
Title: 

Journal: 

Year: 

Volume: Issue: 

Pages: 

Abstract: 

URLs: 

Parboiled Rice: Understanding from a Materials Science Approach

Author(s): Adhikari, B.  ; Oli, P.  ; Torley, P.J.  ; Ward, R. .

Journal of Food Engineering

2014

124

173 - 183

The material properties like glass transition temperature, diffusion, microstructures of rice kernels and 

gelatinization and retrogradation of the rice starch are reviewed to understand the nature and quality of the 

parboiled rice. Details of the diffusion related material properties of rice kernels such as the rate of 

diffusion, different models of diffusion, diffusion in glassy and rubbery state and diffusion in the gelatinized 

starch are discussed. The influences of hydrothermal treatment on  ...

ISSN: 0260-8774

http://dx.doi.org/10.1016/j.jfoodeng.2013.09.010

http://researchoutput.csu.edu.au/R/-?func=dbin-jump-full&object_id=48535&local_base=GEN01-CSU01PL:

FT:

http://dx.doi.org/10.1016/j.jfoodeng.2013.09.010
http://researchoutput.csu.edu.au/R/-?func=dbin-jump-full&object_id=48535&local_base=GEN01-CSU01


1 

 

Parboiled Rice: Understanding from a Materials Science 1 

Approach 2 

 3 

Prakash Oli 
a,b,c

, Rachelle Ward 
b,d 

, Benu Adhikari 
e
 and Peter Torley 

a,b,c *
 4 

a
 School of Agricultural and Wine Sciences, Charles Sturt University, Locked Bag 588, 5 

Wagga Wagga NSW 2678, Australia 6 

b
 Graham Centre for Agricultural Innovation, Charles Sturt University, Locked Bag 588, 7 

Wagga Wagga NSW 2678, Australia 8 

c
 National Wine and Grape Industry Centre, Charles Sturt University, Locked Bag 588, 9 

Wagga Wagga NSW 2678, Australia 10 

d
 NSW Department of Primary Industries, Yanco Agricultural Institute, Yanco, NSW 2703, 11 

Australia 12 

e
 School of Health Sciences, University of Ballarat, Mt. Helen, VIC 3350, Australia 13 

 14 

*
 Corresponding author: Dr Peter Torley 15 

Contact details: 16 

Dr Peter Torley, National Wine and Grape Industry Centre, Charles Sturt University, Locked 17 

Bag 588, Wagga Wagga NSW 2678, Australia 18 

Phone: +61 2 6933 2283 19 

Email: ptorley@csu.edu.au 20 



2 

 

Abstract 21 

The material properties like glass transition temperature, diffusion, microstructures of rice 22 

kernels and gelatinization and retrogradation of the rice starch are reviewed to understand the 23 

nature and quality of the parboiled rice. Details of the diffusion related material properties of 24 

rice kernels such as the rate of diffusion, different models of diffusion, diffusion in glassy and 25 

rubbery state and diffusion in the gelatinized starch are discussed. The influences of 26 

hydrothermal treatment on the properties of the rice kernel are also highlighted to understand 27 

the overall quality of parboiled rice. 28 

Highlights 29 

 Parboiling of rice increases its nutritional and milling quality 30 

 Improvement in colour and texture are needed to make parboiled rice more preferred. 31 

 The rice kernel undergoes significant material change during parboiling process. 32 

 The diffusion is the key parameter that affects the material property change. 33 

 Understanding of material change process can be used to tailor the final quality. 34 

Keywords: Parboiled Rice; Hydration; Dehydration; Diffusion; Gelatinisation; Glass 35 

Transition Temperature; Retrogradation 36 
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1 Introduction 37 

Rice (Oryza sativa L.) is an important staple food for nearly one-half of the world‘s 38 

population, contributing 21% of the global human per capita energy and 15% of per capita 39 

protein. More than a billion households of Asia, Africa and South America are dependent on 40 

rice for their main source of income and employment. Rice fields cover more than 9% of total 41 

earth‘s arable land (Maclean et al., 2002). 42 

The forms that rice is consumed include whole grains (brown, milled or parboiled), flour and 43 

fermented products. Parboiled rice is prepared by soaking, cooking and drying of paddy (or 44 

brown rice) before milling. 45 

The preference for parboiled over milled rice is based on the ‗traditional taste‘ preference of 46 

consumers, with some areas in South Asia preferring parboiled rice because it is typically less 47 

sticky than non-parboiled rice (Kato et al., 1983; Unnikrishnan & Bhattacharya, 1987). In 48 

addition, it is also preferred by health sensitive consumers due to its better nutritional 49 

properties compared to non-parboiled rice. Agronomic conditions during harvesting also 50 

promote the need to parboil rice because almost all the rice harvested during rainy season and 51 

rice that has experienced flooding during harvesting show excesssive breakage during milling 52 

(Bhattacharya, 2011). To counteract this, the paddy is parboiled to improve the Head Rice 53 

Yield (HRY). 54 

The type of rice chosen (e.g. amylose content, grain length) and parboiling method varies 55 

between countries and depending on its intended final use (Juliano, 1993). This literature 56 

review aims to provide a critical assessment of research behind the physical and chemical 57 

processes that impact on grain quality to better understand the choice of variety and methods 58 

used. 59 

2 Parboiling Processes 60 

There are many variations in traditional methods of parboiling depending on the place and 61 

scale of operation (Araullo et al., 1976), but the basic production steps are hydration of the 62 

paddy (to a moisture level ~24-30% wb), thermal treatment to achieve complete 63 

gelatinisation and dehydration to a moisture content appropriate for milling. In large scale 64 

commercial parboiling processes, variation in the processes is done to make it efficient, 65 

economical and to improve the end product quality (Bhattacharya, 2004). 66 
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Different variations of the parboiling process yield rice with different material properties, and 67 

so may challenge consumer preference for the product. For example, the hot soaking process 68 

gives a more discoloured product than cold soaking process, while pressure parboiled rice is 69 

even more discoloured. Furthermore, the cold water soaking method taints the paddy with off 70 

flavours. The dry parboiled rice has the faster dehydration and puffing charactreristics than 71 

others. A brief comparison of commercial parboiling processes is given in Table 1. 72 

In addition to the more common parboiling processes, there are other methods such as 73 

combination soaking (Igathinathane et al., 2005), ultrasonic soaking (Wambura et al., 2008), 74 

and soaking in alkali or acid solutions (Bello et al. 2004) but these are not widely used. 75 

3 Diffusion, Gelatinisation and Retrogradation in Parboiled 76 

Rice 77 

The key factors in controlling the material change due to changes in chemical and physical 78 

properties of the rice grain during parboiling process are: 79 

 Diffusion of water and other compounds into and out of the rice grain during hydration 80 

(rice soaking), dehydration (drying) and re-hydration (cooking prior to consumption) of 81 

rice grains 82 

 Starch gelatinisation and protein denaturation during heating as affected by moisture 83 

content, temperature and time 84 

 Starch retrogradation after heat treatment process 85 

Here, a review of the phenomena encountered, and the opportunities that exist to tailor the 86 

final quality of parboiled rice to consumer demand will be presented. 87 

3.1 Diffusion 88 

Diffusion is common to all steps of parboiling. The diffusion properties of rice depend on a 89 

number of factors including grain structure, composition, post-harvest processing, 90 

temperature and moisture content. The following section will examine how rice grain 91 

structure, microstructure, composition and glass transition dictate diffusion during hydration 92 

and dehydration processes. 93 

3.1.1 Glass Transition and Diffusivity 94 

Starch below the glass transition temperature (Tg) is in glassy state with low expansion 95 

coefficients, specific volume and diffusivity. In comparison, starch above the Tg is rubbery 96 
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with a higher expansion coefficient, specific volume and diffusivity. This physical change is 97 

influenced by the moisture content of the grain, with increased moisture content decreasing 98 

the glass transition temperature (Perdon et al., 2000; Slade & Levine, 1995; Slade et al., 99 

1991). The glass transition that starch undergoes during drying plays an important role in 100 

determining the Head Rice Yield (HRY) (Ondier et al., 2012; Perdon et al., 2000). It has been 101 

reported that the annealing of starch that happens above glass transition also reduces the 102 

kernel breakage (Truong et al., 2012). 103 

 104 

During soaking, the hydration rate increases with an increase in soak water temperature. 105 

When the temperature exceeds the gelatinisation temperature, the water absorption increases 106 

significantly (Bakshi & Singh, 1980; Bello et al., 2007; Suzuki et al., 1977). This 107 

phenomenon may also be true for other water soluble components such as inward and 108 

outward diffusion of pigments and micronutrients. The glass transition temperature of 109 

parboiled paddy is around 20°C (Siebenmorgen et al., 2004), or even lower due to the 110 

thermal breakdown of starch into lower molecular weight compounds (Fery, 1980; Slade & 111 

Levine, 1995). Drying of parboiled paddy above its Tg would be faster because it would have 112 

the starch with greater free volume where the water is more mobile (Slade et al., 1991) 113 

creating the higher diffusion rate. 114 

When the starch in the rice kernel is below the Tg, the granules are compact and the water is 115 

relatively immobile, resulting in long drying times to reach the final product moisture content 116 

