 
silicon dioxide (SiO2), and aluminum oxide (Al2O3). The oil was set at 
the temperature 180°C using a programmable temperature control‐
ler prior frying. Each batch of 500 g (about 25 pieces) chicken nug‐
gets was fried at a set temperature of 180°C in 7.5 L of heated oil for 
3.5 min. To monitor the core temperature of chicken nugget which 
should be 75°C for at least 30 s, the temperature of each sample was 
recorded by inserting a T‐type thermocouple in a core point con‐
nected to a data logger (TC‐08, Pichotechnology Co, UK). The core 
temperature was immediately measured after chicken nuggets were 
placed into the fryer. The fried samples were then allowed to cool at 
ambient temperature (25°C). Five samples were randomly collected 
from every eighteenth cycle of frying process and kept in desiccators 
prior physicochemical analyses. The process was conducted for 324 
cycles/type of heater. One cycle of frying started from loading sam‐
ple to the fryer, frying, and withdrawing samples, preparing the sam‐
ple for the next cycle, and waiting for the temperature of the frying 
oil to build back up. Each cycle was carried out for 5.5 min.

To evaluate the quality of frying oil, the temperature was continu‐
ously maintained at 180°C for the rest of the cycle even if food mate‐
rials were being unloaded. After every ninth cycle, 50 ml of the frying 
oil sample was individually collected into closed containers, sealed 
off with caps to prevent oxidation, air‐cooled at room temperature 
in a dark room for 1 hr, and then kept at 7°C until further analyses. 
In order to maintain the same volume of oil throughout (Hao, Li, & 
Yao, 2016), a small amount of fresh oil (about 50 ml) was added to the 
fryer. Each treatment had three replications. The free fatty acid (FFA), 
peroxide value (PV), total polar material (TPM), and color (L*, a*, and 
b*) parameters were measured to determine the rate of deterioration.

2.2 | Evaluation of heat distribution from heaters to 
frying medium

Without frying, 7.5 L of palm oil was added into a bath fryer and the 
oil was heated by conventional and far‐IR heaters to a temperature of 
100 and 180°C for 40 min. An increase in temperature was recorded 
by a T‐type thermocouple with a diameter of 1 mm connected to a 
data logger (TC‐08, Pichotechnology Co, UK). A recorded tempera‐
ture from seven different positions as shown in Figure 2 was used 
to analyze heat distribution from heater to frying medium at 10 and 
40 min using the finite element method. In addition, heating rate was 
also calculated and presented as °C/min. The temperature measure‐
ment at each position was performed in ten replications.

2.3 | Analysis of fried chicken nuggets

In the physicochemical analyses, 95 pieces of fried chicken nuggets 
which were randomly collected from every 18th cycle of frying pro‐
cess were used. The moisture content of the chicken meat and its 
crust was individually determined using the AOAC method (1990). 
The sample was dried at 105°C for 16 hr in a hot air oven (model UF55, 
Memmert Oven, Germany). The loss in weight was recorded as mois‐
ture and the test was repeated three times for each frying treatment.F I G U R E  1   The position of heaters in the batch fryer
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Total oil content of meat mass and crust was also individ‐
ually analyzed using the Soxhlet extraction technique (model 
HT6, SoxtecTM extraction, Denmark) with hexane (AOAC, 1990). 
Analysis determinations were performed for each frying treat‐
ment in triplicate.

The surface color of the nuggets including crust was measured using 
a colorimeter (Color‐viewTM spectrophotometer, model 9000, Gardner, 
USA). Before the test measurement, the colorimeter was calibrated to a 
white plate (CIE L* = 98.76, a* = ‒0.19, b* = ‒0.06). The L*, a*, and b* val‐
ues were recorded to present the color development of fried products 
and the test was repeated five times for each frying treatment.

The method of Rahimi, Kashaninejad, Ziaiifar, and Mahoonak 
(2018) was modified to determine the texture characteristics of fried 
chicken nugget. A texture analyzer (model TA‐XT2i, Stable Micro 
System Co. Ltd, UK) was applied to measure index of firmness, hard‐
ness, and breaking distance of the nuggets including crust. Each nug‐
get was cut into dimensions of 20 × 20 × 20 mm. The speed of the 
blade set with compression probe (5 mm diameter) was set up for the 
pretest at 5 mm/sec, test 2 mm/sec, and posttest speed at 5 mm/
sec. The probe was set 10 mm above the sample. The maximum force 
value was considered as an indicator of the hardness, while the curve 
slope was used as an indicator of index of firmness, and the distance 
from the initial point to the maximum force point as an indicator of 
displacement (breaking distance). The measurement was done at 
room temperature and each treatment was tested in ten replications.

