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Abstract The transformation of black and red, broken or
not, whole rice grains, into breakfast cereals is an inter-
esting way to add value to these snacks for some reasons.
Firstly, broken kernels hardly achieve a high market value;
whole rice is healthy not only for their nutrient contents but
also for their phytochemical profile, rich in phenolic
compounds; breakfast cereals from pigmented rice are
colored by themselves, and any additional colorant is
unneeded; finally, rice is naturally gluten-free and suit-
able for those with conditions like celiac disease or gluten
sensitivity. The objective of this study was to optimize
some extrusion parameters that account for the physico-
chemical properties of extrudates by using response surface
methodology. Feed moisture between 15 and 21% and the
4th barrel zone temperature between 110 and 160 °C were
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the independent variables. Specific features such as color,
texture, water solubility and absorption, cold viscosity,
expansion, specific volume, and compression force were
evaluated. The trials have shown that moisture had a higher
impact on the extrusion process than temperature. Less
expanded, denser, harder, and darker products were
obtained at higher moisture levels. The optimum points
were defined at 15.5% and 16.0% of feed moisture and
159 °C and 150 °C of temperature for black and red rice
extrudates, respectively. These conditions resulted in cereal
breakfast balls with optimal water solubility, volume, tex-
ture, and good color. Additionally, cold viscosities and a
low compression led to products with a potential high
approval by consumers.

Keywords Pigmented rice flour - RSM - Quality
parameters - Extrusion optimization - Snacks

Introduction

Extrusion cooking is classified as a high temperature/short
time processing technique that affects the microstructure,
the chemical characteristics, the shape, and the texture of
the food material (Xu et al. 2016). The thermomechanical
actions during extrusion bring about the gelatinization of
starch, denaturation of proteins, and the inactivation of
enzymes, microbes and several anti-nutritional factors
(Chalermchaiwat et al. 2015). This particular technology
has been used for the production of ready-to-eat products,
such as snacks and breakfast cereals, because of its prac-
ticality and the convenience that is offered to consumers
(Leyva-Corral et al. 2016).

One of the challenges for the food industry during the
extrusion process is to produce healthy products, by using
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whole grain flour that is rich in fiber, and to overcome
negative impacts on the quality characteristics, like high
hardness, low expansion and an undesirable color (Oliveira
et al. 2017). Therefore, any investigation regarding the
effects on the parameters that are involved in this process,
such as moisture and temperature, are extremely relevant,
in order to produce a breakfast cereal with
acceptable characteristics.

Another point to consider is that typical gluten-free
products are made with non-wheat flours, such as maize,
rice, and sorghum. These raw materials are gaining interest,
not only for increasing the nutritional value of the products,
but also for contributing to the functional components, such
as the phytochemicals (Rocchetti et al. 2017). The demand
for gluten-free foods is on the rise and the development of a
new gluten-free breakfast cereal will be a valuable option
as a ready-to-eat product, being especially suited and
available for celiac patients.

Among the healthy gluten-free raw materials, whole
grain both black and red rice flours (Oryza sativa L.) pre-
sent higher amounts of protein, fiber, and phytochemicals,
in comparison to white rice flour (Massaretto et al. 2011;
Mira et al. 2009; Shen et al. 2009). These phytochemicals,
especially the phenolic compounds, are responsible for the
typical black and red color of the grains. Typical com-
pounds accumulated in the bran layers are anthocyanins in
black rice and proanthocyanidins in red rice (Shao et al.
2018). Furthermore, these phenolic compounds showing a
high antioxidant capacity have been related to reduce the
risks of developing diabetes, some cancers and cardiovas-
cular diseases (Leardkamolkarn et al. 2011; Tanaka et al.
2011). Therefore, the use of these pigmented varieties of
rice is a great alternative in obtaining a healthy and pig-
mented breakfast cereal, which does not need any addi-
tional colorants.

This study aimed to produce extruded breakfast cereals
100% based on whole black and red milled rice grains. A
central composite rotatable design (CCRD) was adopted to
predict responses as a function of the temperature and the
feed moisture within a chosen range. In order to describe
the effects of the independent variables on the quality of
the extruded products, response surface methodology
(RSM) was applied for the generation of the regression
models and the contour plots.

