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Waxy rice, which is soft and sticky in nature, can be used as a raw material to produce many food prod-
ucts. Alter being harvested, high-moisture waxy paddy must be dried to appropriate moisture content to
prolong its storage life and to achieve higher head rice yield. Fluidized bed dryer could be used to dry
waxy rice at high-temperature. However, due to the high heat and mass transfer rates during drying,
stresses are generated in a rice kernel, leading to crack and low head rice yield. Tempering is thus recom-

Color
Celatinization
Head rice yield
Starch
Translucent kernel

ded to reduce the moisture-induced stresses in the kernel after rapid drying. In this study. the effects
of fluidized bed drying (90. 110, 130 °C) and tempering time (30-120 min) on the quality of
waxy rice, i.e., head rice yield, thermal properties, pasting properties, color, translucent kernel and micro-
structure, were investigated. The results showed that head rice yield of waxy rice after drying was signif-
icantly lower than that of the reference sample even when tempering was performed. Higher drying
temperatures led to higher head rice yield while the tempering time did not have any effect on the head
rice yield except when the drying temperature of 90 °C was used. Drying at higher temperatures also
affected the starch granule morphology and the pasting properties. Waxy rice changed its appearance

from opaque white to translucent when being dried at 130 °C.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Waxy rice (Oryza sativa) is a rice variety that contains a large

of amylopectin, which is responsible for its stickiness. Be-

cause of its soft and sticky nature, waxy rice is used as a raw mate-

rial for producing various kinds of food products, e.g., rice cake, rice
cracker and puffed rice (Keeratipibul et al., 2008).

Waxy rice is normally harvested at a moisture content in the
range of 28-30% dry basis (d.b.) and dried to a moisture content
of around 16% (d.b.). While the rice is being dried, moisture gradi-
ent exists in a grain kernel. This naturally leads to development of
crack in the kernel. Fissured kernel cannot generally withstand
abrasive force during milling; subsequent head rice yield is thus
poor (Cnossen et al., 2003; Tirawanichakul et al., 2004). To achieve
higher head rice yield, suitable drying technique and condition
must be employed. Although there are a number of dryers that
could possibly be used to dry waxy rice such as cross-flow dryer,
concurrent-flow dryer, mixed-flow dryer and rotary dryer (Brooker
et al., 1992), fluidized bed dryer may be the mos appropriate one
since it can provide good mixing, high heat and mass transfer rates

* Corresponding author. Tel.: +662 470 9221; fax: +662 428 3534.
E-mail address: somkiat. acth (S. Prach

0260-8774/$ - see front matter & 2009 Elsevier Ltd. All rights reserved.  #*
doi:10.1016jj jfoodeng 2009.06.019

and has proved suitable for drying many types of grain products
(Goksu et al., 2005; Soponronnarit and Prachayawarakorn, 1994;
Soponronnarit et al., 1997; Mujumdar and Devahastin, 2003).
However, high drying rate may lead to poor head rice quality
due to excessive crack as mentioned earlier (Karbassi and
Mehdizadeh, 2008). To reduce crack in a kernel, tempering
between drying passes is recommended in order to reduce mois-
ture-induced stress (Poomsa-ad et al., 2005; Tuyen et al.. 2009).

In addition to the head rice quality, other qualities, e.g., pasting
properties and color, are also important because these properties
directly affect the overall quality of waxy rice. Several studies have
indeed been reported on the effect of thermal treatment on the
morphological structure and the pasting viscosity of waxy rice
flour (Anderson and Guraya, 2006; Sung et al., 2008). Microwave
drying slightly affected the morphological structure of waxy rice
starch, but caused a significant change in the pasting viscosity
(Anderson and Guraya, 2006). A treatment with gamma radiation
using the dose ranging from 0.5 to 2 kGy could decrease the past-
ing viscosity of waxy rice (Sung et al., 2008).

Despite the above-mentioned previous works, information on
drying, especially on fluidized bed drying, of waxy rice is very lim-
ited. Therefore, the main objective of this study was to investigate
the effects of fluidized bed drying temperature and tempering time
on the quality of waxy rice. The waxy rice quality was considered
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in terms of the head rice yield, thermal properties, pasting
properties, color, translucent kernel and microstructure.

2. Materials and methods
2.1. Experimental set-up

A schematic diagram of a hot air fluidized bed dryer and its
accessories is shown in Fig. 1. The system consists of three major
components: a cylindrical drying chamber with an inner diameter
of 20 cm and a height of 140 cm; 12 kW electrical heaters with a
temperature controller; and a backward-curved-blade centrifugal
fan, which was driven by a 1.5 kW motor. Exhaust air could be
recycled, if needed, by means of two butterfly valves.

2.2. Materials

Dried long grain rough waxy rice (RD6) was provided by the
Rice Research Institute, Ubon Ratchathani province, Thailand. The
rice was re-moistened, homogenized and kept in a cold storage
at 4-6C for 7 days prior to an experiment. The initial moisture
content of the re-moistened waxy rice was 28.8% (d.b.). Moisture
content of rough waxy rice was determined by drying 50 g of rough
waxy rice sample at temperature of 103 °C for 72 h in a hot air
oven'(Memmert, model no. ULES00. Schwabach, Germany). The
waxy rice (RD6) has an amylose content in the range of 4-6%
(Noomhorm et al., 1997; Varavinit et al., 2003). Before starting
each experiment, the waxy rice was placed in ambient environ-
ment until its temperature was close to ambient temperature
(T~30°C).

2.3. Drying of waxy rice

Abatch of 1.9 kg of re-moistened sample was dried in the fluid-
ized bed dryer. The experiments were carried out at temperatures
0f 90, 110 and 130 °C at a superficial air velocity of 2.5 m/s, which
is around 1.5Uy (Soponronnarit and Prachayawarakorn, 1994).
The desired moisture content after fluidized bed drying was 22~
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24% (db.). The semi-dried waxy rice was then tempered for 30
up to 120 min in order to reduce moisture stresses created during
drying. In the tempering step, the sample was kept in a closed jar
to avoid moisture loss. After the tempering step, the sample was
ventilated with ambient air (temperature and relative humidity
of 30 °C and 55-60%, respectively) in a thin-bed ventilator with a
static bed depth of around 3.5 cm at a superficial air velocity of
0.15mfs until the moisture content of the sample reached 16%
(d.b.) (ventilation time was around 30-40 min) (Soponronnarit,
1987). Moisture content of rough waxy rice was determined by
drying 50 g of rough waxy rice sample at temperature of 103 °C
for 72 h in a hot air oven (Memmert, model no. ULES00, Schwa-
bach, Germany). After that the sample was kept in a sealed plastic
bag at 4-6 °C for 2 weeks before quality analysis. In order to com-
pare the quality of waxy rice obtained from the above processing
conditions, the quality of a reference sample, obtained by shade
drying with the final moisture content of around 16% (d.b.), was
also determined. The quality of dried waxy rice was evaluated in
terms of the head rice yield, thermal properties, pasting properties,
color, translucent kernel and microstructure.

2.4. Head rice yield evaluation

Waxy rice (250 g) from each treatment was dehulled with a
bench-top dehusker (Satake, model no. THU-35, Hiroshima, Japan).
then polished by a Satake rice polisher (Satake, model no. TMO5,
Hiroshima, Japan). The sample was subsequently separated by an
indent cylinder (Satake, model no. TRG-05A, Hiroshima, Japan) to
determine the head rice yield; in this case the head rice yield is de-
fined as milled rice having kernel length of at least 75% of its origi-
nal length. Head rice yield was calculated by dividing the head rice
mass by an initial rough rice mass. All experiments were per-
formed in duplicate and the average values were reported.

