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A B S T R A C T   

The objectives of the study were to observe the milling and cooking qualities of paddy rice dried with hot air (HA) and hot air and radio frequency heating (HA/RF) at 
38 ◦C and 42 ◦C, and to observe these qualities after 6 months of storage under average temperature and RH of 28.4 ◦C and 70%, respectively. During storage, the 
average moisture content of paddy rice decreased from 13.66% to 11.37% in HA, 13.66% to 11.40% in HA/RF38, and 13.58% to 11.63 in HA/RF42. The milling 
qualities of rice were affected by the RF heating temperature and storage period. Rice dried with HA/RF38 and HA/RF42 could be safely stored for up to 5 months 
and 4 months, respectively, with satisfactory fissure percentage and head rice yield. The whiteness index significantly increased from 63.37 ± 0.58 to 64.46 ± 0.75 at 
HA, 62.78 ± 0.97 to 63.75 ± 1.55 at HA/RF38, and 62.77 ± 1.90 to 64.45 ± 0.95 at HA/RF42 during storage. For cooking qualities, elongation ratio (ER) was 
affected by RF and storage period, while texture profiles and pasting properties were only affected by storage period. The ER increased from month 3, by 10%, 11%, 
and 11% in HA, HA/RF38, and HA/RF42. The hardness of cooked rice reached its peak value between months 4–5. However, adhesiveness decreased as the storage 
period increased. The peak viscosity and setback increased with increasing storage period while breakdown conversely decreased. This study showed that hot air 
drying and RF heating temperatures of 38 ◦C could replace hot air drying without undesirable changes in milling and cooking properties during storage up to 5 
months. Therefore, this is a promising drying technology for the rice milling industry.   

Introduction 

Freshly harvested paddy rice is dried to a moisture content below 
14% (w.b.), and then stored in a warehouse for a certain period of time 
before being milled. With geopolitical conflicts and climate change 
around the world, many countries that consume rice are concerned 
about food security. For this reason, paddy rice is usually stored for long 
periods of time to ensure adequate supplies for the population. Ambient 
temperature storage of paddy (rice with husk) is the most popular 
practice among commercial rice millers in Thailand, as milling and 
cooking qualities are better preserved than storage in the form of milled 
rice. 

The drying and storage processes are the main postharvest processes 
that affect the physicochemical characteristics and qualities of rice. The 
main advantages of hot air drying are its high capacity and short time 
required, however, there are some disadvantages associated with this 
method, such as the energy cost to heat the air and the potential damage 
it can caused to the paddy kernels due to the temperature increase 
(Mussi et al., 2015). In studies conducted by Fan et al. (1999) and Wiset 
et al. (2005), it was observed that the temperature of hot air used for 
drying had an impact on the gelatinization characteristics. Paddy rice 

could be safely dried using hot air temperature up to 50 ◦C (Akowuah 
et al., 2012), but using hot air temperature of 55 ◦C or higher could 
negatively impact on the milling quality (Scariot et al., 2020). During 
storage, other properties of rice, such as color, thermal properties, 
pasting properties (Tananuwong & Lertsiri, 2010), starch microstructure 
(Chrastil & Zarins, 1992), and cooking qualities (Kaminski et al., 2013) 
could also change. Wongdechsarekul & Kongkiattikajorn (2009) showed 
that 7-month storage of rice flour (var. KDML 105) might cause the 
protein matrix to become more tightly bound to the starch granules. This 
could explain why the soluble and pasting properties of the rice flour 
changed during storage. Scariot et al. (2020) reported that storing white 
rice for up to 240 days increased the whole grain yield, especially, when 
the rice was dried at a high temperature of 65 ◦C. These findings indicate 
that rice milling requires appropriate drying methods to prevent rice 
degradation and maintain its quality. 

Recently, emerging thermal processing technology using dielectric 
heating offers a number of advantages over traditional methods for 
drying paddy rice such as infrared (IR), microwave (MW), and radio 
frequency (RF). Ding et al. (2016) reported that the physicochemical 
properties and cooking qualities of rice dried using infrared (IR) were 
better maintained after 10 months of storage than those of paddy rice 

* Corresponding author. 
E-mail address: sa-nguansak.t@cmu.ac.th (S.-n. Thanapornpoonpong).  

