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ABSTRACT 

Soaking tests were conducted to determine the rate of water absorption in 
Newbonnet long-grain rough rice ranging from 14 to 30% initial moisture 
content (dry baSIS) ar 1J, 20, 30, 40, and SOc. Four rewetting models were 
compared, and thefollowing model by Becker (1959) was found to best lit the 
experimental dara, while the rice moisture content during soaking was lower 
than about 40 % (dry bam): 

(see a list of s,ymbols at the end of the article). The absorption rate, dM/dt, 
increased with temperature and decreased with initial moisture content. A 
regression equation was obtained to relate the parameter a to temperature and 
initial rice moistllre content. nle initial moisture gain was not sigllljlcantiv 
affected by temperature alld initial rice moisture content. The average initial 
moisture gain over the test temperature range \\'as 0.75 percentage points. 

INTRODUCTION 

During the harvest season. rain and nocturnal dew inCidence often cause an 
increase in rice moisture content and may lead to kernel fissuring. Studies have 
shown that absorption of liquid water is [he major cause of rice kernel fissuring 
in the field (e.g., Craufurd 1%2; Srinivas et al. 1978. Siebenmorgen et al. 
1992). Hence, it IS Important to understand the water absorption in rice kernels 
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during rain or dew periods and the resulting effects on rice milling quality so 
that proper management of harvesting schedules can be established. Srinivas el 

al. (1978) studied the fissuring of rough rice during soaking. They reported that 
the proportion of fissured kernels was related to initial moisture content, soak 
temperature, and time. Sieben morgen and Jindal (1986) developed an equation 
for predicting head rice yield reduction for long-grain rough rice exposed to the 
four different absorptive conditions, including soaking. However, they did not 
determine the effects of soak temperatures and times on head rice yield 
reduction. 

Although the effects of rain or dew on head rice yield have been reported by 
many researchers, the extent to which they affect head rice yield has not been 
quantified. This is perhaps because it is difficult to simulate actual rain or dew 
formation conditions. Lu el al. (1992) developed mathematical models for 
predicting the changes in rice milling quality, including head rice yield and total 
milled rice yield, and field yield during a harvest season. They used an equation 
developed by Siebenmorgen and Jindal (1986) for predicting head rice yield 
reduction during water soaking to predict the head rice yield reduction caused 
by rain in the field, and reasonable prediction results were obtained when 
compared with the experimental data. This suggests that the rewetting of rice by 
rain or dew is similar to the soaking of rice in water. Hence, information on 
moisture absorption behavior of rice during soaking at temperatures representa­
tive of field conditions would help determine the rain or dew effects on head 
rice yield. Such information is also vital for developing a model for predicting 
changes in rice field moisture content during the harvest season (Lu and 
Siebenmorgen 1992b). 

Therefore, the objectives of this study were to measure the water absorption 
in long-grain rough rice during soaking as affected by temperature (ranging from 
11 to SOC) and initial moisture content (ranging from 14 to 30%) and to develop 
a rewetting model to predict the water absorption in long-grain rough rice during 
soaking. 

MATERIALS AND METHODS 

Experimental Procedure 

A long-grain rice variety, 'Newbonnet', was used in the soaking tests. The 
rice was harvested at approximately 23 % moisture content3 from a commercial 
field in Keiser. Arkansas. Blank kernels and foreign material were removed with 

'Unless otherWise specIfIed. all mOisture conlenrs menllOned herein are on a dry baSIS. 
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a Carter Dockage Tester. The cleaned rice was placed in burlap bags and stored 
at IC until testing. The rice moisture content at the time of removal from the 
cold storage for testing was about 18 %. 

Soaking tests were conducted over a range of initial moisture contents. The 
'samples lower than 18 % moisture content were obtained by drying the rice on 
wire-mesh trays at room temperature (approximately 24C). To attain higher 
moisture content samples, the rice was first remoistened to about 22 % moisture 
content using a conditioning chamber with air supplied by a temperature and 
relative humidity control unit (Parameter Generation and Control 300 CFM 
Climate Lab-AA, PGC Inc.). The conditioning chamber was set at 25C and 85% 
relative humidity. After removal from the conditioning chamber, the samples 
were misted using a plant misting bottle for approximately one minute to attain 
moisture contents greater than 22 %. The purpose of using the two-step 
remoistening procedure was to minimize fissuring of the rice kernels. After the 
desired moisture contents were obtained, all samples were bagged in plastic bags 
and placed in cold storage for about one week to allow equilibration of moisture 
within kernels. Six moisture content levels were obtained ranging from 14 to 
34 %. This represents the range typically encountered during the harvest season. 
However, the samples at 34 % moisture content molded after about one week in 
the cold storage. Hence, only five moisture content levels were used in the 
soaking tests. The initial sample moisture contents used in the experiments are 
shown in Table 1. 

