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Abstract

This research aimed to obtain information on hydrated red rice at different temperatures (45,
55, 65 and 75 <C) for 7 hours. During the hydration process, the structural and morphological
modifications of red rice were observed, as well as the hydration kinetics by Peleg (1988),
Cavalcanti-Mata & Duarte (2018) and Duarte & Cavalcanti Mata (2018) models. There were
performed X-ray diffraction (XRD) and scanning electron microscopy (SEM) analysis in
order to identify the type of crystallinity and to obtain images referring to the surfaces of the
starch granules particles. The results identified by the XRD analysis that hydrated red rice is
classified as type a starch. And the SEM analysis identified that there was a change in its
morphological structure, providing the beginning of red rice starch gelatinization. The
absorption kinetics showed that above 5 hours of hydration at 55, 65 and 75 <C, the red rice
grain reaches 28% water content. Mathematical modeling proves that the models proposed by
Cavalcanti & Duarte and Cavalcanti Mata & Duarte (2018) performed better than Peleg's
model (1988), according to the statistical parameters evaluated (P, SE, DQM, and R?). The
XRD and SEM results of red rice hydrated for 7 hours at 55 <C, autoclaved for 14, 22 and 30
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minutes and dried at 50, 60 and 70 <C confirm parboiling process since the starchy structure
of red rice was very distinct from the type A starch structure and confirmed the starch
gelatinization.

Keywords: red rice, hydrated, vaporization, parboiling, drying
1. Introduction

Given that there is growing interest in finding new sources of starch with new and unique
properties (WANG et al. 2015; HUANG et al. 2015, EJEBE et al. 2015, SHAH et al. 2017,
CONDES et al. 2018, MERCI et al. 2019) several studies were performed using X-ray
diffraction analysis to distinguish the three types of crystallinity for the different starch
granules. These crystallinity patterns depend in part on the length of the amylopectin chains,
the packing density within the granules, as well as, the presence of water (LIMA et al. 2012;
DUTTA et al. 2015, HUANG et al. 2015, CAPPA et al. 2016, PINKAEW et al. 2017).
Lamberts et al. (2009) and Oli et al. (2014, 2016) have previously discussed that cereal
starches have a type A crystallinity, tubercle starches a type B crystallinity, and root and seed
starch a type C crystallinity. Although there is no crystallinity pattern assigned to fruit
starches.

Scanning electron microscopy (SEM) analyses have been explored in recent research on
different starch sources, with the aim of obtaining images referring to the surfaces of the
starch granule particles (ARNS et al. 2015; CAPPA et al. 2016, LIMA et al, 2012; WANG et
al. 2015; HUANG et al. 2015). Taking into account that the parboiling process is a
hydrothermal treatment where paddy rice is immersed in heated water, resulting in the
breakdown of hydrogen bonds between amylose and amylopectin, providing uniform and
irreversible water absorption by the grain (hydration step), consequently the grain goes
through the gelatinization steps (vaporization step) of the starch and drying of the grain
(DUTTA, MAHANTA, 2014, OLI et al. 2014; BUGGENHOUT et al. 2013, SITTIPOD e
SHI et al. 2016). Thus, each of these steps in the parboiling process has a specific goal that
will result in grains with different characteristics when compared to conventional rice. After
these three steps, the parboiled rice can be marketed in its entirety or be polished where the
polished parboiled grain is obtained (DUTTA, MAHANTA, 2014).