2.5. Thermal properties evaluation

Waxy rice flour was prepared by grinding waxy rice with an ul-
tra centrifugal mill (Retsch, model no. ZM 100, Hann, Germany)

»
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Fig. 1. A schematic diagram of a batch hot air fluidized bed dryer.
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through a 0.25-mm screen (the moisture content of flour was 16%
(d.b.)). Thermal analysis of flour was performed using a differential
scanning calorimeter (Perkin Elmer, model no. DSC-7, Norwalk,
CT). The waxy rice flour (3 mg) was accurately weighed into an alu-
minium DSC pan; 10 pL of distilled water was added and the pan
was hermetically sealed. The sample was left to stand for 1h at
room temperature (25 °C) before DSC scanning. Indium was used
for a calibration of the DSC and an empty pan was used as a refer-
ence. All samples were heated from 40 to 100 °C at a scanning rate
of 10 °C/min. The major parameters of each DSC profile were de-
scribed as onset temperature, peak temperature and conclusion
temperature. From the DSC profile, the transition enthalpy was
determined and the degree of gelatinization of waxy rice flour
was then calculated by the following equation:

Ly o) — ﬂ
SG(/:)—(I [AH()XIDO )

where SG is the degree of gelatinization, AH is the transition enthal-
py of treated waxy rice (J/g (dry matter)) and AH_ is the transition
enthalpy of raw waxy rice (J/g (dry matter)). All experiments were
performed in duplicate and the average values were reported.

2.6. Pasting properties evaluation

£ pasti g properties of waxy rice flour (with an average particle
size of 125 pm) were determined using a Rapid Visco Analyzer,
RVA (Newport Scientific, model no. RVA-4, Warriewood, Australia)
following the standard method 61-02 (AACC, 1995). Waxy rice
flour (3 g on dry basis) was poured into distilled water (25 mL)
in a canister and mixed thoroughly. The mixture was stirred at
960 rpm for the first 10 s and then changed to 160 rpm for the rest
of the analysis. The temperature of the slurry was first maintained
at 50 °C for 1.5 min and then raised to 95 °C at a rate of 12 °C/min.
After that the temperature was maintained at 95 “C for 2.5 min, fol-
lowed by a cooling to 50 °C at 12 °C/min; the temperature was then
maintained at 50 °C for 2.1 min. The total time of an experiment
was 12.5 min. A plot of the pasting viscosity in an arbitrary RVA
unit (RVU) versus time was then made. The peak viscosity, which
was obtained from the pasting curve, indicates the water-binding
capacity of the mixture and is often correlated with the final prod-
uct quality; it also provides an indication of the viscous load likely
to be encountered by cooking. Setback viscosity was also obtained
from the curve and is used as an indicator of gelling or retrograda-
tion tendency of waxy rice. All experiments were performed in
triplicate and the average values were reported.

2.7. Color evaluation

The color of polished waxy rice was measured by HunterLab
ColorFlex (Reston, VA) using a DG5 light source, large viewing area
and the observer angle of 10°. Before each color measurement, the
spectrophotometer was calibrated with a standard white plate
(X=78.50, Y=83.40, Z=87.63). The color values were expressed
as L (lightness/darkness), a (redness/g ) and b (yellow-
ness/blueness). The whiteness index (W1) was then calculated by
the following equation (Chen et al., 1999):

W1 =100 - [(100 - L)? +a® -+ b*°* s @

All experiments were performed in triplicate and the average values
were reported. s

2.8. Translucent kernel evaluation

A kernel which had a translucent area of larger than 50% of its
total area was defined as a translucent kernel. The translucency

e

was evaluated manually by visual observation. Thousand kernels
were randomly chosen from the dried milled waxy rice. The result
was reported as the percentage of translucent kernels, which was
calculated from the mass of the translucent kernels divided by
the total mass of the sample, All experiments were performed in
triplicate and the average values were reported.

2.9. Microstructure evaluation

The microstructure of each sample was observed by a scanning
electron microscope (SEM) (JSM-5600, model no. JSM-5600LV, To-
kyo. Japan). The waxy rice kernel was cut along its cross-sectional
axis, attached to an SEM stub, coated with gold by a sputter-coater.
The coated sample was then photographed at an accelerating volt-
age of 15 kV. The inspected location of the kernel was between the
kernel surface and the endosperm centre.

2.10. Statistical analysis

All data were subjected to the analysis of variance (ANOVA)
using SPSS® software and presented as mean values with standard
deviations. Differences between mean values were established
using Duncan’s multiple range tests at a confidence level of 95%
(p < 0.05).

3. Results and discussion
3.1. Drying kinetics

The drying curves of waxy rice undergoing fluidized bed drying
at various temperatures are shown in Fig. 2. As expected, the mois-
ture removal rate was enhanced at higher drying temperatures.
The required drying time to reach the desired moisture content
of 22-24% (d.b.) was about 2-4 min. This moisture content was
not safe for storage. However, a further decrease in the moisture
content at this stage would cause a rapid drop of the head rice
yield, as will be discussed in the following section.

3.2. Effects of moisture content and drying temperature on head rice
yield

Fig. 3 shows the effects of drying temperature and moisture
content after the first-stage fluidized bed drying on the head rice
yield. The head rice yield of the reference sample, obtained by dry-
ing waxy rice in shade, was approximately 48.5%. It can be seen in
this figure that higher drying temperatures caused only a small

30 -
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0 | 2 3 4 5 6
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Fig. 2. Drying curves of waxy rice at temperatures of 90, 110 and 130 °C.
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Fig. 3. Effects of drying temperature and moisture content after fluidized bed
drying on head rice yield (no tempering), (reference waxy rice, M,, = 28.8% (d.b.).
head rice yield = 48.5%).

drop in the head rice yield as compared to that of the reference
sample. These results are opposite to those reported in the case
of low-temperature drying (Cnossen et al., 2003). In the case of
low-t&mperature drying (<60 °C), a larger fraction of broken ker-
nels was noted as the drying temperature increased. This phenom-
enon was proposed to be due to higher moisture gradients, hence
larger stresses, at higher drying temperatures. In the case of high-
temperature drying, however, the opposite phenomenon might be
due to modification of starch granules, which could enhance the
molecular binding forces amongst the granules; paddy could thus
withstand more abrasive force during milling. A smaller fraction
of broken kernels was thus observed. To confirm this hypothesis,
the dried samples were taken to analyze for their thermal proper-
ties, pasting properties and morphology; the results will be pre-
sented in later sections.

As shown in Fig. 3, waxy rice should not be dried to moisture
content lower than 22-23% (d.b.); otherwise, the head rice yield
would drop significantly, particularly when waxy rice was dried
at 90 °C. The limitation of moisture content after the first-stage
drying noted in this study is similar to that reported in the
literature (Srzednicki and Driscoll, 1995; Soponronnarit and
Prachayawarakorn, 1994; Prachayawarakorn et al., 2005) although
the rice compositions were different; in the previous works, the
amylose content in rice was much higher than that of waxy rice
in this study.

It is interesting to note that when comparing the present results
with those reported in the literature (e.g., Tirawanichakul et al.,
2004), the results are not similar although the drying conditions
were almost the same (>100°C). In the study of Tirawanichakul
et al. (2004), after drying, the head rice yield of rice, which contains
higher amylose content of 15%. was relatively higher than that of
the reference rice. However, when high-temperature fluidized
bed drying was applied to waxy rice, which has an amylose content
of 4-6%, the head rice yield was lower than that of the reference

+
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rice. Based on this difference, it might be possible to conclude that
the amylose content plays an important role on the head rice qual-
ity, in addition to the drying condition. During gelatinization,
which takes place during high-temperature drying, amylose, which
has a linear chain structure, would leach out from the inside of
starch granules and form a network amongst itself (Li et al.,
2008). This formation would enhance the binding forces. The head
rice yield of gelatinized high-amylose rice is therefore higher. On
the other hand, for waxy rice, which mainly consists of amylopec-
tin, the network formation during gelatinization is more difficult
since the starch molecules are more difficult to get closer since
the branching structure of amylopectin limits its mobility (Li
et al.. 2008). The head rice yield of dried waxy rice was thus lower
than that of the reference sample.

3.3. Moisture content during tempering

To release the stresses developed during high-temperature dry-
ing, the dried waxy rice sample, with the moisture content of
around 23% (d.b.), was tempered in a closed jar. The tempering
temperature was set at the kernel temperature after the fluidized
bed drying stage and the tempering time was in the range of 30-
120 min.

Table 1 shows the moisture content and kernel temperature of
waxy rice after drying at different temperatures. The kernel tem-
perature ranged between 65 and 69 “C. During the tempering step.
there was no moisture loss from the sample; the moisture content
of rice was equal to that after fluidized bed drying.