Materials and methods
Grain samples and sample preparation
Black rice (Oryza sativa var. SCS 120 énix) and red rice

samples (Oryza sativa var. SCS 119 Rubi) (Wickert et al.
2014) were provided by Epagri (Itajai Experimental
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Station, Santa Catarina, Brazil). Approximately 100 kg of
each variety of pigmented rice, sometimes broken grains,
were stored under refrigeration (4 °C £ 2 °C) in plastic
bottles and light protected and then milled in an analytical
mill (Analytical Mill A10, Kinematica GAC, Luzern,
Switzerland) before wuse. The prepared rice flour
(> 60 mesh to < 250 pum) was conditioned with water for
5 min in a kitchen mixer 24 h prior to extrusion. The exact
amount of water added to the rice flour to obtain the desired
final feed moisture contents, established according to the
experimental design, was calculated by the following
equation:

Water content (g) = { [(100 — M;)/ (100 — M;)]—1}
x SW

where M; was the original moisture in g/100 g; M, was the
desired final feed moisture content in g/100 g, and SW was
the sample weight in g.

Particle size

The flour particle size was determined in a Produtest
Apparatus, Model 4452 (Sao Paulo, Brazil) (AOAC 2000,
method 965.22). A screen set sequence of six sieves as
follows: 14 (1.4 mm), 20 (0.840 mm), 35 (0.500 mm), 60
(0.250 mm), 80 (0.177 mm) and 100 (0.150 mm) mesh
was used. Three repetitions of each pigmented rice flour
were conducted.

Extrusion cooking

The extrusion was performed in a ZKS 30 Werner and
Pfleiderer co-rotating twin-screw extruder (Ramsey, USA).
Results from preliminary trials were used to select suit-
able extruder operating conditions. The configuration
screw (from the feed extremity to the die) closely followed
the parameters and combinations described by Oliveira
et al. (2017), with a length to diameter (L/D) ratio of 29:1.

The extrusion was carried out with a 1st, 2nd and 3rd
barrel zone temperature of 75, 100 and 125 °C, respec-
tively. The feed rate (15 kg/h) and the screw speed
(250 rpm) were kept constant. After the extrusion, the
material was dried in a forced-air tunnel until a content
< 7% of moisture was achieved.

The experimental design consisted of 12 runs for each
rice (black and red) in triplicate, following a 22 CCRD,
with feed moistures (15-21%) and the 4th barrel zone
temperatures (110-160 °C), as independent variables. For
each rice sample, one CCRD was performed. The experi-
mental design with the coded levels and the real values of
the independent variables are presented in Table 1. The
real levels were selected according to the preliminary tests
for suitable extrusion cooking.



