
Archive of SID
Iran. J. Chem. Chem. Eng. Research Article Vol. 38, No. 4, 2019 

 

Research Article                                                                                                                                                                  251 

 

 

Modeling and Optimization of Hybrid HIR Drying Variables 

for Processing of Parboiled Paddy  

Using Response Surface Methodology 
 

 

Taghinezhad, Ebrahim*+ 

Moghan College of Agriculture and Natural Resources, University of Mohaghegh Ardabili, Ardabil, I.R. IRAN 

 

Rasooli Sharabiani, Vali; Kaveh, Mohammad 

Faculty of Agriculture and Resources, University of Mohaghegh Ardabili, Ardabil, I.R. IRAN 

 

 

ABSTRACT: The effects of hot air temperature (40, 50 and 60 oC) and Radiation Intensity (RI) 

(0.21, 0.31 and 0.41 w/cm2) on the response variables (drying time, Head Parboiled Rice Yield 

(HPRY), color value and hardness)) of parboiled rice were investigated. The drying was performed 

using hybrid hot air–infrared drying. The optimization of drying variables and the relationship 

between response variables and the influence factors were analysed using response surface 

methodology (RSM).  Based on RSM results, the best mathematical model for prediction of HPRY, 

hardness and color value and drying time of samples was linear(R2= 0.96), quadratic(R2= 0.99), 

linear(R2= 0.93) and linear(R2= 0.99) equation, respectively. The HPRY (62.13- 68.13%) and 

hardness (130.27- 247.3 N) increased with increasing drying temperature and RI, while the color 

value (19.77- 18.03) and drying time (59.72- 34.41 min) decreased. The optimized parameters of 

drying were obtained 55 oC drying temperature and 0.41 w/ cm2 RI. 
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INTRODUCTION 

Rice (Oryza sativa) is one of the most important main 

foods for more than half of the world’s population [1]. 

The total production of milled rice in 2015 up to 2016 

was estimated to be 471 million tons, of which 79%  

was produced in Asia [2]. So, rice is the most widely 

consumed in Asia. Many varieties of rice are cultivated in 

Iran. However, Fajr variety is the most popular rice for 

export and consumption in Iran while it has low milling 

efficiency [3].  To solve this problem, the parboiling 

process has been applied to betterment its milling quality.  

 

 

 

Parboiling is a hydrothermal treatment of paddy before 

milling that paddy has been partially boiled in the husk. 

So, the parboiling process includes three basic steps: 

soaking, steaming and drying [4]. 

Each dryer has advantages and disadvantages.  

The hot air dryer is a common and easy method for drying of  

food materials [5]. Numerous researchers have investigated  

the hot air drying on the specification of fruits and 

vegetables, such as mint leaves [6], garlic slices [7], banana 

[8], almond [9], Whole Lemons [10], grape seeds [11] and  
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onion slices [12]. However, some limitations of the hot  

air drying is longer drying time and low energy efficiency [5, 6]. 

While Infrared Radiation (IR) dryer ensures rapid and 

efficient distribution of heat in the material, as a result, 

these method advantages are high heat efficiency and low 

drying time [13, 14]. The application of hybrid drying of 

IR and hot air provides a synergistic effect, so it is 

considered to be more efficient than IR or hot air heating 

alone [13, 14]. This drying method had been extensively 

used for drying of different products including of dog-

rose [15], Apple slices [16], paddy [17], mulberry [18], 

Pineapple [19], dill [20] kiwifruit [21] and green pepper [22], 

So the drying of hybrid is one of the research topics  

in the drying field of food science. There is little published 

literature on Hybrid hot air- InfraRed (HIR) drying.  

So, in this research had been applied newer technologies 

including of hybrid HIR drying for a parboiled paddy of 

Iranian variety (Fajr).  

Optimization techniques are often applied to obtain 

the best conditions for the drying of products. RSM has 

been used to optimize the process and it has been widely 

applied for different processes of drying in the food 

industry by many researchers [23-27]. RSM is a useful 

method for modeling between response variables and 

independent factors. This method is preferred because of 

the simplicity and high efficiency. 

To our knowledge, no researchers have reported  

the modeling and optimization of hybrid HIR drying 

variables for parboiled paddy using RSM. The objectives 

of this work were to measure the influence of drying 

conditions on drying time and some quality properties of 

parboiled rice. Also, RSM was applied to optimize the 

main parameters of hybrid HIR drying for parboiled 

paddy. The research was performed to find the best 

mathematical model for the prediction of some quality 

attributes and drying time based on drying variables.  