3.4, Effect of tempering time on head rice yield

The influence of the tempering time on the change of head rice
yield of waxy rice is shown in Fig. 4. It is seen that tempering insig-
nificantly improved the head rice yields of the samples dried at 110
and 130 °C while it could significantly improve the head rice yield

Head rice yield (%)

0 30 60 9 120 150
‘Tempering time (min)
Fig. 4. Percentage of head rice yield of waxy rice after drying and tempering.

Different letters above experimental points mean that the values are significantly
different (p <0.05). 3

Table 1
Moisture content and grain temperature at different drying conditions.
To(*C) MC after FBD (X db.) DT (min) T 1) Moisture content at different tempering periods (% d.b.)

30 60 90 120
90 230 35 649 230 230 . 230 230
110 31 20 659 21 231 psB] 231
130 26 15 69.1 26 26 26 26

Tp = drying temperature, MC = moisture content, FBD = fluidized bed drying. DT = drying time required for uidized bed drying. Tc = grain temperature after drying.
”~
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of the sample dried at 90 °C. As shown in Fig. 4, the head rice yield
increased from 37.5% at 60 min to 44.0% at 120 min tempering
time when drying was performed at 90 °C. The improved head rice
yield could be attributed to the starch gelatinization, which oc-
curred during tempering as can be seen in Table 2; the degrees
of gelatinization were 3.8% for the sample with no tempering
and 10.4% for the sample after tempering for 120 min, respectively.
In addition to the gelatinization effect, the damage of starch gran-
ules after drying at 90 °C might not be severe and thus allowed the
gelatinization to take a more obvious effect. However, even though
tempering could help improve the head rice quality; the amount of
head rice yield was still lower than that of the reference waxy rice.

3.5. Thermal properties

Table 2 lists the thermal properties of waxy rice after drying and
tempering. The gelatinization temperature of waxy rice before dry-
ing was in the range of 61 and 77 °C. After drying and tempering,
the gelatinization temperature increased. The enthalpy required

521

for melting starch after drying decreased with an increase in the
drying temperature and tempering time. The degree of starch gela-
tinization varied widely depending on the drying temperature and
tempering time, the first factor being more important. This result
agrees with the previously reported results (Tuyen et al.. 2009).
The degree of gelatinization noted in this study ranged between
25 and 30% at a drying temperature of 130°C and decreased to
only 4-10% at 90 °C. The DSC results corresponded to the results
of head rice yield in that higher degree of gelatinization resulted
in a smaller fraction of broken rice kernels.

3.6. Pasting properties

The changes of the pasting properties of waxy rice flour ob-
tained from various processing conditions are presented in Table
3. The values of the peak viscosity were significantly lower for
the flour of waxy rice dried at 110 and 130°C and tempered for
0, 30 and 120 min as compared with that of the reference waxy
rice. These results agree with the DSC results, showing that the

Table 2

Effects of drying temp and time on of waxy rice flour.

Copdition Transition temperature (°C) AH ()fg) Degree of gelatinization (%)
\ Toasi Toest Teonchude

Reference, My, = 28.8% d.b. 61.1 685 768 68 o

T =90 °C, My, = 288X d.b., without tempering 615 692 719 66 38

T=90 *C, M;, = 28.8% d.b,, tempering time of 30 min 620 700 784 6.5 43

T=90°C. My, = 288X d.b, tempering time of 120 min 628 706 784 6.1 104

T=110°C, My, = 28.8% d.b., without tempering 61.7 694 781 59 140

T=110°C, My = 28.8% d.b,, témpering time of 30 min 623 69.7 782 54 208

T=110°C, M, = 28,8% d.b. tempering time of 120 min 622 69.7 783 52 244

T=130°C, My, = 28.3% d.b, without tempering 618 695 782 5.1 246

T=130°C. M, = 28.8% d.b., tempering time of 30 min 619 695 784 50 2.4

T=130°C, My, = 28.8% d.b., tempering time of 120 min 627 704 786 48 296

Table 3

Pasting properties of waxy rice after processing at different conditions.

Condition Peak viscosity (RVU) " Final viscosity (RVU) Setback (RVU) Pasting temperature (*C)

Reference, M, = 28.8% d.b. 2480:03¢ 1314205° -11661 06" 652£05°

T=90°C, M, = 28.8X d.b., without tempering 24691 1.5¢ 137526.3% -10957.8° 65607

T=90C, M, = 28.8% d.b,, tempering time of 30 min 24571100 1{2311.2‘ -1028220° GSJ_MM‘

T=90°C, My, = 28.8% d.b. tempering time of 120 min _ 24252457 143813 ~987£33° - 653106

T=110°C, My, = 28.8% d b, without tempering 2440116 1432209 ~1008 £26° 66.7£02%

T=110°C, M,y ~ 283X d.b., tempering time of 30 min 2412412% 1402213 -101.0£25° 6656204°

T=110°C, Mia = 28.8% d.b., tempering time of 120 min 2354217 1355£08* -999£0.8° 676206*

T=130°C, M, = 28.8X d.b,, without tempering 2374214 1404 £33 -92.0222° 668202

T=130°C. My, = 28.8% d.b., tempering time of 30 min 233.0£28% 13562 1.6® ~97.4215° 67.5204

T=130°C, M,, = 28.3% d.b., tempering time of 120 min 2302£43° 1405£22% 2898214 68.1£02¢

Different superscripts in the same column mean that the values are significantly different (p < 0.05).

Table 4

Color of waxy rice at various drying temperatures and tempering time.

Condition L e b wi

Referénce, My, =28.8% d.b. 833:08" -0.1200% 122102 794107%

T=90°C, M,, = 28.8% d.b., without tempering * 84604 -0.1200% 121: 02 804204

T=90°C. M, = 28.8% d.b., tempering time of 30 min 85.0: 05 -0.1£0.0% 124102* 804203

T=90°C, My, = 28.8% d.b. tempering time of 120 min 847 £02% -00200% 133:00% 8062047

T=110°C, M, = 28.8% d.b,, without tempering S 846103 -0.1£00™ 121£02° 798204

T= 110°C, My, = 288% d.b., tempering time of 30 min 8431 0.6% ~0.1200% 12580124 79.7£0,15%

T=110°C. M,, = 28.8% d.b., tempering time of 120 min 84.7203% -02201°" 124202% 802¢01%

T=130°C. M, = 28.8% d.b.. without tempering 834:03* -00£0.0™ 1292 0.0% 8031047

T=130°C, M;, = 28.8% d.b,, tempering time of 30 min 831405 0.1101% 131204 786206"

T=130°C, My = 28.8X d.b, tempering time of 120 min 839108 00£0.1%¢ 134£03" 79.0:03*‘

Different superscripts in the same column mean that the values are significantly different (p < 0.05).

”
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Table 5 decrease in the peak viscosity was closely related to the degree of
Percentage of translucent kemels at various drying temperatures and tempering time. gelatinization.