Contents lists available at ScienceDirect 

Food Chemistry: X 

journal homepage: www.sciencedirect.com/journal/food-chemistry-x 

https://doi.org/10.1016/j.fochx.2023.100882 
Received 31 July 2023; Received in revised form 1 September 2023; Accepted 15 September 2023   

mailto:sa-nguansak.t@cmu.ac.th
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2023.100882
https://doi.org/10.1016/j.fochx.2023.100882
https://doi.org/10.1016/j.fochx.2023.100882
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Food Chemistry: X 20 (2023) 100882

2

dried using hot air or ambient temperature drying. Liu et al. (2011) 
found that the storage life of white bread stored at room temperature 
(23 ◦C) was extended by an average of 28 days when a combined RF and 
hot air treatment was used. RF heating is described by the penetration of 
electromagnetic waves into rice grains. These waves cause water mol-
ecules inside rice grains to vibrate, which generates heat. It has been 
used to dry paddy rice and accelerate aging process (Hussain et al., 
2021; Sumreerath, 2010; Vearasilp et al., 2011). Nevertheless, there is 
limited information on the rice quality after storage when dried using 
hot air and RF heating (HA/RF) compared to hot air (HA) in a large-scale 
process. This is important for rice millers to decide whether to use this 
technology in the future. The objectives of the study were (1) to observe 
milling qualities and (2) to observe cooking qualities during 6 months of 
storage after treatment. 

Material and methods 

Paddy rice 

A 9-ton newly harvested RD41 paddy was procured in Nakhon 
Sawan province, Thailand. The initial moisture content of the paddy was 
25–26% (w.b.). It was stored in polypropylene (PP) woven bags, with 
each containing 450 kg of paddy. All replicates were treated within 4 
days of harvest and were not used more than once. After treatment, 25- 
kilogram samples of paddy from each replicate were kept for quality 
determination. 

Hot air dryer and RF heating system 

A 15-kW, 27-MHz oscillator type RF heating system (BiO-Q model S- 
1, Yont Phol Dee, Nakhon Sawan, Thailand) and 450-kg recirculating 
continuous flow-mixing type hot air dryer (QS-500, Quaser Engineering, 
Pathum Thani, Thailand) were used to dry the paddy rice as shown in 
Fig. 1. The configuration of hot air and RF heating was described in 
detail in Chitsuthipakorn & Thanapornpoonpong (2022). There are two 
parallel plate electrodes in a heating chamber of RF heating system set in 

vertical formation. The dimension of the electrodes was 45 cm × 30 cm 
and the distance between them is 17 cm. The paddy was conveyed to the 
hot air dryer at the top of the applicator by a bucket elevator. It then 
flowed by gravity to the RF heating system, where it was discharged 
back to the bucket elevator to be conveyed to the top repeatedly until the 
final moisture content of the paddy was measured at below 14% (w.b.). 

Paddy rice storage 

Dried samples obtained from the dryer were stored in a PP woven 
bag at ambient conditions in Nakhon Sawan, Thailand. To monitor the 
ambient condition during storage, humidity and temperature data were 
recorded using a data logger (EL-USB-2-LCD, Lascar Electronics Inc., 
Pennsylvania, USA). Samples were taken during 0, 1, 2, 3, 4, 5, and 6 
months of storage, and the moisture content (MC) of the paddy was 
measured in triplicate using the hot air oven method and presented as 
the mean and standard deviation. 

Fissure percentage and head rice yield 

The samples were processed using a cleaner and a huller to produce 
brown rice. The fissure percentage was determined for each sample 
using 100 kernels. The procedure was described in detail in our previous 
studies (Chitsuthipakorn & Thanapornpoonpong, 2021, 2022). The 
fissure percentage determination was proposed by Shen et al. (2019) 
using Eq. (1). 

Fissure percentage (%) =
Nf

Nt
× 100 (1)  

where Nf refers to the total number of brown rice kernels with a fissure 
degree of 0, 1, 2, 3, 4, or>5), and Nt refers to the total number of brown 
rice kernels. 

The head rice yield (HRY) was calculated using Equation (2), which 
is in accordance with the Thai Standards for Rice. 