(Cnossen et al., 2002). Drying above Tg (in the rubbery state) will be faster because the 117 

starch have a greater free volume and the water in starch is more mobile (Slade et al., 1991) 118 

creating a higher diffusion rate. 119 

3.1.2 Diffusion Models 120 

Water movement into paddy dictates the rate of hydration during the soaking step of 121 

parboiling and can be described by Fickian diffusion where the rate of water diffusion (flux) 122 

in the direction of flow is proportional to the concentration gradient. The diffusion coefficient 123 

is dependent on factors such as temperature, initial moisture content and internal composition 124 

of the grain (Bakshi & Singh, 1980; Bello et al., 2007; Suzuki et al., 1977). In rice, the major 125 

factor controlling hydration is temperature. 126 
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The moisture migration into and out of the grain involves a number of transport phenomena, 127 

such as capillary motion, molecular diffusion, liquid diffusion, vapour diffusion and Knudsen 128 

flow (Brennan et al., 1990; Senadeera et al., 2003; Zogzas & Maroulis, 1996). During 129 

soaking or drying, the moisture migration in/out the grains is generally considered to be 130 

governed by the diffusion caused by the moisture gradient between the surface and the centre 131 

(Becker, 1960; Engles et al., 1986; Sayar et al., 2001). Hence, Fick‘s second law of diffusion 132 

has been widely used to model the water sorption and desorption behaviour in grains during 133 

soaking and drying. 134 

Researchers have applied semi-theoretical models to the water uptake kinetics of food in the 135 

same manner as drying. These models are also based on Fick‘s second law of diffusion which 136 

are derived by simplifying the general series and hence these offer a compromise between 137 

theory and ease of use (Table 2). 138 

Singh et al. (2010) applied Peleg‘s model to the sorption data of paddy, brown rice and milled 139 

rice. They compared the experimental and predicted values of water absorption and reported 140 

that Peleg‘s model works well for predicting the hydration behaviour of paddy, brown and 141 

milled rice. However, the predicted values reported were lower than the experimental values. 142 

Page, Modified Page, Henderson & Pabis and Two Term Exponential Model were used to 143 

predict the hydration behaviour of brown rice (Cheevitsopon & Noomhorm, 2011) and milled 144 

rice (Kashaninejad et al., 2007). Both research groups reported that the Page model gave 145 

better predictions than others and satisfactorily described the experimental soaking 146 

characteristics of brown as well as milled rice. Akal et al. (2007) and Hacihafizoglu et al. 147 

(2008) compared twelve different semi-empirical models (Table 2) during thin-layer 148 

dehydration of paddy and reported that Midilli et al. model was the best in explaining the 149 

drying characteristics of rough rice whereas the geometric model appeared to give the worst 150 

fit. 151 

3.2 Hydration 152 

Hydration barriers originate from the morphology of the rice grain and the composition of the 153 

endosperm. This section discusses each. 154 
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3.2.1 Grain Structure 155 

3.2.1.1 Grain dimensions 156 

Paddy grain has variable length and breadth depending on the variety and even within a 157 

variety. Milled rice is classified on the basis of grain length which can range from 4.0 mm for 158 

a short grain to 7.7 mm for a long grain. Across these classifications, width and breadth of 159 

milled grain can range between 1.71-2.85 mm respectively (Bhattacharya, 2011). As the rate 160 

of diffusion is directly proportional to the surface area, varietal differences based on grain 161 

dimension will influence the mass water diffusion. Even within the same variety, the size of 162 

the grains differs and hence the diffusion rate. 163 

3.2.1.2 Husk layer 164 

Paddy grain is a multi-layered material consisting of husk (cellulose, outer layer), bran 165 

(aleurone; middle layer) and starch (inner layer). These three different layers have different 166 

material properties and hence differ in the rate of water diffusion. 167 

The characteristics of the husk (e.g. thickness, tightness of lemma and plea, pore-size and 168 

concentration of the silica) may be important factors in water diffusivity (Bhattacharya, 169 

2004). An earlier study suggested that if the husk of the paddy could be slightly opened, the 170 

diffusion rate would be much faster than the paddy with intact husk (Swamy et al., 1971). 171 

The water diffusion coefficient of the dehusked brown rice is at least two times greater than 172 

that of paddy (Table 3) which suggests that the husk as one of the major barrier for water 173 

diffusion (Bello et al., 2004; Thakur & Gupta, 2006). However the diffusion coefficient also 174 

varies depending on the temperature and variety (Shittu et al., 2012). 175 

Some paddy varieties have hairy husks and awn which further impose a barrier for diffusion. 176 

The varieties that have tighter interlocking between lemma and plea are more resistant to 177 

hydration than the varieties that have loose interlocking (Bhattacharya, 2011). 178 

Additionally, the hydration of rice grain can be affected by its position in the panicle. The 179 

grains in the primary panicles as well as those in the top of the panicles attained complete 180 

hydration (and hence parboiling) faster than the grains in lower positions (Pillaiyar et al., 181 

1998). This was found to be a result of variation in the material properties among the grains 182 

within the same panicle due to their relative maturity. 183 
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3.2.1.3 Bran layer 184 

Studies have shown that the brown rice kernel absorbs less water than milled rice during 185 

cooking (Figure 1) (Billiris et al., 2012; Desikachar et al., 1965). This has been attributed to 186 

the bran which is composed of hydrophobic waxy cuticle (Champagne et al., 2004) high in 187 

lipid content that offers the physical barrier for water diffusion into the kernel. The bran is 188 

also rich in protein and this also limits the starch hydration (Martin & Fitzgerald, 2002). In 189 

totality, the bran cuticle containing the high surface lipids and surface proteins collectively 190 

act as the barrier to diffusion. 191 

3.2.2 Kernel microstructure 192 

The microstructure of the rice kernel such as the granular arrangements of starch, pores and 193 

cracks present in the endosperm affect the diffusion process. The water diffusion in a 194 

polymeric system is related to the availability of molecular-sized holes (pores) in the polymer 195 

structure and polymer-water affinity. The number of holes depends on the microstructure of 196 

starch polymer, its morphology and crosslink density (Diamant et al., 1981). 197 

In addition to pores, rice kernels have cracks in the kernel that also contribute to the free 198 

volume in the kernel. The cracks are created due to the moisture stress during pre-harvest or 199 

post-harvest stage (Kunze & Calderwood, 2004). Together; these pores and cracks act as the 200 

water channels which affect the rate of diffusion. 201 

For many polymer systems, the free volume created within the materials (due to presence of 202 

pores and cracks) tends to dominate the diffusion process (Diamant et al., 1981; Johncock & 203 

Tudgey, 1986) because the change in volume of the polymer due to moisture-induced 204 

swelling is significantly less than the volume of moisture absorbed (Adamson, 1980; Wong & 205 

Broutman, 1985). This indicates that a large portion of the absorbed water resides in the free 206 

volume created by the pores and cracks. In rice kernels, the true density of the kernel 207 

increased with the increase in soaking temperature up to 40°C but it decreased when the 208 

soaking temperature was 70°C (Kashaninejad et al., 2007). It can be inferred from this result 209 

that the true density of kernel increases below the gelatinisation temperature because it gains 210 

mass but does not expand much in volume. During hydration of a polymer in the glassy 211 

phase, the water first fills the pores and cracks before causing an expansion in kernel volume. 212 

A larger number of pores and cracks will facilitate the higher water mass diffusion. When the 213 

temperature passes the glass transition temperature (Tg), the starch granules swell and the 214 
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volume increases significantly than the mass thereby decreasing the kernel density 215 

(Kashaninejad et al., 2007). Hence, it can be said that for the starch polymer in rice also, the 216 

free volume present due to the cracks and microstructure of the starch plays a dominant role 217 

in water diffusion before starch gelatinisation occurs. 218 

3.2.3 Composition 219 

3.2.3.1 Lipids 220 

Lipids in rice are classified into two types: non-starch and starch lipids. The non-starch lipid 221 

content in brown rice is 2.9-3.4% (db) whereas the starch lipid is 0.66-0.76% (db). Rice bran 222 

is mainly composed of the aleurone layer and embryo, and contains 60% of non-starch lipids 223 

that are the major lipids present in bran layer as spherosomes (Godber & Juliano, 2004). 224 

Starch lipids are present at relatively low concentrations and primarily in complex with 225 

amylose. Non-waxy rice, having a higher content of amylose, contains more starch lipids and 226 

less non-starch lipids than waxy milled rice (Choudhury & Juliano, 1980). 227 

The hydrophobic nature of lipids offers a barrier for the mass water diffusion. Billiris et al. 228 

(2012) reported that the hydration of brown rice was much slower than the milled rice. Kaur 229 

et al. (2011) did a study on cereal bran (wheat, rice, barley and oat) and found that the 230 

defatted bran had higher water absorption than full fat bran. They reasoned that the 231 

hydrophobic nature of fat, which might have contributed to the reduced water absorption of 232 

full-fat bran, while the hydrophilic nature of crude fibre might have contributed to the 233 

increased water absorption in the defatted bran samples. Confirmation of this could be 234 

achieved if an appropriate method for lipid removal from whole kernel without affecting its 235 

composition and micro-structure could be developed. 236 

3.2.3.2 Proteins 237 

Proteins are most concentrated on the outer surface of rice kernel and in the bran 238 

(Champagne et al., 2004). Surface proteins may have the role in regulating the water 239 

diffusion into the starch granule and control the granule swelling during gelatinisation 240 

because glass transition of protein is slightly lower than that of starch (Matveev et al., 2000) 241 

and hence it will have higher water absorption capacity than starch. Despite their presence at 242 

a lower concentration than starch in the rice, proteins have been identified as the major water 243 

absorbers (Derycke et al., 2005b; Martin & Fitzgerald, 2002). It has been reported that high 244 

protein rice requires more water and longer time to cook (Husain et al., 1981). The faster 245 
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hydration of protein than starch leads to the general conclusion that protein has a higher water 246 

diffusion coefficient than starch. 247 

3.2.3.3 Starch 248 

Starch has a multi-scale structural model where the granules are made from the alternating 249 

growth rings of amorphous and crystalline structure. This gives three different dynamic 250 

components in the starch, namely a highly crystalline region formed from amylopectin 251 

double helices; a more mobile, rubber-like amorphous region associated with amylopectin 252 

branch points and solid-like regions formed from lipid inclusion complexes of amylose 253 