The parboiling process begins with the hydration of starch granules by immersion in heated
water, breaking the hydrogen bonds between amylose and amylopectin, providing uniform
and irreversible water absorption by the grain, consequently producing a rice in bark with a
water content around 30-32% (BUGGENHOUT et al. 2013, BALBINOTI et al. 2016 Y). The
initial water content is important in the hydration stage of parboiled rice, as it interferes in the
physical integrity of the grains. If it has initial water content below 13% there will be a poor
distribution of water inside, making homogeneous hydration difficult, with consequent
increase of broken grains at the end of the parboiling process (HELBIG et al. 2008; DUTTA,
MAHANTA, 2014). After hydration, the rice follows the starch gelatinization step, which
occurs in parallel to the hydration step. During starch gelatinization, the husked rice grains
are vaporized at a temperature ranging from 100-120 <C for 5-30 min, with water content
around 35% (Buggenhout et al. 2013; Dutta, Mahanta, 2014; Oli et al. 2014). To finalize the
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parboiling process occurs the drying process, the rice grain becomes more resistant to the
stresses caused during processing, increasing the yield in whole grains. This results in a
naturally more nutritious product with improved physical characteristics compared to the
polished and integral ones (DEMONT et al. 2012). For safe storage, the rice must be dried at
water content below 14% (BUGGENHOUT et al. 2013). According to Amato et al. (2005),
Botelho et al. (2010) and Balbinoti et al. (20182P), the water content in the range 28-30% is
indispensable for the complete gelatinization of grain endosperm starch during the hydration
of rice starch. Numerous studies have been observed to identify the characteristics of various
physical and chemical processes aimed at modifying starch from different sources: Rice
starch acetylation (BARTZ et al. 2012 e COLUSSI et al. 2015), oat starch acetylation (SHAH
et al. 2017), rice starch parboilization (DUTTA et al. 2015, SITTIPOD e SHI 2016) and
pigmented rice starch parboilization (PAIVA et al. 2016).

Many studies also have been performed showing the importance of the absorption kinetics
process in different food products to describe the hydration phenomenon, for example,
Bambara peanuts (JIDEANI & MPOTOKWANA, 2009), beans (OLIVEIRA et al. 2013),
chickpeas (SHAFAEI et al. 2016), rice (CHEEVITSOPON & NOOMHORM, 2011;
BALBINOTI et al. 2016*?), soya (QUICAZAN et al. 2012; FRACASSO et al. 2014). In
these studies, the influence of temperature on the rate and amount of water diffused into the
product has been identified. Water absorption kinetics of legumes have been described by
Peleg's (1988) empirical model or by analytical models derived from Fick's diffusion law
(COUTINHO, 2006). Although empirical models are simple to apply and provide a
reasonable description of the multi-grain hydration process (RESENDE and CORREA, 2007;
GHAFOOR et al. 2014), it is not, however, derived from any kind of physics law or diffusion
theory. (PELEG, 1988).

The grain hydration process also describes a phenomenon controlled by internal diffusion.
Hydration depends on time, temperature and concentration of soluble solids. The amount of
water absorbed increases with increasing of temperature and hydration time (RESENDE e
CORREA, 2007; COUTINHO et al. 2006; BALBINOTI et al. 2016* ).

Peleg's (1988) empirical model represents well hydration in food products. The major
advantage of this model is its simplicity over other theoretical and empirical models. This
model has already been satisfactorily used to describe the hydration phenomenon in Bambara
peanuts (JIDEANI&MPOTOKWANA, 2009), beans (OLIVEIRA et al. 2013), chickpeas
(SHAFAEI et al. 2016); rice (CHEEVITSOPON&NOOMHORM, 2011), soya (QUICAZAN
et al. 2012; FRACASSO et al. 2014) among others.

X,=X,+— (1)

0k tkat

The constants ki and kz of the proposed model for modeling the grain hydration process were
obtained by adjusting the linearized Peleg’s equation, as described in Equation 2, where Xt
represents the water content at a given time in kg (kgms)™; Xo is the initial product’s water
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content in kga (kgms)?; ku is the Peleg’s constant rate in (h kgms)kg™; k2 is Peleg’s constant
capacity in (kgms)kg™; and t represents the time in hours.

3
X+ X,

=k, + kyt 2)

One of the great advantages of Peleg's model is the time gain to predict the kinetics of water
absorption in food, allowing the calculation of equilibrium water content (PELEG, 1988).
Equilibrium water content can be obtained by Equation 2 itself, when time tends to infinity,
resulting on Equation 3, where Xe is the equilibrium water content in kga (100 kgms)™.

X, =X, +— 3)

After the hydration, gelatinization and autoclaving steps, the rice has high water content,
between 30-35% on a wet basis. Thus, before storage and/or processing it should be dried
until a maximum of 13% water content. Once dried, the rice will be husked, optionally
polished and selected. (BUGGENHOUT et al. 2013; DUTTA, MAHANTA, 2014; OLI et al.
2014).

