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Parboiling, a hydrothermal treatment of paddy or brown rice, improves 
the texture and nutritional characteristics of cooked rice. We investigated 
milling breakage susceptibility of brown rice parboiled under different 
soaking and steaming conditions, resulting in samples with different 
degrees of starch gelatinization and levels of fissured grains and white 
bellies, that is, parboiled grains with translucent outer layers and an un-
desirable opaque center. The milling breakage susceptibility was 2.1% for 
raw rice and ranged from less than 1% up to 11.3% for parboiled rice. 

Parboiled samples with increased milling breakage susceptibility con-
tained higher levels of white bellies and fissured grains. In white bellies, 
starch gelatinization is incomplete. Scanning electron microscopy re-
vealed inhomogeneities in individual white bellies and fissured rice 
grains, indicating moisture gradients inside the grains during parboiling. 
Starch needs to be completely gelatinized to ensure the absence of white 
bellies and minimal fissured grain levels in the parboiled end product and, 
as a consequence, a decreased milling breakage. 

 
Rice (Oryza sativa L.) is one of the three leading food crops in 

the world and the staple food for more than half of the world 
population. About 20% of the rice produced worldwide is par-
boiled, that is, partially boiled. Parboiling is a hydrothermal treat-
ment, performed either on paddy (also referred to as rough rice) 
or on dehulled or brown rice. In the process, rice is soaked, 
steamed, and dried. As rice is mostly consumed as white or milled 
rice, the kernel outer layers are mechanically removed after par-
boiling. In the case of parboiled paddy, it is first dehulled, and its 
bran is then removed by milling. Logically, parboiled brown rice 
only requires the bran-removing milling step (Bhattacharya 2004; 
Delcour and Hoseney 2010a; Buggenhout et al 2013). 

Parboiling has a considerable impact on the texture and nutri-
tional characteristics of cooked rice. In particular, cooked parboiled 
rice is firm and not sticky, features liked by Western consumers. 
Furthermore, it has a high nutritional value owing to diffusion of 
bran components (e.g., vitamins) into the endosperm during par-
boiling. Parboiling can also increase the head rice yield of any 
given rice feedstock (Bhattacharya 2004; Delcour and Hoseney 
2010a; Buggenhout et al 2013). Head rice yield is the mass percent-
age of paddy that remains after milling as head rice, that is, kernels 
that are at least three-fourths of the original kernel length (USDA 
1979). Head rice typically has two or three times the economic 
value of broken rice. Differences between parboiled and raw rice 
include the darker color of the former and its slightly different fla-
vor (Bhattacharya 2004; Delcour and Hoseney 2010a). 

The temperature–time combinations used for soaking, steaming, 
and drying largely determine the characteristics of the parboiled 
product (Bhattacharya 2004). It is a main challenge of the rice in-
dustry to optimize processing conditions that decrease the levels of 
broken rice without compromising on the end-product quality. 
Here, it is important to point to the negative impact of fissuring and 
white bellies on head rice yields. Unfortunately, most of the re-
search on fissuring and the presence of white bellies in parboiled 
rice has been performed on rough rice rather than on brown rice 
parboiling. The latter is the subject of the present study. 

Fissures negatively impact kernel hardness (Zhang et al 2005). 
They develop when the compressive and tensile stresses inside the 
rice kernel exceed the kernel mechanical strength (Kunze and 
Choudhury 1972; Kunze 2001). Such stresses are caused by in-
trakernel moisture content (MC) gradients resulting from mois-
ture absorption during soaking (Swamy and Bhattacharya 2009) 
and moisture desorption during drying (Bhattacharya and Swamy 
1967; Bhattacharya 1969). 

