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ABSTRACT 

Hygroscopy of hybrid rice affects storage, handling and processing. The thermodynamic 

relationship upon which the estimate of isosteric heat is based is the Clausius-Clayperon 

equation. The net isosteric heat of sorption was determined from the slope of the ln(rh) versus 

1/T lines at a constant moisture content. Net isosteric heat of desorption was found higher 

than that for the adsorption within a moisture content range of 12 – 20% for all of the rice 

kernels. The net isosteric heats of desorption and adsorption were higher for hybrid rough 

rice kernels followed by brown rice and milled rice kernels respectively. An empirical 

equation was fitted to describe the net isosteric heats of hybrid rice kernels as a function of 

moisture content and was found adequate to predict the net isosteric heats. The intercept K 

was also found to be a function of moisture content and the model predicted the K value well 

(r2 = 0.85 for adsorption and r2 = 0.92 for desorption). This set of two equations would be 

useful in the simulation of hybrid rice during storage. 

 

Key words: Hybrid rice; Isosteric heat; Adsorption and Desorption  
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INTRODUCTION 

 

Hygroscopy of cereal grains affects storage, handling and processing. An isostere 

equation gives the variation of relative humidity with temperature for a given moisture 

content. A knowledge of the relative humidity of air in equilibrium with the moisture content 

in stored grain is essential in the computation of humidity during the simulation of stored 

grain and this can be estimated from the isosteric heat equation together with the 

parameters[1,2]. A knowledge of the equations of isosteric heat of adsorption / desorption 

together with the parameters for cereal grains is also essential in the modeling and simulation 

of drying of cereal grains[3].  

 

The net isosteric heat of sorption is defined as the difference between total heat of 

sorption of water for the material and the heat of vaporization of pure water. Total isosteric 

heat of sorption is the total heat supply for drying of a material. As a differential molar 

quantity isosteric heat of sorption determines the temperature dependence of water activity of 

a biological material. The heat of vaporization of sorbed water may increase to values well 

above the vaporization of pure water as food is dehydrated to low moisture levels[4]. The 

extent of material moisture content at which the net isosteric heat of sorption approaches the 

latent heat of vaporization of water is often considered as an indication of the amount of 

“bound water” existing in the food[5,6]. Two methods are used to estimate the sorption 

isosteric heat[7-10]: (1) Application of Clausius-Clayperon equation to isotherms at different 

temperatures – the most widely used method and (2) Calorimetric techniques and Riedel 

equation – based on thermal analysis, thermo-gravimetry, and DSC. It is to be noted that 

there is a good agreement between the two methods[9,10]. Theoretical prediction of the heat of 
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sorption is not possible, due to the complexity of the physical and chemical structure of the 

foodstuff[11]. 

 

Many studies[11-18] have been conducted on the heat of sorption of fruits, vegetables, 

medicinal plants, protein foods and cereals. Most of the studies used either adsorption or 

desorption data to determine the heat of sorption. Oztekin et al. [18] reported that total 

isosteric heats of grains determined from the mean value of adsorption and desorption 

isotherms were dramatically lower than those of special grain cultivars. This suggests that 

adsorption and desorption net isosteric heat of hybrid rice should be determined separately to 

adequately describe the real sorption characteristics. Furthermore, experimental 

determination of these isotherms is necessary to obtain the most accurate data on isosteric 

heat of sorption[18].  

 

Tsami et al.[19] proposed an empirical exponential relationship between the net isosteric 

heat of sorption and material moisture content for some fruits. Hossain et al.[17] found 

isosteric heat to be a power function of equilibrium moisture content for pineapple. Although 

an equation for isosteric heat of wheat grain and some common seeds together with the 

parameters has been reported[20,21], negligible information is available on the isosteric heat of 

hybrid rice kernels. Therefore, this study was carried out to estimate this important 

thermodynamic property together with the parameters for different forms of hybrid rice 

kernels. 
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MATERIALS AND METHODS 

Rice kernels of hybrid variety (long grain) of brand Sonar Bangla-1 (CNSGC-6) 

originated from China (Hi-tech Seed Co. Ltd., Hejia Group, Sichuan) were used in this study. 

