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Abstract  

This study investigated the drying kinetics and quality attributes of Thai rice noodles subjected to hot air and 2-

stage thin layer drying methods. Hot-air drying experiments were conducted at 40, 50, and 60 °C The 2-stage drying 

involved an initial infrared drying phase at 200, 400, and 600 W for 120, 90, and 30 min, respectively, followed by hot-

air drying at temperatures of 40, 50 and 60 °C. Key quality parameters assessed included color metrics, rehydration ratio, 

surface morphology, and texture. Results showed that the moisture content during hot-air drying decreased exponentially, 

with the drying rates varying from 0.0119 to 0.0236 gwater/gdry matter · min and drying times from 120 to 240 min. The 

effective diffusion coefficient ranged from 1.3378×10−11 to 2.5796×10–11 m2/s and, drying behavior was well described 

by Page’s drying model. In contrast, the two-stage drying exhibited a linear moisture decrease during the infrared phase 

and an exponential decrease during the subsequent hot-air drying. The drying rates ranged from 0.0096 to 0.0376 

gwater/gdry matter · min with drying times ranged between 75 and 300 min. Effective diffusion coefficients for the first and 

second stages ranged from 4.1045×10–12 to 2.6461×10–11 to 1.5668×10–11 to 4.3220×10–11 m2/s, respectively, with drying 

kinetics accurately predicted by Singh et al. drying model. Quality analysis revealed that prolonged drying time reduced 

brightness but increased redness and yellowness. Both drying techniques produced dried noodles exhibiting quality 

characteristics comparable to commercial products, along with a notably higher rehydration ratio.  

 

Keywords: Thai rice noodles drying, Effective diffusion coefficients, Mathematical modeling, Hot-air drying, Two-stage 

drying 

 

Introduction 

Thai rice noodles, known as Khanom Jeen, are 

made from rice flour and resemble round rice noodles in 

shape. Based on the type of flour used, they can be 

classified into 2 categories: Noodles made from fresh 

flour and those made from fermented flour. Fermented 

flour, popular in northeastern Thailand, is traditionally  

 

prepared by soaking heavy rice and fermenting it for up 

to 3 days. The fermented flour is then boiled, sieved, and 

added to boiling water to form noodles through a 

traditional flour-mixing technique. These noodles tend 

to be brown, firm, soft in texture, and have a longer shelf 

life. In contrast, noodles made from fresh flour are 
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typically larger, white in color, capable of retaining 

more water, and softer but less sticky than those made 

with fermented dough. While the production process is 

similar, fresh flour does not require extended soaking, 

resulting in white noodles free of broken strands, off-

odors, or mucilage. However, these noodles have a 

shorter shelf life.  

Previous research has extensively examined hot-

air drying (HA) and infrared radiation drying (IR) of 

agricultural and food commodities. Studies on hot-air 

drying have shown that drying temperature significantly 

influences drying characteristics. Specifically, 

increasing the drying temperature enhances the drying 

rate while reducing overall drying time [1]. Hot-air 

drying typically occurs during the falling-rate period [2]. 

In the case of infrared radiation drying, higher infrared 

power correlates with an increased drying rate and 

shorter drying time [3,4]. Compared to hot-air drying, 

infrared drying can reduce drying time by 33% - 83% 

[2,3]. Furthermore, combined drying methods using 

both infrared and hot air (IR-HA) have been found to 

further increase the drying rate [5,6]. Drying 

characteristics are typically categorized into 3 distinct 

periods: The heat-up period, the constant-rate period, 

and the falling-rate period, with most drying processes 

occurring predominantly during the falling-rate period. 

Drying behavior can be described using theoretical, 

semi-theoretical, and empirical models. Key drying 

parameters - such as the effective moisture diffusion 

coefficient and the drying constant - are used to 

characterize moisture content changes over time. 

Studies have shown that the effective diffusion 

coefficient increases with both drying temperature 

[1,7,8] and infrared power [3,9,10]. These coefficients, 

along with drying constants derived from the models, 

provide insight into the rate of moisture migration 

within the material. Notably, infrared drying tends to 

yield higher effective diffusion coefficients than hot-air 

drying [7], indicating faster internal moisture transport. 

Among the available modeling techniques, non-linear 

regression analysis is the most commonly used method 

for determining drying constants [11]. 

Previous studies have evaluated dried product 

qualities such as rehydration ratio, color, water activity, 

and related physicochemical properties. In addition, 

surface morphology and hardness have been analyzed, 

often in comparison with standard or commercially 

available products. Assessing product quality is 

essential for identifying optimal drying processes, as it 

directly influences product quality, energy efficiency, 

and cost-effectiveness. Drying at elevated temperatures 

and higher infrared power levels has been shown to 

significantly affect product quality [12]. Various drying 

methods - including hot-air drying, infrared drying, 

combined infrared and hot-air drying, and intermittent 

infrared-hot-air drying - have been reported to have no 

significant impact on shrinkage or total color change. 

However, infrared drying followed by hot-air drying 

significantly affected total color values [13]. Increasing 

infrared power and drying temperature generally 

improved the rehydration ratio while reducing shrinkage 

[14,15]. Furthermore, infrared drying has been 

associated with better product quality compared to hot-

air drying [5], though it tends to result in lower color 

change values [12]. 

A review of the literature indicated that the 

infrared drying significantly reduced drying time due to 

its high energy, while the hot-air drying take a longer 

time but yields a good quality product. Therefore, a two-

stage drying approach (infrared drying followed by hot-

air drying) presents an interesting alternative for drying 

Thai rice noodles. Accordingly, the objectives of this 

study were to investigate the effects of hot-air and 2-

stage drying on the thin-layer drying behavior of Thai 

rice noodles, specifically focusing on total color change 

and key quality attributes of the dried product. 