Both soaking and steaming conditions impact the degree of starch 
gelatinization (DSG) during parboiling. As the rice grain MC 
during soaking and the severity of heating during steaming in-
crease, starch is completely gelatinized (Priestley 1976; Biliaderis 
et al 1993; Himmelsbach et al 2008; Manful et al 2008). Ali and 
Pandya (1974) suggested that air spaces and fissures disappear 
during parboiling as a result of starch gelatinization. However, 
there are differences in view on the minimal DSG needed to im-
prove the head rice yield of optimally dried parboiled rough rice. 
Marshall et al (1993) suggested that a DSG of ≈40% suffices to 
obtain a maximal head rice yield for microwave parboiled rough 
rice. Similar results were obtained by Miah et al (2002a, 2002b) 
for conventionally parboiled rough rice (obtained by soaking at 
80°C for 15–120 min and thereafter steaming at 121°C for 10 
min). In both studies, differential scanning calorimetry (DSC) was 
used to assess starch gelatinization as (mainly) the melting en-
thalpy of amylopectin crystals. In contrast, based on amylose/ 
iodine blue values after dispersion in alkali, Priestly (1976) 
claimed that complete gelatinization is required for improving 
milling breakage of conventional parboiled rough rice (obtained 
by soaking at 50°C for 240 min and steaming at 100–121°C for 
0–60 min). White bellies are parboiled rice grains with translucent 
outer layers and an opaque center, itself the result of incomplete 
starch gelatinization (Marshall et al 1993). They have been sug-
gested to be more breakage susceptible than intact parboiled rice 
grains (Mecham et al 1961; Bhattacharya and Swamy 1967). 

Despite some research in the area, the underlying causes of the 
milling breakage susceptibility of parboiled paddy have still not 
been fully elucidated. Critical parameters that have been sug-
gested to determine its milling breakage are kernel fissuring 
(Bhattacharya and Swamy 1967; Bhattacharya 1969) and the ex-
tent of starch gelatinization (Islam et al 2002; Miah et al 2002a, 
2002b). Research on parboiling of brown rice is even more 
scarce. Whereas soaking and steaming conditions impact the per-
centage of brown parboiled rice kernels breaking during milling 
(Kar et al 1999; Patindol et al 2008), the role of starch gelatiniza-
tion and fissuring has not been examined. As brown rice lacks the 
protective outer hull, it may react differently to processing than 
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paddy. For instance, the rates of moisture absorption and heat 
transfer inside the rice grain are higher in brown rice than in 
paddy (Kar et al 1999; Thakur and Gupta 2006), and, thus, soak-
ing and steaming regimes can differently impact head rice yield. 

The present effort studied the parameters impacting milling 
breakage susceptibility of parboiled brown rice produced under 
different soaking and steaming conditions to obtain parboiled rice 
samples with different DSG and varying levels of white bellies 
and fissured parboiled rice grains. Both types of rice grains are 
considered to lack strength. The mass percentage of rice kernels 
breaking during milling was determined and related to the con-
tents of white bellies and fissured rice grains and to the DSG of 
the different parboiled rice samples. Scanning electron micros-
copy (SEM) was used to visualize the microstructure of the par-
boiled rice grains. To the best of our knowledge, the microstruc-
ture of fissured parboiled rice grains and white bellies has never 
been investigated with SEM. In our hands, it provided useful in-
formation on the structuring of these rice grains during parboiling 
and how they impact the milling breakage susceptibility. 

MATERIALS AND METHODS 

Rice Samples 
Brown rice of the long-grain cultivar Puntal (Spain, harvest 

2010, containing 84.6% starch, of which 15.6% was amylose, and 
10.1% protein [N × 5.95, dry basis]) was obtained from Mars NV 
(Olen, Belgium). Puntal is a typical rice cultivar used in industrial 
practices. Starch content was calculated as 0.9 × the glucose level 
estimated by gas chromatography following acid hydrolysis and 
conversion to alditol peracetates (Courtin et al 1999). Amylose 
content was determined colorimetrically following the method of 
Chrastil (1987) with slight modifications. Protein content was 
determined using an adaptation of AOAC official method 990.03 
(AOAC 1995) to an automated Dumas protein analysis system 
(EAS, VarioMax N/CN, Elt, Gouda, The Netherlands), with 5.95 as 
the nitrogen-to-protein conversion factor. The rice was dehulled in 
the country of origin prior to being transported to Belgium. 

Parboiling Conditions 
To obtain parboiled rice samples with different DSG and varying 

levels of white bellies and fissured parboiled rice grains, rice was 
parboiled at laboratory scale using brown rice as the feedstock and 
applying the soaking and steaming conditions outlined in Table I. 
These conditions were chosen based on laboratory experience and 
close contacts with industry, and they take into account both break-
age susceptibility and end-product quality (e.g., extent of defor-
mation of the grains, color characteristics, and cooked rice quality). 