2.4 | Analysis of frying oil

The percentages of FFA were analyzed by the titration method as 
described in AOCS official method Ca 5a‐40 (AOCS, 1990). Briefly, 

1 g of oil sample was precisely weighed into an Erlenmeyer flask. Ten 
milliliters of 95 ml/L ethanol and a phenolphthalein indicator were 
added to the flask with volumetric dispensers and shaken vigorously. 
The mixture was then titrated against 0.1 mol/L sodium hydrox‐
ide solution until a consistent pink color persisted for at least 30 s. 
Weight percentage of FFA was calculated based on oleic acid and the 
test was repeated three times.

The PV was determined according to the standard AOCS offi‐
cial method Cd 8‐53 (AOCS, 1990). About 2 g of frying sample was 
dissolved in 30 ml of a mixture of 2 L chloroform /3L acetic acid and 
then 1 ml of freshly prepared saturated potassium iodide solution 
was added to react in darkness for 3 min. Subsequently, 30 ml of dis‐
tilled water and 1‒2 drops of 1 g/100 g starch solution were added 
and the liberated iodine was titrated with a 0.1 mol/L sodium thio‐
sulfate solution. The PV was expressed as milli‐equivalents of active 
oxygen per kg of oil (meq O2/kg) and the test was repeated three 
times.

The content of TPMs in the oil sample was analyzed using 
the AOCS official method Cd 20–91 (AOCS, 1990). A glass col‐
umn (length 35 cm, diameter 2.1 cm) was used for chromatogra‐
phy and a mixture of 870 ml petroleum/130 ml diethyl ether was 
prepared as an eluent. About 2.5 g of sample was loaded into 
the packed column and the nonpolar fraction was eluted. The 
content of TPMs (%) was calculated as the mass fraction of the 
total polar compounds in the oil sample. The test was repeated 
three times.

A Tintometer (model PFX190, Lovibond, England) was used to 
determine oil color. Three color readings were taken from each sam‐
ple with the average used for analysis. The L*, a*, and b* values of the 
frying oil were measured.

F I G U R E  2   The cross‐sectioned model of batch fryer and the positions for temperature measurement (•)
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2.5 | Data analysis

The effect of different heaters on the heat distribution and quali‐
ties of fried chicken nugget and frying oil samples was subjected to 
statistical analyses using the General Linear Model Program (GLM). 
Least Significant Difference (LSD) estimated the differences among 
the means of each treatment at 5% of the probability level using the 
SAS program (SAS, 2000). The heat distribution by finite element 
method was evaluated using the EasyFEM mathematical software 
(Dechaumphai & Phongthanapanich, 2009).

3  | RESULTS AND DISCUSSION

3.1 | Heat distribution from heaters to frying 
medium

The results showed that far‐IR heater significantly reduced (p < 0.05) 
heating time to reach a temperature of 100 and 180°C (Table 1). This 
resulted in a significant increase of heating rate. For example, the 
heating rate of far‐IR increased by 52% at 100°C and 45% at 180°C 
when compared to the conventional heater. In addition, the effect of 
heaters on the heat distribution in the frying chamber was simulated 
during heating as shown in Figure 3. A faster heat distribution was 
observed for the far‐IR heater at both 10 and 40 min. Since current 
information about heat distribution under frying with far‐IR radia‐
tion is very limited in the literature, this can most likely be explained 
by the properties of far‐IR as it can transmit as a wave and be con‐
verted into heat when it touches the surface of materials through 
changes in the molecular vibrational state (Ginzburg, 1969; Rastogi, 
2012). This might be confirmed by a study of Rahimi et al. (2018) 
who reported that the infrared system can increase the effective 
moisture diffusivity value during cooking of chicken nuggets and the 
value increased greatly with increasing power of infrared heat.

3.2 | Physicochemical characteristics of fried 
chicken nuggets

There was no significant difference in all chemical and physical attrib‐
utes of fried samples obtained from far‐IR frying and conventional 
frying, except the fat content in the crust (Table 2). Due to more heat 
distribution of far‐IR, the sample fried under far‐IR resulted in sig‐
nificantly higher (p < 0.05) fat content in the crust compared with 
conventional frying. It could be seen that lower moisture content led 
to higher oil uptake in the fried products. This is in an agreement 