Samples were collected from a seed lot harvested in 2003 from a commercial seed shop in 

Bangladesh and stored at 5℃ for five months in a refrigerated warehouse. Initial moisture 

content of the rough rice was about 14% (d.b.). Rough rice, brown rice and milled rice were 

used for the determination of heat of sorption.  

 

Brown rice was obtained by dehusking the raw and parboiled rough rice in an impeller-

type husker (FCS type, Otake Co., Oharu, Japan) in a single pass. Brown rice was milled in a 

vertical friction-type laboratory milling machine (VP31T, Yamamoto Co., Tendu, Japan) to 

get milled rice. Degree of milling was kept at about 9%. Samples with higher moisture 

contents were prepared by wetting the samples. This was done by adding calculated amount 

of distilled water. All the samples were then sealed in plastic packets and kept in a 

refrigerated warehouse at 5ºC for 2 weeks so that the moisture content inside the kernel 

becomes uniform. Before starting the experiment, samples were kept overnight in room 

temperature in the sealed packets. Sample size was about 3 g.  

 

Moisture content of the rice kernels was determined using ISO R712 standard method[22]. 

About 5 g of ground sample was dried at 130ºC for 2 hours in an air oven. Weight loss or 

gain of the samples was measured by an electronic balance with an accuracy of 0.0001g 

(model: LIBROR AEG-220G, Shimadzu Corp., Japan). Saturated solution of different salts 

was used to create relative humidity in a range of 30% to 97%. The salt solutions used in the 

study and their percent relative humidities at various temperatures are shown in Table 1[23]. 

The salt was of research grade (Wako Pure Chemical Industries Ltd., Japan).  
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Data on equilibrium moisture contents were obtained from the isotherms determined 

experimentally at three temperatures: 30°C, 40°C and 50°C. The details of the experiment 

were reported by Haque et al. [24]. For this study an accelerated method was used[25] and a 

glass desiccator equipped with a small fan inside it to agitate the air inside it served as a 

closed chamber. The desiccators were placed inside the incubator (Eyela, SLI-600N, Tokyo 

Rikakikai Co. Ltd., Japan) at controlled temperatures. Temperature inside the incubator was 

checked by a thermometer. 

Theory 

The most commonly used procedure for calculation of isosteric sorption heat – the 

Clausius-Clayperon equation[12,26-29] explains the heat of sorption phenomena as follows:  

      

                                                                                (1) 

                                                                              

where, Qst is the net isosteric heat of sorption, kJ/mol; rh is the relative humidity, %; M is 

the moisture content, %(d.b.); T is the absolute temperature, K; R is the universal gas constant 

(8.315 ×10-3 kJ/mol K). Based on the assumption that Qst is invariant or varies very little with 

temperature, the integrated form of the equation (1) is as follows: 

                                                                                  (2) 

The value of net isosteric sorption heat (Qst) is calculated from the slope of Eqn. (2).  

 

Several researchers reported the isosteric heat of sorption as an empirical function of 

moisture content[17,18,30]. The net isosteric heat of sorption of hybrid rice kernels as a function 

of equilibrium moisture content in the following forms were considered:  
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where, Qst is the net isosteric heat of sorption, kJ/mol; Me is the equilibrium moisture 

content, %(d.b.) and a, b, c, and d are the equation parameters. 

 
         The intercept K of equation (2) can be expressed as a function of equilibrium moisture 

content in the form suggested by Sutherland et al.[20] as follows: 

 
                K = m Me

n                                                        (5) 
 
Where, Me is the equilibrium moisture content, %(d.b.), m and n are the two parameters.  

 
A statistical package SPSS version 10 was used to fit the equations (4 and 5) to the 

observed data by direct least square technique. To evaluate the goodness-of-fit of the 

equation to the observed data, three quantitative measures were used: Coefficient of 

determination,[31,32] the mean relative percentage deviation modulus[31,33,34] and standard error 

of estimate.[31,32,35] Mean relative percentage deviation gives an idea of the mean departure of 

the observed data from the predicted data. Therefore, the smaller the value of mean relative 

deviation, the better the goodness-of-fit. It is generally assumed that a good fit is obtained 

when P<10%[11]. The standard error of estimate is a measure of the amount of error in the 

prediction.  