Several mathematical models have been used to describe the hydration process of agricultural
products. Several theories have been proposed to predict the hydration and drying behavior of
grains and seeds, however, semiempirical and empirical relationships have often been the
best options for describing the hydration process even with their validity restricted by the
experimental conditions where data were obtained (CHEEVITSOPON &NOOMHORM,
2011; BALBINOTI et al. (2018) &P).

Studies performed by Dutta et al (2015), Sittipod and Shi (2016), and Paiva et al. (2016),
X-ray diffractograms and scanning electron microscopy (SEM) confirm the chemical,
structural and morphological changes of starch, thus confirming the parboiling process of
rice.

In this context, our work aims to evaluate the hydration kinetics, to characterize hydrated red
rice by X-ray diffraction (XRD) and scanning electron microscopy (SEM) and to characterize
red rice under vaporization at different autoclave times and drying temperatures.

2. Methodological Details

This research was carried out at the Plant Physiology and Plant Pathology Laboratories, both
belonging to the Academic Unit of Agronomy of the Federal University of Campina Grande
(UFCG) - Campus Pombal. As well as, the Food Engineering Laboratories of the Federal
University of Campina Grande (UFCG) - Campus Campina Grande. X-ray diffraction (XRD)
analyzes were performed at the Nanotechnology Laboratory of the Center for Strategic
Technologies of the Northeast - Cetene. Scanning Electron Microscopy (SEM) analyzes were
performed at the Multifunctional Materials and Numerical Experimentation Laboratory - ECT,
UFRN, at the Food Engineering Laboratory of the Federal University of Campina Grande,
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Campus Campina Grande, and at the Materials Engineering Laboratory of the Federal
University of Rio Grande do Norte (UFRN).

2.1 Raw Material

For the trials was used the husked red rice of the traditional red variety, 2014/2015 and
2015/2016 harvest, produced in the countryside of the Para ba State, Brazil. The sample field
comprised a 10 kg plot for cultivation from producers located in the city of Santana dos
Garrotes, Para ba State, Brazil.

Initially, manual pre-processing of the material was done to eliminate defective grains, shells
and foreign materials. Then the samples were stored in the absence of light at room
temperature and stored in the necessary amount for each experiment. The average initial
water content of the samples was 10% on wet basis, determined by forced oven drying at
1051 <C for 24 hours. The initial water content was determined by the standard oven
method at 1051 <C for a period of 24 h using five subsamples of red rice grains of 10 g each,
as described by the Seed Analysis Rules (BRASIL, 2009).

2.2 Pre-drying and Washing

At starting, 1kg of red rice grains were subjected to washing to remove dirt so that it reached
25% water content on wet basis. For storage, the wet grains with water content around 25%,
were subjected to drying in Marglabor oven with circulation at 50 <C until the wet red rice
grains reached the water content of 13%. Then the 500 g dough with water content around
13% wet were vacuum packed in the Selovac® sealer.

2.3 Red Rice Hydration

The methodology followed in this stage was developed based on the hydration process
studies of several authors (AYAMDOO et al., 2014; SHAFAEI et al. 2016 e BALBINOTI et
al. (2018) ). In the hydration process, 200 g samples of red rice were used, which were
hydrated with distilled water in a ratio of two volumes of water to one of grains, at 45 to
75 <C in a water bath (Quimis® Thermostatic Bath) for a period of seven hours, with three
repetitions per temperature.

During the hydration period, the samples were periodically weighed on a 0.001 g precision
digital scale (Bel Engineering® Brand). For this step, the samples were taken from the
immersion and left for three minutes so that the surface water could be removed, weighed and
subsequently returned to the immersion. The water content at a given time after the start of
the experiment was calculated based on the mass increase of the samples in comparison with
the initial mass.

2.4 Vaporization (Autoclaving of the Red Rice)

The vaporization step began shortly after hydration at 55 <C for 7 hours. This condition was
chosen by the absorption curves results and by XRD and SEM analysis of hydrated red rice at
temperatures of 45 <C to 75 <C for 7 hours. The hydrated red rice at 55 <C for 7 hours was
placed in a nylon sieve to eliminate water. Subsequently, the rice was subjected to a spraying
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process at 1kgf/cm? pressure and 120 °C temperature in a Prismatec® vertical autoclave. The
length of stay in the vertical autoclave was analyzed at 14, 22 and 30 minutes. For each
length of stay were performed three repetitions. After the vaporization process, the parboiled
rice remained in the desiccator for a period of 24 hours for cooling. Then, the samples
obtained for each residence time were subjected to drying in an oven with air circulation.