 

Materials and methods 

Materials 

Fresh Thai noodles were sourced from a local 

market in Mueang District, Nakhon Ratchasima 

Province, Thailand. The samples were conditioned by 

refrigerating them at 4 °C for 24 h [16,17]. The samples 

were then sliced into 100-mm strips. Before the 

experiment, samples were packed into trays weighing 50 

g/tray (3 trays), with the noodles evenly spread to a 

uniform thickness of 10 mm.
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Figure 1 Schematic diagram of the infrared and convective air dryer.  

 

Experimental set-up and drying procedure 

Experimental set-up 

An infrared and hot-air dryer was used in this 

study (Figure 1). The drying chamber had dimensions 

of 0.5×0.5×0.5 m3. Hot air was generated by an electric 

heater capable of reaching a maximum temperature of 

120 °C, with temperature regulation controlled by a 

thermostat. A centrifugal fan with curved front blades 

circulated air at a maximum speed of 2.0 m/s. An 

infrared radiator (650 W) was positioned parallel to the 

tray, and the distance between the emitter and sample 

was kept constant at 200 mm. 

 

 

Drying process 

Thai rice noodles were dried in a thin layer on 3 

aluminum trays weighing 50 ± 3 g each. The noodles 

were evenly spread to a uniform thickness of no more 

than 1 cm. After drying, the moisture content decreased 

from 303.36 ± 5.43 to 13.88 ± 0.85 %d.b. [3]. 

Hot-air drying was carried out at an air velocity of 

1.0 m/s and drying temperatures of 40, 50, and 60 ℃. 

The drying conditions were maintained at stable levels 

throughout the experiments. Samples were placed into 

the drying chamber, and their weights were recorded 

every 15 min for the first h and then every 30 min until 

drying was complete. The experiments were done in 3 

replications.

 

Table 1 Color qualities of Thai rice noodles dried using infrared drying in the first stage. 

Infrared Power (W) 

Moisture 

content 

(%db.) 

Lightness (L*) Redness (a*) Yellowness (b*) 

Total color 

change 

(∆E*) 

Commercial product  62.27 –0.46 7.80 14.69 

200 W 198.52 71.95 –0.23 8.56 7.77 

400 W 132.80 66.08 –0.26 7.76 13.20 

600 W 190.87 71.54 –0.32 8.59 8.15 

 

Two-stage drying was carried out by applying 

infrared radiation in the first stage at power levels of 

200, 400, and 600 W for 120, 90, and 30 min, 

respectively. The distance between the emitter and 

sample was 200 mm while an air velocity of 1.0 m/s was 

used. In the second stage, the samples from the first 

stage were further dried using hot air at 40, 50, and 60 

°C. Color and moisture content were used as criteria to 

determine the appropriate drying method - either 

infrared or hot-air drying. The variations in these 

parameters were required to remain smaller than those 

observed in the commercial product (Table 1). The data 

were collected using the same procedure as in the hot-

air drying experiments. The experiments were done in 3 

replications. 
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Drying characteristics 

Moisture content 

Moisture content refers to the amount of water 

present in a material. During drying, it is typically 

quantified using 2 primary methods: The wet basis, 

which is commonly used in commercial applications; 

and the dry basis, which is preferred in drying kinetics 

analysis due to its reference to a constant dry mass. 

Samples were in an oven dryer at 105 ℃ for 24 h [15]. 

Moisture content on a dry basis was calculated using Eq. 

(1). 

 

Md =
mw−md

md
× 100%      (1) 

 

where Md is the moisture content of the Thai rice 

noodles (% d.b.), mw is the mass of the Thai rice noodles 

(g), and md is the mass of dry matter (g). 

 

In agricultural and food materials, the initial 

moisture content is often difficult to control. As a result, 

comparisons of moisture content are typically expressed 

in terms of moisture ratio (MR) as defined in Eq. (2). In 

infrared drying, the equilibrium moisture content was 

lower than the initial moisture content (Meq << Min) 

and moisture content at any given time (Meq << M(t)). 

Therefore, the moisture ratio could be simplified as 

shown in Eq. (3) [18,19]. 

 

MR =
M(t)−Meq

Min−Meq
         (2) 

 

MR =
M(t)

Min
         (3) 

 

where MR is the dimensionless moisture ratio, M(t), 

Md,in, and Meq are moisture content at any given time, 

the initial moisture content, and equilibrium moisture 

content (gwater/gdry matter), respectively. 

 

Specific drying rate 

The specific drying rate (SDR) refers to the rate at 

which moisture evaporates from the material per unit 

time during drying. The unit of SDR is expressed as 

gwater/gdry matter · min, as shown in Eq. (4) [17]. 

 

SDR =
mt−mt+∆t

md∙∆t
             (4) 

where md is the mass of dry matter (g), mt and mt + ∆t 

are the mass of the sample at time t and t + Δt, 

respectively. 

 

Mathematical modelling 

Determination of effective moisture diffusivity 

Fick’s second law is used to characterize material 

drying behavior under unstable moisture diffusion 

conditions: [18]. 