Fig. 1. The recirculating continuous flow-mixing type hot air dryer and RF heating system used in an experiment.  
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Head rice yield (%) =
Whr

Wpd
× 100 (2)  

where Wpd refers to the weight of paddy rice and Whr refers to the weight 
of head rice. 

White rice color determination 

A chromameter (CR − 400, Konica Minolta Sensing, Osaka, Japan) 
was used to determine the color of white rice in the CIE (L*, a*, b*) color 
system. The whiteness index (WI) and the total color difference (ΔE*) 
were used to evaluate the whiteness level of rice and determine whether 
the color values passed or failed the repeatability testing, respectively. 

Whiteness index (WI) = 100 −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
(100 − L∗)2

+ a∗2 + b∗2
]√

(3)  

where L* is a measure of lightness–darkness, with value ranging from 
0 (black) to 100 (white). a* is a measure of redness, with positive value 
indicating redder color and negative value indicating greener color. b* is 
a measure of yellowness, with positive value indicating yellower color 
and negative value indicating bluer colors. 

Total color difference (ΔE*) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL∗)2
+ (Δa∗)2

+ (Δb∗)2
√

(4)  

where the difference between the L* values of the specimen and the 
reference is ΔL*. Δa* is the difference between the a* values of the 
specimen and the reference, and Δb* is the difference between the b* 
values of the specimen and the reference. 

Elongation ratio 

The elongation ratio of white rice was determined using a procedure 
proposed by Juliano & Perez (1984). Fifty kernels of white rice were 
picked from the samples and then soaked, boiled and measured. The 
elongation ratio was defined in Eq. (5): 

Elongation ratio =
Average length of cooked rice (mm)

Average length of uncooked rice (mm)
(5)  

Texture profiles analysis 

The texture profiles of cooked milled rice were analyzed using a 
texture analyzer (TA.XT plus, Stable Micro Systems, Surrey, UK) ac-
cording to the procedure of Champagne et al. (1998) and the cooking 
procedure was based on a procedure in our previous study (Chitsuthi-
pakorn & Thanapornpoonpong, 2022) with a rice-to-water weight ratio 
of 1:1.7. 

Pasting properties 

The pasting properties of rice were determined using a rapid vis-
cosity analyzer (RVA-4, Newport Scientific, New South Wales, Australia) 
according to the procedure of AACC Method 61–02. The RVA profiles 
were analyzed using Thermal Cycle (TCW 2.5) software for Windows 
(Yan et al., 2005). 

Statistical analysis 

A factorial experiment was conducted in a randomized complete 
block design (RCBD) with three replicates to investigate the milling and 
cooking qualities of treated rice during storage. The factors were the 
storage period (0, 1, 2, 3, 4, 5, and 6 months) and the drying condition 
(HA, HA/RF38, and HA/RF42). The measurement was performed three 
times for each replicate, and the mean and standard deviation were 
calculated. The means were then compared using an analysis of variance 
(ANOVA) and Duncan’s new multiple range test (DMRT) for mean 

comparison at a probability level of 5% (p < 0.05) using SPSS software 
version 25 (IBM, New York, NY, USA). 

3. Results and discussion 

Ambient conditions and moisture content 

Paddy samples were stored for 6 months (180 days) from November 
4, 2021, to May 3, 2022, in PP bags. The average ambient temperature 
and relative humidity (RH) on each day during the 6-month storage 
period is shown in Fig. 2a. The temperature and RH ranged from 21.6 ◦C 
to 34.9 ◦C and 54% to 88%, and the average temperature and RH were 
28.4 ◦C and 70%, respectively. 

An average moisture content (MC) of all treatments is shown in 
Fig. 2b. During storage, the average MC decreased from 13.66% to 
11.37% in HA, 13.66% to 11.40% in HA/RF38, 13.58% to 11.63 in HA/ 
RF42. In storage, the final or equilibrium MC of paddy depends on the 
temperature and RH of the ambient air. The result showed that MC of 
paddy decreased drastically in month 1 and month 5 when temperature 
rose and RH dropped. This was due to the hygroscopic property of 
paddy, which releases moisture to the ambient air to reach the equi-
librium MC with the environment. 