4857

J Food Sci Technol (November 2019) 56(11):4855-4866

6¢£0 F 168L S0°0 F 6€C ¥9°0 F 61°ST € wc
290 F 10°69 200 F €0°C P70 F LI'61 C "ml
IL0F ¢8'18 €00 F 1€7¢C 0 F 60°ST ! all
®
(or3ue ony)
#U (eworyd) . (ssowyS1)) 41
sontodoid esr3ojouyoqy, umy
ClI'c F LT €I'0 F €8¢ LOOFOLT  00LFO00PST LOOF €L 6C0FTCCTL 001 F €6'8S gel 081 0 0 cl
8CT'¢ F 6£9¢C ¢C0 F 86C €00 F8LC 00% F 009LT +¥00F €L v00F 9SL ¥80 F €€°LS Sel 081 0 0 Il
86°C F 8¥°9C 800 F 88'C Y00 F8LC 00 F00€91 8C0F SSL OI'0OF €L 001 F 0v'8S Sel 081 0 0 01
89°C F L99C LO00 F 8¢C 80°0 F9LT O00IIF 00991 0€0F 6L €I'0F LEL ¥80 F L98S Sel 081 0 0 6
L9T F 66'61 SI'0 + 89¢C €0'0 F ¥SC 0001 F 00°LLT SO0 F LL'L TOF L 9¢T F LVL9 091 08l IVl 0 8
ey F 8I°LE 800 F €6'1 €00 F 6¥'C  00°S F 00¥IT 600 F 8I'L 91I'0 F L8S  ¥80 F €£°S9 (1181 08l IV — 0 L
0811 F 66°C8 010 F L8'1 Y00 F STC 009 FO0TIT OI'0F vL'L ¥00F 8C 690 F Lv'er Sel 01¢ 0 7'l 9
11°C F ¥8°0C LT'0 F SSY YO0 F 0 00 F001LC 900 F 169 600 F ¥6'0L LO'T F LY'SL gel 061 0 wlr—- ¢
88V F 6L°EL P10 F 10°1 800 F ITC  00¢ FOOLIT 900 F ¢SL TO0FvLe 9¢T F 08¢CS €61 1'0¢ 1 1 14
T F v ol 600 F 16'S ¥0'0 F 0T°¢ 00Tl F008CC IT0F 0L9 1IT0F €98 9¢1 F €179 €Sl 6°S1 I - ¢
99°6 F+ 08'C8 910 + 08l SO0 F v¢C 00T F 0098 ¥I'0F 8L +00F Iee ¥80 F L90S LIT 1'0¢ I — I C
¥9°C F 81°1¢C ¥0'0 F ¢S'C 01'0 F 10°c  00CI F+ 00°L61 1T0F 89 0¢0F LV8 ¥80 F 0019 LI1 6°Gl1 I — = 1
@
€1'C F 6589 800 F 16C SO0 F 8T 100F 00¥S OI'0F LT9 OI'0 F99CT 9¢I F €105 gel 081 0 0 cl
0¢€'S F S9°L9 120 F 65°C Y00 F S€C 00T F 001§ 800F9CT9 6I'0F €LC 001 F €605 gel 081 0 0 11
19°¢ F 9¢°L9 0T0 F SLC WO0FPeC 001 FO00¥S 800F €9 OI'0F9LT 001 F 0r'0S gel 081 0 0 01
8¥'9 F ¥0'89 Y20 F 8¢C 01'0 F 6£°C 100 F 00°0S  OI'0 F ST9 ¥0'0 F98C +80 F L90S Sel 081 0 0 6
¥6'C F vTTY [€0 F SC¢ 800 F8YC 001 F00IS SO0FC9 900 F LLT 9¢T F LY'SS 091 081 IVl 0 8
Ye's F TL'8S 800 F LSC LO0OF T 001 F 006 SOO0FO0V9 LI'OFOLT ¥80F L9C9 (181 08l I¥'1 — 0 L
1€Cl F 08°I¢ cro F 181 600 F60C 001 F00C LOOFCE9 910 F99C €90FcIey Sel 0'1¢c 0 ! 9
L9T F 8S'IC Y00 F Ce¥y YI'OF L8C 00T F 0018 80 F LY'S €CO0F I9v +80 F L999 Sel (Y 0 wi—- ¢
€€°9 F 0£'901 800 F 6L'1 LOOF L6'T 00T F008 SI'OF 199 9I'0F O¥'C 001 F LTV €Sl 1'0¢ 1 1 14
1€°C F €T°8¢C Y0 F 18°¢ 800 FC0€ 00T F 00¥L €TOFLVS SI'OF9CY 001 F LTY9 €61 6°Gl1 1 I— ¢
868 F 606 ¥0'0 F S8°0 800 F 66’1 00T F 009¢ SO0F¥C9 0OI'0F 8T S90 F €105 LT1 1oc I = 1 [4
YI'v F C9°CE 91'0 F £€9°¢ 90'0 F9¢C 00T +F0009 OI'0OFCC9 €I'0FOore +80F L9OL L11 6°S1 I = = 1
(®)
(N (&/1w) xopup (d) (3 (Do) (3 001
2210) voIssaIdwo)) awnjoa dyroadg uorsuedxq Aisoosia pjop  (8/3) Ivm o(%) ISM A dINS armjerodwa], /3) 2IIsIow pag] X Ix

sanradoid [eor3oouyoa,

an[eA [enmoy

[9A9] POpo)  uny

So)epnIIX9 (q) 90LI pal Yy pue (B) 9011 yoe[q 2y} Jo sentodoid [esrojouyod) oy pue udisop d[qeleiol isodwod [enud) I dqel