 

∂M(t)

∂t
= Deff (

∂2M

∂r2 +
2

r

∂M

∂r
)      (5) 

 

M(t = 0, 0 ≤ r ≤ ro) = Min      (6) 

 

M(t ≥ 0, r = r) = Meq  

 

(t ≥ 0, r = 0),
∂M(t)

∂t
= 0  

 

where M is the average moisture content at any time, 

Deff is the effective moisture diffusion coefficient 

(m2/s), t is the drying time (s), and r is the radius of the 

material (m). In this study, Thai rice noodle were 

assumed to have the geometry of an infinite cylinder, as 

moisture diffusion was considered to occur in the radial 

direction. It solved Eq. (5) by using the boundary 

conditions of Eq. (6) and wrote in terms of the moisture 

ratio (Eq. (3)). Therefore, the drying behavior could be 

simplified based on this geometry, as derived from Eq. 

(7) [10,13,18]. 

 

MR = ∑
4

r2(n)2
∞
n=1 exp (−(n)2 Defft

r2 )     (7) 

 

where n are the roots (2.405, 5.520, 8.654, 11.791, 

14.931, …) of the 0-order Bessel function J0(r) = 0, 

and n is the number of data points utilized solely for 

positive values of the effective diffusivity (n = 5). This 

model assumes that the noodle is symmetrical, with a 

uniform initial moisture distribution, no shrinkage 

during drying, no external resistance, and drying was 

done at constant diffusion coefficients, infrared power, 

and temperature. Eq (6) was approximated 

arithmetically using Fo = Defft/r2 (Fourier number for 

diffusion) as follows: 
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MR =
Md(t)

Md,in
= ∑

4

r2(n)2
∞
n=1 exp(−(n)2Fo)            (8) 

 

The effective diffusion coefficient was determined 

using the slope method, which is appropriate for 

assessing the diffusion coefficient that vary non-linearly 

with moisture content. The diffusion coefficient was 

determined using the slope of the experimental moisture 

ratio versus time (dMR/dt) and the slope of the 

calculated moisture ratio versus the Fourier number 

(dMR/dFo) at the same moisture content. The 

analytical value of the diffusion coefficient could be 

derived using Eq. (9) [20]. 

 

Deff =
(

dMR

dt
)

exp

(
dMR

dFo
)

theo

r2        (9) 

 

The activation energy for diffusion was 

determined using the Arrhenius equation, based on the 

effective diffusion coefficient with hot-air temperature 

for hot-air drying and with infrared power for infrared 

drying, as shown in Eqs. (10) and (11), respectively. 

Deff = Doexp (−
Ea

R∙Tabs
)             (10) 

 

Deff = Doexp (−
Ea∙m

P
)     (11) 

 

where Deff is the effective diffusion coefficient (m2/s), 

Do is the pre-exponential factor of the Arrhenius 

equation (m2/s), Ea is the activation energy in kJ/mol 

for Eq. (10) and in w/g for Eq. (11), Tabs is the absolute 

drying temperature (K), P is the infrared power (W), m 

is the sample weight (g), and R is the universal gas 

constant (8.314 kJ/mol∙K). 

 

Drying kinetics model 

Currently, many popular drying kinetic models 

use various equations. This article considers the drying 

kinetics, as shown in Table 2. It is used to describe the 

change in moisture content over drying time. Nonlinear 

regression methods were used to analyze the data 

[10,11,18,21].

 

Table 2 Thin-layer drying models applied to Thai rice noodle drying. 

Models Equation Eq. 

Newton MR = exp(−k · t) (12) 

Page MR = exp(−k · tn) (13) 

Henderson and Pabis MR = a · exp(−k · t) (14) 

Singh et al. MR = exp(−k · t) − b ∙ t (15) 

 

Quality analysis 

Color measurements 

The color of the dried Thai rice noodles was 

assessed using a Hunter Lab colorimeter, model 

MiniScan EZ. Measurements were based on CIE system 

standards. The findings were given in terms of 

brightness/blackness (L*), redness/greenness (a*), and 

yellowness/blueness (b*). Each sample was measured in 

triplicate, and the browning index (BI) was calculated 

using Eq. (16) [22,23]. 

 

BI =
100(x − 0.31)

0.17
          (16) 

 

x =
a∗ + 1.75L∗

5.645L∗ + a∗−3.012b∗        (17) 

 

where L∗ represents the lightness/darkness, a∗ represents 

redness/greenness, and b∗ represents 

yellowness/blueness over time. The experiments were 

done in 3 replications. 

 

Rehydration ratio 

Dried samples were weighed and recorded. The 

samples were then boiled in hot water at a temperature 

of 95 ± 2 °C for 10 min. After boiling, excess water was 

removed by gently wiping the samples, which were then 

weighed again. The rehydration ratio (RR) was 

calculated in triplicate for each sample using Eq. (18) 

[2]. 

 

RR =
mf

md
        (18) 
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where md and mf are the weights of the rehydrated 

sample and the dried sample, respectively. The 

experiments were done in 3 replications. 

 

Scanning electron microscopy (SEM) 

The surface morphology of the dried samples was 

assessed using a scanning electron microscope (SEM), 

model TM-3030. Samples were mounted on stubs using 

carbon tape. The measurement involved focusing an 

electron beam on the sample surface at a magnification 

of 400× or 500×. Each sample was imaged 3 times [2]. 

 

Textural analysis 

Texture, defined as the resistance to deformation 

or hardness, was determined by measuring the 

maximum force (N) applied to the sample. The hardness 

of the dried rice noodles was measured using a Texture 

Analyzer, model TA-XT2i. The samples were cut into 

10 pieces, each 5 cm in length. A 1 mm-thick PerSpex 

cutting probe was used for penetration tests. The 

crosshead speed was 10 mm/s, and the load cell was 10 

kg. The pressure probe was pressed against the sample 

until it snapped or broke, and the maximum force was 

recorded [2]. Each test was performed in triplicate. 