Our results will provide a proper condition for drying  

of parboiled paddy and design of related equipment. 

 

EXPERIMENHTAL SECTION 

Samples 

Paddy samples (Fajr variety) were purchased from 

Rice Research Center of Āmol, Mazandaran, Iran.  

The latitude of Āmol is 36.471546, and the longitude  

is 52.355087. Āmol, is cities place category with the GPS 

coordinates of 36° 28' 17.5656'' N and 52° 21' 18.3132'' 

E. The samples were separately saved in plastic bags  

at 5 ± 1oC refrigerators. In this state, the moisture content 

and amylose value of samples were 11 ± 1%, wet basis (w.b.) 

and 22.9%, respectively.
 
The moisture content of paddy 

samples was measured using an oven at 130°C for 24 h in 

triplicate [28]. 

 

Parboiling process 

The parboiling process involves the three stages: 

soaking, steaming and drying.  

1) Soaking: Paddy was soaked in deionized water 

using an electronically controlled water bath (DK-8A, 

China). For soaking, 200 g of paddy samples were added 

to 1000 ml of deionized water, for water to rice ratio of 

5 : 1 [29]. The samples were soaked at the temperature of 

65±0.5 oC for 180 min, with stirring at 10-minute 

intervals. Researches had reported that parboiled paddy 

(Fajr variety) will have the best quality at a soaking 

temperature of 65oC and steaming time of 4 min [3].  

2) Steaming: the samples were drained and left to 

cool to ambient temperature for 2 h after soaking [1].  

The sample (1 kg) was steamed using an instrument that 

was manufactured by another research [1]. The samples (1 kg) 

were put on top of a pot including about water 10 L (96 ± 

0.5 °C) by means of metal mesh. The paddy  

was steamed for 10 min at 96 °C [29]. 

3) Drying: After steaming, the paddy samples  

were transferred to an experimental hybrid HIR dryer. 

This Dryer system was including of 10 parts as follows: 

(1) centrifugal blower driven by a 1.5-HP motor, (2) 

electrical heater, (3) Duct and air tunnel, (4) inverter and 

thermostat, (5) infrared lamp (500 W × 3), (6) HIR 

chamber, (7) precision balance, (8) computer, (9) 

thermometer and (10) chassis (Fig. 1). Experiments  

were carried out at three levels of RI (0.21, 0.31 and  

0.41 W/cm2), three air temperatures (40, 50 and 60°C), 

and airflow velocity of 1 m/s. In order to determine the RI,  

the distance between the emitter and the sample was 

changed. distance between IR lamp and samples was 30, 20 

and 10 cm for 0.21, 0.31 and 0.41 W/cm2, respectively.  

For uniform distribution of IR radiation to samples had been 

used two IR lamps during drying. Samples with a weight of 

200 g were put on a 10 cm by 10 cm surface in HIR chamber. 

Also, the bed depth of the sample was about 5 mm. Samples 

were dried from the moisture content of 0.54 to 

0.15 (d. b.). The sample was weighed using an electronic 
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Fig. 1: Schematic diagram of laboratory scale HIR dryer: (1) electrical heater, (2) infrared lamp (500 w × 3),  

(3) HIR chamber, (4) Duct and air tunnel, (5) centrifugal blower driven by a 1.5-HP motor, (6) inverter and thermostat  

(7) precision balance, (8) computer, (9) thermometer and (10) chassis. 

 

balance (AND, model EK600i, Japan, ± 0.01 g) at regular 

intervals during drying (every 5 min). During drying,  

the mean value of ambient temperature and relative humidities 

were 28 ± 2 °C and 25 ± 3%, respectively. Measuring  

of the temperature, velocity and humidity of samples 

were performed using a thermometer (Lutron, Taiwan), 

anemometer (Anemometer, Lutron-YK, Taiwan) and 

humidity meter (Testo 650, 05366501, German), 

respectively. 

 

Head parboiled Rice Yield (HPRY)  

After drying, the samples were husked by an 

instrument of Satake rubber roll huller (THU-35 A, 

Satake Ltd, Japan). Then, it was polished using a polisher 

of abrasive type (Grain Testing Mill, TM, Satake Ltd, 

Japan) for 90 s [30]. Whole and broken grains  

were separated using a laboratory rice grader instrument 

(FQS-13X20, Sensewealth, China). HPRY was computed as 

a weight percentage ratio of the whole kernel to paddy [31].  