A sample (650.0 g) was soaked in excess water at 40°C for 60 
min, 55°C for 30 min, or 65°C for 60 min. Rice grain MCs at the 
end of soaking were 29.4 ± 0.2, 30.0 ± 0.1, and 33.6 ± 0.1%, re-

spectively. Soaking was performed in triplicate. After soaking, 
excess water was discarded, and the rice was rested for 20–30 
min. The soaked rice was then steamed in two steps in a cylindri-
cal container in a Lagarde type RA250 autoclave (Malataverne, 
France). The first step was at 106°C for 15 min. The temperature 
and time of the second step were 106, 120, or 130°C and 15, 15, 
or 20 min, respectively. After steaming, the pressure was released, 
and the hydrothermally treated samples were mildly dried on 
trays for 62 h at 27°C (60% relative humidity) in a Vötsch VC 
4060 climatic testing chamber (Vötsch Industrietechnik, Reis-
kirchen, Germany) to avoid additional fissuring. The rice grain 
MC averaged ≈14.0%. The parboiled brown rice samples were 
stored in sealed plastic bags at 5°C. As all steaming conditions 
were preceded by the same fixed steaming step at 106°C for 15 
min, only the impact of the second steaming step is discussed. 

Milling 
Prior to milling, raw and parboiled brown rice samples were 

kept at 30°C for about 24 h. The samples (200.0 g) were abra-
sively milled for 50 s in the presence of CaCO3 (5.0 g) with a 
TM05C testing mill (Satake, Bredbury, U.K.). The mass percent-
ages of broken rice kernels were determined in duplicate with an 
image analysis system (Camsizer, Retsch Technology, Haan, Ger-
many) both before and after milling. In this study, we used the 
mass percentage of rice kernels breaking when milling rather than 
head rice yield to directly account for the percentage of broken 
rice kernels in the sample. It was calculated as follows: 

100
BR in heads mass%

BR in brokens mass%MR in brokens mass%
(mass%) MB ×−=  (1) 

where MB is milling breakage, MR is milled rice, and BR is 
brown rice. 

The degree of milling, that is, the level of germ and bran re-
moval during milling, was calculated from the mass of rice before 
and after milling. 

The standard deviation for the determination of milling break-
age was calculated on the basis of a fivefold determination for a 
typical parboiled rice sample and did not exceed 1.0%. 

White Bellies and Fissured Rice Grains 
After parboiling, non-freeze-dried white bellies and fissured 

translucent brown parboiled rice grains could be visually distin-
guished in the different samples. To calculate their mass percent-
age, 50.0 g of rice was randomly selected from each parboiled 
brown rice sample. Fissured translucent rice grains and (fissured) 
white bellies were removed manually on a light box and weighed, 
as described by Marshall et al (1993) and Aquerreta et al (2007). 
Rice kernels containing even only small white spots were also 
considered to be white bellies. Likewise, rice kernels containing 
only one visible fissure were also considered to be fissured. 

Starch Gelatinization Properties 
For each parboiling condition, brown rice samples (10.0 g) 

were withdrawn at the various steps of the parboiling process and 
immediately frozen with solid carbon dioxide. They were then 
freeze-dried, ground into flour with a universal mill (IKA Labor-
technik, Staufen, Germany), and sieved (250 μm). The MC of 
lyophilized rice flour was determined according to AACC Inter-
national Approved Method 44-15.02. DSC analyses were per-
formed in triplicate with a Q2000 DSC (TA Instruments, New 
Castle, DE, U.S.A.). Brown rice flour (2.5–4.0 mg) was accu-
rately weighed into aluminum pans (Perkin-Elmer, Waltham, MA, 
U.S.A.). Deionized water was added in a ratio of 1:3 (w/w, dry 
matter sample/water). The pans were hermetically sealed and 
equilibrated at 0°C before heating from 0 to 120°C at 4°C/min 
(together with an empty reference pan). Before analysis, the sys-
tem was calibrated with indium. Onset (To), peak (Tp), and con-

TABLE I  
Soaking and Steaming Conditions During Parboilingz  

Sample  
Code 

Soaking Conditions Steaming Conditions 

Temperature (°C) Time (min) Temperature (°C) Time (min) 