of Krokida, Oreopoulou, and Maroulis (2000) and Southern, Chen, 
Farid, Howard, and Eyres (2000) who reported a linear relationship 
between oil uptake and moisture loss. As capillary pores increase at 
initial steps of the frying, Bouchon, Aguilera, and Pyle (2003) stated 
that the vigorous escape of water vapor and related high inner pres‐
sure impede oil penetration into the products. Therefore, oil uptake 
would be essentially a surface‐related phenomenon that involves 
equilibrium between surface drainage and suction during post‐frying 
cooling (Baumann & Escher, 1995; Bouchon et al., 2003; Krokida et 
al., 2000; Pan et al., 2015). In particular, once the chicken nuggets 
were removed from the fryer, their temperature slowly dropped, sub‐
sequently the interfacial tension between oil and gas vapor declined 
and the surface oil rapidly started diffusing to the porous surface, 
leading to an increase in oil uptake. A higher heating rate of far‐IR 
heater might be related to a higher increase in temperature of the 
samples, leading to higher thermal denaturation and contraction of 
proteins on the chicken nuggets (Oroszvári et al., 2006). Hughes et al. 
(2014) indicated that these alteration in the structure of myofibrillar 
proteins caused the loss of water in the chicken nuggets. However, 
Pankaj and Keener (2017) stated that radiant frying relies on a con‐
stant heat flux from an emission source to maintain a set point tem‐
perature of the product’s environment. Rahimi et al. (2018) reported 
that a higher IR cooking intensity resulted in lower oil content in par‐
tially fried chicken nuggets. This observation was in agreement with 
a study of Melito and Farkas (2013) during IR cooking of donut.

3.3 | Changes of frying medium

As hydrolysis produces mono‐ and di‐acylglycerols, glycerol, and 
FFAs and these substances increase with increased frying cycles 
(Chung, Lee, & Choe, 2004), the FFA value is used by many fried 
food industries as an indicator to monitor the degree of hydrolysis 
of frying oil (Choe & Min, 2007). In this study, the results showed 
that FFA content in both far‐IR and conventional frying gradually in‐
creased from 0 to 324 cycles of frying (Figure 4). This can be ascribed 
to the effect of hydrolysis reaction in which water vapor released 
from the inside and surfaces of the chicken nuggets consequently 
reacted with triglycerides and formed FFA. Also, Kun (1990) indi‐
cated that the change of FFA content could be caused by further 
oxidation of secondary products made during frying. In particular, 
FFA in the conventional frying was 0.20% and reached 1.46% after 
the 324th cycle of frying, whereas FFA content in far‐IR frying was 
lower by 38.4% when compared with the control at the last cycle 

Type of heatersB

Heating time (min)A  Heating rate (°C/min)

100°C 180°C 100°C 180°C

Far‐IR 8.4a (0.3) 28.0a (0.7) 11.9b (0.4) 6.4b (0.2)

Conventional 17.8b (0.4) 51.5b (1.2) 5.7a (0.1) 3.5a (0.1)
ANumerical number in the table presented x (SD)
BThe average data obtained from seven measurement positions/replication.
a,bMeans within a row with different letters are significantly different (p ≤ 0.05).

TA B L E  1   Heating time and heating 
rate of heaters to frying medium
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of frying. When using FFA of 0.8% as an indicator to discard frying 
medium, it could be seen that far‐IR frying can be used for about 56 
more cycles than conventional frying. This result might be explained 

by the fact that when a material is exposed to radiation by far‐IR, 
it is heated intensely and the temperature gradient in the material 
reduces within a short period (Rastogi, 2012), therefore reducing the 
oil deterioration rate when compared to conventional heating.

Thermal oxidation continuously leads to formation of hydroper‐
oxides (primary oxidation products) (Che Man & Jaswir, 2000), thus 
the PV value is used to assess the oxidative state of frying oils. The 
initial PV was 4.82 meq O2/kg and it was increased to 15.12 meq 
O2/kg for far‐IR and 19.25 meq O2/kg for conventional frying after 
324 cycles of frying (Figure 5). As the frying time increased, the 
level of PV obviously fluctuated in both far‐IR and conventional 
frying. However, it should be noted that these primary oxidation 
products rapidly break down into secondary or tertiary oxidation 
products such as unsaturated aldehydes, conjugated dienoic acids, 
epoxides, hydroxides, and ketones (Bansal et al., 2010; Innawong, 
Mallikarjunan, & Marcy, 2004). Therefore, the total accumulation of 
PV in frying medium can be greatly underestimated.

The presence of TPMs indicates degradation of oils and the 
breakdown of triglycerides, mainly resulting in the formation of 
oligomeric triacylglycerols, dimeric triacylglycerols, oxidized triacyl‐
glycerols, diacylglycerols, and free fatty acids (Aniołowska & Kita, 
2015, 2016). Blumenthal (1991) referred TPMs to all oxidized and 
dimerized triglycerides, FFAs, mono‐ and di‐glycerides, sterols, ca‐
rotenoids, antioxidants, anti‐foamers, crystal inhibitors, bleaching 
earth, filter‐aid, hydrogenation catalyst residues, soaps, residues of 
chlorophyll, and phospholipids, and other materials that are soluble, 
emulsified, or present as suspended particulates in the frying oil as 
polar materials (Romano, Giordano, Vitiello, Grottaglie, & Musso, 