Fissure percentage and head rice yield 

The fissure percentage in brown rice was divided into four groups: 
none, few, moderate, and severe. None refers to rice with no fissures, 
few refers to rice with 1–2 fissures, moderate refers to rice with 3–4 
fissures, and severe refers to rice with 5 or more fissures. This classifi-
cation was based on the work of Shen et al. (2021). The effects of storage 
period and drying conditions on the fissure percentage are shown in 
Table 1. The ANOVA shows a significant difference in the drying con-
ditions and the interaction of drying conditions and storage period for 
groups of “None”, “Few”, and “Severe”, while a significant difference 
can be seen for the storage period for groups of “None”, “Few”, “Mod-
erate” and “Severe”. The fissure percentage with “None” decreased 
significantly from 99.78%±0.39% in HA-month 0 to 80.78% ± 0.39% in 
HA/RF42-month 2. In order to explain the result from the rice miller’s 
point of view, focusing HRY, the ANOVA in Table 2 shows a significant 
difference in drying condition with HRY and brokens yield (BY), while a 
significant difference in storage duration with white rice yield (WRY), 
HRY and BY is shown. The inverse relationship between the number of 
fissure kernels and head rice yield (HRY) of milled rice is well- 
established. As the number of fissure kernels decreases, the HRY 
increases. 

For all drying conditions, HRY generally increased after a storage 
period of 1 month and reached the highest values at HA with a storage 
period of 2–5 months, HA/RF38 with a storage period of 2–5 months, 
and HA/RF42 with a storage period of 3–4 months. This could be due to 
the fact that starch in rice exhibited reversible glass transition during 
storage. Srikaeo et al. (2016) found that storage of paddy rice at tem-
peratures above the glass transition temperature, which ranged from 
29.53 ◦C–32.89 ◦C for non-waxy rice at a moisture content of 11.2% (w. 
b.), could improve HRY and Yang et al. (2005) found that if rice was not 
tempered after drying, the internal stresses created during drying would 
remain in the kernel indefinitely. These stresses could cause internal 
fissures to form or propagate as the kernel underwent a transition from 
the rubbery to glassy state. These earlier studies help explain why less 
fissures could be seen until sometime after drying. Despite the fact that 
HA, HA/RF38, and HA/RF42 significantly produced more brokens and 
resulted in less head rice during 6 months of storage, the DMRT mean 
comparison revealed that head rice in HA and HA/RF38 significantly 
decreased in month 6, while head rice in HA/RF42 significantly 
decreased in month 5. This result suggests that paddy dried with HA/ 
RF38 and HA can be safely stored for 5 months. 
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Determination of white rice color 

The determination of the white rice color after drying at different 
conditions and storage period is shown in Table 3. The ANOVA shows a 
significant difference in drying conditions and storage period for L*, a*, 
b* and WI, and a significant difference in the interaction of drying 
conditions and storage period for ΔE*. It was found that the values of L*, 
a*, b*, and WI of white rice dried with HA/RF38, HA/RF42 were not 
significantly different from HA in month 0. Although the values of L*, 
a*, b* varied during the storage period, WI significantly increased from 
63.37 ± 0.58 to 64.46 ± 0.75 at HA, 62.78 ± 0.97 to 63.75 ± 1.55 at 
HA/RF38 and 62.77 ± 1.90 to 64.45 ± 0.95 at HA/RF42 during the 6- 
month storage. Additionally, ΔE* was used to compare the distance of 
color difference between different drying conditions during storage. A 
lower ΔE* indicates greater closeness, while a higher ΔE* indicates 
significant variation. The ΔE* values in this test ranged from 0.86 ±
0.67 to 2.27 ± 1.94. Since WI is a useful value for rice trade negotia-
tions, the observation that WI increases with a slight ΔE* during 6 
months of storage under ambient conditions would be beneficial to rice 
millers. This could be because during drying and storage under ambient 
conditions, the starch granules in rice are altered. This causes them to 
form a transparent layer, which makes the rice grains shinier and re-
duces the enzymatic activity that causes browning reaction (Ding et al., 
2016; Parnsahkorn & Langkapin, 2013). 