 

Color value  

The color value of samples was measured by a color 

meter (CX0738, Reston Company, USA). The value of 

a* and b* are the values of red/green and yellow/blue 

coordinates, respectively. Measurements were performed 

at ten replications. The color value of samples was calculated 

by equation (1) [32, 33]: 

   
2 2

Color value a* b*                                      (1) 

Hardness 

Hardness evaluation of parboiled rice was performed 

with a material testing machine (H50 K-S, Hounsfield, 

England). The parboiled rice was put on a flat plate and 

pressed using a flat probe of 12 mm diameter and a 500 N 

load cell fixed parallel to the base, at a cross-head speed 

of 1 mm/min. Each treatment was performed at six replications 

and the force average was used for reporting [34].  

 

Experimental Design and Statistical Analysis 

The effect of independent variables (factors)  

was investigated on response variables using RSM. The Central 

Composite Design (CCD) experimental data was employed 

for model fitting. It could find the best polynomial equation. 

The data were analyzed by Design Expert versions 7.0.0 

(2007, Stat-Ease company, USA). The design included  

17 experiments and was adopted by five replications  

of the center point as shown in Table 1. Mathematical models 

between the independent variables (drying temperature (oC), 

RI (w/cm2)) and dependent variables (HPRY, hardness 

and color value and drying time), for parboiled rice  

were appraised by means of multiple linear regression 

analysis [35] of the following equation: 

n n 2
0 i i ii ii 1 i 1

Y a a x a x
 

                                        (2) 

n n 1

ij i ji 1 j i 1
a x x e



  
   

Where a0, ai, aii, aij are regression constant 

coefficients, xi and xj are the independent variables. Also, 

parameters of Y, n and e are the dependent variables, 
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Table 1: The experimental data based central composite design. 

Run order Std order Soaking temperature (oC) Steaming time (min) HPRY (%) Color value Hardness (N) Drying time (min) 

1 4 60.00 0.41 68.13 19.77 247.3 34.41 

2 11 50.00 0.31 65.8 18.89 204.7 46.89 

3 10 50.00 0.31 65.49 19 190 46.62 

4 12 50.00 0.31 65.13 18.99 169.8 46.95 

5 9 50.00 0.31 65.47 18.85 189.833 45.89 

6 1 40.00 0.21 62.13 18.03 130.27 59.72 

7 2 60.00 0.21 64.81 18.74 185.57 50.11 

8 7 50.00 0.21 63.71 18.29 164.77 54.43 

9 5 40.00 0.31 64.31 18.69 162.67 49.27 

10 8 50.00 0.41 67.21 19.39 227.1 38.56 

11 13 50.00 0.31 65.85 18.96 179.82 46.43 

12 6 60.00 0.31 66.06 19.32 216.1 41.07 

13 3 40.00 0.41 65.66 19.12 189.27 43.53 

HPRY = Head parboiled rice yield. Triplicate runs were carried out at all design points and average recorded. The experimental runs were randomized.
 

 

a number of independent variables and the random error 

term, respectively. 

The relationships between the responses were evaluated 

by means of adjusted R2, predicted R2, correlation 

coefficients of determination (R2) and Prediction Error 

Sum of Squares (PRESS)  [36]. A good model will  

have a large predicted R2 and a low PRESS. The data 

were subjected to analysis of variance (ANOVA).  

The significant terms in the model were found by ANOVA 

for each response. The significance was analyzed with  

a confidence level above 95% (P < 0.05). The numeral 

and graphical optimization techniques of the Design-

Expert software were used simultaneously to optimize  

the multiple responses at a time. The desired goals  

for each variable and response were chosen. All of  

the independent variables were within the determined 

range, while the responses were either maximized or 

minimized. 

 

RESULTS AND DISCUSSION 

Experimental Design and Model Development  

The regression equations for the response variables 

and P value, R2, Adj R2 and Pred R2 values are given  

in Table 2. R2 value should be at least 0.8 for good fit  

of a regression model [37]. R2 of all models ranged between 

0.86 and 0.97. All models were significant (p<0.01) and 

there was no significant lack of fit in any of the response 

variables, validating the treatment [36]. Also, the high  

R2 values revealed that the regression model fits the data 

well. Thus, the models could be used to predict  

the amount of HPRY (%), color value, hardness (N), 

drying time (min). 

 

HPRY 

One of the most important quality parameters that  

was studied with respect to the economic value of 

parboiled rice was the HPRY. As shown in Table 1, 

HPRY values were between 62.13-68.13%. The highest 

and lowest HPRY were obtained for the samples that had 

been dried at treatment 60 oC - 0.41 w/cm2 and 40 oC - 

0.21 w/cm2, respectively. These findings are similar  

to results reported by other researchers [38]. They reported 

the values of HPRY in the range of 60-80% for parboiled 

rice (KDML 105 paddy). As shown in Table 2, the drying 

temperature and RI have a positive significant influence 

(p<0.01) on the extent of parboiled rice HPRY. Fig. 2 is 

the response surface plots (three-dimensional (3-D) that 

shows the interaction effect of drying temperature and RI 

on the HPRY (%).  