 
RESULTS AND DISCUSSION 

The data used in this study to estimate the isosteric heats of adsorption and desorption 

together with the parameters are taken from Haque et al.[24] These are shown in Table 2 and 

the isotherms follow type II classification.[36] The slopes of the equation (2) were calculated 

by the least squares fit for the lines of ln(rh) versus 1/T . The plots of ln(rh) versus reciprocal 
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of temperature (in Kelvin) for a constant moisture content for hybrid rough, brown and milled 

rice kernels at desorption and adsorption are shown in Fig. 1. These isosteres have linear 

negative slopes and reflect the temperature effect on the sorption isotherms.       

 

The net isosteric heats of adsorption and desorption of hybrid rice kernels: (a) rough, (b) 

brown, and (c) milled rice, are presented in Table 3. It is evident that there exists a marked 

increase in isosteric heats at the lower moisture contents. Trends of the observed net isosteric 

heat for hybrid rice kernels for different moisture contents are depicted in Fig. 2. Above 19% 

(d.b.) the change is not very important and almost constant indicating the presence of free 

water. But below this value the heat of sorption increased quickly indicating the presence of 

strongly bound water to the material by the existence of polar groups on the surface of the 

material. Foodstuffs are complex in structure and the main water sorbing polymers in food 

(e.g. starch, cellulose etc.) exhibit water binding sites of varying degrees of activity. Initially 

desorption occurs at the least active sites requiring low interactive energies in addition to the 

latent heat of vaporization of pure water. As desorption continues active sites require a higher 

interactive energies.  

 
 
The net isosteric heats of desorption was found higher than those of adsorption within the 

moisture content range of 20-12% (d.b.) for all types of kernels. This indicates the 

requirement of higher energy in the desorption process as stated by Lahsani et al.[15]. Below 

this range net isosteric heats of adsorption increased rapidly. At very low moisture content, 

the condensation of water molecule might have occurred which has contributed to increase in 

the heat of adsorption rapidly. Net isosteric heat of adsorption below 12% M.C. reported by 

Oztekin et al. [18] was also higher than that of this study. But McLaughlin et al.[11] reported a 

lower isosteric heat of adsorption than that of desorption for potato. The difference between 
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the heats of adsorption and desorption converges as moisture content increases. These 

changes are probably due to changes in molecular structures during sorption which affects the 

degree of activation of sorption sites. Hysteresis effect on sorption isotherms also might have 

influenced these differences since the grain used was rewetted.  

 

Rough rice had the highest net isosteric heat during sorption followed by brown rice and 

milled rice, respectively (Fig. 2). At a moisture content of 12% (d.b.) rough rice and brown 

rice had 30% and 10.5% higher net isosteric heat of desorption respectively over that of 

milled rice while net isosteric heat of adsorption for those were 24% and 8.3% higher 

respectively. Statistical analysis was conducted to find the significant differences of net heats 

of sorption among milled rice, brown rice and rough rice for adsorption and desorption using 

MSTAT-C version 2.10 and it was found that there is a significant difference among the net 

heats of sorption of milled rice, brown rice and rough rice for adsorption and desorption 

(P<0.01). Complexity of the sorption sites for additional layers of hull and/or bran in rough 

and brown rice kernels is presumed to be responsible for this.  

 

Both exponential and polynomial equations were fitted to describe the relationship 

between net isosteric heat of sorption of hybrid rice kernels and equilibrium moisture content. 

But the exponential equation (3) did not fit well to the data on isosteric heat of sorption of 

hybrid rice. The parameters and the standard error of estimate of the parameters for fitting the 

equation (4) are shown in Table 4 for adsorption and desorption process for hybrid milled, 

brown and rough rice kernels. High values of coefficient of determination (R2= 0.98 – 0.99) 

and low values of mean relative percentage deviation (P= 2.7 – 11.50) and standard error of 

estimate of prediction (SE= 0.11 – 0.45) in Table 5 show that the equation (4) can predict the 

heat of sorption well. Figure 3 depicts the predicted curves of heat of sorption as compared 
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with the observed curves for hybrid milled, brown and rough rice kernels, respectively, at 

both adsorption and desorption. The agreement between the observed and predicted heat 

values is also good.  