 

Statistical data analysis 

Model fit quality was evaluated using several 

statistical parameters, including the correlation 

coefficient (R2), the reduced chi-square (χ2), and the 

root mean square error (RMSE) as given in Eqs. (19) - 

(21), respectively. An effective drying model exhibited 

a high R2 alongside low χ2 and RMSE values 

[3,7,11,13,21]. 

 

R2 = 1 −
∑ (MRexp,i−MRpre,i)

2N 
i = 1

∑ (MR̅̅ ̅̅ ̅exp,i−MRpre,i)
2N

i = 1

    (19) 

 

χ2 =
∑ (MRexp,i−MRpre,i)

2N
i = 1

N−n
     (20) 

 

RMSE =
1

N
√∑ (MRexp,i − MRpre,i)

2N
i = 1    (21) 

 

where MRexp,i is the ith experimental moisture ratio, 

MRpre,i is the ith predicted moisture ratio, MR̅̅̅̅̅
exp,i is the 

mean value of ith experimental moisture ratio, N is the 

number of observations, and n is the number of 

constants in the drying model. 

 

Results and discussion 

Materials text area  

This study investigated 2 different drying methods 

for Thai rice noodles: hot-air drying and 2-stage drying. 

Drying characteristics were evaluated in terms of 

moisture content, drying rate, and surface temperature.

 

 
Figure 2 Drying characteristics of Thai rice noodles subjected to hot-air drying. 

 

Hot-air drying 

The moisture content of Thai rice noodles dried 

using hot air decreased exponentially (Figure 2). Due to 

the initially high moisture content within the noodles, 

the moisture significantly decreased during the first 

drying period. As hot air contacted the noodle surface, 

the surface temperature increased, enhancing water 

evaporation and resulting in a high mass transfer rate 

Toward the end of drying, the internal moisture content 

became very low due to structural shrinkage of the 

noodles, leading to limited moisture diffusion and a 

reduced drying rate. As such, the process predominantly 

occurred during the falling drying rate period. The 

drying rate ranged from 0.0119 to 0.0236 gwater/
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gdry matter · min, with drying time ranging from 120 to 

240 min. 

 

Two-stage drying (infrared drying followed by 

hot-air drying)  

The results of the 2-stage drying process are 

shown in Figure 3. In the first stage, infrared radiation 

was applied to the noodles with an initial high moisture 

content. The radiation caused water molecules to 

vibrate, generating internal heat and raising the 

temperature within the material above that of the 

surface. This promoted rapid internal moisture 

migration and enhanced mass transfer. 

Drying with infrared radiation at 200 W for 120 

min resulted in a linear decrease in moisture content, 

with an average drying rate of 0.0132 gwater/gdry matter ·

min. In the second stage, the partially dried samples 

were subjected to hot-air drying. During this phase, the 

moisture content decreased exponentially, and the 

drying rate ranged from 0.0074 to 0.0152 gwater/

gdry matter · min. Overall, the drying rate across both 

stages ranged from 0.0096 to 0.0140 gwater/gdry matter ·

min, with drying times between 210 to 300 min (Figure 

3(A)).

 

 

Figure 3 Drying characteristics of Thai rice noodles subjected to 2-stage drying. 

 

Infrared drying at 400 W for 90 min (Figure 3(B)) 

and 600 W for 30 min (Figure 3(C)) resulted in average 

drying rates of 0.0241 and 0.0611 gwater/gdry matter ·

min, respectively. In the second stage, the samples were 

further dried using hot air, with corresponding drying 

rates ranging from 0.0069 to 0.0127 and 0.0114 to 

0.0232 gwater/gdry matter · min, respectively. The drying 

rates across both stages ranged from 0.0156 to 0.0193 
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and 0.0240 to 0.0376 gwater/gdry matter · min, 

respectively, with the drying times ranging from 150 to 

180 min (Figure 3(B)) and 75 to 120 min (Figure 3(C)), 

respectively. Higher infrared power in the first stage and 

elevated drying temperature in the second stage were 

found to significantly increase both the drying rate and 

the surface temperature of the material. 

 

Determination of effective moisture diffusivity 

Figure 4 and Table 3 illustrate the effective 

diffusion coefficient. As shown in Figure 4(A), hot-air 

drying revealed that Thai rice noodles exhibited high 

initial moisture content and relatively low sample 

temperatures during the early stages of drying, resulting 

in in low moisture diffusion. As the drying progressed, 

the sample temperature increased along with internal 

vapor pressure, enhancing moisture migration. 

Consequently, the diffusion coefficient ranged from 

1.3378× 

10–11 to 2.5796×10–11 m2/s. The Arrhenius factor and 

activation energy were 7.5763×10–7 m2/s and 28,484.60 

kJ/mol, respectively.

 

Table 3 Effective diffusion coefficient values derived from the diffusion model. 