2.5 Parboiled Rice Drying Process

The red rice samples parboiled for 14, 22 and 30 minutes in an autoclave were submitted to a
Marglabor air drying oven at 50, 60 and 70 <C drying temperatures. The vaporization and
drying experiments were repeated 3 times for each condition of autoclave time (14, 22 and 30
minutes) and drying temperature (50, 60 and 70 <C). Parboiled red rice, after 24 hours of
vaporization process, was dried in a Marglabor air circulation oven at 50, 60 and 70 <C.
Samples of approximately 200 grams of husked parboiled red rice were subjected to the
drying process until reach 10% of water content on a wet basis.

2.6 X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) Analyzes
2.6.1 X-ray Diffraction Analysis

The technique of X-ray diffraction through coherent X-ray scattering by organized structures
(crystals) made it possible to perform morphological studies on materials, determining their
crystal structure and their (percentage) crystalline fraction.

The x-ray diffractograms of the red rice samples were obtained on an X-ray diffractometer
from Brucker and D8 Advance Model, operated with Cu K tube (alpha) radiation; with 40 kV
\oltage and 40 mA Current with Nickel Filter, sweep rate of 19min at room temperature. The
diffraction scanning range has been adjusted to angles from 5° to 40° (20).

Calculations of the index or degree of crystallinity of fresh rice were determined using the
method used by Hulleman et al. (1999), through Equation 4, where lcr is the crystallinity
index, Ha is the height corresponding to the amorphous phase relative to the baseline and Hc
is the height corresponding to the crystalline peak.

P
“ Hc+H, (4)

The method established by Ruland (1974) was applied which proposes the deconvolution of
the diffraction peaks to determine the degree of crystallinity. The areas indicated in the curve
were applied to equation (5) established by Dutta et al (2015).

Y, areas below the curves subjected to deconvolutions
Total area

(%)

U Crystallinity =
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2.6.2 Scanning Electron Microscopy Analysis (SEM)

Images of samples of red rice grains, fresh rice, pre-dried rice and hydrated rice (in the
temperature range 45 <C to 75 <C) were obtained by scanning electron microscopy with
increases of 200 x, scanning electron microscope model Hitachi Table top Microscope
TM-3000, with accelerating voltage of 5kV, 15kV Hitachi. One grain of each husked sample
was placed on a carbon tape and observed under a microscope.

The images of parboiled husked red rice grains with autoclave residence time 14, 22 and 30
minutes and drying temperatures of 50, 60 and 70 <C were also obtained by scanning electron
microscopy with 1kx magnifications, performed on a Tescan Vega 3 scanning electron
microscope, operated at 10kV, with 1000x magnifications.

2.7 Statistical Analysis of the Hydration Stage of Red Rice

The criterion for the analysis of the mathematical modeling of the red rice hydration step was
the determination coefficient (R?), the mean square deviation (DQM), the estimate of the
deviation (SE) and the relative mean error (P), represented by Equations 6 to 8, respectively.

e . z
||E[:__|\R}|. exp —RXpred)

boM = N N (6)
|IEN (RX —RXpred :I:
SE = 1.‘| == Fr;LR p -
B T
F = ioo El='_|f"“5"z='x,_, RXpred (8)

N RXexp
where,

E2- Determination coefficient, %

SE - Estimate of the deviation

P- Relative mean error, %

N - Number of data observed
Z- number of model’s parameters

D@M - Mean square deviation
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RX,.,- Experimental water content ratio

RX - Water content ratio predicted by the model

pred

GLR = N —z - Degrees of freedom of the model (number of observed data minus the

number of model parameters).
3. Results and Discussion
3.1 Structural Evaluation by X-ray Diffraction

Figure 1 shows the x-ray diffractograms corresponding to the samples of fresh red rice (e),
pre-dried red rice at 50 <C (f), hydrated red rice at 45 <C (g), hydrated red rice at 55 <C (h),
hydrated red rice at 65 <C (i), hydrated red rice at 75 <C (j), respectively.