Condition Translucent kemel (%) For the setback viscosity, the thermally treated waxy rice flour
Reference, My, = 28.8% db. 0 exhibited lower setback viscosity than the reference waxy rice. The
T=90“C, M;, = 28.8% d.b_ without tempering 0 tempering time and drying temperature changed the setback vis-
T=90°C. M, = 28.8X d.b. tempering time of 30 min 0 cosity in such a way that an increase in the drying temperature
;' ?‘:‘;SC“- -288% 1::”'?':‘".‘ time of 120 min g and tempering time decreased the setback viscosity. The lowering
0 z“___mm’ T ::'mp r:'::'n'f"m' ne 0 of the setback viscosity represents firmer texture of waxy rice after
T=110°C, My, = 288X db. tempering time of 120min 0 drying and tempering. This result is similar to the ﬁnding~ oprder-
T=130°C, M;, = 28.8% d.b, without tempering 29:02 son and Guraya (2006} who reported that thermal deterioration of
T=130°C, M,, = 28.8% d.b. tempering time of 30 min 78100 amylopectin and amylose in starch granules during heating could
T=130°C, M,, = 28.8% d b, tempering time of 120 min 104:03

degrees of starch gelatinization at such temperatures were indeed
in the range of 14-30%. However, no significant differences be-
tween the treated samples and the reference sample were noted
when the rice was dried at 90 °C and tempered for 0 and 30 min;
an exception was noted when the tempering time of 120 min
was used. The effect of gelatinization on the peak viscosity was also
reported by Taechapairoj et al. (2004) and Jaisut et al. (2008). The

cause lower peak viscosity.
3.7. Color

The W1 is normally used to characterize the color of white rice
and this value can be calculated by Eq. (2). The values of W1, along
with the L-, a-, b-values, of waxy rice processed at different condi-
tions are listed in Table 4. Waxy rice dried at 90 °C had higher Wi
than the reference sample. The higher whiteness resulted from the
higher L-value of waxy rice after processing (84.6-85.0), as com-
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Fig. 5. Scanning electron micrographs of waxy rice at various drying temperatures and tempering time.
-
, .
—— = e



P. Jaiboon et al./Journal of Food Engineering 95 (2008) 517-524 523

pared to that of the reference sample. The higher L-value might be
attributed to the shorter drying time and the gelatinization of
starch. During gelatinization, starch granules collapsed and pro-
duced transparent layer, leading to a more glossy product (lyota
et al., 2001; Jamradloedluk et al., 2007). The tempering time did
not affect the W1 and L- and a-values when drying was performed
at 90°C; the b-value was affected at the tempering time of
120 min, however.

At elevated drying temperatures, however, dried waxy rice be-
came darker relative to the sample dried at 90 °C as indicated by
the lower L-values. The lower L-values at higher drying tempera-
tures might be attributed to the yellowish pigments formation.
These pigments were formed by the non-enzymatic browning
reactions, hence the change of the rice color. Both the a- and b-val-
ues also increased with the drying temperature and tempering
time. Due to the changes of these color parameters, the W1 dropped
from 80.4 at 90 °C to 79 at 130 °C, the value close to that of the ref-
erence sample.

Since there is currently no standard or guideline to evaluate the
color of waxy rice, a private rice mill with several years of experi-
ence with waxy rice was consulted. Based on the practical experi-
ence of the mill, the color of all dried samples was still acceptabl

lucent kernel obtained under the same drying condition as that in

Fig. Se; the polygonal shape of starch granules disappeared in the
translucent kernel.

4. Conclusion

Fluidized bed drying technique can be applied to dry waxy rice.
Drying waxy rice at higher temperatures led to only a small drop in
the head rice yield as compared to that of the reference waxy rice.
The superior head rice quality was due to modification of starch
granules as depicted by the scanning electron microscopy and dif-
ferential scanning calorimetry. The modification of starch granules
also changed the pasting properties, i.e., peak viscosity and set back
viscosity. The waxy rice color after high-temperature drying was
slightly darker and had a pale yellow as compared to that of the ref-
erence waxy rice. The translucent kernels occurred when drying at
130 °C and the percentage of translucent kernels increased as the
sample was tempered. From the above quality point of view, it is
recommended that the drying temperature must be lower than
130 °C in order to prevent the formation of translucent kernels.

dried waxy rice would not be acceptable if it has an L-value of low-
(érrthan 84.4 £0.5, a-value of higher than 0.54 £ 0.1 and the b-value

hlghe than 15.1 £ 0.1. Based on these limiting values, the calcu-
lated WI is 78.3 £ 0.4, which is very close to the values of W1 listed
in Table 4. These results indicated that using WI to characterize the
color of waxy rice is inappropriate since the a- and b-values are
less influential to the value of WI than the L-value.

3.8. Translucent kernels

Normally, waxy rice has an inherent characteristic of opaque
white kernel. The translucent kernel is considered abnormal or
defective for waxy rice (Patindol and Wang, 2003). For a rice mill,
this defect is important and causes the waxy rice quality to drop
from the premium grade. Table 5 lists the percentage of translu-
cent kernels of waxy rice processed at different conditions. The
kernel translucency started to be observed at a drying temperature
of 130°C. At this temperature, the percentage of translucent ker-
nels was approximately 3% before tempering and increased to
10% at 120 min tempering time. The occurrence of translucent ker-
nels might possibly be due to the disruption of all starch granules
as indicated in Fig. 5f. This provided a homogeneous phase in the
waxy rice kernel, implying a higher degree of starch gelatinization
in the translucent kernels than in the opaque ones. To confirm this
hypothesis, the waxy rice starch from the translucent kernels was
taken to determine the degree of starch gelatinization; the result
showed a complete gelatinization (data not shown).

3.9. Microstructure

The microstructure of waxy rice samples was d by
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In this work, changes of the cooking and pasting properties as well as starch digestibility of waxy rice
(RD6) during hot air fluidized bed drying were investigated. Re-moistened waxy rice at an initial mois-
ture content of 28% dry basis (d.b.) was dried at 90-150 °C. Semi-dried waxy rice was tempered and dried
again by ambient air until the moisture content reached 16% (d.b). It was found that the degree of gela-
tinization increased with an increase in the drying temperature. At 130 and 150 °C the appearance of

X 3 some waxy rice kemels changed from opaque to translucent, indicating complete gelatinization. Thermal
M‘y" hm" d’in degradation of amylopectin during high drying caused the starch to be more rap-
Crystallinity idly digested; this led to lower peak viscosity and setback viscosity. In addition, waxy rice processed at
Gelatinization higher drying temperatures (90-150 °C) could adsorb more water and exhibited larger loss of solids dur-
Glycemic index ing soaking. Such effects subsequently led to samples with lower hardness and higher stickiness. Based
Pasting property on the sensory analysis results, however, waxy rice dried at the above temperatures, when cooked, did
not significantly differ in overall acceptability from the reference waxy rice.

© 2011 Elsevier Ltd. Al rights reserved.

1. Introduction

Waxy rice (Oryza sativa). which is sometimes called glutinous or
sweet rice, is characterized by the opaque appearance and very low
amylose content. Waxy rice is used as a raw material for producing
awide variety of products such as sweet rice cake and rice pudding.
It is also consumed in the form of steamed rice in some South East
Asian countries including Thailand, where it is mainly consumed in
the northern and northeastern parts (Keeratipibul et al., 2008).
Waxy rice after harvesting is typically sun dried on a concrete
pad or by an LSU dryer. Such drying methods may nevertheless take
long time. To enhance the drying rate, high-temperature drying is
frequently used (Tirawanichakul et al., 2004; Prachayawarakorn
et al., 2005: Jaiboon et al., 2009). However, high-temperature dry-
ing via an LSU dryer may not be appropriate for rice since a contact
between grains and drying medium is generally poor.

Fluidized bed drying technique, on the other hand, may be an
alternative method because this drying technique provides good
mixing and excellent heat and mass transfer between grains and
drying medium. Fluidized bed drying not onlygives higher drying
rate but has also proved to, in some cases, yield dried rice with high-

* Corresponding author. Tel.: +66 2 470 9221; fax: +66 2 428 3534.
E-mail address: somkiat,| ac.th (S. Prach.

0260-8774/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.

d0i:10,1016/j foodeng 2011.02.008 =

er quality. For example, it was shown that rough rice dried at higher
temperatures in a fluidized bed dryer (>100 °C) had higher head rice
yield than rice dried in shade (Tirawanichakul et al., 2004; Prachay-
awarakorn et al., 2005). In addition, the textural properties of rice
after cooking were found to be similar to those of aged rice, i.e., fir-
mer texture and less sticky (Soponronnarit et al., 2008). Such
changes in the cooking properties are, however, the characteristics
of rice containing high amylose, which can form a gel network dur-
ing gelatinization. On the other hand. in the case of waxy rice, which
mostly contains amylopectin, formation of a gel network is more
difficult. Information on the cooking properties of waxy rice dried
at high temperature is also still extremely limited.