(Morgan et al., 1995). However, the distinction between crystalline and amorphous states in 254 

starch is not absolutely clear in terms of molecular order. 255 

Starch granules contain pores on the surface that extend to the centre of the granules. Based 256 

on the X-ray diffraction pattern, native rice starch is classified as type A-crystalline. These 257 

types of structures are closely packed with water molecules between each double helical 258 

structure, whereas B-types are more open and water molecules are located in the central 259 

cavity (Corre et al., 2010). Tang et al. (2000) found there were four water reservoirs in the 260 

potato starch (B-types) which were extra-granular water, water in the amorphous growth 261 

rings, water in the semi-crystalline lamellae and channel water located in the hexagonal pores 262 

of amylopectin crystals. However, they did not find the ―channel water‖ in A-type crystals 263 

that are prevalent in non-parboiled rice starch. 264 

The amorphous regions of starch are considered to be susceptible to chemical reaction 265 

because this region swells the most upon hydration. The distribution of crystalline and 266 

amorphous regions of starch could be the determining factor for water diffusion within the 267 

starch granules. The crystallinity of the rice starch is 38-51% (Corre et al., 2010) which is 268 

greatly influenced by the moisture content and the amylopectin content. But amylose content 269 

has little effect on crystallinity for A-type starches. The higher gelatinisation temperature for 270 

the increasing level of crystallinity suggest that less water diffusion and swelling occurs in 271 

such rice kernels (Metcalf & Lund, 1985). 272 

3.3 Dehydration 273 

The final stage of the parboiling process after the starch in kernel is gelatinized during the 274 

soaking and heating steps of parboiling, is to dry the kernel to a safe moisture level (~12% 275 

wb) in order to render it suitable for further processing or storage conditions. The drying 276 
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pattern of the kernels that has gelatinized starch will be different from the non-gelatinized 277 

counterpart because of the change in material properties. Gelatinized starch is irreversibly 278 

swollen whereby water occupies the internal kernel void spaces including channels and 279 

bound to starch chains. Upon drying at a fast rate, the vacated water leaves behind fissures 280 

and hollow cavities in the dried grain that further increase diffusivity (Amornsin, 2003) to 281 

yield a low Head Rice Yield (Bhattacharya, 2011). Therefore to maintain and preferably 282 

improve Head Rice Yield, the final drying step of parboiling is crucial. 283 

The diffusion coefficient of water in the gelatinized starch (2x10
-10

 m
2
/s) is less than the non-284 

gelatinized starch (5x10
-10 

m
2
/s) (Uzman & Ahbaz, 2000), though in the case of paddy, 285 

parboiling opens the husk (Bhattacharya, 2011) which might facilitate the rate of moisture 286 

removal. 287 

At a molecular level, relative to unprocessed rice, during the final cooling and drying steps of 288 

parboiling the starch increases in crystallinity including the formation of crystalline amylose-289 

lipid complexes (Derycke, 2007). These changes to crystallinity are accompanied by a 290 

gradual change from a viscous-amorphous state to a glassy state. The change in physical state 291 

in turn impacts the diffusion of water out of rice kernel. 292 

3.4 Rehydration 293 

An uncooked rice grain (dry) absorbs less water than a parboiled rice grain at the room 294 

temperature. At temperatures near to the gelatinisation temperature of the rice, the uncooked 295 

rice grain absorbs more water than the parboiled rice (Pillaiyar & Mohandoss, 1981a). This 296 

unusual property of the hydration of the rice kernel has been explained from the viewpoint 297 

that water diffusion property of the starch is governed by the extent of starch gelatinisation 298 

and retrogradation, as well as the level of pores and fissures present in the grain. However a 299 

study on the rehydration of freeze dried parboiled rice showed that a higher extent of 300 

gelatinisation increased the rate of rehydration (Puspitowati & Driscoll, 2007). This suggests 301 

that not only the extent of starch gelatinisation but the microstructure that underlines the 302 

gelatinised nature of the kernel affects the rehydration phenomena of parboiled rice. 303 

3.5 Starch Gelatinisation and Retrogradation 304 

Parboiled rice is produced by heating starch above the gelatinisation temperature after 305 

hydration, or by hydrating in water above the gelatinisation temperature. Gelatinisation and 306 

re-crystallization are the major changes in rice starch that occur during parboiling. During re-307 
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crystallization process, the starch exhibits polymorphisms which contribute the final texture 308 

of cooked parboiled rice. 309 

During gelatinisation the swollen starch granules melt and the phase transition of starch 310 

occurs. As a result, the optical properties such as light polarization or iodine coloration value 311 

of the starch change, and some starch within the granules leaches out due to the bursting of 312 

granule cell wall. The detailed review of starch gelatinisation can be found in the reviews by 313 

Delcour & Hoseney (2010) and Fitzgerald (2004). The fully gelatinized starch turns into a 314 

viscous mass which has extremely limited water uptake capacity because diffusion process 315 

can no longer overcome the resistance of the highly viscous medium (the gelatinized starch). 316 

Starch gelatinisation also affects on the hydration behaviour of paddy because paddy exhibits 317 

two different soaking responses below and above gelatinisation temperature. Below the 318 

gelatinisation temperature, the rate of hydration increases with increasing temperature, with a 319 

slow increase in moisture content over the time until the equilibrium moisture content is 320 

achieved. Above the gelatinisation temperature, the hydration rate is high leading to the 321 

rupture of starch granules (Bandyopadhyay & Roy, 1978) and solid loss. 322 

During cooling and drying of parboiled rice the gelatinized starch re-crystallizes into A-and 323 

B-types of crystals. Non-parboiled rice predominantly contains A-type crystals whereas in 324 

parboiled rice starch A-, B- and V-types coexist (Derycke et al., 2005a). If the starch 325 

recrystallizes in the presence of a fatty acid or long chain alcohol, the V pattern is obtained. 326 

Amylose also gives V-pattern when complexed with n-butanol or lipids due to the amylose-327 

lipid complex formed as a result of parboiling (Buléon et al., 1998). The proportions of these 328 

crystal types (A, B or V) depend on the moisture content and the extent of heating during 329 

parboiling methods. For example, the temperature required for complete gelatinisation 330 

(determined as when A type crystals totally disappear) is 90°C at 60% moisture content 331 

which is 145°C at 25% moisture content (Derycke et al., 2005a). 332 

Ong and Blanchard (1995b) reported five polymorphic forms of the starch in parboiled rice: 333 

(1) residual unmodified starch (in partially parboiled rice) which gives the A-type of X-ray 334 

diffraction pattern and has the crystal melting point (Tm) of about 75°C, (2) annealed starch 335 

granule, which gives the A-type of X-ray diffraction pattern and a Tm of about 85°C, (3) re-336 

crystallized or retrograded amylopectin which also gives the A-type X-ray diffraction pattern 337 

and has the Tm of about 50°C, (4) lipid-amylose inclusion complex type I, which gives the V-338 
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type X-ray diffraction pattern and Tm more than 100°C and (5) lipid-amylose inclusion 339 

complex type II, which also gives a V-type X-ray diffraction pattern and has the Tm in the 340 

range of 105-120°C. 341 

However, the extent of retrogradation and its effect on the organoleptic properties of the 342 

cooked parboiled rice is still a subject of interesting research. 343 

When starchy foods such as rice grains are boiled, the starch granules at or near the outer 344 

surface gelatinize easily but the starch granules near the centre of the kernel are hard to be 345 

gelatinized because they are scarce in water. Hence, during the initial period of soaking at 346 

higher temperature, the mechanism of starch gelatinisation inside the food body may be 347 

governed by rate of gelatinisation in the limited water condition and the diffusion of water. 348 

Takeuchi et al. (1997) reported that during initial period of kernel boiling, there is a sharp 349 

moisture profile difference between the surface and the centre, which may also be the reason 350 

for uneven gelatinisation of starch during short time cooking. Watanabe et al. (2001) 351 

described that the diffusion in such a situation is of non-Fickian type and can be explained by 352 

the water demand (WD). They have proposed a new mathematical model to describe the 353 

features of water diffusion in starchy food during the course of cooking. 354 

4 Physical properties of parboiled rice 355 

Ultimately, it is the acceptability of the physical and chemical attributes of the final product 356 

that will promote the acceptance of a parboiled product. During hydrothermal treatment, the 357 

paddy undergoes some specific changes due to physical and chemical interactions. The extent 358 

of changes within the rice kernel depends on the processing variables applied during 359 

processing. Some of the major properties of parboiled rice are discussed in following 360 

headings. 361 

4.1 Grain Dimensions 362 

The water diffusion coupled with heat treatment causes the irreversible swelling of starch 363 

granules and hence the parboiled rice kernel is thicker and shorter than non-parboiled 364 

counterpart (Bhattacharya, 2004). This change was observed in the parboiling under excess 365 

water system but not in the limiting water systems such as dry heat and pressure parboiling 366 

process (Sowbhagya et al., 1993). 367 
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4.2 Chalk 368 

The opaque white patches seen on the belly of the milled rice (chalkiness) is the result of 369 

different cellular morphology of starch granules whereby chalky grains are packed loosely 370 

leaving some air spaces that scatter light and so look opaque. Chalkiness is a highly 371 

undesirable trait in all non-waxy rice varieties except for Arborio and Sake style rice. Due to 372 

the loose packing of starch there is more free volume within the kernel that can absorb more 373 

water than normal types. The water diffusion and starch gelatinisation process during 374 

parboiling removes such air spaces and hence the reduces the chalkiness (Bhattacharya, 375 