J Food Sci Technol (November 2019) 56(11):4855-4866

4858

xopu] uondiosqy IaTepm
Xapuy AN[Iqn[os INEM
A310u9 [eoTURYOSW oYIdadS,

San[eA JO SIOLID PIepuels Y} pue sajeorjdor 91y} 1SeI[ 1k JO SUBSW AIe SAN[BA

Y1I°0 F 29°0¥ $0°0 F 8S'¥ SI'0 F 86'S¢ !
L9°0 F €6°0¥ Y00 F SS¥ 8C°0 F 96'S¢ Il
Iv'0 + vC'1v 800 F ¢SV 8C'0 F S¥'9¢ ol
Or'r + 69°0% €00 F ¢Sy Ly'0 F 11'9¢ 6
6£°0 F ¥9°0v 900 F 6S°¥ 19°0 F 9r've 8
YS°0 F €Ty €00 F ev'y LT'T F 80°S¢ L
08°0 F LOEY LO0 F STV 8C°0 F £¥'0¢ 9
790 F 6€0¥ 00 F ISy 00T F €5°0¥ S
60 F 8y €00 F LEY 6¥'0 F 89°1¢ ¥
o F v1°0¥ €00 F Sv'v 860 F+ 09°LE €
e’ F SE1v SO0 F 8¢y 9’0 F 69°CE [4
S9°0 F sSor €00 F SS¥ 0T F 6CT°8¢ I
@
9L°0 F 6T'8L 100 + 9¢C S0 F 6L'IT cl
¥6'0 F LESL €00 F ¢CC €6°0 F 99'1I¢ Il
790 F IS8L 00 F sT¢ 00T F ¥vT'IC ol
€0 F €5°8L $0°0 F €T°C 68°0 F CI'lC 6
0L0 F Se'SL 00 F 0sC 0€0 F LL'IT 8
IL0F vLYvL Y00 F 91°C £8'0 F e L
16’1 + 86'L9 L00 F 01T 650 F cl'el 9
€0 F LY'98 100 F ITC LEO F ¥9°6C S
8CT F ¥9vL €00 + 0CC 19°0 F 6L61 ¥
(o[3ue ony)
EL| (eworyo) > (ssomy3Iy) 4T mo
sonredoid [eor3ojouyoa, uny W

A's

penunuod T dqe],



J Food Sci Technol (November 2019) 56(11):4855-4866

4859

Specific mechanical energy (SME)

The SME was calculated for each trial by using the actual
screw speed (ASS =250 rpm), the motor power rating
(MPR = 4000 kW/h), the motor torque (%), the rated
screw speed (RSS =500 rpm) and the mass flow rate
(Q = 15 kg/h) (Oliveira et al. 2017) as shown in the
equation:

SME (KW/kg) = (ASS x MPR x Torque)/(RSS x Q x 100).

Water Solubility Index (WSI) and Water
Absorption Index (WAI)

The WSI and the WAI of the extrudates were determined
based on the methodology proposed by Anderson et al.
(1969), by using three samples of each breakfast cereal. An
amount of 2.5 g of each sample was suspended in 30 mL of
water at 25 °C for 30 min. The suspension was centrifuged
at 2.200x g for 10 min and the supernatant was evaporated
and dried at 105 °C for 4 h. The WSI and the WAI were
calculated by:

WSI (%) = ERM /SW x 100WAI (g/g)
= CRM /(SW—ERM)

where CRM was the centrifugal residual mass in g; SW was
the sample weight in g; and ERM was the evaporation
residual mass in g.

Cold viscosity (CV)

The pasting properties were determined by a Viscometer
Model—Rapid Visco Analyzer (RVA) 4500 (Warriewood,
Australia) controlled by Thermocline software (Newport
Scientific Pty Ltd., Warriewood, Australia). The CV was
evaluated in three samples of each rice extrudate according
to the standard method AACC 62-02.01 (AACC 2012).

Expansion Index (EI)

The EI of the extrudates was determined by calculating the
average of six samples from each trial. The diameters were
measured in two different parts of the breakfast cereal
using a Universal Craftsman Caliper (Brennan et al. 2008).
The EI was calculated by:

EI = DC/DM

where DC was the average extrudate diameter in mm; and
DM was the die diameter in mm.

Specific volume (SV)

The SV of the extrudates was determined in three samples
of each extrudate, based on the displacement of the millet
from a known mass sample (20 g) in a 1L beaker (Meng
et al. 2010). The SV was calculated by:

SV (mL/g) =v/p

where v was the excess millet seed volume in mL; and
p was the sample weight in g.

Compression force (CF)

The textural quality (the CF or the hardness) of 8 samples
of each breakfast cereal was examined for their CF in a
TA-XT2iPlus Texture Analyzer (Stable Micro Systems
Ltd., Godalming, UK) by using a Warner—Bratzler Probe
(HDP/WBV). The peak force (N) of the first compression
that was necessary for the rupture of the breakfast cereal
sample was considered to be the CF (Yang et al. 2008). The
parameters used were: the speed of the pre-test, the test and
the post-test of 2.0, 1.0 and 10 mm/s, respectively, with a
probe distance of 30 mm and a force threshold of 0.05 N.

Instrumental color

The colors of the extrudates were determined by a Mini
Scan XE 45/0-L Spectrophotometer (HunterLab, Reston,
USA) and they were based on the CIE L*C*h system
(L*C*h color space—cylindrical coordinates). The results
were calculated as the average of three readings for each
sample. The conditions used were: D65 illuminant and a
10° viewing angle.