Elongation ratio 

The elongation ratio of cooked rice (ER) under all drying conditions 
during 6 months of storage is shown in Fig. 3. The results showed that 
the ER values were significantly different from the effects of drying 
conditions, storage period, and the interaction of drying conditions and 
storage period (p < 0.05). The ER of rice dried with HA, HA/RF38 and 
HA/RF42 stored up to 6 months increased from 1.43 ± 0.01 to 1.58 ±
0.01, 1.43 ± 0.01 to 1.59 ± 0.00, and 1.44 ± 0.00 to 1.60 ± 0.01, 
respectively. During storage under ambient conditions, it was found that 
ER increased dramatically from month 3, by 10%, 11%, and 11% in HA, 
HA/RF38, and HA/RF42, respectively. Rice dried with HA/RF42 had a 
significantly higher ER value at month 0 than other drying conditions. 
This suggested that rice dried with a higher amount of RF energy had 

more voids in the endosperm, which allowed water to be absorbed more 
conveniently and elongate the rice grains more during cooking (Chit-
suthipakorn & Thanapornpoonpong, 2022; Zhang, Wang et al., 2022; 
Zhang, Zhang et al., 2022). In addition, aged rice had a longer ER values 
than non-aged rice (Bruce et al., 2022). This might be due to the fact that 
the cell walls of aged rice were closed tightly, which prevented the high 
pressure inside the cells during cooking (Le et al., 2014). 

Texture profiles analysis of cooked rice 

As reported in previous study (Zhou et al., 2007), there were three 
parameters that significantly affects the texture of cooked rice: hardness, 
adhesiveness, and cohesiveness. The results in Table 4 showed that 
hardness, adhesiveness, and cohesiveness were significantly different 
from the effect of storage period. The hardness of rice dried with HA, 
HA/RF38 and HA/RF42 stored up to 6 months reached its peak value 
between month 4–5. The adhesiveness decreased with increasing stor-
age period in all drying conditions. This means that less force was 
required in the opposite direction of plunger movement to remove the 
rice samples from the plunger surface. The cohesiveness of the rice was 
significantly different only in the HA treatment. The texture of cooked 
rice after storage for a long period of time became harder and less sticky 
(Jungtheerapanich et al., 2017; Saikrishna et al., 2018; Zhou et al., 
2002). This could be due to the increase in the resistance of starch 
granules and increase in the insoluble content (Park et al., 2012). The 
enzymatic and non-enzymatic reactions that occurred during storage 
weakened the cell wall structure, allowing protein-rich regions to form 
more easily. These protein-rich regions had a higher resistance to water 
absorption that made the aged rice cooked with less water and became 
harder in texture. The structure of protein-rich and starch-rich regions 
might also limit the leaching of soluble starch, further contributing to 
the reduced adhesiveness of the cooked rice (Ding et al., 2016, 2018). 

Pasting properties 

The change in pasting properties during storage can be referred to as 
aging of rice. Previous studies have shown that peak viscosity (PV), 
breakdown (BD), and setback (SB) are the most sensitive indicators of 
rice aging (Soponronnarit et al., 2008; Zhou et al., 2015). The results in 
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Table 4 showed that PV, BD and SB were significantly different from the 
effects of storage period under ambient conditions. The PV and SB 
increased with increasing storage period while BD conversely decreased 
during month 2–4. Changes in these parameters during aging could be 
related to the weakening of the cell wall structure as stated in Section 
3.2.4. The increase in PV might be due to the decrease in α-amylase 
activity in rice (Dhaliwal et al., 1991; Tananuwong & Malila, 2011). The 
reduction of BD during month 2–4 might be due to the starch granules 
becoming harder to break when aged (Noomhorm et al., 1997). The BD 
was a measure of the extent to which the starch granules rupture during 
cooking, and a lower BD value indicated a harder cooked rice. Zhou et al. 
(2004) also reported that a reduction in BD was correlated with an in-
crease in hardness and decrease in adhesiveness of cooked rice. At 
month 5, the decrease in PV and BD could be described as aged rice 

starch granules were more resistant to swelling than fresh rice starch 
granules (Katekhong & Charoenrein, 2012), and the ability of starch 
granules to rupture after cooking was significantly reduced by aging 
(Zhou et al., 2003). On the other hand, the increase in SB was thought to 
be due to the formation of starch-lipid complexes in aged rice, which 
restricted granular swelling, and the retrogradation of starch, the pro-
cess by which starch molecules recrystallize after cooking. The higher 
the degree of retrogradation, the firmer the cooked rice would be. The 
SB was another parameter that was affected by aging, and it was defined 
as the increase in firmness of cooked rice. Therefore, the SB can be 
considered as an index of rice aging (Soponronnarit et al., 2008). 