40-106 40 60 106 15 
40-120 40 60 120 15 
40-130 40 60 130 20 
55-106 55 30 106 15 
55-120 55 30 120 15 
55-130 55 30 130 20 
65-106 65 60 106 15 
65-120 65 60 120 15 
65-130 65 60 130 20 

z Steaming conditions were preceded by a fixed steaming step at 106°C for 15
min. The corresponding sample codes consist of the soaking and steaming
temperatures. 
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clusion (Tc) temperatures and enthalpy (ΔH) of melting of amylo-
pectin crystals were determined with TA Instruments Universal 
Analysis software. Onset and conclusion temperatures were cal-
culated by the software as the intercept of the tangent at the endo-
therm with the baseline. Enthalpies were expressed in joules per 
gram of sample dry matter. The DSG was determined from the 
ΔH of the rice flour of brown raw rice (ΔHraw) and brown par-
boiled rice (ΔHsample) with the following equation: 

                 DSG (%) = [1 – (ΔHsample /ΔHraw)] × 100 (2) 

SEM 
Non-freeze-dried raw and parboiled rice grains were broken in 

a three-point bending test with an Instron 3342 texture analyzer 
(Norwood, MA, U.S.A.) with a 50 N load cell. Fissured rice 
grains broke along the fissure. Broken kernels were deposited on 
a stub, sputter coated with gold (SPI Module sputter coater, SPI 
Supplies, West Chester, PA, U.S.A.), and analyzed with a JSM-
6360 SEM (JEOL, Peabody, MA, U.S.A.) at 10 kV. 

Statistical Analysis 
Significant differences (ANOVA procedure, P < 0.05) between 

the starch gelatinization properties of raw and parboiled rice sam-
ples were elucidated with Statistical Analysis System software, 
version 9.3 (SAS Institute, Cary, NC, U.S.A.). 

RESULTS AND DISCUSSION 

Impact of Soaking and Steaming Conditions  
on Milling Breakage 

Raw brown rice contained ≈5.4% broken kernels. These kernels 
were most probably broken because of mechanical stresses during 

harvesting, transportation, and dehulling. Raw and parboiled 
brown rice samples were milled for 50 s. The degree of milling 
was 12.5% for raw rice and ranged from 7.9 to 9.6% for parboiled 
rice. Figure 1 lists the mass percentages of raw and parboiled rice 
kernels that broke during milling. About 2.1% of the raw rice 
grains broke. Parboiling conditions had a clear effect on milling 
breakage susceptibility. When brown rice was soaked at 40 or 
55°C and thereafter steamed at 106°C, milling breakage of the 
parboiled product increased to 11.3 or 10.5%, respectively. How-
ever, soaking at 65°C followed by steaming at 106°C resulted in a 
milling breakage comparable to that of raw rice. Steaming at 120 
or 130°C reduced milling breakage irrespective of the soaking 
conditions used. The results clearly demonstrated that milling 
breakage of parboiled brown rice depended on both the soaking 
and steaming conditions used, and thus on heat–moisture condi-
tions applied during parboiling. This observation confirms the 
results of earlier studies that used either paddy (Mecham et al 1961; 
Bhattacharya and Subba Rao 1966; Priestley 1976; Velupillai and 
Verma 1982; Miah et al 2002a; Patindol et al 2008) or brown rice 
(Kar et al 1999; Patindol et al 2008) as feedstock. However, it is 
difficult to compare literature data obtained with different soak-
ing–steaming temperature–time combinations and methods to 
determine milling breakage susceptibility. 

Impact of Soaking and Steaming Conditions on Rice Grain  
Fissuring and Levels of White Bellies 

During parboiling, fissures and white spots can appear inside 
the rice grains. Figure 2 illustrates that both fissured rice kernels 
and white bellies can be visually differentiated from intact rice 
kernels. Varying parboiling conditions lead to different percent-
ages of both (non-)fissured translucent parboiled rice grains and 
(non-)fissured white bellies in the parboiled product (Table II). 
Parboiled rice samples steamed at 106°C contained white bellies, 
whereas no such kernels were observed after steaming at 120 or 
130°C. The mass percentage of white bellies (combined fissured 
and nonfissured) after steaming at 106°C was markedly higher 
when brown rice was first soaked at 40 or 55°C than when soaked 
at 65°C. We reasonably assume that only the longer soaking time 
and the increased hydration rate at the highest soaking tempera-
ture resulted in a more homogenous moisture distribution inside 
the rice grains. This supposition is in line with Thakur and Gupta 
(2006), who showed the rate of moisture absorption of brown rice 
to increase with the soaking temperature. Note also that Kar et al 
(1999) demonstrated that, for brown rice parboiling, the percent-
age of nonopaque area in rice kernels increases with soaking time 
(from 1 to 4 h), initial soaking temperature (from 70 to 100°C), 
and steaming time (from 10 to 20 min) at a fixed steaming tem-
perature of 100°C. 