Soaking tests were conducted at II, 20, 30, 40, and 50C. Those kernels with 
damaged or split hulls were removed prior to testing. Samples, 4 g each, were 
placed in wire-mesh baskets (approximately 7 x 7 ern). There were approxi­
mately 170 kernels in each of the samples at 14 % initial moisture content, and 
fewer kernels were in the other samples, depending on the sample initial 
moisture content. The amount of rice for each sample was detennined based on 
the studies of Engels et al. (1986) and Lu and Siebenmorgen (1992a). Each 
sample was weighed to an accuracy of ± 0.1 mg using an analytical balance. 
The baskets were then submersed in a constant temperature water pan (± 0.5C) 
that had been equilibrated to the required temperature. The pan, which could 
accommodate about 40 baskets, was placed inside a conditioning chamber. The 
water depth in the pan was maintained at about 2.5 cm for the entire test period. 
The baskets were removed from the water pan at time intervals of 0.25,0.50, 
0.75, 1.0, 1.5,2.0,3.0,4.0,5.0,6.0,8.0, 12.0,24.036.0,48.0, and 72.0 h. 
The soaked rice was emptied onto two layers of paper towels. The kernels were 
quickly blotted with the paper towels 4-5 times to remove the surface water. 
This blotting procedure was established based on the preliminary test results and 
other reported studies (e.g., Becker 1960; Fan et al. 1963). After blotting, the 
sample was transferred to a metal cup for weight measurement. The test 
duration was 72 h for temperatures less than or equal to 30C, 48 h for 40C, 
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TABLE 1.
 

INITIAL AND FINAL RICE MOISTURE CONTENT (Mo and M I ) USED IN FITTING THE
 
ABSORPTION CURVE, INITIAL MOISTURE GAIN (AM,), C/, R\ AND RMSE* FROM
 

THE REGRESSION ANALYSIS FOR EQ. (I)
 

RMSETemp 
( C) 

11.0 14.2 41.0 1.13 3.039 0.995 0.52 
17 .8 41.5 0.06 2.778 0.995 0.51 
22.7 42.6 0.91 2.321 0.995 0.42 
26.9 44.4 1. 23 2.106 0.975 0.82 
29.2 45.8 1. 26 1.978 0.975 0.78 

20.0 14.4 42.3 0.69 3.865 0.997 0.40 
18.0 42.0 -0.07 3.568 0.995 0.50 
21.2 43.1 0.52 3.219 0.994 0.51 
26.3 45.3 0.71 2.857 0.987 0.65 
28.6 47.8 0.72 2.842 0.983 0.76 

30.0 14.4 40.2 1. 33 5.322 0.988 0.76 
18.0 41. 4 0.22 4.893 0.996 0.42 
22.9 44.2 0.21 4.264 0.997 0.32 
26.9 46.2 0.91 3.846 0.992 0.44 
29.0 46.6 0.98 3.477 0.987 0.5'2 

40.0 14.1 38.9 1.10 7.169 0.993 0.65 
17.6 39,4 0.58 6.316 0.996 0.41 
22.6 40.3 0.26 5.172 0.995 0.38 
26.8 43.5 0.61 4.880 0.991 0.47 
29.1 44.7 0.48 4.574 0.990 0.46 

50.0 14.3 38.2 1. 44 8.325 0.989 0.74 
16.8 38.4 0.97 7.591 0.994 0.52 
22.7 39.3 0.43 5.924 0.992 0.46 
26.9 42.2 1. 08 5.256 0.987 0.53 
28.9 43.6 0.97 5.172 0.984 0.55 

* Root mean square error between the experimental data and the 
model fitted values (% kg/kg). 