Table 1 
Effects of storage period and different drying conditions on fissure percentage.  

Drying 
Condition 
[A] 

Storage 
Period 
(month) 
[B] 

None Few Moderate Severe 
(0 
Fissure) 

(1–2 
Fissures) 

(3–4 
Fissures) 

(>5 
Fissures) 

HA 0 99.78 ±
0.39 a 

0.22 ±
0.39 h 

0.00b 0.00 d 

1 99.45 ±
0.69 a 

0.55 ±
0.69 h 

0.00b 0.00 d 

2 99.11 ±
0.51 a 

0.89 ±
0.51 h 

0.00b 0.00 d 

3 97.89 ±
1.50 ab 

1.45 ±
1.07 gh 

0.11 ±
0.19b 

0.56 ±
0.51 cd 

4 99.67 ±
0.58 a 

0.33 ±
0.58 h 

0.00b 0.00 d 

5 98.78 ±
1.54 a 

1.22 ±
1.54 gh 

0.00b 0.00 d 

6 99.56 ±
0.77 a 

0.44 ±
0.77 h 

0.00b 0.00 d  

HA/RF38 0 98.67 ±
0.00 a 

1.33 ±
0.00 gh 

0.00b 0.00 d 

1 87.45 ±
5.42 ef 

12.22 ±
5.74 ab 

0.11 ±
0.19b 

0.22 ±
0.19 d 

2 86.23 ±
2.88 efg 

12.44 ±
3.40 ab 

0.44 ±
0.51 a 

0.89 ±
1.26 cd 

3 88.89 ±
0.51 de 

9.89 ±
0.70 bcd 

0.00b 1.22 ±
0.39 cd 

4 97.11 ±
1.02 ab 

2.67 ±
1.20 gh 

0.00b 0.22 ±
0.19 d 

5 92.00 ±
2.60 cd 

7.89 ±
2.71 cde 

0.00b 0.11 ±
0.19 d 

6 94.67 ±
2.73 bc 

5.11 ±
3.02 efg 

0.00b 0.22 ±
0.39 d  

HA/RF42 0 96.33 ±
0.33 ab 

3.67 ±
0.33 fgh 

0.00b 0.00 d 

1 83.34 ±
4.63 gh 

15.44 ±
4.72 a 

0.11 ±
0.19b 

1.11 ±
0.19 cd 

2 80.78 ±
0.39 h 

15.56 ±
2.50 a 

0.45 ±
0.39 a 

3.22 ±
2.17 a 

3 83.00 ±
2.52 fgh 

12.22 ±
1.57 ab 

0.00b 3.78 ±
1.02 a 

4 89.34 ±
3.21 de 

6.89 ±
2.14 def 

0.00b 3.78 ±
1.07 a 

5 86.67 ±
1.86 efg 

11.56 ±
2.22 abc 

0.00b 1.78 ±
1.95 bc 

6 88.34 ±
0.66 de 

8.55 ±
1.38 bcde 

0.11 ±
0.19b 

3.00 ±
0.88 ab  

F-test A * * ns * 
B * * * * 
A × B * * ns * 

Data is presented as mean of three replicates. If there is no significant difference 
between the values (p > 0.05), the same letter or no letter will be indicated in a 
column. 

Table 2 
Effects of storage period and different drying conditions on milling yield of white 
rice.  