 

The parameters and standard error of estimate of the parameters of equation (5) are shown 

in Table 6. Coefficient of determination (r2), mean relative percentage deviation (P) and 

standard error of estimate (SE) of the prediction for equation (5) are presented in Table 7. 

Fitting and error criteria in Tables 6 and 7 suggest that the equation (5) can be used to predict 

the K values. The prediction is good for the parameter K as shown in Fig. 4.  

 

The net isosteric heat values for hybrid rice were found to be in the similar range as has 

been used in the literature[3,18,37] for rice and other cereals except wheat for which values were 

reported much lower than those for rice, shelled corn and malt. The net heats of sorption of 

rough rice and some other cereal grains are shown in Table 8 and comparisons of net 

isosteric heats of sorption are shown in Fig. 5. At higher moisture contents the net isosteric 

heat of desorption for rice reported by Oztekin[18] was found higher than those obtained by 

Hunter[37] and this study. The reason might be the variations in the sorption isotherms of 

various data sets collected from the literatures for different cultivars which were combined 

together in order to obtain the values for rice total (including rough and brown rice). At a 

moisture content of 14%, the net isosteric heat of desorption for hybrid rough rice was found 

to be 17% lower than that reported by Oztekin[18] and about 1% higher than that reported by 

Hunter[37]. This variation justifies the individual determination of isosteric heat of sorption for 

different products in order to get the accurate prediction. The variation in net isosteric heat of 

sorption might he attributed to the physicochemical properties of the different cultivars which 

are responsible for variations in isotherms. 
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The values of isosteric heat and the parameter K are needed to compute humidity of the 

air inside the stored grain to simulate the heat and moisture movement during storage of 

grains. Thus equation (4) and (5) would be useful in the simulation of stored grain. 

 

CONCLUSION 

Net isosteric heat of sorption increased with decreasing moisture content for hybrid rice 

kernels. For all the three forms of hybrid rice kernels net isosteric heats of desorption were 

higher than net isosteric heats of adsorption within 12 – 20% M.C. of the kernels while below 

this moisture content, isosteric adsorption heat increased rapidly. The net isosteric heat of 

sorption for either adsorption or desorption for rough rice kernels was the highest followed by 

brown rice and milled rice kernels. Net isosteric heats of adsorption and desorption were 

found to be a polynomial function of equilibrium moisture content and the intercept K of the 

ln(rh) versus reciprocal of absolute temperature was also found to be a function of 

equilibrium moisture content. This set of two equations will be useful in the simulation of 

hybrid rice during storage. 
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TABLES 
 
Table 1. Percent relative humidity of the saturated salt solutions used in this study at various 

temperatures 

Saturated salt solutions Temperature, ℃ 
30 40 50 

Sodium Iodide, NaI 36.15 ±0.43 32.88 ±0.37 29.21 ±0.40 

Magnesium Nitrate, Mg(NO3)2 51.40 ±0.24 48.42 ±0.37 45.44 ±0.60 

Sodium Nitrate, NaNO3 73.14 ±0.31 71.00 ±0.34 69.04 ±0.42 

Potassium Bromide, KBr 80.27 ±0.21 79.43 ±0.24 79.02 ±0.28 

Potassium Sulphate, K2SO4 97.00 ±0.40 96.41 ±0.38 95.82 ±0.45 

Source: Troller and Christian, (1978) 
 
 
 
Table 2. Equilibrium moisture contents (%, d.b.) of hybrid rice kernels under various 

experimental conditions 

Temp., 

°C 

RH, % Adsorption  Desorption 
Milled Brown Rough  Milled Brown Rough 

 

 

30 

36.15 9.2 8.5 8.4  9.8 9.6 9.1 
51.40 12.8 12.2 11.7  13.9 13.5 12.9 
73.14 16.6 15.9 15.8  17.6 16.9 16.8 
80.27 17.7 17.2 16.8  18.5 17.7 17.4 
97.00 26.8 26.5 26.4  27.2 26.8 26.7 

 

 

40 

32.88 7.5 6.8 6.7  8.1 7.5 7.5 
48.42 11.5 11.0 10.7  12.3 11.9 11.4 
71.00 15.7 15.5 15.0  16.6 16.4 15.9 
79.43 16.7 16.2 16.2  17.2 16.7 16.5 
96.41 25.7 25.4 25.1  26.1 25.6 25.4 

 

 

50 

29.21 6.2 5.8 5.6  6.9 6.2 6.2 
45.44 10.6 9.6 9.4  11.2 10.5 10.2 
69.04 14.8 14.3 14.1  15.8 15.5 14.9 
79.02 16.3 15.8 15.3  16.7 16.2 15.8 
95.82 24.6 24.4 24.3  25.0 24.5 24.5 
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Table 3. Net isosteric heats of sorption of different forms of hybrid rice kernel  
 
M.C. 
% (d.b.) 