** The regression analysis results were based on the soaking data 
obtained within 72 h for 11 C, 48 h for 20 C, 24 h for 30 C, 12 h 
for 40 C, and 8 h for 50 C. 

and 24 h for SOC. Relatively short time periods were chosen for the 40 and SOC 
treatments because the absorption rates at these two temperatures were faster 
than those at the lower temperatures. Germination of rice kemels was noticed 
after 48 and 24 h of soaking in water at the respective temperatures of 20 and 
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30e. No germination was found at II, 40, and 50C. The data obtained after 
germination were not used in the analysis. Some solids losses (less than 2.5% 
of the original kernel dry matter weight) were also noticed for the samples 
soaked for extended time periods. However, such losses had negligible effects 
on the final moisture content determinations. The sample moisture contents were 
determined by oven drying for 24 hat 130C (Jindal and Siebenmorgen 1987). 
All experiments were duplicated. 

Rcwetting Models 

Several rewetting models have been used by researchers to describe water 
absorption in cereal grains and legumes. Becker (1959) derived an equation for 
predicting average moisture content change in solids of arbitrary shape from 
Fick's law of diffusion. For a short time period, Becker's equation has the 
following form: 

(I) 

where (X is the lumped parameter, which has the following expression: 

2 S 
a -*(M

3 
-M

0
)*-* 15 (2)(it V yu 

Becker (1960) pointed out that the initial moisture gain, LlM o , is primarily due 
to rapid capillary action. Equation (I) has been successfully used to model water 
absorption in wheat (Becker 1960), com and sorghum (Fan et ai. 1963), and 
rice during parboil ing (Bandopadhyay and Ghose 1965; Bandyopadhyay and Roy 
1976,1977, and 1978). 

Singh and Kulshrestha (1987) and Peleg (1988) proposed the following 
empirical model to describe water absorption in cereal grains and legumes: 

t
M(t) M 

o 
+ (3 ) 

Equation (3) was later derived by Singh (1990) based on the assumption that 
hydration of the substance of the solid rather than diffusion of water is the rate 
controlling step during absorption process. Sopade and Obekpa (1990) and 
Sopade e! ai. (1992) used Eq. (3) to model water absorption in soybeans, 
cowpeas, peanuts, corn, millet, and sorghum. 
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The following two models have also been used to describe the moisture 
absorption behavior of rice and other cereal grains (e.g., Misra and Brooker 
1980; Banaszek and Siebenmorgen 1990): 

(4) 

(5) 

Equations (1), (3), (4), and (5) were used to fit the soaking data. The 
equilibrium moisture content Me in Eq. (4) and (5) was treated as an unknown 
parameter because it could not be obtained directly from the soaking data. The 
parameters in Eq. (1), (4), and (5) were determined using a nonlinear regression 
method (SAS 1988). In performing the regression analysis, Eq. (3) was 
transformed to the linear form as shown by Peleg (1988) so that linear 
regression could be applied to determine the two parameters. 

RESULTS AND DISCUSSION 

Absorption Data 

The experimental data on the absorption of water in the Newbonnet rough rice 
with the three selected initial moisture contents at 11, 30, and 50C are shown 
in Fig. 1-3. The moisture absorption rate was affected by soak temperature. The 
kernels absorbed water at a slower rate at llC than at 30 or 50C. It appeared 
that after 72 h of soaking in water at 11 C, the kernels would continue to gain 
moisture at a fairly steady rate (Fig. I). Figure 2 shows that during the 24 h 
soaking in water at 30C, the rice kernels gained moisture progressively. The 
equilibrium moisture content could not be obtained because the rice started to 
germinate after 24 h of soaking in water. Similar absorption curves were also 
obtained for 20C, but the germination started after 48 h. At 40 and 50C, the rice 
moisture content increased rapidly during the first 12 h of soaking. Thereafter, 
the rice gradually approached the equilibrium moisture content (Fig. 3). 

Figures 1-3 further show that the absorption rate appeared to decrease with 
initial rice moisture content. This is consistent with the results reported by 
Banaszek and Sieben morgen (1990) for rice exposed to high relative humidity 
air, in which" the increasing initial moisture content level decreased the 
absorption rate and increased the equilibrium moisture content. 
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Comparison of Rewetting Models 

Figure 4 shows a comparison of Ihe regression curves from Eq. (1), (3), (4), 
and (5) with the absorption data for the 14.4% initial moisture content rice 
soaked at 20C for 48 h. The root mean square errors (RMSEs) between the 
experimental data and the fitted values were 0.40, 1.93, 1.85, and 0.54 (% 
kg/kg) for Eq. (1), (3), (4), and (5), respectively. Equation (1) gave the best fit 
10 the experimental data. Equations (3) and (4) did not fit the experimental data 
well and underpredicted the experimental data for the first 2-5 h soaking period 
and the last 12-h soaking period and overpredicted the experimental data for the 
intermediate soaking period. This trend prevailed for the higher moisture content 
rice. The relative performances of Eq. (1), (3), (4), and (5) for 11 and 30C 
were the same as those for 20C. 