Statistical analysis

The data analysis was reported by the RSM in order to
investigate the effects of feed moisture and the 4th barrel
zone temperatures on the technological properties of the
black and red rice extrudates. For the experimental design,
4 factorial runs, 4 axial points (o0 = 1.41) and 4 replications
of the central point, resulting in 12 runs for each pigmented
rice were used (Montgomery 1991). For each dependent
variable, a second-order polynomial regression model was
generated.

All the data were analyzed according to a two-way
analysis of variance (Anova) by using the Statistica 7.0
Software Program (Statsoft, Tulsa, USA) and P < 0.10 was
considered as statistically significant. A regression coeffi-
cient (R%) of 0.80 was adopted in order to guarantee the
prediction values from the regression models and the
construction of the contour curves.

@ Springer
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Results and discussion

The black and red rice flours that were used in the extrusion
process showed a uniform particle size distribution, as 90%
were between 0.177 and 0.250 mm. The uniformity of the
particle size is important, in order to set the degree of water
absorption. If particle sizes present a high dispersion, the
smaller ones absorb water more quickly and consequently
absorb more water during the extrusion process. Therefore,
heterogeneous particle sizes would result in different
degrees of cooking and decrease the quality of the final
products (Martinez et al. 2014).

The influence of feed moistures and 4th zone barrel
temperatures during extrusion on the technological prop-
erties of the black rice extrudates (BRE) and the red rice
extrudates (RRE) of the 12 runs are shown in Table 1, a
and b, respectively. Images of extrudates obtained in the 12
runs of each pigmented rice and their optimal points can be
seen in Fig. 1.

Specific mechanical energy (SME)

The specific mechanical energy values ranged from
approximately 42-70 KW/kg for both types of extruded
products. High values of SME positively affect the
expansion of breakfast cereals, resulting in a better quality
of the extrudate products (Meng et al. 2010). The extrusion
processes resulted in a higher SME when working with
lower values of feed moisture and with extremely lower or
higher points of temperature (Fig.2a, b). Under these
conditions, the shear degree was higher during the extru-
sion processes, thus increasing the energy involved in the
operation. According to Pardhi et al. (2016), higher SME
values result in a greater degree of starch granule gela-
tinization, by promoting the rupture of intermolecular
hydrogen bonds. On the opposite, higher feed moistures
generate less mechanical energy, due to a lubrication
effect; hence, decreasing the SME values (Pardhi et al.
2016).

The SME regression model for the process variables was
statistically significant (P < 0.001) for both of the varieties
of the pigmented rice (Table 2) and the regression coeffi-
cients (R?) for the BRE and the RRE were 0.9947 and
0.8199, respectively.

Water Solubility Index (WSI), Water Absorption
Index (WAI) and cold viscosity (CV)

The main hydration properties of the extrudates were the
WSI and the WAIL The WSI reflects the degree of gela-
tinization, dextrinization, and solubilization of the starch
granules, by measuring the amount of the soluble

@ Springer
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Fig. 1 Images of the 12 black rice (a), red rice (b) extrudates, and
their respective optimal points (¢, d). Optimal conditions were 15.5%
and 16.0% feed moistures and 159 °C and 150 °C temperatures,
respectively, for black and red rice extrudates (color figure online)

components that were released from the starch after the
extrusion. The WSI ranged from 2.40 to 4.61% for the BRE
and from 2.48 to 10.94% for the RRE and were dependent
on the extrusion conditions used. Increasing temperature
and decreasing feed moisture resulted in higher WSI
(Fig. 2c, d). The starch granule solubility increased with
higher values of temperature and lower values of moisture.
These observations are consistent with a previous study
(Ding et al. 2005), in which authors reported a maximum
degree of gelatinization by using similar extrusion condi-
tions of temperature and feed moisture. This behavior was
caused by an intense shear fragmentation of the starch
granules during the extrusion process while at lower
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Fig. 2 Specific mechanical energy, Water Solubility Index and Water Absorption Index contour curves of the black rice (a, ¢, e), red rice (b,
d) extrudates, and cold viscosity contour curve of the black rice (f) extrudate (color figure online)

moisture, resulting in a high WSI and better digestibility of
the starch.

The WSI regression model for the process variables was
statistically significant (P < 0.001) for both of the pig-
mented rice extrudates (Table 2) and the regression coef-
ficients (Rz) were 0.9834 for the BRE and 0.9643 for the
RRE.