Drying process 

Infrared 

power 

(W) 

Drying 

temperature 

(℃) 

Diffusions 

value (m2/s) 
Do (m2/s) Ea R2 χ2 RMSE 

Hot-Air Drying 

- 40 1.3378×10–11 

7.5763×10–7 

28,484.60 

kJ

mol
 

0.8700 1.6410×10–2 0.1215 

- 50 1.8967×10–11 0.8606 1.7710×10–2 0.1245 

- 60 2.5796×10–11 0.8922 1.3925×10–2 0.1093 

Two-stage drying 

(Infrared follow by hot-air 

drying) 

First 

stage 

200 W for 120 min 4.1045×10–12 

5.5059×10–11 

13.57 

W

g
 

0.7977 7.7072×10–3 8.1279×10–2 

400 W for 90 min 1.2017×10–11 0.8497 1.1255×10–2 9.6846×10–2 

600 W for 30 min 2.6461×10–11 0.9308 6.7377×10–3 6.7021×10–2 

Second 

stage 

200 W 

(120 min) 

40 1.5668×10–11 

8.0141×10–7 

28,205.25 

kJ

mol
 

0.9355 6.6756×10–3 7.7031×10–2 

50 2.2519×10–11 0.9283 7.9607×10–3 8.2604×10–2 

60 3.0007×10–11 0.9289 8.7348×10–3 8.5317×10–2 

400 W 

(90 min) 

40 2.4503×10–11 

6.4119×10–10 

8,474.46 

kJ

mol
 

0.9535 4.2927×10–3 6.0659×10–2 

50 2.7914×10–11 0.9572 4.2712×10–3 5.9660×10–2 

60 2.9772×10–11 0.9231 8.8976×10–3 8.4369×10–2 

600 W 

(30 min) 

40 2.4342×10–11 

4.0100×10–7 

25,094.98 

kJ

mol
 

0.9286 7.0843×10–3 7.7925×10–2 

50 4.0751×10–11 0.9675 4.1041×10–3 5.7300×10–2 

60 4.3220×10–11 0.9210 1.1918×10–2 9.4545×10–2 

 

Figures 4(B) - 4(D) illustrates the effective 

moisture diffusivity during 2-stage drying. In the first 

stage, where infrared radiation was applied, the noodles 

exhibited high initial moisture content. Water molecules 

absorbed the infrared energy and vibrated, generating 

internal heat and increasing internal vapor pressure. 

Prolonged exposure to the increased surface temperature 

resulted in an increase in the effective diffusion 

coefficient. An increase in infrared power further 

contributed to this effect. The effective diffusion 

coefficient ranged from 4.1045×10−12 to 2.6461×10−11 

m2/s. The Arrhenius factor was 5.5059×10–11 m2/s, 

while the activation energy was 13.57 W/g. In the 

second stage, which involved hot-air drying, increasing 

the drying temperature led to a corresponding rise in the 

diffusion coefficient, which ranged from 1.5668×10–11 

to 4.3220×10–11 m2/s. The Arrhenius factor and 

activation energy ranged from 6.4119×10–10 to 

8.0141×10–7 m2/s and 8,474.46 to 25,094.98 kJ/mol, 

respectively.
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Figure 4 Effective moisture diffusion coefficient as a function of moisture content during the drying of Thai rice noodles. 

 

Table 3 Effective diffusion coefficient values derived from the diffusion model. 

Drying process 
Infrared 

power (W) 

Drying 

temperature (℃) 

Diffusions 

value (m2/s) 
Do (m2/s) Ea R2 χ2 RMSE 

Hot-Air Drying 

- 40 1.3378×10–11 

7.5763×10–7 

28,484.60 

kJ

mol
 

0.8700 1.6410×10–2 0.1215 

- 50 1.8967×10–11 0.8606 1.7710×10–2 0.1245 

- 60 2.5796×10–11 0.8922 1.3925×10–2 0.1093 

Two-stage drying 

(Infrared follow by 

hot-air drying) 

First 

stage 

200 W for 120 min 4.1045×10–12 

5.5059×10–11 

13.57 

W

g
 

0.7977 7.7072×10–3 8.1279×10–2 

400 W for 90 min 1.2017×10–11 0.8497 1.1255×10–2 9.6846×10–2 

600 W for 30 min 2.6461×10–11 0.9308 6.7377×10–3 6.7021×10–2 

Second 

stage 

200 W 

(120 min) 

40 1.5668×10–11 

8.0141×10–7 

28,205.25 

kJ

mol
 

0.9355 6.6756×10–3 7.7031×10–2 

50 2.2519×10–11 0.9283 7.9607×10–3 8.2604×10–2 

60 3.0007×10–11 0.9289 8.7348×10–3 8.5317×10–2 

400 W 

(90 min) 

40 2.4503×10–11 

6.4119×10–10 

8,474.46 

kJ

mol
 

0.9535 4.2927×10–3 6.0659×10–2 

50 2.7914×10–11 0.9572 4.2712×10–3 5.9660×10–2 

60 2.9772×10–11 0.9231 8.8976×10–3 8.4369×10–2 

600 W 

(30 min) 

40 2.4342×10–11 

4.0100×10–7 

25,094.98 

kJ

mol
 

0.9286 7.0843×10–3 7.7925×10–2 

50 4.0751×10–11 0.9675 4.1041×10–3 5.7300v10–2 

60 4.3220×10–11 0.9210 1.1918×10–2 9.4545×10–2 

 

Drying kinetics 

The drying constants were shown in Table 2. 

Newton’s model, is a simplified exponential model that 

describes moisture transfer in terms of the drying 

constant (k). The k values for hot air-drying of Thai rice 

noodles ranged from 1.1386×10–2 to 2.1411×10–2 min–1, 

with high R2 values (between 0.9848 and 0.9909) and 

low χ2 (between 1.1221×10–3 and 1.8205×10–3) and 

RMSE (between 3.1013×10–2 and 3.9912×10–2). The k 

value increased with increasing drying temperature. 