When brown rice was soaked at 40 or 55°C and thereafter 
steamed at 106°C, about twice as many fissured translucent rice 

Fig. 2. Image of a nonfissured (A) and fissured (B) translucent parboiled
rice grain and a nonfissured white belly (C). 

TABLE II  
Mass Percentages of White Bellies and Translucent Rice Grains,  

Either With or Without Fissures,  
of the Different Parboiled Rice Samples 

 White Bellies (mass%) Translucent Rice Grains (mass%) 

Sample  
Code 

With  
Fissures 

Without 
Fissures 

With  
Fissures 

Without 
Fissures 

40-106 12.5 2.2 69.6 15.7 
55-106 12.9 3.5 72.9 10.7 
65-106 2.7 3.3 36.2 57.8 
40-120 0 0 5.8 94.2 
55-120 0 0 5.0 95.0 
65-120 0 0 5.5 94.5 
40-130 0 0 2.2 97.8 
55-130 0 0 2.0 98.0 
65-130 0 0 1.1 98.9 

Fig. 1. Milling breakage (in mass percent) of raw rice and rice parboiled
under different soaking and steaming conditions. The sample codes used
throughout the article consist of the soaking and steaming temperature. 
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grains and five times as many fissured white bellies were ob-
served than when soaking at 65°C. As for the white bellies, we 
speculate that their decreased fissuring after soaking at the highest 
soaking temperature resulted from lower MC gradients inside the 
rice grains before steaming. Steaming at 120 or 130°C markedly 
lowered fissuring incidence of translucent rice grains compared 
with steaming at 106°C, independent of the soaking conditions 
used. Based on these observations, both rice grain MC and mois-
ture distribution in the grain as well as steaming temperature 
seem to be critical in determining the mass percentage of white 
bellies and fissured rice grains in the parboiled end product. 

The presence of white bellies and fissured rice grains can easily 
be related to milling breakage susceptibility of samples parboiled 
under different soaking and steaming conditions. Parboiled rice 
that was less breakage susceptible than its raw counterpart con-
tained over 94% intact parboiled rice grains, that is, parboiled 
kernels without fissures or opaque (white) spots. In contrast, rice 
samples with increased milling breakage (i.e., samples 40-106 
and 55-106) contained less than 16% intact parboiled rice grains. 

Impact of Soaking and Steaming Conditions on DSG 
Changes occurring in the starch fraction during the different 

steps of a parboiling process, that is, soaking, steaming, and dry-
ing, were monitored with DSC. Figure 3 shows the DSC profiles 
of parboiled rice, soaked at 55°C and thereafter steamed at 120°C, 
after each step of this particular parboiling process. For raw rice, 
an enthalpy value ΔH of 9.8 J/g dry matter of flour was calculated 
with a Tp of 74.8°C. After soaking at 55°C, similar starch gelatini-
zation properties were observed. Subsequent steaming at 120°C 
resulted in complete starch gelatinization, as evidenced by the 
absence of a gelatinization endotherm. During cooling and subse-
quent drying of the hydrothermally treated rice, amylopectin ret-
rograded, as an additional endotherm with ΔH of 1.6 J/g dry mat-
ter of flour and a Tp of 53.4°C appeared in the DSC thermogram. 
Based on these results, it was clear that the main changes in starch 
occurred during the steaming step. 

Table III summarizes the peak temperature and enthalpy ΔH of 
melting of native starch and the calculated DSG of the parboiled 
rice samples. In contrast to the sample illustrated in Figure 3, 
samples steamed at 106°C showed a residual gelatinization endo-
therm with an enthalpy ΔH that ranged from 0.5 to 1.0 J/g dry 
matter of flour, indicating the presence of 5–10% ungelatinized 

 

Fig. 3. DSC thermograms of raw rice, soaked rice (55°C for 30 min), steamed rice (106°C for 15 min and then 120°C for 15 min), and parboiled rice. 