The WALI indicates the amount of water that is absorbed
by the starch granules pointed to the digestibility and the
gelatinization of the starch (Pardhi et al. 2016). The WAI
ranged from 5.47 to 6.61 g/g for the BRE and from 6.70 to
7.77 g/g for the RRE. The WALI of the BRE was increased
by extremely higher contents of the feed moisture and

higher temperature (Fig. 2e). Ding et al. (2005) suggested
that moisture is directly related to WAI, since the water
content acts as a plasticizer during the extrusion process,
thus reducing the degradation of the starch granules and
increasing the water absorption indexes.

The WAI regression model for the process variables was
statistically significant (P < 0.001) for the BRE (Table 2)
and the regression coefficient (Rz) was 0.9428. No WAI
contour plot was generated for the RRE, because the
regression coefficient (R?®) that was obtained for this
parameter was lower (0.7655) than the minimum of 0.8,
which was previously adopted, in order to guarantee the
prediction values from the regression models.

@ Springer
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Table 2 The regression models for the process variables and the product properties when using the independent variables of feed moistures (x;)

and 4th barrel zone temperatures (x,) of the pigmented rice extrudates

Response BRE regression models® R? RRE regression models® R?
SME (KW/kg)* 50.53 — 9.42x; — 2.81x, + 2.09x7 + 4.43x3 0.9947 57.68 — 8.50x, + 2.82x3 0.8199
WSI (%) 2.75 — 0.70x; + 0.09x, + 0.43x7 — 0.22x;x,  0.9834 7.37 — 2.75x, + 0.44x, — 0.53x7 — 0.43x3 0.9643
WAI (g/g)° 6.30 + 0.21x; — 0.10x, — 0.12x7 + 0.36X,X, 0.9428 ns ns

51.25 — 13.23x; + 3.63x, + 4.43x}
2.35 — 0.34x; + 0.10x, + 0.05x3 — 0.12x;X»
273 — 1.00x; + 0.38x7

Cold viscosity (cP)
Expansion Index

Specific volume
(mL/g)

Compression force
™)

L* (lightness)

C* (chroma)

h* (hue angle)

67.95 + 36.57x, + 4.63x7 — 8.54x3 + 4.94x,X,

21.45 — 2.57x; + 0.50x3 + 0.31x3
2.24 — 0.08x; + 0.09x, — 0.05x] + 0.04x3
77.94 — 541x; — 1.54x3 + 2.31x;%,

0.9652 164.46 — 56.68x, + 18.06x, + 10.16x3 — 12.73x3 0.9762
0.9656 2.77 — 0.40x, + 0.03x, — 0.12x3 — 0.05X,X, 0.9918
0.8854 2.77 — 1.18x; + 0.46x7 — 1.04x,x» 0.9077
0.9814 29.13 + 25.82x; — 4.76x, + 14.06x? 0.9525
0.9785 36.13 — 3.23x; — 0.32x, — 0.34x7 — 0.70x3 0.9858

0.8702 ns ns
0.9474 40.86 + 0.87x; + 0.38x} + 0.39x,x» 0.9173

R, regression coefficient; ns, the mathematical models were not statistically significant (P < 0.10)

“BRE black rice extrudate

°RRE red rice extrudate

“SME specific mechanical energy
dWSI Water Solubility Index
°WAI Water Absorption Index

Cold viscosity (CV) is an important property of break-
fast cereals, as they are usually consumed by immersion in
cold milk. This property represents the structural modifi-
cation of the starch granules. The CV values varied from
36 to 81 cP for the BRE and from 86 to 271 cP for the RRE
and these values were influenced by the feed moisture and
the temperature. An intermediate CV value is desired for
breakfast cereals, since higher CV values may result in a
fragile structure of the extrudates and they may disintegrate
rapidly after immersion in milk, therefore, resulting in a
less crunchy final product. On the other hand, lower CV
values may difficult water absorption and generate a not so
desirable tougher product.

For the BRE and the RRE, the intermediate CV values
varied in a range of 16-18% for the feed moistures and in a
range of 110-160 °C for the temperatures (Figs. 2f, 3a).
The CV regression model for the process variables was
statistically significant (P < 0.001) for the BRE and the
RRE (Table 2). The regression coefficient (R?) was 0.9652
for the BRE and 0.9762 for the RRE.

Expansion Index (EI) and specific volume (SV)

The EI and the SV are important parameters for the pro-
duction of the extruded cereals, as they reflect the degree of
puffing. The SV measures the volumetric expansion, con-
sidering the radial and the axial expansions when the
extrudates leave the die nozzle. The Expansion Index (EI)
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is based on the perpendicular expansion and is calculated
by the ratio between the diameter of the extrudate and the
diameter of the matrix (3.85 mm) (Ding et al. 2005; Oli-
veira et al. 2018). The expansion of the extrudates highly
depended on the presence of amylopectin in the starch
granules, due to its high molecular ramification.