According to Fig. 2, increasing drying temperature 

(from 40 oC to 60 oC) and RI (from 0.21 to 0.41 w/cm2) 

caused an increase of HPRY. The amount of HPRY 
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Table 2: Anova table and regression equation of response variable. 

Response variable Equation p value R2 value Adj R2 Pred R2 

HPRY (%) 54.27 + 0.115 × A + 17.25 × B < 0.0001 0.96 0.96 0.94 

Color value 16.48 - 0.0377× A + 11.20 × B - 7.086×10-4× A2 - 9.41× B2

 
< 0.0001 0.99 0.98 0.98 

Hardness (N) -44.53 + 2.78 × A + 305.1 × B < 0.0001 0.93 0.91 0.91 

Drying time 46.45 - 4.49× A - 7.96 × B < 0.0001 0.99 0.98 0.98 

A: Drying temperature (oC); B: Radiation intensity (w/cm2)
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Effect of radiation intensity and drying temperature on 

head parboiled rice yield (HPRY). 

 

may likely be related to significantly higher temperatures [39]. 

Reports related to the effect of the drying conditions  

on the HPRY have also been presented by other researchers [40]. 

They reported that the HPRY of long-grain SP 1 parboiled 

rice was relatively high when drying temperature increased. 

Also, the best model for the prediction of HPRY was  

the linear model (R2 = 96% and adjusted R2 = 96%). 

Similar observations were reported by other researchers 

[1, 41]. Therefore, it seems established that increasing  

the drying temperature and RI at the range we investigated 

may lead to an increase in the Degree of Starch 

Gelatinization (DSG). Because high temperature and 

radiation is caused to penetrate the heat radiation into the 

rice grain kernel and led to greater DSG [40]. In other word, 

suitable conditions of drying lead to gelatinization and 

stronger structure by diffusing into the inter-granular space 

of starch thus facilitating the milling process which 

increased the HPRY of parboiled rice [42]. So, the increase 

of HPRY could also be related to facilitating the separation 

of the gelatinized kernels from the husk following the 

drying. As a result, the milling becomes the easier following  

this separation of the husk from the kernel [43]. 

Color value 

The sample color value is one of the quality indicators. 

That it is related to the value of the market [44]. The effect 

of drying conditions on the color value of parboiled rice  

was shown in Table 1. According to Table 1, the variable 

 of drying temperature (A), IR (B) and the quadratic terms  

of A2 and B2 were found to be significant (P< 0.01)  

on the response. The effect of A and B were positive  

on the response, while A2 and B2 had a negative influence 

on the color value. The highest and lowest color  values 

were related to drying conditions of 60 °C – 0.41 w/cm2 

and 40 °C – 0.21 w/cm2, respectively. As shown,  

in Table 2, the drying temperature and RI had 

significant (p<0.01) effects on the color values of 

parboiled rice. Increasing color value may be due to 

higher diffusion of the red pigment from bran and hull 

into endosperm during drying [45].  

The quadratic model was the most appropriate 

model to describe the relationship between the drying 

conditions and color values. The R2 was 99%,  

the adjusted R2 was found to be 98% and all p-value 

coefficients were significant (p<0.01). The influence 

of the drying temperature and the RI and their product 

on the color value are shown in Fig. 3. The color value 

of parboiled rice varied between 18.03-19.77.  

Similar results have been presented with the 

investigation of the effect of the parboiling conditions  

on the color value by other researchers [4, 38, 46]. Decreasing 

of color value at the high temperatures or RI  

can be related to the increasing of browning rate 

during drying [47]. Also, many researchers evaluated  

the color of parboiled rice [3, 48], finally, color changes 

during parboiling resulted from the value of reducing 

sugar and amino acid amount due to their role  

in the development of non-enzymatic browning 

(Maillard reactions) [45]. Also, the drying conditions 

can be able to influence the color intensity. 
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Hardness 

Fig. 4 shows the effect of the drying temperature,  

RI and their product on the hardness of parboiled paddy.  

A linear relationship was suggested between independent 

and response variables (Hardness) (R2= 0.93, Adj. R2 = 0.91, 

Pred. R2= 0.91 (Table 2)). The hardness values of parboiled 

rice increased with increasing drying variables.  