Qst, kJ/mole 
Milled rice  Brown rice  Rough rice 

adsorption desorption adsorption desorption adsorption desorption 
10 9.07 8.12  9.49 8.86  10.38 9.98 
12 6.52 6.28  7.07 6.94  8.10 8.17 
16 2.21 2.93  2.40 3.36  2.63 3.82 
20 1.42 1.67  1.63 1.80  1.85 1.87 
25 1.27 1.28  1.49 1.62  1.57 1.70 

 

 
 
 

 

 

 

 

Table 4. Parameters and standard error of estimate of the parameters of the empirical 

equation for the isosteric heat of sorption (Eqn. 4) for hybrid rice kernels 

 

Parameter 
Milled rice  Brown rice  Rough rice 

Estimate Standard  
error 

 Estimate Standard  
error 

 Estimate Standard  
error 

Adsorption         
a 27.75 ×10-4 29.48 ×10-4  24.03 ×10-4 38.81 ×10-4  18.92 ×10-4 57.02 ×10-4 
b 20.67 ×10-2 15.57 ×10-2  18.92 ×10-2 20.50 ×10-2  16.69 ×10-2 30.12 ×10-2 
c 50.58 ×10-1 26.12 ×10-1  48.25 ×10-1 34.39 ×10-1  45.99 ×10-1 50.52 ×10-1 
d 41.91 13.81  41.42 18.18  41.87 26.71 

Desorption         
a 6.29 ×10-4 16.20 ×10-4  -2.03 ×10-4 14.14 ×10-4  -16.60 ×10-4 24.81 ×10-4 
b 7.52 ×10-2 8.56 ×10-2  3.60 ×10-2 7.47 ×10-2  -3.53 ×10-2 13.11 ×10-2 
c 24.80 ×10-1 14.35 ×10-1  19.46 ×10-1 12.53 ×10-1  9.40 ×10-1 21.98 ×10-1 
d 26.11 7.59  24.59 6.63  21.38 11.62 
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Table 5. The mean relative percentage deviation (P), standard error of the prediction (SE) and 

coefficient of determination (R2) of the isosteric heat (Q) of sorption for hybrid rice kernels 

(Eqn. 4) 

 

Attribute Process 
Milled rice  Brown rice  Rough rice 

P SE R2  P SE R2  P SE R2 

Q Desorption 3.51 0.13 .997  2.74 0.11 .998  4.29 0.20 .996 
Adsorption 7.31 0.24 .994  8.64 0.31 .991  11.49 0.45 .984 

 
 
 
 
 

 
Table 6. Parameters and standard error of estimate of the parameters of the equation for the K 

values (Eqn. 5) of hybrid rice kernels 

 

Parameter 
Milled rice  Brown rice  Rough rice 

Estimate Standard  
error 

 Estimate Standard  
error 

 Estimate Standard  
error 

Adsorption         
m 17.64 4.90  19.31 5.56  23.30 5.56 
n -41.01×10-2 9.47×10-2  -43.36×10-2 9.82×10-2  -49.05×10-2 9.82×10-2 

Desorption         
m 14.32 2.14  16.16 2.60  21.00 3.84 
n -33.69×10-2 5.33×10-2  -36.84×10-2 5.72×10-2  -44.99×10-2 6.50×10-2 

 
 
 
 
 
 
 

Table 7. The mean relative percentage deviation (P), standard error (SE) of the prediction and 

coefficient of determination (r2) of the K values for hybrid rice kernels (Eqn. 5) 

 