The EI ranged from 1.97 to 3.02 for the BRE and from
2.21 to 3.30 for the RRE. The expansion of the cereal balls
was inversely related to the feed moisture and directly
related to temperature. In the present work, the EI of the
BRE and the RRE was higher when there was a decrement
of the feed moisture and when there was an increment of
the temperature (Fig. 3b, c¢). These observations are con-
sistent with a previous study (Dalbhagat et al. 2019).

The SV ranged from 0.85 to 3.63 mL/g for the BRE and
from 1.01 to 5.91 mL/g for the RRE. Similar behavior of
the influence of feed moisture and temperature on EI was
observed for the SV (Fig. 3d, e). According to Oliveira
et al. (2017), samples with a high EI also present a high
SV, and for these parameters, feed moisture shows a
greater effect on expansion than temperature does. This can
be seen in Fig. 1, where it is possible to observe that the
extrudates from runs 1, 3 and 5 showed higher expansion
rates, due to the low feed moistures, independent of the
temperatures that were used in the process. Nevertheless,
with higher feed moisture, probably the starch gelatiniza-
tion was reduced and the gas bubble growth was retarded,
resulting in denser and less crunchy final products (runs 2,
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Fig. 3 Cold viscosity contour curve of the red rice (a) extrudate, Expansion Index and specific volume contour curves of the black rice (b, d),
red rice (c, e) extrudates, and compression force contour curve of the black rice (f) extrudate (color figure online)

4 and 6). Gonzalez et al. (2013) explain that under high
moisture conditions, the expansion occurs when the pro-
duct leaves the die, but the structure collapses before
cooling, resulting in a dense and tough product.

The EI and SV regression models for the process vari-
ables were statistically significant (P < 0.001) for both of
the pigmented rice extrudates (Table 2). The EI regression
coefficients (R?) were 0.9654 for the BRE and 0.9918 for
the RRE, and the SV regression coefficients (R?) were
0.8854 for the BRE and 0.9077 for the RRE.

Compression force (CF)

The CF is the average force required for a probe to break
the extruded product into small pieces, this force represents
the resistance of extrudate to initial penetration and is
believed to be the hardness of extrudate (Pardhi et al. 2016;
Ding et al. 2005). The CF ranged from 21.58 to 131.80 N
for the BRE and from 16.44 to 82.80 N for the RRE. It was
predicted by the regression model that the feed moisture
has a significant effect on the compression force of both
extrudates at all ranges of temperatures. An increase in the
feed moisture corresponded to an increase in hardness, as
shown in Figs. 3f and 4a. This correlation has already been
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Fig. 4 Compression force contour curve of the red rice (a), color coordinates L*C*h of the black rice (b, d, e), color coordinates L*h* of the red
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reported by other authors (Oliveira et al. 2017, 2018;
Pardhi et al. 2016; Ding et al. 2005). Water acts as a
plasticizer on the starch granules, causing a reduction of
the viscosity and reducing the mechanical energy dissipa-
tion during the extrusion processes. The result is a dense
final product, with a compressed bubble growth and lower
crispness (Altan et al. 2008).

In the current study, the CF was more affected by the
feed moisture than it was by the temperature, independent
of the temperature used during extrusion. However,
according to Ding et al. (2005), it was expected that higher
temperatures would decrease the melt viscosity, which
would then facilitate the bubble growth, thus producing a
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lower density of the extrudates, with small and thin cell
structures and, consequently, higher crispness.

The compression force (hardness) and the crispness are
sensorial perceptions of the consumer, and they are related
not only to the bubble growth of the extruded product but
also to the expansion properties (the EI and the SV) (Oli-
veira et al. 2017). The influence of moisture on the CF
supported the results of the EI and the SV on the extrudates
(Fig. 3b—e). As there was an increase in the feed moisture,
a higher CF was observed in the extrusion processes,
resulting in lower values of the EI and the SVon the
extrudates; consequently, there was an unacceptable lack of
crispness for the consumer.
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The CF regression model for the process variables was
statistically significant (P < 0.001) for both of the pig-
mented rice extrudates (Table 2) and the regression coef-
ficients (R?) were 0.9814 for the BRE and 0.9525 for the
RRE.