TABLE III  
DSC Characteristics of Raw Rice and Rice Parboiled  
Under Different Soaking and Steaming Conditionsz  

Sample Code ΔH (J/g dm) DSG (%) Tp (°C) 

Raw 9.9a … 74.7c 
Parboiled    

40-106 0.9b 91 83.1b 
55-106 1.0b 90 83.2b 
65-106 0.5c 95 85.0a 
40-120 <0.1d 100 … 
55-120 <0.1d 100 … 
65-120 <0.1d 100 … 
40-130 <0.1d 100 … 
55-130 <0.1d 100 … 
65-130 <0.1d 100 … 

z Gelatinization enthalpy (ΔH), degree of starch gelatinization (DSG), and 
peak temperature (Tp) of melting of native starch amylopectin crystals. Val-
ues in the same column followed by the same letter are not significantly
different (P < 0.05). 

Fig. 4. Relationship between the levels of ungelatinized starch of rice 
flour from parboiled rice samples and mass percentages of white bellies
in the parboiled rice samples. 
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starch. Logically, the gelatinization onset, peak, and conclusion 
temperatures were significantly higher than in raw rice (respec-
tively, 77.7–79.6, 83.1–85.0, and 91.2–92.5°C compared with 
69.2, 74.7, and 83.2°C for raw rice). When brown rice was soaked 
at 40 or 55°C and thereafter steamed at 106°C, DSG was signifi-
cantly lower than when the rice samples were soaked at 65°C. As 
the steaming intensity was identical, the difference in DSG may 
be attributed to differences in rice grain MC and moisture distri-
bution inside the rice grains. Indeed, at the highest soaking tem-
perature, the MC was about 3% higher than at the lower soaking 
temperatures, and most likely moisture was distributed more 
evenly throughout the grains because of the higher hydration rate 
and longer soaking time. No (significant) gelatinization endo-
therm was observed for parboiled rice samples steamed at 120 or 
130°C. Thus, under the applied conditions, steaming at or above 
120°C resulted in complete starch gelatinization, independent of 
the MC of the grains at the end of soaking. 

Differences in milling breakage susceptibility of the differently 
parboiled rice samples can be explained by differences in their 
DSG. Full starch gelatinization resulted in a milling breakage 
lower than that of the starting material. The DSG of differently 
parboiled rice samples was related to their levels of damaged rice 
grains. A linear relationship (Fig. 4) was observed between the 
residual starch gelatinization endotherm of parboiled rice samples 
and the mass percentages of white bellies (R2 = 0.99, P value < 

0.01), implying incomplete starch gelatinization in the opaque 
center of white bellies. However, as the analyses were performed 
on flour from parboiled rice, it was not possible to unequivocally 
establish whether the residual starch gelatinization endotherm was 
indeed because of incomplete starch gelatinization in the center of 
the white bellies. 

Impact of Soaking and Steaming Conditions  
on Rice Grain Microstructure 

SEM was used to visualize the internal structure of individual 
parboiled rice kernels and to examine the impact of soaking and 
steaming conditions on the rice grain microstructure. Figure 5 
shows SEM images of the breaking surface of raw (Fig. 5A, C, 
and E) and nonfissured translucent parboiled rice grains (Fig. 5B, 
D, and F). The breaking surface of raw rice has a granular appear-
ance with two distinct regions, that is, one smooth-looking and 
one rough-looking area (indicated by S and R, respectively, in Fig. 
5C). In the smooth-looking area, the rice kernel breaks along the 
endosperm cell walls, whereas in the rough-looking area breakage 
takes place through the cell walls, as individual polygonal starch 
granules (indicated by ISG in Fig. 5E) can be distinguished. The 
dimensions of these starch granules correspond well with those 
reported by Champagne (1996), that is, 2–8 μm. 

In contrast to what was observed for raw rice, the breaking 
surface of a typical nonfissured translucent parboiled rice kernel 

 