In addition to the cooking properties, starch digestibility is also
important as this information can be used to quantitatively de-
scribe the effect of starch-rich food consumption on postprandial
glucose in the blood (Shu et al., 2009). Waxy rice is known to have
high glycemic as ¢ d with other high-amylose rice
varieties (Frei et al.,, 2003; Hu et al., 2004). When moist waxy rice
starch granules are dried, inter- and intra-molecular hydrogen
bonds between starch chains are disrupted, leading to swelling
and disintegration of the granules. The accessibility of the digestive
enzymes to the starch chains thus increases as gelatinization pro-
gresses (Chung et al., 2006). This in turn leads to more rapid starch
digestion and subsequent higher glycemic index of the waxy rice.
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During high-temperature drying, however, starch may not be fully
gelatinized due to limited water content in rice; thus a proportion
of starch granules remain. It would be interesting to know the
postprandial response of partially gelatinized starch.

The aim of this investigation was to study the effect of high-
temperature fluidized bed drying on the cooking properties, kernel
morphology, rice flour pasting properties and starch digestibility of
waxy rice. The cooking quality was considered in terms of water
uptake and solid loss, while the textural properties were assessed
in terms of the hardness and stickiness. In addition, chain length
distributions of amylopectin within waxy rice and consumer
acceptability were also evaluated.

2. Materials and methods
2.1. Hot air fluidized bed dryer

Fig. 1 shows a schematic diagram of a hot air fluidized bed dryer
and its accessories. The system consists of three major compo-
nents: a cylindrical drying chamber with an inner diameter of
20 cm and a height of 140 cm; 12 kW electrical heaters with a tem-
perature controller; and a backward-curved-blade centrifugal fan,
which is driven by a 1.5 kW motor. Exhaust air can be recycled,
iftpneeded, by means of two butterfly valves.

\

2.2. Materials

Dry long grain rough waxy rice (RD6) was provided by the Rice
Research Institute. Ubon Ratchathani province, Thailand. The rice
was re-moistened, mixed and kept in cold storage at 4-6°C for
7 days prior to an experiment. The initial moisture content of the
re-moistened waxy rice was 28.8% dry basis (d.b.). The RD6 has
amylose content in the range of 4-6% (Noomhorm et al., 1997;
Varavinit et al., 2003). Before starting each experiment, the waxy
rice samples were brought inro thermal equilibrium with ambient
temperature (T ~ 30 °C).

2.3. Drying of waxy rice

A batch of 1.9 kg of re-moistened sample was dried in the fluid-
ized bed dryer. The experiments were carried out at temperatures
0f 90, 110, 130 and 150 °C at a superficial air velocity of 2.5 m/s, as
recommended by Soponronnarit and Prachayawarakorn (1994).
The desired moisture content after Nuidized bed drying was 22-
24% (d.b.). Semi-dried waxy rice was then tempered for either 30

|

DAMPERI{] OUTLET

Fig. 1. A schematic diagram of a batch hot air fluidized bed dryer.
e

or 120 min in order to reduce moisture stresses created during dry-
ing. In the tempering step, the sample was kept in a closed jar to
avoid moisture loss. After the tempering step, the sample was ven-
tilated with ambient air (temperature and relative humidity of
30 °C and 55-60%, respectively) in a thin-bed ventilator with a sta-
tic bed depth of around 3.5 cm until the moisture content of the
sample reached 16% (d.b.) (ventilation time was around 30-
40 min). After that the sample was kept in a sealed plastic bag at
4-6 °C for 2 weeks before quality analysis. The quality of waxy rice
obtained from the above processing conditions was also compared
with that of a reference sample, obtained by shade drying.

2.4. Moisture content evaluation

Moisture content of rough waxy rice was determined by drying
50 g of rough waxy rice sample at 103 °C for 72 h in a hot air oven
(Memmert, ULES00, Schwabach, Germany).

2.5. Microstructure evaluation

The microstructure of each sample was observed with help of
scanning electron microscopy (SEM). A waxy rice kernel was cut
along its cross-sectional axis, attached to an SEM stub and coated
with gold by a sputter-coater. The coated sample was then photo-
graphed using a scanning electron microscope (JSM, JSM-5600LV,
Tokyo, Japan) at an accelerating voltage of 15KkV. The inspected
location of the kernel was between the kernel surface and the
endosperm centre.

2.6. Thermal property evaluation

Waxy rice flour was prepared by grinding waxy rice with an ul-
tra centrifugal mill (Retsch, ZM 100, Haan, Germany) and passing
through a 0.25-mm screen (the moisture content of flour was
16% (d.b.)). Thermal analysis of the flour was performed using a
differential scanning calorimeter (Perkin Elmer, DSC-7, Norwalk,
CT). The waxy rice flour (3 mg) was accurately weighed into an alu-
minium DSC pan; 10 pL of distilled water was added and the pan
was hermetically sealed. The sample was left to stand for 1 h at
room temperature (25 °C) before DSC scanning. Indium was used
to calibrate the DSC and an empty pan was used as a reference.
All samples were heated from 40 to 100 °C at a scanning rate of
10°C/min. The major parameters of each DSC profile were de-
scribed as onset temperature, peak temperature and conclusion
temperature. From the DSC profile, the transition enthalpy was
determined and the degree of gelatinization of waxy rice flour
was then calculated by the following equation:

DG(%) = (1 - XA}%]) %100 )

where DG is the degree of gelatinization, AH is the transition en-
thalpy of processed waxy rice flour (J/g (dry matter)) and AH, is
the transition enthalpy of raw waxy rice flour (J/g (dry matter)).
All experiments were performed in duplicate and the average val-
ues are reported.

2.7. Amylopectin chain length distributions evaluation

Amylopectin  was de-branched by isoamylase enzyme
(Hayashibara Biochemical Laboratories, Okayama, Japan) according
to the method of Jane and Chen {1992). The amylopectin branch
chain length distributions were analyzed using a high-performance

ion-exchange ch graphy system equipped with a pulsed
amperometric detector (HPAEC-PAD) (Dionex, DX-120, Sunnyvale,
CA). HPAEC-PAD consists of a GS50 gradient pump, AS50
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automated sampler, ED50 electrochemical detector, CarboPac PA-1
analytical column (2 x 250 mm) and CarboPac PA-1 guard column
(2 x 50 mm). The electrochemical detector, with a gold working
electrode versus a Ag/AgClis., reference electrode, was operated
at the following waveform: E;=0.05V (t,=0s), E;=0.05V
(t2=025). E3=005V (t3=04s), E4=075V (14=0415),
Es=0.75V (ts=065s). Es=-0.15V (ts=0.615) and E;=-0.15V
(t7 =1.0s). The injection volume was 20 pL and elution of the com-
ponents in the hydrolysate was carried out with 150 mM sodium
hydroxide as eluent A and 150 mM sodium hydroxide in 500 mM
sodium acetate solution as eluent B. The eluents were prepared
with 18 MQ cm deionized water and filtered through a 0.45 pm
membrane filter (Simona, PVDF, Kirn, Germany). The gradient pro-
files of eluent A:B were 75:25% at 0 min, 60:40% at 7 min, 10:90% at
67 min, 0:100% at 67.1 min and 0:100% at 85 min. The eluent gra-
dients were operated at ambient temperature at a flow rate of
0.3 mL/min. The chain length distributions were represented as a
percentage of the total peak area and the detector response when
the degree of polymerization was disregarded. All experiments
were performed in triplicate and the average values are reported.

2.8. Water uptake evaluation

Twenty g of milled waxy rice was soaked in 100 mL of distilled
‘\vater for 16 h at room temperature. The soaked waxy rice was
then drained to remove excess water and weighed. An increase
in the mass was calculated and is reported as the percentage water
uptake (Bean et al., 1984). All experiments were performed in trip-
licate and the average values are reported.

2.9. Solid loss evaluation

The drained water from the waxy rice soaking process was col-
lected in a pre-weighed Erlenmeyer flask and evaporated at 105 °C
for 24 h. The sample was cooled in a desiccator for 45 min and then
weighed again. An increase in the mass of the Erlenmeyer flask di-
vided by the mass of the waxy rice sample (20 g) was then defined
as the solids loss:

Solid loss(%) = Increased mass of Erlenmeryer flask
5 Mass of waxy rice sample

x100  (2)

All experiments were performed in triplicate and the average values
are reported.

2.10. Cooking method

Before cooking waxy rice was washed and soaked for 16 h in
water at room temperature and then drained. Soaked milled waxy
rice was steamed over boiling water in a perforated steamer for
30min and then allowed to stand at ambient condition for
10 min prior to further analysis (Juliano, 1985).