However, for 40 and SOC, Eq. (5) was the best model 10 fit the experimental 
data with the RMSEs ranging from 0.38 to 0.53 (% kg/kg) for the five initial 
moisture contents. The RMSEs for Eq. (3) and (4) ranged from 0.72 10 1.40 and 
from 1.18 to 2.13 (% kg/kg), respectively. Equation (l) gave the worst fit for 
the experimental data among the four rewetting models in this case [the RMSEs 
ranged from 1.55 to 3.02 (% kg/kg)]. 

The poor performances of Eq. (1) for 40 and SOC were attributed to the fact 
that it is only applicable for a certain range of moisture content and is not valid 
when the rice approaches its equilibrium moisture content. The experImental 



149 WATER ABSORPTION IN LONG-GRAIN RICE 

45 

40 

.ci 
-0 35 
~ z..­
C
 
Q) 

30 
C 
0 
0 25 
Q)

:s 
en 20'0 
::2 c Data - Eq. [1] -+- Eq. [3] 

15 --- Eq. [4] ---- Eq. [5] 

10 I / t I I , I I 

0 5 10 15 20 25 30 35 40 45 50 
Soak Time (Hours) 

FIG. 4. COMPARISON OF EXPERIMENTAL DATA AND THE FITTED ABSORPTION
 
CURVES FROM THE FOUR REWETTING MODELS FOR NEWBONNET ROUGH
 

RICE AT AN INITIAL MOISTURE CONTENT OF 14.4% SOAKED AT 20.DC
 

data showed that the moisture content of rice increased very slowly and 
gradually approached equilibrium after about 8-12 h of soaking at 40 and SOc. 
Hence, further analysis was performed to fit the experimental data for the first 
12 h at 40C and 8 h at SOC with Eq. (1), (3), (4), and (5). In this case, the 
relative performances of the four rewetting mOdels were the same as those for 
temperatures [ower than or equal to 30C. Since most rice kernel fissuring occurs 
during the initial few hours of soaking (Srinivas et aI. 1978), it is imperative 
that the selected model accurately predict the water absorption in rice during this 
time period. Compared to the other three models, Eq. (1) gave a better 
prediction of the water absorption in rice for the initial soaking period. Hence, 
Eq. (1) was chosen as the best model to describe water absorption in long-grain 
rice. The limitations of Eq. (1) are discussed further in the next subsection. 

Equation (5), which fits the data reasonably well, was not chosen since it 
requires knowledge of the equilibrium moisture content, which could not be 
obtained from the experimental data. The regression analyses often failed to 
converge for temperatures lower than or equal to 30C, which was, in part, 
attributed to the relatively large number of unknown parameters. The equilibri­
um moisture contents determined from the nonlinear regression cmalyses varied 
widely from one set of data to another and, in some cases, was unrealistically 
high. Further, Eq. (5) is an empirical model and is more complex than Eg. (1) 

in terms of the regression analysis. 
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Determination of the Model Parameters ror Equation (1) 

If water absorption in rice is a diffusion process, then Eq. (I) suggests that 
the moisture content will be a linear function of the square root of soak time. 
Figure 5 shows the moisture content change with the square root of soak time 
for rice with an initial moisture content of approximately 14.3 % at the five soak 
temperatures. A linear relationship between the measured moisture content and 
t05 existed when soak temperature was less than or equal to 30e. At 40 and 
50C, the rice moisture content increased linearly with t05 until about 3.5 h05 (12 
h) and 2.8 h05 (8 h), respectively. Thereafter, the absorption curve conspicuous­
ly deviated from the straight line. Figure 5 further shows that regardless of the 
soak temperature, moisture content varied linearly with to 5 until it reached about 
40%, above which Eq. (1) would no longer give an accurate prediction. This 
critical moisture content level appeared to increase slightly with initial rice 
moisture content and was approximately between 40 and 46 % for the higher 
initial moisture content rice. Hence, it was concluded that Eq. (1) is adequate 
for describing water absorption in long-grain rice during soaking while the rice 
moisture content is lower than about 40%. 
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Figures 1-3 show that the fitted regression curves by Eq. (1) compared very 
well with the experimental data at 11, 30, and SOC for the soaking time periods 
of 72, 24, and 8 h, respectively. Similar results were also obtained for 20 and 
40C. Table I summarizes the values of Mo, M f , AMo, a, and pertinent statistics. 
The high R2 values and the small RMSEs indicate that Eq. (1) adequately 
predicted water absorption in long-grain rice during soaking. However, it should 
be noted that the regression analysis results in Table 1 were obtained based on 
the soaking data obtained within 72 h for IIC, 48 h for 20C, 24 h for 30C, 12 
h for 40C, and 8 h for SOc. The rice moisture contents at the end of these 
soaking time periods ranged from 38 to 48 %. 