2011). In this respect, parboiling increases the consumer appeal of the product. 376 

4.3 Colour 377 

The colour of parboiled rice is different than the non-parboiled rice. Parboiled rice has a 378 

shade of amber colour possibly due to the diffusion of husk colour into the endosperm 379 

(Lamberts et al., 2006a; Lamberts et al., 2006b). Another cause has been reported to be the 380 

presence of an increased level of reducing sugar and free α-amino nitrogen (FAN) and 381 

isomerisation of glucose to fructose suggest the likelihood of non-enzymatic Maillard type of 382 

browning for colour change in parboiled rice (Lamberts et al., 2008). 383 

The colour change in parboiled rice increases with increasing soak water temperature (Islam 384 

et al., 2004; Sareepuang et al., 2008) and increasing steaming duration (Bhattacharya & 385 

Subba Rao, 1966; Lamberts et al., 2006a) as well as the increasing steaming pressure of 386 

inadequately hydrated grains (Bhattacharya, 2011). The husk colour absorption is also higher 387 

at high soaking temperature (Lamberts et al., 2006a) and the absorption of the coloured 388 

material (such as in folic acid fortification) from soak water (Kam et al., 2012) also 389 

negatively affects the whiteness of the rice kernel . 390 

4.4 Mechanical Properties 391 

The parboiling temperature and duration has the significant influence on the hardness of the 392 

kernel. The hardness of the paddy decreases with the increasing soak water temperature 393 

(Pillaiyar & Mohandoss, 1981b) and it increases with increasing steaming time (Kar et al., 394 

1999). Parboiling also increases the ultimate tensile strength (by about four to five times) and 395 

modulus of elasticity of the rice kernel. These strength values are directly proportional to 396 

steaming duration and the degree of starch gelatinisation (Saif et al., 2004). The increase in 397 
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strength may be the reasons why there is less breakage when parboiling rice is milled process 398 

and has altered texture than non-parboiled rice when cooked. 399 

5 Chemical properties of parboiled rice 400 

The parboiling process was found to impart the increased protein, lipids and ash content of 401 

rice kernel (Sareepuang et al., 2008). The chemical composition also differed due to different 402 

parboiling processes. For example, parboiled rice produced with high soak water temperature 403 

was reported to be less in lipid content (Sareepuang et al., 2008), higher in thiamine content 404 

(Chukwu & Oseh, 2009) but experienced higher starch leaching (Han and Lim, 2009). 405 

Whereas, the increasing steaming period decreased protein, calcium, iron and sodium but 406 

increased the fat, total ash and crude fibre content in parboiled rice (Ibukun, 2008). 407 

The chemical composition at a molecular level significantly influences the characteristics of 408 

the cooked parboiled rice that the consumer will ultimately base their preferences on. The 409 

following is a review of known changes to the composition and structure that occurs within 410 

the kernel. 411 

5.1 Starch 412 

Due to gelatinisation during the heating/cooking process, starch is irreversibly swollen in the 413 

parboiled rice. It is also thermally broken down to low molecular weight products depending 414 

on the time/temperature combination during processing (Mahanta & Bhattacharya, 1989). 415 

The different methods of parboiling, which differ in time/temperature combinations, will 416 

have significantly different extent of starch breakdown. The effect of starch breakdown on 417 

the cooking and eating quality of parboiled rice has not been reported in detail. 418 

5.1.1 Proteins 419 

The total protein and amino acid content of parboiled rice does not change although the 420 

protein bodies in the kernel are ruptured during the steaming process (Bhattacharya, 2011). 421 

The protein is hydrolysed leading to increased disulphide bonds which increases the viscosity 422 

and hardness in the parboiled rice (Derycke et al., 2005b). If the ageing of rice is connected 423 

with the change in protein structure and conformations, a study of this change in double 424 

boiling parboiling process could be of significant importance because the rice produced from 425 

this method imparts the ‗aged‘ characteristics (Bhattacharya, 2004). 426 
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5.1.2 Lipids 427 

During parboiling, the lipid bodies or the spherosomes of the non-starch lipids are broken and 428 

fat is released from the surface of kernel. This band of lipids are diffused outwards and hence 429 

the bran of parboiled rice is more oily (Mahadevappa & Desikachar, 1968) whereas the 430 

parboiled rice kernels (after milling) are less in lipid content than brown rice (Sareepuang et 431 

al., 2008). 432 

5.1.3 Vitamins and Minerals 433 

The parboiled rice is reported to retain more B-vitamins (thiamine and nicotinic acid) than 434 

raw rice. Parboiled rice has more thiamine and nicotinic acid than milled rice (Aykroyd, 435 

1932; Kik, 1946). Despite the fact that these two vitamins are lost during parboiling (leaching 436 

loss during soaking, thermal breakdown during steaming) (Ramalingam & Raj, 1996), the 437 

parboiled rice is still richer in these vitamins than milled (white) rice because the white rice 438 

looses these during polishing (Bhattacharya, 2011). Manful et al (2007) reported that the 439 

thiamine content in the parboiled rice increased gradually as parboiling intensity was 440 

increased from initial soaking temperature at 30°C and steaming for 4 min to soaking at 70°C 441 

and steaming for 12 min. There was a sharp rise in thiamine when the soaking temperature 442 

was further increased to 90°C and steamed for 12 min. The gradual increase in thiamine 443 

content with the severity of heat treatment (during soaking and steaming) indicates the 444 

possibility of the formation of this vitamin during thermal treatment. But this hypothesis can 445 

only be concluded after proper investigation. Whereas, the riboflavin level showed a different 446 

pattern because it increased with parboiling with increasing temperature of soak water up to 447 

70°C but beyond that it decreased (Manful et al., 2007). The loss of vitamins A and C was 448 

also observed after parboiling which was directly related to the severity of temperature 449 

(Chukwu & Oseh, 2009). 450 

The reasons behind the increased level of B-vitamins despite some loss has been reported due 451 

to the inward diffusion of these vitamins from bran layer to endosperm during the parboiling 452 

process (Pauda & Juliano, 1974). But a previous study done by Rao and Bhattacharya (1966) 453 

showed that the increase in the level of thiamine did not occur during soaking but it happened 454 

after steaming (gelatinisation). It was postulated that the gelatinisation ‗fixes‘ this vitamin 455 

and that is why the parboiling process strongly prevents the milling loss of these vitamins. 456 

The disagreement between the work by Subba Rao and Bhattacharya (1966) and Pauda and 457 

Juliano (1974) makes a topic of further research to determine whether the increase in the 458 
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level of B-vitamins is due to inward migration during soaking or fixation or both or even the 459 

product of thermal degradation. 460 

6 Properties of cooked parboiled rice 461 

6.1 Texture of cooked grain 462 

Texture of the rice grain after cooking is the principal quality attribute dictating the consumer 463 

acceptability and palatability which is expressed in terms of hardness or firmness and 464 

stickiness or adhesiveness as well as moistness to touch (Ramesh et al., 2000). 465 

The texture of the cooked rice grain is mainly affected by the genetic variability (variety), 466 

storage duration (ageing) and parboiling. The major varietal factor that controls the texture of 467 

cooked rice is amylose content. The high-amylose rice becomes flaky and dry upon cooking 468 

whereas low-amylose rice is sticky and moist (Juliano et al., 1981). The freshly harvested rice 469 

cooks sticky and lumpy as compared to the aged samples of the same variety. Cooked 470 

parboiled rice is more fluffy, non-sticky and free-flowing than non-parboiled counterpart. 471 

The gelatinisation, thermal breakdown of starch and the recrystallization (retrogradation) of 472 

the starch with some lipid-amylose inclusion complexes are the major factors that cause the 473 

texture change in parboiled rice (Mahanta et al., 1989; Ramesh et al., 1999; Ramesh et al., 474 

2000). The type of starch polymorphs (as discussed formerly) formed during particular 475 

parboiling process are important in determining the final texture of cooked parboiled rice 476 

(Ong & Blanshard, 1995a). 477 

6.2 Gelatinisation Temperature 478 

Based on the gelatinisation temperature, rice is grouped into three classes: low (55 to 69°C), 479 

intermediate (70 to 74°C), or high (75 to 79°C). The gelatinisation temperature of the rice is 480 

not variety-specific, and varies due to environmental and other factors (Bhattacharya, 1979). 481 

Gelatinisation is related to cooking time and texture of the rice. Knowledge of the 482 

gelatinisation temperature prior to parboiling is useful in hot-soak parboiling processes to 483 

adjust the temperature of soak water. For example, paddy with high and intermediate 484 

gelatinisation temperature can be soaked in hot water of 70°C whereas the paddy with low 485 

gelatinisation temperature will be over hydrated at this temperature if soaked for the same 486 

period as the paddy with high gelatinisation temperature (Bhattacharya, 2011). 487 
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Parboiling process increases the gelatinisation temperature of rice which is proportional with 488 

the severity of the heat treatment (Islam et al., 2002). 489 

6.3 Viscosity 490 

Viscosity provides inferences to the final texture of the cooked product. The peak viscosity, 491 

breakdown, final viscosity, set back time to peak viscosity and pasting temperature (Figure 2) 492 

are typical parameters recorded by rapid visco-analyser (RVA) to assess the pasting 493 

properties of cooked rice (Bhattacharya, 2011). The viscosity curves are variable with the 494 

moisture, protein, lipid and amylose content of the rice samples (Fitzgerald et al., 2003). 495 

The increase in pasting temperature, reduction of peak viscosity, elevation of final viscosity 496 

and the reduction in the breakdown and total setback time are the major changes due to 497 

parboiling (Ali & Bhattacharya, 1980; Rao & Juliano, 1970). The high-amylose starches are 498 

intensely affected by parboiling than medium-and low-amylose starches (Zavareze et al., 499 