For 2-stage drying, the drying constant (k) value 

from infrared drying in the first stage ranged from 

5.8030×10–3 to 3.0642×10–2 min–1. The corresponding 

R2, χ2 and RMSE values ranged from 0.9931 to 0.9994, 

5.7701×10–5 to 4.7524×104 and 6.2022×10–3 to 

1.9901×10–2, respectively. The k value increased with 

higher infrared radiation. During the second stage of 
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hot-air drying, the k values ranged from 1.4539×10–2 to 

3.8851×10–2 min–1. As shown in Table 4, the models 

maintained high R2 values that ranged from 0.9879 to 

0.9988, with the low χ2 and RMSE values ranging from 

1.3372×104 to 1.7722×10–3, and 1.0706×10–2 to 

3.6458×10–2, respectively.

 

Table 4 Drying constant values derived from Newton’s Model. 

Drying process 
Infrared 

power (W) 

Drying 

temperature (℃) 

Drying constant 

value (k, min–1) 
R2 χ2 RMSE 

Hot-Air Drying 

- 40 1.1386×10–2 0.9886 1.3669×10–3 3.5074×10–2 

- 50 1.5548×10–2 0.9848 1.8205×10–3 3.9912×10–2 

- 60 2.1411×10–2 0.9909 1.1221×10–3 3.1013×10–2 

Two-stage drying (Infrared 

follow by hot-air drying) 

First 

stage 

200 W for 120 min 5.8030×10–3 0.9967 1.0854×10–4 9.6456×10–3 

400 W for 90 min 1.2963×10–2 0.9931 4.7524×10–4 1.9901×10–2 

600 W for 30 min 3.0642×10–2 0.9994 5.7701×10–5 6.2022×10–3 

Second 

stage 

200 W 

(120 min) 

40 1.4539×10–2 0.9981 1.8965×10–4 1.2984×10–2 

50 2.0278×10–2 0.9988 1.3372×10–4 1.0706×10–2 

60 2.6908×10–2 0.9965 4.1242×10–4 1.8539×10–2 

400 W 

(90 min) 

40 2.2383×10–2 0.9934 5.8931×10–4 2.2475×10–2 

50 2.5898×10–2 0.9946 5.1842×10–4 2.0785×10–2 

60 2.7982×10–2 0.9963 4.1503×10–4 1.8222×10–2 

600 W 

(30 min) 

40 2.1538×10–2 0.9975 2.3615×10–4 1.4227×10–2 

50 3.6617×10–2 0.9956 5.4713×10–4 2.0921×10–2 

60 3.8851×10–2 0.9879 1.7722×10–3 3.6458×10–2 

 

Table 5 Drying constant values derived from Page’s model. 

Drying process 
Infrared 

power (W) 

Drying 

temperature (℃) 
k (min–1) n R2 χ2 RMSE 

Hot-Air Drying 

- 40 4.3956×10–3 1.2147 0.9990 1.2447×10–4 1.0584×10–2 

- 50 5.7188×10–3 1.2422 0.9973 3.2464×10–4 1.6854×10–2 

- 60 9.5720×10–3 1.2092 0.9993 8.5172×10–5 8.5443×10–3 

Two-stage drying (Infrared 

follow by hot-air drying) 

First stage 

200 W for 120 min 4.1622×10–3 1.0763 0.9989 3.7646×10–5 5.6805×10–3 

400 W for 90 min 7.2350×10–3 1.1468 0.9991 6.0375×10–5 7.0932×10–3 

600 W for 30 min 2.4728×10–2 1.0684 1.0000 1.0978×10–11 2.7053×10–6 

Second 

stage 

200 W 

(120 min) 

40 1.7314×10–2 0.9585 0.9987 1.3366×10–4 1.0900×10–2 

50 1.8500×10–2 1.0236 0.9989 1.1825×10–4 1.0068×10–2 

60 1.8944×10–2 1.0963 0.9984 1.8883×10–4 1.2544×10–2 

400 W 

(90 min) 

40 3.8476×10–2 0.8591 0.9997 2.5774×10–5 4.7002×10–3 

50 4.2130×10–2 0.8681 0.9995 4.5778×10–5 6.1764×10–3 

60 1.8913×10–2 1.1103 0.9988 1.3881×10–4 1.0538×10–2 

600 W 

(30 min) 

40 2.2964×10–2 0.9835 0.9951 4.6425×10–4 1.9948×10–2 

50 5.1856×10–2 0.8991 0.9550 5.7464×10–3 6.7802×10–2 

60 1.4209×10–2 1.3055 0.6699 6.2841×10–2 0.0217×10–2 

 

Page’s, Singh et al., and Henderson and Pabis 

model, were applied to both hot-air and two-stage 

drying processes. For hot-air drying, all 3 drying models 

gave high R2 values ranging from 0.9871 to 0.9994, with 

low χ2 and RMSE values between 8.5172×10–5 to 

1.8052×10–3, and 8.5443×10–3 to 3.6796×10–2, 

respectively. During 2-stage drying, model performance 

in the first stage yielded R2, χ2, and RMSE values 

between 0.9944 to 1.0000, 4.8931×10–20 to 1.0875×10–

4, and 1.2771×10–10 to 1.7947×10–2, respectively. In the 

second stage, during hot-air drying, model performance 

yielded R2, χ2, and RMSE values that ranged from 

0.6699 to 0.9999, 1.5205×10–5 to 6.2841×10–2, and 

2.1700×10–4 to 6.7802×10–2, respectively, as shown in 
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Tables 5 - 7, respectively. All 3 models yielded large R2 

values with low χ2 and RMSE values, with Page’s model 

emerging as most suitable for predicting the drying 

behavior of Thai rice noodles under hot-air drying 

conditions. For the 2-stage drying process, comprising 

infrared drying followed by hot-air drying, Singh et al. 

model provided the best predictive performance.

 

Table 6 Drying constant values derived from Singh et al. Model. 