Drying 
Condition [A] 

Storage Period 
(month) 
[B] 

White Rice Head Rice Brokens 

HA 0 65.07 ±
0.70 cdefg 

38.40 ±
2.54 d 

26.67 ± 1.85 
a 

1 66.67 ±
1.41 abcd 

45.69 ±
3.77 bcd 

20.98 ± 2.39 
bcde 

2 66.49 ±
1.20 abcde 

48.00 ±
2.82 abc 

18.49 ± 1.77 
defg 

3 67.56 ±
0.93 a 

49.24 ±
2.48 ab 

18.31 ± 1.71 
efg 

4 65.78 ±
2.27 abcdefg 

49.51 ±
4.64 a 

16.80 ±
3.47 g 

5 66.84 ±
0.93 abcd 

47.47 ±
4.41 abc 

19.38 ± 3.54 
bcdefg 

6 64.98 ±
1.78 defg 

45.51 ±
4.10 cd 

19.47 ± 2.37 
bcdefg  

HA/RF38 0 63.82 ±
0.56 g 

37.51 ±
2.48 d 

26.31 ± 1.93 
a 

1 67.02 ±
1.63 abc 

45.07 ±
5.11 cd 

21.96 ±
3.88b 

2 65.51 ±
2.24 bcdefg 

46.49 ±
5.88 abcd 

19.02 ± 3.64 
cdefg 

3 67.29 ±
1.34 ab 

49.25 ±
1.56 ab 

18.04 ±
0.41 fg 

4 65.33 ±
2.44 bcdefg 

46.75 ±
5.42 abcd 

18.58 ± 3.70 
defg 

5 65.07 ±
0.80 cdefg 

46.05 ±
1.87 abcd 

19.02 ± 1.56 
cdefg 

6 64.62 ±
2.59 efg 

44.35 ±
4.14 cd 

20.27 ± 2.18 
bcdef  

HA/RF42 0 64.44 ±
1.01 fg 

38.22 ±
0.16 d 

26.22 ± 1.08 
a 

1 66.76 ±
2.27 abcd 

45.16 ±
5.45 cd 

21.60 ± 3.49 
bc 

2 66.04 ±
1.61 abcdef 

45.87 ±
4.85 bcd 

20.18 ± 3.70 
bcdef 

3 66.76 ±
1.20 abcd 

46.58 ±
4.32 abcd 

20.18 ± 3.44 
bcdef 

4 66.40 ±
2.93 abcdef 

46.75 ±
6.26 abcd 

19.64 ± 3.54 
bcdef 

5 65.78 ±
2.00 abcdefg 

44.62 ±
2.42 cd 

21.15 ± 0.56 
bcd 

6 65.33 ±
2.32 bcdefg 

43.56 ±
2.48 d 

21.78 ± 0.94 
bc  

F-test A ns * * 
B * * * 
A × B ns ns ns 

Data is presented as mean of three replicates. If there is no significant difference 
between the values (p > 0.05), the same letter or no letter will be indicated in a 
column. 
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Conclusions 

This study verified the rice quality after dried using hot air and RF 
heating temperatures between 38 ◦C and 42 ◦C (HA/RF) during 6 
months of storage under ambient conditions, to compare the results of 
the HA/RF treatment to the HA treatment. Changes in milling qualities, 
such as fissure percentage, head rice yield, and white rice color, were 
affected by RF heating temperature and storage period. Rice dried with 
HA and HA/RF38 could be safely stored under ambient conditions, with 
satisfactory fissure percentage, head rice yield, and whiteness index for 
up to 5 months. For the cooking qualities, elongation ratio was affected 
by RF heating temperature and storage period, while texture profiles and 
pasting properties were only affected by storage period. This study 
verified that drying paddy rice with hot air and RF heating temperatures 
of 38 ◦C could replace hot air drying without undesirable changes in 
milling and cooking properties for up to 5 months of storage. Therefore, 
hot air drying and RF heating is a promising technology for rice millers 
that can be safely used in the future. 
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Table 3 
Effects of storage period and different drying conditions on color of white rice.  

Drying 
Condition 
[A] 

Storage 
Period 
(month) 
[B] 