Fig. 5. Scanning electron micrograph pictures of the breaking surface of raw (A, C, E) and nonfissured translucent parboiled (B, D, F) rice grains ran-
domly selected from sample 55-120. S = smooth-looking area; R = rough-looking area; and ISG = individual starch granule. 
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from sample 55-120 had a glassy, flat appearance (Fig. 5B, D, 
and F). Although the outlines of the endosperm cell walls were 
still distinguishable, the internal parts of the cells were fused, 
and starch granules could no longer be discerned. These micro-
graphs confirmed that parboiling produced a homogenous and 
compact microstructure (Ali and Pandya 1974). This homogene-
ity and compactness are likely the result of the starch gelatiniza-
tion process, involving both granular swelling and melting of 
amylopectin crystals (Delcour and Hoseney 2010b). At present 
it is unclear whether fissures, present before or induced during 
soaking, are sealed by swelling of starch granules or by amylose 
leaching into the extragranular spaces. Although the latter was 
suggested by Dang and Copeland (2004) and Lamberts et al 
(2009), there is still no sound evidence to support this statement. 
For bread, it has been described that part of the amylose is 
leached and part of it is present in the center of the starch gran-
ules (Hug-Iten et al 1999). Irrespective of the parboiling condi-
tions used, the breaking surface of nonfissured parboiled rice 
grains seems to have the same visual appearance (results not 
shown). 

In contrast to what was observed for nonfissured translucent 
parboiled rice, the breaking surface of both fissured translucent 
parboiled rice kernels (Fig. 6A, C, and E) and white bellies (Fig. 
6B, D, and F) was not entirely flat. It showed a granular appear-

ance where the fissure or white spot was localized (indicated by G 
in Fig. 6A and B). In this granular region, the ratio of smooth to 
rough-looking area seemed higher than that in raw rice. Zhang et 
al (2003) hypothesized that, for raw rice, the strength of the cell 
wall and starch granule interfaces determines where breakage 
occurs. When the cell wall interfaces are of greater strength than 
the starch granule interfaces, breakage occurs at the cell walls. 
This observation indicates that parboiling increases the strength of 
the material within the cells. As a consequence, the cell wall is 
now the weakest place where fissuring or breakage takes place. 
Swollen starch granules can be easily recognized in the micro-
graph pictures of the center of a white belly (indicated by ISG in 
Fig. 6F). As no such granules were observed in the pictures of 
(non-)fissured parboiled rice kernels, we speculate that, in the 
center of a white belly, starch granules did not swell to their maxi-
mum capacity and thus did not completely gelatinize during par-
boiling. The breaking surface of fissured parboiled rice grains, 
randomly selected from the different parboiled rice samples, had a 
similar appearance (results not shown). The micrograph pictures 
of the fissured grains and the white bellies demonstrate that they 
do not have a uniform microstructure. This lack of uniformity 
most likely results from MC gradients inside the grains during 
parboiling. Particularly in white bellies, these MC gradients seem 
to incompletely induce starch gelatinization, because more struc-

 

Fig. 6. Scanning electron micrograph pictures of the breaking surface of a fissured parboiled rice grain (A, C, E) and a white belly (B, D, F) randomly 
selected from samples 55-120 and 40-106, respectively. G = granular area; ISG = individual starch granule; R = rough-looking area; and S = smooth-
looking area. 
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tural details are observed in the granular area of the white bellies 
than in that of the fissured rice grain. 

In all parboiled rice samples, the mass percentages of white bel-
lies and fissured rice grains largely exceeded the mass percentages 
of rice kernels breaking during milling. This difference may indi-
cate that although some rice grains were weakened by a fissure or 
white spot in the center of the kernel, the more compact microstruc-
ture of the outer layers (Fig. 6A and B) resulted in a parboiled rice 
grain more resistant to the mechanical stresses of milling. 

CONCLUSIONS 

Milling breakage of parboiled brown rice depended on both 
soaking and steaming conditions, and, thus, on heat–moisture 
conditions during parboiling. Our work showed that incomplete 
starch gelatinization during parboiling increased milling break-
age. This increased milling breakage was related to the presence 
of white bellies. Starch was not gelatinized in the center of the 
rice grain when heat intensity of steaming and MC at the center of 
the rice grain were too low. SEM analyses indicated that parboil-
ing produced different effects in rice kernels. The lack of an en-
tirely flat cross-section in both white bellies and fissured rice 
grains can most likely be attributed to the presence of MC gradi-
ents during the process that result during soaking and drying. 

In conclusion, intact parboiled rice grains were more resistant 
to breakage during milling than white bellies and fissured par-
boiled rice grains because of their homogenous and compact mi-
crostructure, obtained as a result of full starch gelatinization. 
Thus, starch needs to be gelatinized completely to 1) ensure the 
absence of white bellies and 2) minimize fissuring in the par-
boiled end product. 
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