Drying process 
Infrared 

power (W) 

Drying 

temperature (℃) 
k a R2 χ2 RMSE 

Hot-Air Drying 

- 40 −4.7878×10–3 1.2894×10–2 0.9977 3.0638×10–4 1.5656×10–2 

- 50 1.2784×10–2 8.3882×10–4 0.9968 4.4599×10–4 1.8289×10–2 

- 60 −9.1946×10–3 2.4638×10–2 0.9994 3.5676×10–4 1.5963×10–2 

Two-stage drying 

(Infrared follow by 

hot-air drying) 

First stage 

200 W for 120 min −3.4731×10–3 8.6235×10–3 0.9995 2.0412×10–5 3.8184×10–3 

400 W for 90 min −6.8861×10–3 1.7587×10–2 0.9998 1.4612×10–5 3.1211×10–3 

600 W for 30 min 2.7205×10–2 1.6665×10–3 1.0000 4.8931×10–20 1.2771×10–10 

Second 

stage 

200 W 

(120 min) 

40 −6.5594×10–3 1.7298×10–2 0.9808 2.2014×10–3 4.1379×10–2 

50 −9.2459×10–3 2.4377×10–2 0.9911 1.1504×10–3 2.8665×10–2 

60 −1.2137×10–2 3.2030×10–2 0.9943 8.4359×10–4 2.3715×10–2 

400 W 

(90 min) 

40 −1.1801×10–2 2.9956×10–2 0.9836 1.7601×10–3 3.5458×10–2 

50 −1.3908×10–2 3.5179×10–2 0.9879 1.4674×10–3 3.1277×10–2 

60 −1.4812×10–2 3.7479×10–2 0.9993 1.0458×10–4 7.9212×10–3 

600 W 

(30 min) 

40 −1.0644×10–2 2.7303×10–2 0.9875 1.4324×10–3 3.1987×10–2 

50 3.8036×10–2 -3.3105×10–4 0.9960 6.6711×10–4 2.0007×10–2 

60 −1.7559×10–2 4.6200×10–2 0.9999 1.5205×10–5 2.7573×10–3 

 

Table 7 Drying constant values derived from Henderson and Pabis model. 

Drying process 
Infrared 

power (W) 

Drying 

temperature (℃) 
a k (min–1) R2 χ2 RMSE 

Hot-Air Drying 

- 40 1.0415 1.1965×10–2 0.9915 1.1395×10–3 3.0193×10–2 

- 50 1.0351 1.6191×10–2 0.9871 1.8052×10–3 3.6796×10–2 

- 60 1.0287 2.2088×10–2 0.9924 1.1281×10–3 2.8387×10–2 

Two-stage drying 

(Infrared follow by hot-

air drying) 

First stage 

200 W for 120 min 1.0069 5.9042×10–3 0.9972 1.1140×10–4 8.9204×10–3 

400 W for 90 min 1.0173 1.3328×10–2 0.9944 4.8314×10–4 1.7947×10–2 

600 W for 30 min 1.0025 3.0757×10–2 0.9994 1.0875×10–4 6.0209×10–3 

Second 

stage 

200 W 

(120 min) 

40 0.9906 1.4365×10–2 0.9983 1.9698×10–4 1.2378×10–2 

50 1.0014 2.0311×10–2 0.9988 1.5996×10–4 1.0689×10–2 

60 1.0147 2.7334×10–2 0.9970 4.5094×10–4 1.7339×10–2 

400 W 

(90 min) 

40 0.9767 2.1784×10–2 0.9947 5.6892×10–4 2.0159×10–2 

50 0.9830 2.5396×10–2 0.9954 5.6164×10–4 1.9350×10–2 

60 1.0129 2.8388×10–2 0.9967 4.8869×10–4 1.7123×10–2 

600 W 

(30 min) 

40 0.9938 2.1388×10–2 0.9976 2.7339×10–4 1.3974×10–2 

50 0.9890 3.6207×10–2 0.9958 6.8522×10–4 2.0276×10–2 

60 1.0177 3.9533×10–2 0.9887 2.4879×10–3 3.5270×10–2 

 

Drying kinetics 

The quality of the dried Thai rice noodles, 

including color change, browning index (BI), 

rehydration ratio (RR), surface morphology, and 

texture, were investigated. The initial color values of the 

noodles were: L* = 75.96, a* = −1.34, b* = 2.56, and BI 

= 2.06. 
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Color characteristics of the dried Thai rice 

noodles 

Changes in color quality during drying were 

assessed using the CIE parameters L*, a*, b*, and BI. In 

hot-air drying, the L* value decreased with increasing 

drying time and decreasing moisture content, while the 

a*, b*, and browning index values progressively 

increased. Drying at a constant temperature led to heat 

accumulation, resulting in caramelization reactions. 

These reactions, driven by the thermal degradation of 

sugars at elevated temperatures, resulted in the 

formation of brown pigments. As shown in Figure 5, 

increasing the drying temperature accelerated the 

process, resulting in a higher BI. 

In the first stage of two-stage drying, infrared 

drying resulted in a reduction of the L* value as drying 

time increased and moisture content decreased, while 

the a*, b*, and BI values increased. This is attributed to 

the absorption of infrared radiation by the material, 

which caused water molecules to vibrate and generate 

internal heat. Infrared drying produces greater thermal 

energy than conventional hot-air drying. Prolonged 

exposure to this energy intensified browning reactions, 

particularly as infrared power and drying temperature 

increased, resulting in a higher BI value. In the second 

stage of the two-stage drying, hot-air drying showed that 

the L∗ value declined during the initial period, while the 

a* and b* values initially decreased and then gradually 

increased over time, as shown in Figure 6.