L* a* b* WI ΔE* 

HA 0 64.51 
± 0.66 
cdefgh 

− 0.54 
± 0.15f 

9.02 ±
0.39 gh 

63.37 
± 0.58 
abcde 

0.00 

1 63.53 
± 0.50 h 

− 0.44 
± 0.24 
cdef 

9.58 ±
1.02 fgh 

62.28 
± 0.74 
e 

0.00 

2 64.85 
± 0.52 
abcdefgh 

− 0.27 
± 0.21 
bcde 

9.49 ±
0.86 fgh 

63.59 
± 0.72 
abcde 

0.00 

3 65.40 
± 0.06 
abcde 

− 0.39 
± 0.14 
cdef 

8.63 ±
1.12 h 

64.32 
± 0.28 
a 

0.00 

4 65.45 
± 0.83 
abcd 

− 0.52 
± 0.25f 

9.55 ±
1.27 fgh 

64.14 
± 1.03 
ab 

0.00 

5 65.66 
± 0.56 
abc 

− 0.40 
± 0.30 
cdef 

10.46 
± 1.15 
bcdef 

64.08 
± 0.62 
abc 

0.00 

6 65.89 
± 0.40 
ab 

− 0.47 
± 0.33 
def 

9.88 ±
1.45 
defg 

64.46 
± 0.75 
a 

0.00  

HA/RF38 0 64.15 
± 0.73 
defgh 

− 0.41 
± 0.29 
cdef 

9.95 ±
1.10 
defg 

62.78 
± 0.97 
bcde 

1.12 
±

0.90 
1 63.86 

± 1.44 
fgh 

− 0.01 
± 0.33 a 

10.91 
± 1.42 
abcd 

62.24 
± 1.78 
e 

1.64 
±

0.30 
2 64.00 

± 1.86 
fgh 

− 0.11 
± 0.37 
ab 

10.13 
± 2.03 
cdefg 

62.57 
± 2.35 
cde 

1.53 
±

1.30 
3 64.90 

± 0.86 
abcdefg 

− 0.26 
± 0.30 
bcde 

9.14 ±
1.82 gh 

63.70 
± 1.31 
abcde 

0.87 
±

0.96 
4 64.63 

± 1.47 
bcdefgh 

− 0.40 
± 0.37 
cdef 

10.14 
± 2.31 
cdefg 

63.17 
± 2.08 
abcde 

1.42 
±

1.13 
5 64.17 

± 1.32 
defgh 

− 0.22 
± 0.48 
abcd 

11.74 
± 1.90 
a 

62.27 
± 1.86 
e 

2.27 
±

1.94 
6 65.68 

± 0.83 
abc 

− 0.21 
± 0.30 
abc 

11.46 
± 2.36 
ab 

63.75 
± 1.55 
abcde 

1.73 
±

1.06  

HA/RF42 0 64.08 
± 1.67 
efgh 

− 0.41 
± 0.27 
cdef 

9.75 ±
1.15 
efgh 

62.77 
± 1.90 
bcde 

1.44 
±

1.11 
1 64.19 

± 1.44 
defgh 

− 0.11 
± 0.40 
ab 

11.04 
± 1.51 
abcd 

62.51 
± 1.82 
de 

1.84 
±

0.28 
2 63.69 

± 0.95 
gh 

− 0.08 
± 0.34 
ab 

9.72 ±
1.76 fgh 

62.39 
± 1.38 
e 

1.36 
±

0.65 
3 65.19 

± 0.85 
abcdef 

− 0.26 
± 0.26 
bcde 

9.20 ±
1.58 gh 

63.98 
± 1.24 
abcd 

0.86 
±

0.67 
4 64.88 

± 1.97 
abcdefgh 

− 0.37 
± 0.38 
cdef 

9.86 ±
2.04 
defg 

63.49 
± 2.46 
abcde 

1.52 
±

0.99 
5 64.85 

± 0.96 
abcdefgh 

− 0.22 
± 0.41 
abcd 

11.24 
± 2.06 
abc 

63.06 
± 1.57 
abcde 

1.45 
±

1.61 
6 65.98 

± 0.57 a 
− 0.49 
± 0.19 
ef 

10.14 
± 1.67 
cdefg 

64.45 
± 0.95 
a 

0.75 
±

0.17  

F-test A * * * * ns 
B * * * * ns 
A × B ns ns ns ns ns 

Data is presented as mean of three replicates. If there is no significant difference 
between the values (p > 0.05), the same letter or no letter will be indicated in a 
column. 

Fig. 3. Elongation ratio of rice dried with different conditions and changes 
during storage under ambient conditions. * indicates a significant difference 
between the mean values of treatment in each month (p > 0.05), † indicates a 
significant difference between the mean values of month in each treatment (p 
> 0.05). 
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