2010). 500 

7 Conclusion 501 

The factors in controlling the material properties of parboiled rice are the diffusion of water 502 

and other compounds into and out of the rice grain, starch gelatinisation and retrogradation 503 

and the protein denaturation and disulfide linkage. 504 

Diffusion is a key parameter to dictate the final quality of parboiled rice. The diffusion 505 

properties of rice depend on a number of factors including grain structure, composition, post-506 

harvest processing, temperature and moisture content. Fick‘s second law of diffusion has 507 

been widely used to determine the diffusion behaviour in grains during soaking and drying. 508 

Researchers have also applied semi-theoretical models to understand the diffusion process in 509 

the rice grain. 510 

Gelatinisation and re-crystallization are the major changes in rice starch that occur during 511 

parboiling. During gelatinisation the swollen starch granules melt and the phase transition of 512 

starch occurs. And in re-crystallization process, the starch exhibits polymorphisms which 513 

contribute the final texture of cooked parboiled rice. 514 

The extent of changes within the rice kernel during hydrothermal treatment depends on the 515 

processing variables applied during processing. The parboiled rice kernel is thicker and 516 
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shorter than non-parboiled counterpart. The opaque white patches seen on the belly of the 517 

milled rice (chalkiness) is removed by parboiling. The parboiled rice has a shade of amber 518 

colour possibly due to the diffusion of husk colour into the endosperm or non-enzymatic 519 

Maillard type of browning. The parboiled rice has higher mechanical strength which makes it 520 

less susceptible to breakage during milling. The content of B-vitamins is increased in 521 

parboiled rice. The eating properties of parboiled rice are also altered than non-parboiled 522 

counterpart because it is less sticky, absorbs less water and takes a bit more time in cooking. 523 

The severity of the time-temperature treatment adopted during different parboiling process 524 

affect the final quality of parboiled rice. For example, the colour change increases with 525 

increasing soak water temperature and increasing steaming duration as well as the increasing 526 

steaming pressure. Whereas, the hardness value decreases with the increasing soak water 527 

temperature but increases with increasing steaming time. The parboiled rice produced with 528 

high soak water temperature was reported to be less in lipid content, higher in thiamine 529 

content (Chukwu & Oseh, 2009) but experienced higher starch leaching. The thiamine 530 

content in the parboiled rice increases gradually as soaking temperature and steaming 531 

duration is increased. Whereas, the increasing steaming period decreased protein, calcium, 532 

iron and sodium but increased the fat, total ash and crude fibre content in parboiled rice. 533 

There is loss of vitamins A and C which is directly related to the severity of temperature. 534 

 535 

Acknowledgments 536 

First author is thankful to the Australian Government for awarding him with an Endeavour 537 

postgraduate award to carry out this work. 538 

539 



20 

 

8 References 540 

Abe, T., & Afzal, T. (1997). Thin-layer infrared radiation drying of rough rice. Journal of 541 

Agricultural Engineering Research, 67(4), 289-297. 542 

Adamson, M. J. (1980). Thermal expansion and swelling of cured epoxy resin used in 543 

graphite/epoxy composite materials. Journal of Materials Science, 15(7), 1736-1745. 544 

Agrawal, Y. C., & Singh, R. P. (1977). Thin-layer drying studies on short-grain rough rice. 545 

ASAE Paper No.77-3531. St. Joseph, MI: American Society of Agricultural 546 

Engineers. 547 

Akal, D., Kahveci, K., & Cihan, A. (2007). Mathematical Modelling of Drying of Rough 548 

Rice in Stacks. Food Science and Technology International, 13(6), 437-445. 549 

Ali, S. Z., & Bhattacharya, K. R. (1980). Research note on pasting behaviour of parboiled 550 

rice. Journal of Texture Studies, 11(3), 239-246. 551 

Amornsin, A. (2003). Properties of waxy rice starch and rice grain: process development for 552 

an instant waxy rice product. The University of Georgia, Athens, Georgia. 553 

Araullo, E. V., De Pauda, D. B., & Graham, M. (1976). Rice: postharvest technology. In,  554 

(pp. 163.204). Ottawa, Canada K1G 3H9: International Development Research 555 

Centre. 556 

Aykroyd, W. R. (1932). The effect of parboiling and milling on the antineuritic vitamin (B1) 557 

and phosphate content of rice. The Journal of hygiene, 32(2), 184-192. 558 

Bakshi, A. S., & Singh, R. P. (1980). Kinetics of water diffusion and starch gelatinization 559 

during rice parboiling. Journal of Food Science, 45(5), 1387-1392. 560 

Bandyopadhyay, S., & Roy, N. C. (1978). Semiempirical correlation for prediction of 561 

hydration characteristics of paddy during parboiling. Journal of Food Technology, 562 

13(2), 91-98. 563 

Basunia, M., & Abe, T. (2001). Thin-layer solar drying characteristics of rough rice under 564 

natural convection. Journal of Food Engineering, 47(4), 295-301. 565 

Becker, H. A. (1960). On the absorption of liquid water by the wheat kernel. Cereal 566 

Chemistry, 37, 309-323. 567 

Bello, M. O., Tolaba, M. P., & Suarez, C. (2004). Factors affecting water uptake of rice grain 568 

during soaking. LWT - Food Science and Technology, 37(8), 811-816. 569 

Bello, M. O., Tolaba, M. P., & Suarez, C. (2007). Water absorption and starch gelatinization 570 

in whole rice grain during soaking. LWT - Food Science and Technology, 40(2), 313-571 

318. 572 

Bhattacharya, K. R. (1979). Gelatinization temperature of rice starch and its determination. In  573 

Chemical Aspects of Rice Grain Quality). International Rice Research Institute, Los 574 

Baños, Laguna, Philippines: International Rice Research Institute. 575 

Bhattacharya, K. R. (2004). Parboiling of rice. In E. T. Champagne (Ed.), Rice Chemistry and 576 

Technology Third ed.,  (pp. 329-404). Minnesota: American Association of Cereal 577 

Chemists, Inc. 578 

Bhattacharya, K. R. (2011). Rice quality (1st ed.). Cambrige, UK: Woodhead Publishing 579 

Limited. 580 

Bhattacharya, K. R., & Subba Rao, P. V. (1966). Processing Conditions and Milling Yield in 581 

Parboiling of Rice. Journal of Agricultural and Food Chemistry, 14(5), 473-475. 582 

Billiris, M. A., Siebenmorgen, T. J., Meullenet, J. F., & Mauromoustakos, A. (2012). Rice 583 

degree of milling effects on hydration, texture, sensory and energy characteristics. 584 

Part 1. Cooking using excess water. Journal of Food Engineering, 113, 559-568. 585 

Botelho, F. M., Corrêa, P. C., Goneli, A. L. D., Martins, M. A., & Baptestini, F. M. (2010). 586 

Análise da hidratação do arroz na parboilização. Ciencia E Tecnologia De Alimentos, 587 

30, 713-718. 588 



21 

 

Brennan, J. G., Butters, J. R., Cowell, N. D., & Lilly, A. E. (1990). Food Engineering 589 

operations (3rd ed.). London: Applied Science. 590 

Buléon, A., Colonna, P., Planchot, V., & Ball, S. (1998). Starch granules: structure and 591 

biosynthesis. International Journal of Biological Macromolecules, 23(2), 85-112. 592 

Champagne, E. T., Wood, D. F., Juliano, B. O., & Bechtel, D. B. (2004). The rice grain and 593 

its gross composition. In E. T. Champagne (Ed.), Rice: Chemistry and Technology 3rd 594 

ed.,  (pp. 77-107). St. Paul, Minnesota: American Association of Cereal Chemists, 595 

Inc. 596 

Chandra, P. K., & Singh, R. P. (1995). Applied Numerical Methods for Food and 597 

Agricultural Engineering. Boca Raton, FL: CRC Press. 598 

Cheevitsopon, E., & Noomhorm, A. (2011). Kinetics of hydration and dimensional changes 599 

of brown rice. Journal of Food Processing and Preservation, 35, 840-849. 600 

Chen, C., & Tsao, C. T. (1994). Study on the thin-layer drying model for rough rice. Journal 601 

of Chinese Agricultural Researcg, 43, 208-227. 602 

Choudhury, N. H., & Juliano, B. O. (1980). Effect of amylose content on the lipids of mature 603 

rice grain. Phytochemistry, 19(7), 1385-1389. 604 

Chukwu, O., & Oseh, F. J. (2009). Response of nutritional contents of rice (Oryza sativa) to 605 

parboiling temperatures. American-Eurasian Journal of Sustainable Agriculture, 3(3): 606 

381-387, 2009, 3(3), 381-387. 607 

Cihan, A., Kahveci, K., & Hacıhafızoğlu, O. (2007). Modelling of intermittent drying of thin 608 

layer rough rice. Journal of Food Engineering, 79(1), 293-298. 609 

Cnossen, A. G., Siebenmorgen, T. J., & Yang, W. (2002). The glass transition temperature 610 

concept in rice drying and tempering: Effect on drying rate. Trans. ASAE, 45(3), 759-611 

766. 612 

Corre, D. L., Bras, J., & Dufresne, A. (2010). Starch nanoparticles: A review. 613 

Biomacromolecules, 11, 1139-1153. 614 

Crank, J. (1975). The mathematics of diffusion (2nd ed.). Oxford: Clarendon Press. 615 