 

 

 
Figure 5 Color characteristics of Thai rice noodles saubjected to hot-air drying. 
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Figure 6 Color characteristics of Thai rice noodles with two-stage drying. 

 

 

Two-stage drying (infrared drying followed by 

hot-air drying)  

The dried noodles produced from both drying 

procedures evaluated based on L*, a*, b*, BI, RR, 

surface morphology, and texture. The quality was 

attributes were compared to those of a commercial 

product, which exhibited values of L* = 64.47, a* = 

−0.02, b* = 8.37, BI = 13.56, RR = 3.48, and hardness 

= 9.61 N. 

The quality of noodles subjected to hot-air drying 

was comparable to that of commercial products. 

Specifically, the hot-air dried samples exhibited L*, a*, 

b*, BI, RR, and hardness of 61.61 to 66.16, −0.60 to 

−0.37, 6.59 to 8.74, 10.32 to 13.34, 3.39 to 3.85, and 

8.91 to 9.42 N, respectively (Figure 7). SEM analysis 

revealed that drying at low temperatures produced 

surface morphologies similar to that of commercial 

samples. However, high-temperature drying increased 

porosity, resulting in a product with more voids capable 

of absorbing a large amount of water (Figure 8). 

Two-stage drying yielded Thai rice noodles of 

comparable quality to commercial products. The 

samples exhibited L*, a*, b*, BI, RR, and 

hardnessvalues of 59.55 to 67.00, −0.72 to −0.24, 5.26 

to 9.40, 8.41 to 15.47, 3.21 to 4.04, and 9.18 to 9.56 N, 

respectively (Figure 9). In terms of surface 

morphology, it was found that infrared drying, which 

was characterized by rapid water evaporation, resulted 

in the formation of numerous internal pores within the 

sample. This led to structural hardening and minimized 

the effect of shrinkage during the subsequent hot-air 

drying stage. As a result, the sample was very porous 

and capable of absorbing large amounts of water 

(Figures 10 and 11). Comparisons of BI and RR values 

indicated that infrared drying generated more heat than 

hot-air drying, resulting in improved quality. 

Furthermore, infrared drying demonstrated the ability to 

rapidly evaporate large amounts of moisture in a short 

period, which contributed to the development of 

excessive internal porosity.
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Figure 7 Qualities of the dried Thai rice noodles subjected to hot-air drying. 

 

 

 

Figure 8 Surface morphology of the dried Thai rice noodles subjected to hot-air drying compared with the commercial 

dried product. 
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Figure 9 Color of the dried Thai rice noodles subjected to 2-stage drying. 

 

 

 

Figure 10 Hardness and rehydration ratio values of dried Thai-rice noodle subjected to 2-stage drying. 
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Figure 11 Surface Morphology of the dried Thai rice noodles subjected to 2-stage drying. 

 

 

Conclusions 

This study aimed to investigate the thin-layer 

drying behavior of Thai rice noodles, focusing on 

moisture reduction, color changes during drying, and the 

quality of the dried product. Two drying methods were 

employed: Hot-air drying (40, 50 and 60 °C), and 2-

stage drying (infrared drying at 200 W for 120 min, 400 

W for 90 min, and 600 W for 30 min, followed by hot-

air drying at 40, 50, and 60 °C). The drying process 

effectively reduced moisture content from 303.36 ± 5.43 

to 13.88 ± 0.85 %d.b. In hot-air drying, the moisture 

reduction followed an exponential trend, with drying 

rate and drying time ranging from 0.0119 to 0.0236 

gwater/gdry matter · min and 120 to 240 min, respectively. 

In the 2-stage process, infrared drying in the first stage 

showed a linear moisture reduction trend, while the 

second-stage hot-air drying followed an exponential 

pattern. The drying rate and time ranged from 0.0096 to 

0.0376 gwater/gdry matter · min and 75 to 300 min, 

respectively. The effective diffusion coefficients in hot-

air drying ranged from 1.3378×10–11 to 2.5796×10–11 

m2/s, with an Arrhenius factor of 7.5763×10–7 m2/s and 

an activation energy of 28,484.60 kJ/mol. In the 2-stage 

drying, the effective diffusion coefficient during 

infrared drying ranged from 4.1045×10–12 to 2.6461×10–

11 m2/s, with an Arrhenius factor of 5.5059×10–11 m2/s 

and an activation energy of 13.57 W/g. For the second-

stage hot-air drying, the effective diffusivity ranged 

from 1.5668×10–11 to 4.3220×10–11 m2/s with the 

Arrhenius factor and activation energy ranging from 

6.4119×1010 to 8.0141×10–7 m2/s and 8,474.46 to 

25,094.98 kJ/mol, respectively. The drying kinetics 

analysis showed that Page’s model best described the 

moisture behavior during hot-air drying, whereas the 

Singh et al. model was more appropriate for the 2-stage 

drying process. Color changes during drying were 

assessed using the L*, a*, b*, and BI values. The quality 

of dried Thai rice noodles included measurements of L*, 

a*, b*, BI, RR, surface morphology, and hardness. In 

both drying methods, increasing drying time resulted in 

a decrease in the L* value and an increase in the a* and 

b* values, resulting in an increase in the BI value. The 

overall quality of the dried Thai rice noodles produced 

using both methods was comparable to that of 
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commercial items, although the experimental noodles 

exhibited a higher RR value. 

From this study, the hot-air drying took longer 

drying time than 2-stage drying. The quality of dried rice 

noodles from both in the first stage followed by hot-air 

drying at 60 °C was most suitable in terms of short 

drying time and good quality. 
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