2.11. Textural properties evaluation

Hardness and stickiness of cooked waxy rice were determined
by a texture analyzer (Stable Micro System, TA XT Plus, Surrey.
UK). Six kemels of each cooked waxy rice’sample were placed on
aluminium plate. A cylindrical probe with a diameter of 50 mm
was used to compress the kernels to 90% deformation at the test
speed and posttest speed of the probe of 0.5 and 1 mm/s, respec-
tively. The hardness of the cooked waxy rice defined as the maxi-
mum force on the first compression while the stickiness was
recorded as the negative force of the first cycle (during the pulling
out of the cylindrical probe). All experiments were performed in
triplicate and the average values are reported.

-~

2.12. Pasting property evaluation

Pasting properties of waxy rice flour (with an average particle
size of 125 pm) were determined using a Rapid Visco Analyzer
(RVA) (Newport Scientific, RVA-4, Warriewood, Australia) follow-
ing the standard method AACC 61-02 (AACC, 1995). Waxy rice
flour (3 g on dry basis) was poured into distilled water (25 mL)
in a canister and mixed thoroughly. The mixture was stirred at
960 rpm during the first 10s and then changed to 160 rpm for
the rest of the analysis. The temperature of the slurry was first
maintained at 50 °C for 1.5 min and then raised to 95 °C at a rate
of 12 °C/min. After that the temperature was maintained at 95 °C
for 2.5 min, followed by a cooling to 50 °C at 12 °C/min; the tem-
perature was then maintained at 50 <C for 2.1 min. The total time
of an experiment was 12.5 min. A plot of the pasting viscosity in
an arbitrary RVA unit (RVU) versus time was then made. The peak
viscosity. which was obtained from the pasting curve, indicates
the water-binding capacity of the mixture and is often correlated
with the final product quality; it also provides an indication of
the viscous load likely to be encountered by cooking. Setback vis-
cosity (final viscosity - peak viscosity) is used as an indicator of
gelling or retrogradation tendency of the waxy rice. All experi-
ments were performed in triplicate and the average values are
reported.

2.13. Digestibility evaluation

Waxy rice starch digestibility was analyzed according to the
method proposed by Goni et al. (1997). A sample of 50 mg of waxy
rice was prepared in 30-mL Erlenmeyer lask with 4 mL of distilled
water. The sample was then cooked for 30 min. Subsequently,
10mL of KCI-HCl buffer at pH 1.5 was added; the sample was
homogenized for 2 min using an Ultra Turrax homogenizer (IKA
Labortechnik, T25, Staufen, Germany). After that 0.2 mL of a solu-
tion containing 1 mg of pepsin from porcine stomach mucosa (Sig-
ma, P-7000, St. Louis, MO) in 10 mL of KCI-HCl buffer at pH 1.5 was
added into the sample. The sample was placed in a shaking water
bath (Heto-Holten A/S, SBD50, Allerod, Denmark) at 40°C for
60 min. The volume of the sample was then adjusted to 25 mL by
adding 15 mL of tris-maleate buffer (pH 6.9). Before starting the
starch hydrolysis 5 mL of tris-maleate buffer containing 2.6 1U of
x-amylase from Bacillus species (Sigma, A-6814, St. Louis, MO)
were added to the sample. The flask was placed in a shaking water
bath at 37 °C. Aliquot (0.1 mL) was taken out from the flask at
every 30 min interval for a total time of 180 min. The sample
was then placed in boiling water for 5 min to inactivate a-amylase.
One mL of 0.4 M sodium-acetate buffer at pH 4.75 and 30 pL of
amyloglucosidase from Aspergillus niger (Sigma, A9913-10 mL, St.
Louis, MO) were added to hydrolyze the soluble starch and the
sample was incubated at 60 °C for 45 min. Finally, the glucose con-
centration was measured using the glucose oxidase-peroxidase kit
(Sigma Chemical Co.. G3660-1CAP, St. Louis, MO). The rate of starch
digestion was defined as the percentage of the total starch hydro-
lyzed at different times (30, 60, 90, 120. 150 and 180 min). All
experiments were performed in duplicate and the average values
are reported. The following equation, established by Goni et al.
(1997), was used to describe the kinetics of the starch hydrolysis:

C=Ce(1-¢e™ (3)

where C, C.. and k are the percentage of starch hydrolyzed at time t,
percentage of starch hydrolyzed at 180 min and kinetic constant,
respectively. The area under the hydrolysis curve (AUC) was calcu-
lated by following equation:

AUC = C (ty - to) - (gkl)(l - exp(-k(t; - to))) (4)
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where o and t; are the initial time (0 min) and the final time
(180 min), respectively. A hydrolysis index (HI) was obtained by
dividing the area under the hydrolysis curve of the sample by that
of fresh white bread (Goni et al., 1997). The glycemic index of a
sample was then estimated according to Goni et al. (1997) as:

Gl =39.71 + 0.549H1 (5)

2.14. X-ray diffraction analysis

X-ray diffraction (XRD) patterns of dried waxy rice flour were
obtained using a Bruker AXS D8 DISCOVER XRD (Bruker AXS GmbH,
Karlsruhe, Germany) under the following conditions: 40 kV and
40 mA with CuKa radiation at a wavelength of 0.1546 nm with a
scanning rate of the diffraction angle 20 of 2°/min. A sample of
0.5 g of dried waxy rice flour was placed in a holder. The relative
intensity of the diffraction peak was recorded in the scattering
range (20) of 4-40° and the crystallinity (X,) of the sample was cal-
culated by:

X =

A
100% 6
Rl ®
where A. and A, are the areas of crystalline and noncrystalline re-
iions. respectively.

215, Sen\.%ory evaluation

For determination of the cooking quality. 300 g of waxy rice
were washed and soaked for 16 h in distilled water at room tem-
perature and then drained. Soaked milled waxy rice was steamed
over boiling water in a perforated steamer for 30 min. The quality
of cooked waxy rice was evaluated on the basis of its palatability.
Eleven trained panelists from the Pathum Thani Rice Research Cen-
ter, Pathum Thani province, Thailand, were invited to evaluate the
odor, color, glossiness, stickiness, hardness and overall acceptabil-
ity of the cooked waxy rice using a nine-point hedonic scale of 1-9
as described in Table 1.

2.16. Statistical analysis

All data were subjected to the analysis of variance (ANOVA)
using SPSS*® software and are presented as mean values with
standard deviations. Differences between mean values were estab-
lished using Duncan's multiple range tests at a confidence level of
95% (p <0.05).

3. Results and discussion
3.1. Microstructure and thermal properties of dried waxy rice

Based on visual observation waxy rice samples appeared differ-
ent when dried at different temperatures. The dried waxy rice had
opaque white kernels when dried at 90 °C, a characteristic which is
similar to the native waxy rice. When waxy rice was dried at high-
er temperatures, a small number of kernels appeared translucent.
The percentage of translucent kernels, defined as the number of

i

translucent kernels divided by the total number of kernels, was
7.8% and 149% when the drying temperature was 130 and
150 °C, respectively. The formation of translucent kernels might
be caused by modification of starch granules during drying. Fig. 2
shows the morphologies of starch granules belonging to the sam-
ples dried at different temperatures. It is seen that the translucent
kernel shown in Fig. 2d (drying temperature of 150°C) did not
have any starch granules left, whilst the opaque white kernel
shown in Fig. 2c still contained some starch granules. These results
indicated that starch granule disappearance led to h

phase or absence of air spaces inside a kernel, allowing some light
1o transmit through the kernel, which in turn resulted in the ob-
served translucency.

When a drying temperature of 90 °C was used, the starch mor-
phology of the opaque white kernel was insignificantly different
from that of the native waxy rice kernel, exhibiting an irregular
polygonal shape. At a drying temperature of 150 °C, however, the
starch granule characteristics of the dried opaque waxy rice kernel
were different from those of the reference kernel: the polygonal
starch granule shape was less defined and some starch granules
were disrupted. It was therefore expected that the amorphous re-
gion destabilized, adsorbed water, swelled and disrupted. Swelling
imposed stress upon amylopectin crystallites; this caused amylo-
pectin double helices within the crystallites to dissociate, leading
to the breakdown of the integrity of the starch granules (Donald,
2004).