The a value increased with temperature and decreased with initial moisture 
content (Table I). A stepwise regression analysis (SAS 1988) was performed to 
relate the parameter a to the temperature and initial moisture content. The 
following regression equation was obtained for the parameter a: 

a = a + b * T + c * T * Mo (6) 

The regression coefficients and associated statistics are presented in Table 2. 
Soak temperature alone accounted for about 76 % of the change in the parameter 
a while the interaction effect of initial moisture content and soak temperature 
accounted for a 23 % change. Hence, temperature had a more pronounced effect 
on the parameter a than the initial rice moisture content. 

Once the a value is determined, the moisture diffusivity, D, can be, in 
principle, calculated from Eq. (2) when the surface moisture content, M" and 
the volume and surface area of the solid are known. Becker (1960) and Fan el 

at. (1963) provided a method for calculating the M, value from absorption data. 

TABLE 2.
 
COEFFICIENTS AND STATISTICS OF THE REGRESSION EQUATION FOR
 

THE PARAMETER (}! [EQ. (6)J
 

Parameter STD· Partial R2 MSE·* 

a 1.239306 0.094787 

b 0.201220 0.005497 0.761 0.039089 

c -0.004343 0.000214 0.227 

* Standard deviation.
 
** Mean square error for the regression equation.
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However, the method was found not adequate for calculating the M, value from 
the data obtained in this study. Therefore, no further effort was made in 
calculating M,. 

Table 1 also shows that the initial moisture gains over all five soak tempera­
tures were less than 1.5 percentage points. The statistical analysis indicated that 
the effect of soak temperature and the initial rice moisture content on the .:lM o 

value was not significant at the 0.05 level. Hence .:lMo was chosen to be 0.75 
percentage points, the average value over all initial moisture gain data. 

Becker (1960) reported that the initial moisture gain .:lMo in wheat was a 
function of soak temperature. Bandyopadhyay and Roy (1978) also reported that 
.:lMo in rice during parboiling was affected by soak temperature. But Fan et al. 
(1963) found that .:lM" for com and sorghum was constant over the test 
temperature range. The differences in the reported results between this study and 
those by Becker (1960) and Bandyopadhyay and Roy (1978) are speculated to 
be due to different test conditions and varietal differences. 

CONCLUSIONS 

(1) The absorption of water in long-grain rough rice was best described by the 
diffusion model derived by Becker (1959) when the rice moisture content during 
soaking was below about 40% for temperatures ranging from 11 to SOc. 

(2) The absorption rate increased with temperature and decreased with initial 
rice moisture content. The rewetting parameter Ci in Eq. (1) was determined as 
a function of temperature and initial rice moisture content. 

(3) The initial moisture gain ~M" was not significantly affected by tempera­
ture and initial rice moisture content at the 0.05 level. The average initial 
moisture gain for the long-grain rough rice soaked at temperatures of 11 to SOC 
was 0.75 percentage points. 

NOMENCLATURE 

Symbol Description Unit 

a, b, c Regression coefficients in Eq. (6) 
D Moisture diffusivity of the solid 
k Paramcter in Eq. (4) and (5) 

k/ k2 Parameters in Eq. (3) 

M(:) Moisture content after soaking in water for timc t % dry basis 
M,. Equilibrium moisture content % dry basis 
M, Final moisture content used 111 fitting the absorption curve % dry baSIS 
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Initial moisture content % dry basis M" 
ilMn Initial moisture gain at the instant of soaking (i.e., t = 0 +) % dry basis 
M, Surface moisture content % dry basis 
n Parameter in Eq. (5) 
S Surface area of the solid 
t Time 
T Soak temperature 
V Volume of the solid 

Lumped parameter in Eq. (I) 
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