Das, I., Das, S., & Bal, S. (2004). Drying performance of a batch type vibration aided 616 

infrared dryer. Journal of Food Engineering, 64(1), 129-133. 617 

Delcour, J. A., & Hoseney, R. C. (2010). Principles of cereal science and technology (3rd 618 

ed.). St. Paul, Minnesota: AACC International, Inc. 619 

Derycke, V. (2007). Parboiling of rice: changes in starch and protein and their relation to 620 

cooking properties. Katholiek Univeristy, Leuven, Belgium. 621 

Derycke, V., Vandeputte, G. E., Vermeylen, R., De Man, W., Goderis, B., Koch, M. H. J., & 622 

Delcour, J. A. (2005a). Starch gelatinization and amylose–lipid interactions during 623 

rice parboiling investigated by temperature resolved wide angle X-ray scattering and 624 

differential scanning calorimetry. Journal of Cereal Science, 42(3), 334-343. 625 

Derycke, V., Veraverbeke, W. S., Vandeputte, G. E., De Man, W., Hoseney, R. C., & 626 

Delcour, J. A. (2005b). Impact of proteins on pasting and cooking properties of 627 

nonparboiled and parboiled rice. Cereal Chemistry, 82(4), 468-474. 628 

Desikachar, H. S. R., Rao, S. N. R., & Ananthachar, T. K. (1965). Effect of degree of milling 629 

on water absorption of rice during cooking. Journal of Food Science and Technology, 630 

2, 110-112. 631 

Diamant, Y., Marom, G., & Broutman, L. J. (1981). The effect of network structure on 632 

moisture absorption of epoxy resins. Journal of Applied Polymer Science, 26(9), 633 

3015-3025. 634 

Engles, C., Hendrickx, M., De Samtlax, S., De Gryze, I., & Tobback, P. (1986). Modelling 635 

water diffusion during long-grain rice soaking. Journal of Food Engineering, 5, 55-636 

73. 637 



22 

 

Fery, J. D. (1980). Viscoelastic properties of polymers (3rd ed.). New York: John Wiley & 638 

Sons. 639 

Fitzgerald, M. A. (2004). Starch. In E. T. Champagne (Ed.), Rice: Chemistry and Technology 640 

3rd ed.). St. Paul, Minnesota: American Association fo Cereal Chemists, Inc. 641 

Fitzgerald, M. A., Martin, M., Ward, R. M., Park, W. D., & Shead, H. J. (2003). Viscosity of 642 

rice flour: a rheological and biological study. Journal of Agricultural and Food 643 

Chemistry, 51, 2295-2299. 644 

Godber, J. S., & Juliano, B. O. (2004). Rice lipids. In E. T. Champagne (Ed.), Rice: chemistry 645 

and technology 3rd ed.). St. Paul, Minnesota: American Association of Cereal 646 

Chemists, Inc. 647 

Hacıhafızoğlu, O., Cihan, A., & Kahveci, K. (2008). Mathematical modelling of drying of 648 

thin layer rough rice. Food & Bioproducts Processing: Transactions of the Institution 649 

of Chemical Engineers Part C, 86(4), 268-275. 650 

Henderson, S. M., & Pabis, S. (1969). Grain drying theory I. Temperature effect on drying 651 

coefficient. . Journal of Agriculture Engineering Research, 6(3), 169-174. 652 

Husain, A. N., Hwa, C. Y., & Ahmad, L. (1981). Rice quality in the Malaysian context. In  653 

National rice conference of reserch for the rice farmers). Malaysia.: Malaysian 654 

Agricultural Research and Development Institute. 655 

Ibukun, E. O. (2008). Effect of prolonged parboiling duration on proximate composition of 656 

rice. Scientific Research and Essay, 3(7), 323-325. 657 

Igathinathane, C., Chattopadhyay, P. K., & Pordesimo, L. O. (2005). Combination soaking 658 

procedure for rough rice parboiling. Transactions of the Asae, 48(2), 665-671. 659 

Islam, M. R., Shimizu, N., & Kimura, T. (2002). Effect of processing conditions on thermal 660 

properties of parboiled rice. Food Science and Technology Research, 8(2), 131-136. 661 

Islam, M. R., Shimizu, N., & Kimura, T. (2004). Energy requirement in parboiling and its 662 

relationship to some important quality indicators. Journal of Food Engineering, 63(4), 663 

433-439. 664 

Johncock, P., & Tudgey, G. F. (1986). Some effects of structure, composition and cure on the 665 

water absorption and glass transition temperature of amine-cured epoxies. British 666 

Polymer Journal, 18(5), 292-302. 667 

Juliano, B. O. (1993). Rice in human nutrition (FAO food and nutrition series No. 26). Rome: 668 

Food and Agriculture Organization. 669 

Juliano, B. O., Perez, C. M., Barber, S., Balkeney, A. B., Iwasaki, T., Shibuya, N., Keneaster, 670 

K. K., Chung, S., Laignelet, B., Launay, B., Del Mundo, A. M., Suzuki, H., Shiki, J., 671 

Tsuji, S., Tokoyama, J., Tatsumi, K., & Webb, B. D. (1981). International cooperative 672 

comparison of instrument methods for cooked rice texture. Journal of Texture Studies, 673 

12, 17-38. 674 

Kam, K., Arcot, J., & Ward, R. (2012). Fortification of rice with folic acid using parboiling 675 

technique: Effect of parboiling conditions on nutrient uptake and physical 676 

characteristics of milled rice. Journal of Cereal Science, 56(3), 587-594. 677 

Kar, N., Jain, R. K., & Srivastav, P. P. (1999). Parboiling of dehusked rice. Journal of Food 678 

Engineering, 39(1), 17-22. 679 

Kashaninejad, M., Maghsoudlou, Y., Rafiee, S., & Khomeiri, M. (2007). Study of hydration 680 

kinetics and density changes of rice (Tarom Mahali) during hydrothermal processing. 681 

Journal of Food Engineering, 79(4), 1383-1390. 682 

Kato, H., Ohta, T., Tsugita, T., & Hosaka, Y. (1983). Effect of parboiling on texture and 683 

flavor components of cooked rice. Journal of Agricultural and Food Chemistry, 684 

31(4), 818-823. 685 

Kaur, S., Sharma, S., & Nagi, H. P. S. (2011). Functional properties and anti-nutritional 686 

factors in cereal bran. Asian Journal of Food and Agro-Industry, 4(2), 122-131. 687 



23 

 

Kik, M. C. (1946). Effect of parboiling on thiamine in rice. Cereal Chemistry, 23(6), 529-688 

539. 689 

Kunze, O. R., & Calderwood, D. L. (2004). Rough-rice drying-Moisture adsportion and 690 

desorption. In E. T. Champagne (Ed.), Rice: Chemistry and Technology 3rd ed.,  (pp. 691 

223-268). St. Paul, Minnesota, USA: American Association of Cereal Chemists, Inc. 692 

Lamberts, L., Brijs, K., Mohamed, R., Verhelst, N., & Delcour, J. A. (2006a). Impact of 693 

browning reactions and bran pigments on color of parboiled rice. Journal of 694 

Agricultural and Food Chemistry, 54(26), 9924-9929. 695 

Lamberts, L., De Bie, E., Derycke, V., Veraverbeke, W. S., De Man, W., & Delcour, J. A. 696 

(2006b). Effect of processing conditions on color change of brown and milled 697 

parboiled rice. Cereal Chemistry, 83(1), 80-85. 698 

Lamberts, L., Rombouts, I., Brijs, K., Gebruers, K., & Delcour, J. A. (2008). Impact of 699 

parboiling conditions on Maillard precursors and indicators in long-grain rice 700 

cultivars. Food Chemistry, 110(4), 916-922. 701 

Lewis, W. K. (1921). The rate of drying of solids materials. Industrial Engineering 702 

Chemistry, 13, 427. 703 

Maclean, J. L., Dawe, D. C., Hardy, B., & Hettel, G. P. (2002). Rice Almanac. In  3rd ed.). 704 

Metro Manila, Philippines: International Rice Research Institute. 705 

Mahadevappa, M., & Desikachar, H. S. R. (1968). Some observations on histology of raw 706 

and parboiled rice. Journal of Food Science and Technology-Mysore, 5, 72-73. 707 

Mahanta, C. L., Ali, S. Z., Bhattacharya, K. R., & Mukherjee, P. S. (1989). Nature of starch 708 

crystallinity in parboiled rice. Starch - Stärke, 41, 171-176. 709 

Mahanta, C. L., & Bhattacharya, K. R. (1989). Thermal degradation of starch in parboiled 710 

rice. Starch - Stärke, 41, 91-94. 711 

Manful, J. T., Swetman, A. A., Coker, R. D., & Drunis, A. (2007). Changes in the thiamine 712 

and riboflavin contents of rice during artisanal parboiling in Ghana. Tropical Science, 713 

47(4), 211-217. 714 

Martin, M., & Fitzgerald, M. A. (2002). Proteins in rice grains influence cooking properties! 715 

Journal of Cereal Science, 36(3), 285-294. 716 

Matveev, Y. I., Grinberg, V. Y., & Tolstoguzov, B. V. (2000). The plasticizing effect of 717 

water on proteins polysaccharides and their mixtures. Glassy state of biopolymers, 718 

food and seeds. Food Hydrocolloids, 14(425-437). 719 

Metcalf, S. L., & Lund, D. B. (1985). Factors affecting water uptake in milled rice. Journal of 720 

Food Science, 50(6), 1676-1679. 721 

Midilli, A., Kucuk, H., & Yapar, Z. (2002). A new model for single-layer drying. Drying 722 

Technology, 20(7), 1503-1513. 723 

Morgan, K. R., Furneaux, R. H., & Larsen, N. G. (1995). Solid-state NMR studies on the 724 

structure of starch granules. Carbohydrate Research, 276(2), 387-399. 725 

Noomhorm, a., & Verma, L. R. (1986). Generalized single-layer rice drying models. Trans. 726 