Table 2 shows the thermal properties results of the translucent
and opaque waxy rice flour. The translucent waxy rice flour was
obtained at a drying temperature of 150 °C. From a DSC thermo-
gram, the characteristic temperatures of the translucent kernel,
i.e,, the onset, peak and conclusion temperatures were not found,
indicating that the kernel translucency after drying was caused
by complete gelatinization. This result agreed well with the SEM
results shown in Fig. 2d.

For the opaque kernels obtained at different drying tempera-
tures, it was noted that the characteristic temperatures of the
dried waxy rice flour changed significantly from that of the na-
tive flour, implying the modification of waxy rice starch thermal
properties after drying. The onset temperature, for example, in-
creased for the dried waxy rice. Such a change in the thermo-
gram was related to the corresponding enthalpy change. The
enthalpies of the waxy rice dried at higher temperatures were
lower and the corresponding higher degrees of starch gelatiniza-
tion were observed.

As shown in Table 2, the tempering time affected starch gelati-
nization. The starch gelatinization of the sample dried at 90 °C was
4.8% at 30-min tempering time and increased to 10.4% when the
tempering time increased to 120 min; this result could improve
the head rice quality (Jaiboon et al., 2009). At other drying temper-
atures, the dried waxy rice samples obtained at 120-min temper-
ing time were not taken to determine their thermal properties
since the head rice of the samples dried at such conditions was
the same as that of the sample tempered for 30 min as reported
by Jaiboon et al. (2009). The waxy rice obtained by drying at
90 °C and tempering for 120 min was therefore chosen for subse-
quent quality tests,

Table 1
Meaning of hedonic scores (1-9) of each sensory parameter.
Score Whiteness Glossiness Stickiness Hardness Overall
9 White Very glossy Very sticky Very hard Extremely like
7 Creamy white Moderately glossy Moderately sticky Moderately hard Moderately like
5 Slightly brown Slightly glossy No sticky-no separated Not hard-not tender Neither like nor dislike
3 Moderately brown Moderately dull Moderately separated Moderately tender Moderately dislike
1 Brown Very dull Well separated Very tender Extremely dislike
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(©)

(d

Fig. 2. Morphoalogies of reference waxy rice, opaque waxy rice and translucent waxy rice processed under different conditions: (a) Reference waxy rice (opaque white kernel),
(b) Waxy rice dried at 90 °C and tempered for 30 min (opaque white kernel), (c) Waxy nice dried at 150 “C and tempered for 30 min (opaque), (d) Waxy rice dried at 150°C

and tempered for 30 min (translucent).

Table 2
Thermal property of waxy rice flour processed under different conditions.

Processing condition

Transition temperature (°C) 4aH ()ig) Degree of gelatinization (X)
Tomses Tpeat Teonctude

Reference (opaque) 61.1£00 685:00 76.8:0.05 6.8 0

T=90C, t = 30 min (opaque) 620100 70.020.05 7841005 6.5 48

T=90°C, t= 120 min (opaque) 6281005 70.6:0.05 784:00 6.1 104

T=110°C, t = 30 min (opaque) 623100 697200 782+005 54 208

T=130°C, ¢ = 30 min (opaque) 61.90.05 69.510.05 78.4:00 50 264

T=150°C, t = 30 min (opaque) 62900 709100 792005 44 354

T =150 <C, t = 30 min (translucent) - -

T = drying temperature (°C), ¢ = teinpering time (min).

3.2. Chain length distributions of amylopectin

Fig. 3 displays the chain length distributions of amylopectin
within the reference and dried waxy rice samples. The amylopectin
branch chains in waxy rice could be classified into short chains
(DP6-12, DP13-24) and long chains (DP25-36. DP37-49) (Bertoft,
2004). The highest proportion of amylopectin branch chains in
the present waxy rice samples was found a&.DP13-24, which was
accounted for 53.5-53.9%, while the smallest proportion was found
at DP37-49 (3.0-3.2%). Highest proportion of short chains (DP13-
24) tended to lead to samples having soft texture after cooking
(Ong and Blanshard, 1995; Nakamura et al., 2006). The chain
length distributions of amylopectin in the samples after drying
were not different from that of the reference sample, indicating

>

that the gelatinization that occurred during drying did not change
the amylopectin chains.

3.3. Water uptake and solid loss of waxy rice

Table 3 shows the values of the water uptake and solid loss of
opaque and translucent waxy rice samples. The water uptake and
solid loss of the reference waxy rice sample were 33.7% and 2.4%,
respectively. The water uptake and solid loss of opaque kernel
samples after drying increased significantly: higher drying temper-
atures resulted in larger values of both water uptake and solid loss.
On the other hand, the tempering time did not significantly affect
any of the cooking properties of the sample dried at 90 °C. This is
due to the fact that the increase in the degree of gelatinization at
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Fig. 3 Chain length distributions of amylopectin in waxy rice starch
Similar superscripts in the same group imply that the values are not significantly
different (p < 0.05).

tempering time of both 30 and 120 min might be so small that it
had no significant effect on any of the cooking properties of waxy
rice dried at 90 °C. For the translucent waxy rice sample, it was not
possible to determine the amount of water uptake because the ker-
nel collapsed as a result of starch leaching into the soaking water;
the collapse was due to disruption of the crystalline region along
with the fact that the waxy rice mainly consists of short amylopec-
tin chains (as can be seen in Fig. 3), resulting in waxy rice being
easily hydrolyzed during soaking.

The water uptake and solid loss of waxy rice samples seemed to
increase with an increase in the degree of starch gelatinization.
During gelatinization starch granules disrupt but in the case of
RD6 waxy rice gel network could not be easily formed since the
amylopectin in the RD6 mainly consists of short chains (see also
Fig. 3). Hence, when soaking, waxy rice starch could simply absorb
water and be hydrolyzed, resulting in larger water uptake and sub-
sequently higher solid loss. This implies that as the degree of starch
gelatinization increased waxier starch gel was exposed to water,
leading to more solid loss. The solid loss results of the waxy rice
samples were not similar to those of rice with high amylose con-
tent, i.e., 15% or higher (Soponronnarit et al., 2008; Gujral and Ku-
mar, 2003); the amount of solid loss decreased significantly when
the high-amylose rice gelatinized partially or completely.

3.4. Textural properties of cooked waxy rice

The hardness and stickiness values of cooked waxy rice samples
are shown in Table 3. The hardness and stickiness of the cooked

P. Jaiboon et al /Journal of Food Engineering 105 {2011} 89-97

reference sample were 52.1 and 0.9 N. respectively. The hardness
of cooked waxy rice was noted to be significantly lower than that
of the rice containing higher amylose content (Singh et al., 2005),
implying the soft texture of cooked waxy rice. This is because
RD6 has a large amount of short amylopectin chains as mentioned
earlier. Drying temperature had a strong effect on the hardness and
stickiness of the cooked samples; higher drying temperatures
caused lower hardness and higher stickiness. This corresponded
to the water uptake and solid loss result mentioned in Section
3.3. The textural information of the translucent cooked waxy rice
was not available for the reason mentioned in the previous section.

3.5. Pasting properties of waxy rice flour

Four major pasting properties, i.e., peak, final and setback vis-
cosities as well as the pasting temperature are reported in Table
4 for both translucent and opaque waxy rice samples. Peak viscos-
ity and pasting temperature of waxy rice flour from a sample dried
at 90 °C and tempered for 30 min insignificantly changed from the
values of the reference sample, whilst the final and setback viscos-
ities were noted to be sensitive at this drying temperature: the set-
back viscosity significantly decreased whereas the final viscosity
significantly increased. At drying temperatures higher than 90 °C,
the peak and setback viscosities significantly decreased from those
of the reference sample. The decrease in the peak viscosity after
drying indicated a reduced swelling capacity of starch granules
due to the disruption of starch granules (Pukkahuta et al., 2008).
As shown in Table 4, the translucent waxy rice flour from a sample
dried at 150 °C did not seem to have any starch granules left and
hence the lowest peak viscosity. On the other hand, the opaque
waxy rice obtained at the same drying temperature as the translu-
cent rice showed a significantly higher peak viscosity.