Attribute Process 
Milled rice  Brown rice  Rough rice 

P SE r2  P SE r2  P SE r2 

K 
Desorption 2.88 0.17 .92  3.21 0.19 .92  3.77 0.23 .93 
Adsorption 4.95 0.31 .85  5.32 0.33 .85  5.73 0.42 .86 
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Table 8. Net isosteric heats of sorption of rice and some other cereal grains  
  

Crops Equations Source 

Hybrid rough rice [for desorption] 
Qst =-(-0.00166)M3+(-0.0353)M2 – 0.94M +21.38  
 
[for adsorption] 
Qst =-0.001892M3+0.1669M2 – 4.599M +41.87 

This study 

Various data 
subsets of rice 

[for desorption] 
Qst =2419.38*exp(-12.95M) 
 
[for adsorption] 
Qst =6147.32*exp(-21.64M) 

Oztekin et al.[18] 

Various data 
subsets of wheat  

[for desorption] 
Qst =155.98*exp(-16.18M) 
 
[for adsorption] 
Qst =111.15*exp(-13.97M) 

Oztekin et al.[18] 

Various data 
subsets of shelled 
corn 

[for desorption] 
Qst =1245.78*exp(-10.29M) 
 
[for adsorption] 
Qst =990.91*exp(-10.6M) 

Oztekin et al.[18] 

Rough rice (Inga 
cultivar) 

[for desorption] 
Qst =Hw*{1+(R/Hw)*T2*(1-rh)*(0.04875+(-0.00261)*M)}-Hw   
 
[for adsorption] 
Qst =Hw*{1+(R/Hw)*T2*(1-rh)*(0.02117+(-0.00039)*M)}-Hw 

Hunter[37] 
 

Malt [for sorption] 
Qst =Hw*{1+0.5953*exp(-0.1367M)}-Hw  

Bala[3] 

Note: Qst – kJ/mole (hybrid rice) and kJ/kg (rest); M – moisture content, % (dry basis for 
hybrid rough rice, and malt), decimal (dry basis for rice, wheat, and shelled corn in 
Oztekin equation), and % (wet basis for rice in Hunter equation);  rh – relative 
humidity, decimal; Hw – latent heat of vaporization of free water, 2450.9 kJ/kg for 0 – 
50 ºC; T – absolute temperature, K; and R – universal gas constant, kJ/kg K. For Qst, 
kJ/kg can be converted to kJ/mol by multiplying a factor of 0.018. 
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FIGURE CAPTIONS 
 
 
Figure 1. ln(rh) vs. 1/T for sorption for hybrid rice kernel. (a) desorption and (b) adsorption;    

(1) rough rice, (2) brown rice, (3) milled rice  

Figure 2. Comparison of adsorption and desorption net isosteric heat values for hybrid rice 

kernels. N.B. m- milled rice, b- brown rice, r- rough rice and ads- adsorption, des- 

desorption 

Figure 3. Observed and predicted net isosteric heat of sorption for (a) milled (b) brown and 

(c) rough rice for desorption and adsorption. 

                Obs – observed; pred – predicted; ads – adsorption; des – desorption 

 

Figure 4. Parameter K for (a) milled (b) brown and (c) rough rice at desorption and 

adsorption. 

                Obs – observed; pred – predicted; ads – adsorption; des – desorption  

 

Figure 5. Comparison of net isosteric heat of sorption of hybrid rice with those of other 

varieties and crops.  des – desorption; ads – adsorption 
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FIGURES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. ln(rh) vs. 1/T for sorption for hybrid rice kernel. (a) desorption and (b) adsorption;    
(1) rough rice, (2) brown rice, (3) milled rice 
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Figure 2. Comparison of adsorption and desorption net isosteric heat values for hybrid rice 
kernels. m- milled rice, b- brown rice, r- rough rice and ads- adsorption, des- desorption 
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Figure 3. Observed and predicted net isosteric heat of sorption for (a) milled (b) brown and 
(c) rough rice for desorption and adsorption. 
Obs – observed; pred – predicted; ads – adsorption; des – desorption 
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Figure 4. Parameter K for (a) milled (b) brown and (c) rough rice at desorption and 
adsorption 
 Obs – observed; pred – predicted; ads – adsorption; des – desorption  
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Figure 5. Comparison of net isosteric heat of sorption of hybrid rice with those of other 
varieties and crops.  des – desorption; ads – adsorption  

 
 
 
 
 
 