ASAE, 29, 587-591. 727 

Ondier, G. O., Siebenmorgen, A., & Mauromoustakos, A. (2012). Drying characteristics and 728 

milling quality of rough rice dired in a single pass incorporating glass transition 729 

principles. Drying Technology, 30, 1821-1830. 730 

Ong, M. H., & Blanshard, J. M. V. (1995a). The significance of starch polymorphism in 731 

commercially produced parboiled rice. Starch - Stärke, 47(1), 7-13. 732 

Ong, M. H., & Blanshard, J. M. V. (1995b). Texture determinants of cooked, parboiled rice. 733 

II: Physicochemical properties and leaching behaviour of rice. Journal of Cereal 734 

Science, 21(3), 261-269. 735 



24 

 

Onuoha, L. N., Aviara, N. A., Abdulrahim, T. A., & Suleiman, A. T. (2013). Influence of 736 

cultivar on the predictive performance of a moisture transport model developed for 737 

parboiled paddy drying. Drying Technology, 31, 494-506. 738 

Overhults, D. G., White, G. M., Hamilton, H. E., & Ross, I. J. (1973). Drying soyabeans with 739 

heated air. Transactions of ASAE, 16, 112-113. 740 

Page, G. (1949). Factors influencing the maximum rates of air drying shelled corn in thin 741 

layers. Purdue University, Indiana. 742 

Pauda, A. B., & Juliano, B. O. (1974). Effect of parboiling on thiamine, protein and fat of 743 

rice. Journal of the science of food and agriculture, 25, 697-701. 744 

Peleg, M. (1988). An empirical model for the description of moisture sorption curves. 745 

Journal of Food Science, 53, 1216-1219. 746 

Perdon, A., Siebenmorgen, T. J., & Mauromoustakos, A. (2000). Glassy state transition and 747 

rice drying: development of a brown rice state diagram. Cereal Chemistry, 77(6), 708-748 

713. 749 

Pillaiyar, P., & Mohandoss, R. (1981a). Cooking qualities of parboiled rices produced at low 750 

and high temperatures. Journal of the science of food and agriculture, 32(5), 475-480. 751 

Pillaiyar, P., & Mohandoss, R. (1981b). Hardness and colour in parboiled rices produced at 752 

low and high temperatures. Journal of Food Science and Technology-Mysore, 18, 7-9. 753 

Pillaiyar, P., Sabarathinam, P. L., & Sulochana, S. (1998). Variations in hydration of paddy 754 

grains within and among panicles of pure variety during parboiling. Journal of Food 755 

Science and Technology-Mysore, 35(3), 274-275. 756 

Puspitowati, S., & Driscoll, R. H. (2007). Effect of degree of gelatinisation on the rheology 757 

and rehydration kinetics of instant rice produced by freeze drying. International 758 

Journal of Food Properties, 10(3), 445-453. 759 

Ramalingam, N., & Raj, S. A. (1996). Studies on the soak water characteristics in various 760 

paddy parboiling methods. Bioresource Technology, 55(3), 259-261. 761 

Ramesh, M., Ali, S. Z., & Bhattacharya, K. R. (1999). Influence of parboiling on rice starch 762 

structure and cooked-rice texture. Journal of Texture Studies, 30(3), 337-344. 763 

Ramesh, M., Bhattacharya, K. R., & Mitchell, J. R. (2000). Developments in enderstanding 764 

the basis of cooked-rice texture. Critical Reviews in Food Science and Nutrition, 765 

40(6), 449-460. 766 

Rao, S. N., & Juliano, B. O. (1970). Effect of parboiling on some physicochemical properties 767 

of rice. Journal of Agricultural and Food Chemistry, 18(2), 289-294. 768 

Saif, S. M. H., Suter, D. A., & Lan, Y. (2004). Effects of processing conditions and 769 

environmental exposure on the tensile properties of parboiled rice. Biosystems 770 

Engineering, 89(3), 321-330. 771 

Sareepuang, K., Siriamornpun, S., Wiset, L., & Meeso, N. (2008). Effect of soaking 772 

temperature on physical, chemical and cooking properties of parboiled fragrant rice. 773 

World Journal of Agricultural Sciences, 4(4), 409-415. 774 

Sayar, S., Turhan, M., & Gunasekaran, S. (2001). Analysis of chickpea soaking by 775 

simultaneous water transfer and water-starch reaction. Journal of Food Engineering, 776 

50, 91-98. 777 

Senadeera, W., Bhandari, B. R., Young, G., & Wijesinghe, B. (2003). Influence of shapes of 778 

selected vegetable materials on drying kinetics during fluidized bed drying. Journal of 779 

Food Engineering, 58(3), 277-283. 780 

Sharaf-Eldeen, Y. I., Blaisdell, J. L., & Hamdy, M. Y. (1980). A model for ear corn drying. 781 

Transactions of ASAE, 23, 1261-1265. 782 

Sharma, A., Kunze, O., & Tolley, H. (1982). Rough rice drying as a two-compartment model. 783 

Transactions of the ASAE [American Society of Agricultural Engineers], 25. 784 



25 

 

Shittu, T., Olaniyi, M., Oyekanmi, A., & Okeleye, K. (2012). Physical and water absorption 785 

characteristics of some improved rice varieties. Food and Bioprocess Technology, 786 

5(1), 298-309. 787 

Siebenmorgen, T. J., Yang, W., & Sun, Z. (2004). Glass transition temperature of rice kernels 788 

determined by dynamic mechanical thermal analysis. Transactions of the Asae, 47(3), 789 

835-839. 790 

Singh, V., Vishwanathan, K. H., Aswathanarayana, K. N., & Indhudhara Swamy, Y. M. 791 

(2010). Hydration behaviour of food grains and modelling their moisture pick up as 792 

per Peleg's equation: Part I. Cereals. Journal of Food Science and Technology, 47(1), 793 

34-41. 794 

Slade, L., & Levine, H. (1995). Water and the glass transition - dependence of the glass 795 

transition on composition and chemical structure: special implications for flour 796 

functionality in cookie baking. Journal of Food Engineering, 24, 431-539. 797 

Slade, L., Levine, H., & Reid, D. S. (1991). Beyond water activity: Recent advances based on 798 

an alternative approach to the assessment of food quality and safety. Critical Reviews 799 

in Food Science and Nutrition, 30(2-3), 115-360. 800 

Sowbhagya, C. M., Ali, S. Z., & Ramesh, B. S. (1993). Effect of parboiling on grain 801 

dimensions of rice. Journal of Food Science and Technology-Mysore, 30(6), 459-461. 802 

Steffe, J. F., & Singh, R. P. (1980). Liquid diffusivity of rough rice components. 803 

Transactions of ASAE, 23(3), 767-774 &782. 804 

Steffe, J. F., & Singh, R. P. (1982). Diffusion coefficients for predicting rice drying 805 

behaviour. Journal of Agricultural Engineering Research, 27(6), 489-493. 806 

Subba Rao, P. V., & Bhattacharya, K. R. (1966). Effect of parboiling on thiamine content of 807 

rice. Journal of Agriculture and Food Chemistry, 14, 479-482. 808 

Suzuki, K., Aki, M., Kubota, K., & Hosaka, H. (1977). Studies on the cooking rate equations 809 

of rice. Journal of Food Science, 42, 1545-1548. 810 

Swamy, I. Y. M., Ali, S. Z., & Bhattacharya, K. R. (1971). Hydration of raw and parboiled 811 

rice and paddy at room temperature. Journal of Food Science and Technology, 8, 20-812 

22. 813 

Takeuchi, S., Fukuoka, M., Gomi, Y., Maeda, M., & Watanabe, H. (1997). An application of 814 

magnetic resonance imaging to the real time measurement of the change of moisture 815 

profile in a rice grain during boiling. Journal of Food Engineering, 33(1-2), 181-192. 816 

Tang, H. R., Godward, J., & Hills, B. (2000). The distribution of water in native starch 817 

granules—a multinuclear NMR study. Carbohydrate Polymers, 43, 375-387. 818 

Thakur, A. K., & Gupta, A. K. (2006). Water absorption characteristics of paddy, brown rice 819 

and husk during soaking. Journal of Food Engineering, 75(2), 252-257. 820 

Truong, T., Truong, V., Fukai, S., & Bhandari, B. R. (2012). Changes in cracking behaviour 821 

and milling quality of selected Australian rice varieties due to post drying annealing 822 

and subsequent storage. Drying Technology, 30(1831-1843). 823 

Unnikrishnan, K. R., & Bhattacharya, K. R. (1987). Influence of varietal difference on 824 

properties of parboiled rice. Cereal Chemistry, 65(4), 315-321. 825 

Uzman, D., & Ahbaz, F. S. (2000). Drying kinetics of hydrated and gelatinized corn starches 826 

in the presence of sucrose and sodium chloride. Journal of Food Science, 65(1), 115-827 

122. 828 

Verma, L. R., Bucklin, R., Endan, J., & Wratten, F. (1985). Effects of drying air parameters 829 

on rice drying models. Transactions of the ASAE-American Society of Agricultural 830 

Engineers, 28, 296-301. 831 

Wambura, P., Yang, W., & Wang, Y. (2008). Power Ultrasound Enhanced One-Step Soaking 832 

and Gelatinization for Rough Rice Parboiling. International Journal of Food 833 

Engineering, 4(4). 834 



26 

 

Wang, C. Y., & Singh, R. P. (1978). A thin layer drying equation for rough rice. In  ASAE 835 

Paper no. 78-3001). St. Joseph, MI, USA. 836 

Watanabe, H., Fukuoka, M., Tomiya, A., & Mihori, T. (2001). A new non-Fickian diffusion 837 

model for water migration in starchy food during cooking. Journal of Food 838 

Engineering, 49(1), 1-6. 839 

Wong, T. C., & Broutman, L. J. (1985). Water in epoxy resins Part II. Diffusion mechanism. 840 

Polymer Engineering & Science, 25(9), 529-534. 841 

Zavareze, E. d. R., Storck, C. R., de Castro, L. A. S., Schirmer, M. A., & Dias, A. R. G. 842 

(2010). Effect of heat-moisture treatment on rice starch of varying amylose content. 843 

Food Chemistry, 121(2), 358-365. 844 

Zogzas, N. P., & Maroulis, Z. B. (1996). Effective moisture diffusivity estimation from 845 

drying data. A comparison between various methods of analysis. Drying Technology, 846 

14(7 and 8), 1543−1573. 847 

 848 



27 

 

Table 1: Comparative overview of some parboiling methods (Bhattacharya, 2004). 849 

Process Benefits Disadvantages 

1. Single boiling process 

Soak paddy at ambient temperature for about 72 hr. Drain and steam paddy for a 

few minutes. Dry. 