F I G U R E  3  Heat distribution inside the batch fryer during heating frying medium at 180°C with (a, c) far‐IR and (b, d) conventional heaters 
for 10 and 40 min. Colors indicate temperature

TA B L E  2   Physicochemical characteristics of fried chicken 
nuggets obtained from far‐IR and conventional heaters

CharacteristicsB

Type of heaters

Far‐IRA  Conventional

Moisture content (g water/100 g) (N = 9)

Crust 25.1a (1.9) 27.2a (3.6)

Core 61.8a (1.0) 62.5a (1.6)

Fat content (g/100 g) (N = 9)

Crust 29.5a (1.6) 26.1b (2.6)

Core 13.3a (1.9) 11.9a (2.2)

Color (N = 15)

L* 57.0a (1.3) 56.4a (1.3)

a* 10.0a (10.0) 9.7a (0.8)

b* 31.0a (3.0) 29.4a (2.6)

Texture (N = 30)

Hardness (N) 0.8a (0.1) 0.9a (0.1)

Index of firmness (N/s) 93.7a (10.9) 116.2a (6.2)

Displacement (mm) 10.1a (0.0) 10.0a (0.0)
ANumerical number in the table presented x (SD)
BThe average data obtained from 19 cycles of frying process/replication. 
a,bMeans within a column with different letters are significantly different 
(p ≤ 0.05).
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2012). TPMs are commonly considered as the most reliable method 
to measure oil degradation during the frying process (Melton, Jafar, 
Sykes, & Trigiano, 1994). In this study, TPMs gradually increased in 
both far‐IR and conventional frying over time during the 324 cycles 
of frying. The TPMs of conventional frying increased from 10.25% 
to 34.12% at the end of frying operations (Figure 6). The TPM was 
lower by 7.4% in far‐IR frying when compared to conventional frying. 
Gertz and Stier (2011) indicated that the maximum level of TPMs 
above which oil should be discarded is 25‒27%. This is similar to 
Thailand where the maximum level of TPMs in frying oil have been 
set at 25%. The result could be observed that far‐IR frying can be 
used for 280 cycles, while conventional frying was discarded at 165 
cycles of frying. Because the far‐IR system required less time to heat 
the oil and constantly maintained the temperature during frying, less 
TPMs were accumulated in far‐IR frying.

Color is another indicator of frying oil quality (Bheemreddy, 
Chinnan, Pannu, & Reynolds, 2002; Karimi et al., 2017). The color 
change of frying oil can occur by Maillard reaction due to the inter‐
action between sugar and amino acids (Lin, Akoh, & Reynolds, 2001). 
The intensity of browning by the Maillard reaction is mainly linked to 

F I G U R E  4   Changes of free fatty acid (%FFA) during frying with 
far‐IR and conventional heaters

F I G U R E  5   Changes of peroxide value (meq O2/kg) during frying 
with far‐IR and conventional heaters

F I G U R E  6   Changes of total polar materials (%TPM) during 
frying with far‐IR and conventional heaters

F I G U R E  7   Changes of colors during frying with far‐IR and 
conventional heaters: (a) L*, (b) a*, and (c) b* values
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losses of lysine, histidine, and methionine. The interaction between 
epoxyalkenals and proteins produces polypyrrolic polymers and vol‐
atile heterocyclic compounds (Hidalgo & Zamora, 2000). In addition, 
the accumulation of highly conjugated oxidation products caused by 
oxidation, pyrolysis, and polymerization can also lead to color change 
in the frying medium (Sebastian, Ghazani, & Marangoni, 2014). In this 
study, the initial frying medium exhibited a color of 68.15 for L*, 13.06 
for a*, and 40.23 for b* (Figure 7). After 324 cycles of frying, the color 
values of the far‐IR frying increased by 4.4% for L*, 61.5% for a*, and 
52.5% for b*, while the values were increased by 7.4% for L*, 111.5% 
for a*, and 17.5% for b* in conventional frying. This indicated that far‐IR 
frying tends to reduce the color change of frying oil.

4  | CONCLUSIONS

Far‐IR frying had a more favorable impact on heating rate and heat dis‐
tribution when compared with conventional frying. The physicochemi‐
cal qualities of finished products were not affected by type of heat, 
except fat content in the crust was significantly higher when far‐IR heat 
was applied. In addition, far‐IR heat proved to be a promising technol‐
ogy to slow down the oil deterioration rate as could be observed from 
lower values of FFA, TPMs, and a*. Based on this study, it can be con‐
cluded that far‐IR heat was the most effective way than conventional 
heat in preserving the quality of fried products and frying medium. To 
understand the interaction between far‐IR frying and the food matrix 
system, further research is still required to process optimal frying times 
for a wide range of products.
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