The increase in hardness was severe at higher drying 

temperatures and RI. Increasing the drying temperature 

from 40 to 60oC and of the RI from 0.21 to 0.41 w/cm2 

caused an increase in hardness from 130.27 to 247.3 N 

(Table 1). Therefore, dried parboiled paddy from 40oC- 

0.21 w/cm2 showed lower hardness whereas treatment 

60oC- 0.41 w/cm2 showed the highest. This may be 

associated with the degradation of the structural of protein 

and starch by proteases and amylases, respectively or, in other 

words, the hardness of parboiled paddy had been related  

to amylopectin and amylose [45]. Similar  observations  

were made by other researchers [41]. They reported that 

hardness of the parboiled rice increased with an increase  

in drying temperature where a higher degree of gelatinization 

occurred. So, the most likely explanation for increasing  

of hardness during drying is that more grains are gelatinized, 

leading to increased fracture resistance. Because, starch 

gelatinization can be caused to interact with protein 

oryzenin, as a result, its influence on the rice stickiness [45]. 

 

Drying time 

The relationship between the drying variables and 

drying time of parboiled rice is shown in Fig. 5.  

The drying time of samples increased quadratically with 

decreasing of both drying temperature and RI (R2=0.99, 

see Table (2)). As is revealed in Table 1, the drying time 

of parboiled rice ranged from 59.72 to 34.41 min.  

The lowest drying time was obtained for the samples  

that had been dried at a temperature of 60 oC and RI of 0.41 w/cm2. 

The value of drying time decreases linearly with an increase 

in drying temperature and RI. These conditions lead to an 

increasing amount of water evaporation from the grains  

as a result, a higher heat transfer flux to the samples.  

So, increasing temperature and radiation decreases the drying 

time. These results are in agreement with the results of 

other researches [41,49, 50, 51]. In addition, the increase 

in the RI or air temperature is caused to increase the 

product surface temperature and moisture loss. So, it led 

to faster drying [49, 52].  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 3: Effect of radiation intensity, drying temperature and 

their reciprocal interaction on color value of parboiled rice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Effect of radiation intensity and drying temperature on 

the hardness of parboiled rice. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5: Effect of radiation intensity and drying temperature on 

drying time of paddy. 
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Optimization 

The optimal values of the independent variables 

selected for the response variables were obtained by 

solving the regression equation (Table (3)) using  

the Design-Expert software. The hybrid HIR drying 

variables can be optimized if the HPRY reached to their 

maximum values, color value and drying time reached to 

their minimum values and hardness values must be in the 

range of 130.27 to 247.3 N. The desirability values of  

the minimum and maximum were configured as 0 and 1, 

respectively. The optimum operating condition is determined 

based on the obtained maximum desirability function [1]. 

The optimal condition for HIR drying was estimated as 

drying temperature = 55 oC, RI= 0.41 w/cm2 with the 

desirability of 77%. The predicted HPRY, color value, 

hardness and drying time under the above conditions 

were 67.68%, 19.57, 233.68 N and 36.21 min. To verify 

the prediction of the model, the optimal condition was 

applied to three independent replicates. The results of this 

work have shown that response surface methodology 

could be used to optimize the Drying time and quality 

properties of parboiled rice.  

 

CONCLUSIONS 

In this study, the effect of drying temperature and RI 

on drying of parboiled paddy samples was studied in 

hybrid HIR drying. The quality parameters and drying 

time were significantly (p<0.01) influenced in various 

combinations of drying temperature and RI.  The value of 

HPRY, color value, hardness and drying time for 

parboiled rice during drying were obtained in the range of 

62.13 to 68.13%, 18.03 to 19.77, 130.27 to 247.30 N and 

34.41 to 59.72 min, respectively. The obtained results 

indicated that the amount of HPRY and hardness 

increased by increasing drying temperature and RI, while 

the amount of color value and drying time decreased. The 

RSM was applied to predict the drying time and quality 

properties of parboiled rice. Also, it can be able to 

optimize the drying conditions. The quadratic model was 

the most appropriate model to describe the relationship 

between the drying conditions and HPRY, color values 

hardness and drying time of parboiled rice was linear 

(R2= 0.96), quadratic (R2= 0.99), linear  

(R2= 0.93) and linear (R2= 0.99) equation, respectively. 

The best drying conditions were the drying temperature 

of 55 oC and RI of 0.41 w/cm2. The results offered  

this study can be applied for the selection of the proper dryer 

for parboiled paddy drying and designing of related equipment. 
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