Simple technology 

Easy to implement 

Low cost  

Risk of microbial fermentation 

Fermentation may cause off-flavour in the 

product. 

2. Double boiling process 

Steam paddy prior to putting in into the soak water (pre-steaming heats the water). 

Soak at ambient temperature for about 36 h, drain, steam and dry. 

Reduced soaking time compared to (1). 

Aged rice texture  

Risk of microbial fermentation 

Fermentation may cause off-flavour in the 

product 

Risk of grain bursting  

3. Hot water (or Central Food Techonlogical Research Institute) process 

Soak paddy in hot water (about 70°C) for about 3 hr (Water is re-circulated to 

prevent temperature difference between the top and bottom). Drain, steam and dry. 

Reduced soaking time 

Complete removal of foul odour in the 

product  

Batch process 

Costly  

4. Low moisture process 

Soak paddy/brown rice in hot water (~75°C) until reaches ~24% moisture (partial 

hydration), drain, temper (~4 hr), heat (or steam) and dry. 

Soaking, steaming and drying can be done 

sequentially in the same equipment 

Low grain moisture reduces drying time and 

cost 

Risk of uneven hydration  

5. Hot water process (above gelatinisation temperature) 

Soak paddy in hot water (80-85°C) for 2-3 h, drain and dry 

Does not require a separate starch 

gelatinisation process 

Risk of grain bursting or inadequate starch 

gelatinisation 

6. Pressure- parboiling process 

Soak paddy until it reaches ~24% moisture content, steam under high pressure and 

dry. 

Short processing time. 

Parboiled grain has low final moisture 

reducing drying time and cost 

Product is discoloured and very hard 

7. Dry-heat process 

Soak paddy in hot water (~75°C to ~ 30% moisture), drain, high temperature short 

time heating (125-150°C for ~40-50 s) and dry. 

Steam is not required (hence more 

economical process). 

Very short drying time as most of the 

moisture is removed during high 

temperature short time (HTST) process 

Cooking time depends upon the final 

moisture after HTST processing 

Care should be taken during HTST to 

reudce the puffing of the rice 

8. Brown-rice process 

Soak brown rice (dehusked paddy) in hot/cold water, heat (steam or dry heat) and 

dry. 

Very fast hydration, and reduced operation 

cost 

Caking and cracking causes the difficulty in 

handling. 

Higher dry matter loss 

 850 
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Table 2: Semi-theoretical models used for paddy, brown and white rice hydration and dehydration. 851 

Model & Reference Description Use 

Lewis Model (1921) 
t)kexp(

MM

MM
MR 0

e0

e  
Hydration of milled rice (Kashaninejad et al., 2007), 

dehydration of paddy (Abe & Afzal, 1997; Hacıhafızoğlu et 

al., 2008) 

Page Model (Page, 1949) 
)tkexp(

MM

MM
MR n

0

e0

e

 

Hydration of milled rice (Kashaninejad et al., 2007), 

dehydration of paddy (Abe & Afzal, 1997; Akal et al., 2007; 

Basunia & Abe, 2001; Das et al., 2004; Hacıhafızoğlu et al., 

2008) 

Henderson and Pabis 

Model (Henderson & Pabis, 

1969) 

)tkexp(A
MM

MM
MR 00

e0

e

 

Hydration of milled rice (Kashaninejad et al., 2007), 

dehydration of paddy (Abe & Afzal, 1997; Akal et al., 2007; 

Hacıhafızoğlu et al., 2008) 

Modified Page (Overhults 

et al., 1973) 
n

0

e0

e t)kexp(
MM

MM
MR

 

Hydration of milled rice (Kashaninejad et al., 2007), 

dehydration of paddy (Abe & Afzal, 1997; Akal et al., 2007; 

Hacıhafızoğlu et al., 2008) 

Two term exponential 

model 

(Sharaf-Eldeen et al., 1980) 

t)kexp(At)kexp(A
MM

MM
MR 1100

e0

e

 
 

Hydration of milled rice (Kashaninejad et al., 2007), 

dehydration of paddy (Akal et al., 2007; Chen & Tsao, 1994; 

Hacıhafızoğlu et al., 2008; Noomhorm & Verma, 1986; 

Sharma et al., 1982; Verma et al., 1985) 

Diffusion 

(Becker, 1960; Crank, 

1975) 

tD
r

πn
-exp

n

1

π

6

MM

MM
MR eff2

22

1n
22

e0

e

 

Hydration of rice (Bandyopadhyay & Roy, 1978), 

dehydration of paddy (Akal et al., 2007; Hacıhafızoğlu et al., 

2008)  

Peleg‘s model (Peleg, 

1988) tKK

t
MM

21

0t
 

Hydration of paddy (Singh et al., 2010), milled rice 

(Kashaninejad et al., 2007; Singh et al., 2010), parboiled rice 

(Botelho et al., 2010; Singh et al., 2010), freeze dried 

gelatinized rice (Puspitowati & Driscoll, 2007)  

Geometric model (Chandra 

& Singh, 1995) 
n-

0

e0

e t
MM

MM
MR A  

Dehydration of paddy (Akal et al., 2007; Hacıhafızoğlu et al., 

2008) 

Wang and Singh model 

(Wang & Singh, 1978) 
2

e0

e btt 1
MM

MM
MR a  

Dehydration of paddy (Akal et al., 2007; Hacıhafızoğlu et al., 

2008) 
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Logarithmic model 

(Chandra & Singh, 1995) )exp(
MM

MM
MR 10

e0

e ktAA  
Dehydration of paddy (Agrawal & Singh, 1977; Akal et al., 

2007; Hacıhafızoğlu et al., 2008) 

Verma et al. model (Verma 

et al., 1985) gt))exp(A1(t)kexp(A
MM

MM
MR 000

e0

e  
Dehydration of paddy (Akal et al., 2007; Hacıhafızoğlu et al., 

2008) 

Midilli et al. model (Midilli 

et al., 2002) bt)tkexp(
MM

MM
MR n

00

e0

e A  
Dehydration of paddy (Akal et al., 2007; Cihan et al., 2007; 

Hacıhafızoğlu et al., 2008) 

Note: The symbols 852 

MR = Moisture Ratio (dimensionless) 853 

M∞, M0 and M = Equilibrium (Saturation), initial and current moisture contents (kg/kg, dry basis) respectively 854 

t = Time (s) 855 

T = Temperature (K) 856 

r = Equivalent radius (radius of the sphere having the same volume as the grain) (m). Rice (sphericity ≤0.5) is assumed as a sphere (Bandyopadhyay & Roy, 1978; Bello et 857 

al., 2004, 2007; Shittu et al., 2012; Suzuki et al., 1977) 858 

Deff = Effective diffusivity (m
2
/s) 859 

A0; A1; A2; k0; A1; k1, k2 ,b, g are empirical coefficients 860 
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Table 3: Effective diffusivity of paddy, brown rice and milled rice during hydration and dehydration. 861 

Process Variety Temperature 

(°C) 

Deff (m
2
/s) Reference 

Hydration     

Long grain 25 1.78 x10
-11

 (Bello et al., 2004) 

Long grain 35 1.78 x10
-11

 (Bello et al., 2004) 

Long grain 45 

 

2.08 x10
-11

 

4.24 x10
-11

 

(Bello et al., 2004) 

(Thakur & Gupta, 2006) 

Long grain 55 2.59 x10
-11

 (Bello et al., 2004) 

Long grain 

Long grain 

60 4.10 x10
-11

 

7.92 x10
-11

 

(Bello et al., 2004) 

(Thakur & Gupta, 2006) 

Long Grain 65 7.20 x10
-11

 (Bello et al., 2004) 

Long Grain 75 7.17 x10
-11

 (Bello et al., 2004) 

Long Grain 80 7.34 x10
-11

 (Bello et al., 2004) 

Long Grain 90 9.36 x10
-11

 (Bello et al., 2004) 

Dehydration     

Short Grain 43 1.4 x10
-11

 (Steffe & Singh, 1980) 

Long Grain 43 3.2 x10
-11

 (Steffe & Singh, 1982) 

Parboiled Banki 60 2.8 x10
-10

 (Onuoha et al., 2013) 

Parboiled De Gold 60 5.7 x10
-10

 (Onuoha et al., 2013) 

Parboiled Liberia 60 3.8 x10
-10

 (Onuoha et al., 2013) 

 862 

 863 
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 865 

Figure 1: Hydration characteristics of brown and milled rice (Billiris et al., 2012). 866 
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 867 

Figure 2: A characteristic viscogram curve (Bhattacharya, 2011). 868 
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