Setback viscosity is commonly used to describe an increase in
the viscosity that occurs upon cooling of a pasted starch (Anderson
and Guraya, 2006). As shown in Table 4. drying at higher temper-
atures resulted in lower values of the setback viscosity, implying
less re-association of amylopectin branch chains in the waxy rice.
From these results, it is possible to conclude that the re-association
of amylopectin branch chains was the lowest for the translucent
waxy rice, with the lowest value of the setback viscosity of
~26.9+ 8.1 RVU.

3.6. Hydrolysis of waxy rice starch

The starch hydrolysis curves of various samples are shown in
Fig. 4. It was found that the starch hydrolysis of all samples
reached the maximum at the digestion time of around 30 min. A
reference waxy rice sample showed the lowest total starch hydro-
lysis with the value of 70.2%. The starch hydrolysis was higher for
the samples dried at higher drying temperatures. As shown in

Table 3

Cooking properties of milled waxy rice and textural properties of cooked waxy rice processed under different conditions.
Processing condition Cooking properties of milled waxy rice Textural properties of cooked waxy rice

Water uptake (X) Solid loss {X) Hardness (N) Stickiness (N)

Reference (opaque) 337106 24:00° 52.1:42* 09:06*
T=90°C, ¢ » 30 min (opaque) 378 xg.? 29:02° 494:36" 1.1:£05*
T=90°C. t = 120 min (opaque) 393:62° 31200 45026.2% 13205*
T=110°C, t = 30 min {opaque) 436214° 36202° 434112% 16206®
T=130°C, t = 30 min (opaque) 495115 54:01¢ 377223 20:00°
T=150°C, t = 30 min (opaque) 557419 66202° 306232 20:0.1°
T=150°C, ¢ = 30 min (translucent) NIA 100 N/A N/A

T=drying temperature (°C). t = tempering time (min), NjA = not available.

Different superscripts in the same column mean that the values are significantly different {p < 0.05).

>
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Table 4
Pasting properties ol waxy rice flour processed under different conditions.

Processing condition Peak viscosity (RVU) Final viscosity (RVU) Setback viscosity (RVU) Pasting temperature (°C)

Reference (opaque) 2480203' 131.4205* -1166106" 652105°

T=90C. t = 30 min (opaque) 2457 £ 1.0 1429212° -1028 20" 65304

T=90°C. t = 120 min (opaque) 2425145% 1438213 -98.7233% 653£06°

T=110°C. t = 30 min (opaque) 2412212 1402+ 1.3 -101.0+2.5% 66.6£0.4°

T= 130 C, t = 30 min (opaque) 233028 1356 16" -97.4115° 675204°

T=150°C. t = 30 min (opaque) 2250+02° 1361 0.7 -8892+09° 689£0.3°

T =150 <C, t = 30 min (translucent) 2134£88" 1865£10° -269:8.1° 624201*

T = drying temperature (°C). f = tempering time (min).

Different superscripts in the same column mean that the values are significantly different {p <0.05).

Fig. 4, the translucent waxy rice sample, with complete gelatiniza-
tion, showed the highest starch hydrolysis.

Table 5 shows the values of the estimated parameters C,. and k
the hydrolysis index (HI) and the glycemic index (GI) of the sam-
ples dried under different conditions. All hydrolysis parameters
of the fluidized bed dried waxy rice samples were higher than
those of the reference waxy rice. The Gl of the reference waxy rice
sample was 108, implying a more rapid starch digestion than white
bread (GI = 100). This Gl value of RD6 was similar to that reported
for Karaya (Gl = 109.2) and Yunuo No. 1 (GI = 106.3) waxy rice cul-
tivars as reported by Frei et al. (2003) and Hu et al. (2004), respec-
tively. The value of G increased by 1% for the waxy rice dried at
90 °C and 8% at 150 °C. In the case of the translucent kernel, which
occurred due to complete gelatinization, it was found that the Gl
value increased by up to 16%. The reason why the Gl value of dried
waxy rice was higher was the gelatinization of the starch (Chung
et al., 2006). When the waxy rice starch granules were dried at
higher temperature, more crystalline region disrupted, thus allow-
ing more digestive enzyme to attack the substrate.
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Fig. 4. In vitro starch hydrolysis of reference and waxy rice processed under
different conditions.

3.7. X-ray diffraction patterns of waxy rice

Fig. 5 illustrates the X-ray diffraction patterns of waxy rice both
before and after drying. The reference waxy rice flour exhibited an
A-type pattern with diffraction peaks at 26 = 17 and 18°, together
with individual peaks at 26 =15 and 23°. This result was similar
to those of non-waxy rice starch varieties as reported by Ong and
Blanshard (1995). The degree of crystallinity was 17.7% for the ref-
erence waxy rice, while the value became smaller after drying.
Drying at higher temperatures could destroy more crystalline
structure, resulting in lower degrees of crystallinity. It is indeed
seen in Fig. 5 that the degrees of crystallinity of opaque waxy rice
were 16.8%, 15.9% and 15.2% when the drying temperatures of 90,
130 and 150 °C were used, respectively. The drying temperature in
the range of 90-130°C led to insignificantly different degree of
crystallinity when comparing with the reference rice; on the other
hand, drying at 150°C led to a significantly different degree of
crystallinity. For the translucent sample, the crystalline domains
could not at all be detected.

3.8. Correlations between degree of gelatinization and GI and degree of
crystallinity

The correlations between the degree of gelatinization and
in vitro starch digestibility as well as degree of crystallinity are
shown in Fig. 6. The values of Gl and degree of crystallinity corre-
lated well with the degree of gelatinization as indicated by the
higher R%-values of 0.98 and 0.93, respectively. From these results,
it could be concluded that more disruption of the crystalline re-
gions in the waxy rice starch led to higher enzymatic accessibility,
resulting in the increase in the GI value; the Gl value correlated
positively with the degree of gelatinization, but negatively with
the degree of crystallinity.

3.9. Sensory evaluation of cooked waxy rice

Table 6 shows the results of sensory evaluation of cooked waxy
rice properties, i.e.. whiteness, glossiness, stickiness, hardness and
overall acceptability. Cooked waxy rice samples used for the sen-
sory evaluation were specifically selected and only the opaque

Table 5

Model parameters, hydrolysis index (H1) and average glycemic index (GI) of waxy rice starch samples.
Processing condition Co (%) k(min ) HI cl
Reference (opaque) -3 702 083 1255:28° 10861 16"
T=90°C, t=120 min (opaque) s 083 1275814 109.7£08*
T=130"C, ¢ = 30 min (opaque) 738 092 132.1£18° 1122210
T=150°C, t = 30 min (opaque) 784 095 14030 116.7£0.1°
T=150°C, ¢ = 30 min (translucent) 886 098 1586:6.0° 1266+33¢

T=drying temperature (*C), t = tempering time (min).

Different superscripts in the same column mean that the values are significantly different {p < 0.05).

»
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Fig. 6. Correlation between degree of gelatinization and Gl as well as degree of
crystallinity.

kernels were evaluated. The results indicated that the whiteness,
glossiness and stickiness of the fluidized bed dried waxy rice were
not significantly different from those of the reference sample. The
fluidized bed dried waxy rice after cooking was creamy white, rel-
atively glossy and rather sticky. In contrast, the drying temperature
had a significant effect on the hardness of cooked waxy rice. The
cooked waxy rice was tender when it was dried at temperatures
above 110°C. This result corresponded to those obtained instru-
mentally. Overall, the fluidized bed dried waxy rice, upon cooking.
was acceptable and was noted to be not significantly different from
the reference sample. The overall acceptability was in the range of
6.6-7.2, indicating that the panelists moderately liked the cooked
waxy rice samples.

erties, starch digestion and viscoelastic properties. The water up-
take, solid loss and GI increased with an increase in the drying
temperature, while the hardness of cooked waxy rice decreased.
The overall acceptability of the waxy rice dried at different temper-
atures was not different from that of the reference waxy rice ob-
tained by shade drying.
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