Instrumental color

The pigmented rice varieties presented a characteristic
grain color due to the presence of specific phenolic com-
pounds. Anthocyanins in black rice and proanthocyanidins
in red rice are the main compounds which give the grains
their typical color (Shao et al. 2018). The color charac-
teristics of the BRE and the RRE in all runs can be seen in
Fig. 1. The extrusion conditions changed the color of the
extrudates. The L* (lightness), the C* (chromaticity) and
the h* (hue angle) values of the BRE were affected
(P < 0.001, 0.003 and 0.001, respectively) by both, feed
moistures and temperatures (Fig. 4b, d, e). In the RRE, the
L* and the h* (P < 0.001) (Fig. 4c, f) were also affected
by the feed moisture and the temperature, while for the C*,
no regression model was validated (Table 2). The L*, C*
and h* regression coefficients (R?) were 0.9785, 0.8702
and 0.9474 respectively for the BRE and they were 0.9858
(L*) and 0.9173 (h*) for the RRE.

The L* values were in the range of 19.13-25.64 for the
BRE and in the range of 30.43—40.53 for the RRE, while
the non-extruded black rice and red rice flours presented L*
values of 58.57 and 74.63, respectively, which indicates
that the extrusion process changed the color and produced
darker products.

The colors of extrudates are a result of the presence of
natural pigments in the raw materials, and the darkening
may be explained by the non-enzymatic browning reac-
tions, such as Maillard and Caramelization, which occur
during the extrusion process. Furthermore, a degradation of
the pigments may also take place and contribute to the
change of color in the extruded products. As expected, the
extrusion conditions affected the degree of darkening
(Dalbhagat et al. 2019; Oliveira et al. 2017, 2018). Higher
L* values were obtained as a result of lower feed moistures
and in the range of temperatures from 110 to 160 °C, for
both of the pigmented extrudates (Fig. 4b, c). The chro-
maticity of the BRE (C*) was higher when an increased
temperature and a decreased feed moisture were used
(Fig. 4d). The C* value varied between 2.03 and 2.50 for
the BRE and was 2.16 for the raw black rice flour. Higher
values of angle h* were obtained with lower feed moisture
contents and temperatures for the BRE, as opposed to the
behavior observed for the RRE (Fig. 4e, f). The h* values
were in the range of 67.98-86.47 for the BRE and of
40.14-43.07 for the RRE.

Optimal point definition

The technological properties and the visual aspects of
extrudates obtained in the 12 runs of each pigmented rice
are shown in Table 1 and Fig. 1, respectively. For the
definition of the optimal points, it was necessary to select
the dependent variables that best characterized the expan-
ded extruded products. Thus, the contour curve areas, with
maximized WSI, EI, and SV values, together with the
intermediate WAI and CV values and minimizedCF values,
were all analyzed. There was also a preference for
obtaining lighter (higher L* value) extruded products
(Figs. 2, 3, 4).

The choice of the feed moisture content and the 4th
barrel zone temperature was essential for producing a final
extruded product with the greatest technological quality.
For the BRE, the optimal point was defined as being 15.5%
of feed moisture and 159 °C of the 4th barrel zone tem-
perature, with values corresponding to — 1.175 and 1.3536
of the coded levels, respectively. For the RRE, the optimal
point was defined as being 16% of feed moisture and
150 °C of the 4th barrel zone temperature, with values
corresponding to — 0.94 and 0.846 of the coded levels,
respectively.

The regression models were validated by a comparison
between the predicted and the experimental values
(Table 2). A relative deviation of < 10% had been estab-
lished to validate the mathematical model. The relative
deviation indicated that the mathematical models for the
dependent variables of SME, WSI, WAI, CV, EI, SV, CF,
and the color parameters were valid for the prediction of
the experimental values of the pigmented extrudates,
except for the WAI and the C* values of the RRE.

Conclusion

This study has shown that the extrusion cooking can be
considered a promising rice processing technology to
obtain new types of innovative extruded products such as
gluten-free breakfast cereals based on 100% pigmented
rice flours. The use of whole black and red rice provided
naturally colored products and no addition of any other
food colorants are required. The appropriate combinations
of feed moisture and temperature of extrusion led to
desirable expanded breakfast cereals, with a crispy texture,
high water solubility, and attractive color, through the
Response Surface Methodology. Regression models were
established to predict responses by applying suitable feed
moistures and temperatures. The optimal points were
defined at 15.5% and 16.0% of feed moisture and at 159 °C
and 150 °C of 4th barrel zone temperature for the black and
red rice extrudates, respectively, which corresponded to the
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best technological properties of the snacks. It was
demonstrated that pigmented rice varieties could be used
successfully to produce very attractive colored breakfast
cereal balls by extrusion with desirable expansion, texture
and color properties.
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