Intensity(u.a.)

(20)

Figure 1. X-ray diffractograms of fresh red rice (e), red rice dried at 50 <C (f), red rice
hydrated at 45 <C for 7 hours (g), red rice hydrated at 55 <C for 7 hours (h); hydrated red rice
at 65 <C for 7 hours (i); hydrated red rice at 75 <C for 7 hours (j)

The results observed in Table 1 show the intensity peaks at 20 diffraction angles at
approximately 15< 17< 18<and 23< confirming that they agree with the data reported by
Cappa et al. (2016) and Dutta et al. (2015), who state that cereal starches with crystallinity
type A have specific diffraction angles of 20 at approximately 15°;, 17< 18<and 23< With
these results it can be observed that the hydration of red rice at temperatures from 45 <C to
75 <C does not cause changes in the amylaceous structure of hydrated red rice, so the starch
continues with characteristic of the cereal starches type A.
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Table 1. Diffraction angles 26 for red rice samples

A\\ Macrothi“k Journal of Agricultural Studies

Red rice samples Peak angles (Degrees)
Fresh (e) 15.02< 17.13< 18.121 23.22°
Pre-dried at 50 T (f) 15.04< 17. 20 17.97< 23.04<
Hydrated at 45 <C (g) 15.15% 17.27< 17.92< 22.83°
Hydrated at 55 <C (h) 15.32< 17.03< 18.021 22.93°
Hydrated at 65 <C (i) 15.25< 17.10< 17.97< 23.16°
Hydrated at 75 <C (j) 15.15< 16.99< 18.071 22.83°

Table 2 shows calculated crystallinity values for fresh red rice (sample e), pre-dried at 50 C
(sample f) and hydrated at temperatures from 45 <C to 75 <C (samples g, h, i and j).

Table 2. Calculated crystallinity for red rice

Red Rice Sample Crystallinity (%)
Fresh (e) 65.61
Pre-dried at 50 <C (f) 61.22
Pre-dried at 50 <C and Hydrated at 45 <C (Q) 61.11
Pre-dried at 50 <C and Hydrated at 55 <C (h) 60.68
Pre-dried at 50 <C and Hydrated at 65 <C (i) 57.17
Pre-dried at 50 <C and Hydrated at 75 <C (j) 54.21

According to Lima & Andrade (2010), starch crystallinity is proportional to its composition,
regular starches are composed of 20 to 30% amylose and 70% to 80% amylopectin. The
observed crystallinity in the present study is between 54.21 to 65.61% of amylopectin, values
below the crystallinity standards for regular starches which should be between 70% and 80%.
Figure 2 shows the individual diffractograms with crystallinity calculations.
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Figure 2. X-ray diffractograms of red rice: Fresh (a); Pre-drying at 50 <C (b); Pre-drying at
50 <C and hydration for 7 hours at temperatures from 45 <C to 75 <C (c-f)

The values of Table 2 show a reduction in crystallinity; However, there is no evidence of the
occurrence of gelatinization of rice starch, as observed in the diffractograms in Figure 1,
where the diffraction angles are at 15< 17< 18< and 23< characteristics of starch type A.

Denardin & Silva (2008), Lamberts et al. (2009), Sittipod & Shi (2016) state that the contact
of rice with heated water contributes to the beginning of the loss of the structural organization
of rice starch, it means that there is a loss of birefringence occurrence of the fusion of grain
crystals. Since there was a reduction in crystallinity during the hydration process, in the
temperature range of 45°to 75 <C, as shown in Table 2, it may have started the gelatinization
of red rice starch. During the gelatinization phase, there is a rupture of the granular structure,
swelling, hydration, and solubilization of starch molecules, as reported by Singh et al. (2003),
Ejebe et al. (2015) and Condés et al. (2018). Since the gelatinization process is controlled in
part by the molecular structure of amylopectin (chain length, branch length, molecular
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weight), starch composition (amylose/amylopectin ratio and phosphorus content) and
granular architecture (proportion of crystalline and amorphous regions). It explains why the
crystallinity values between 54.21 to 65.61% of the red rice in the present study are well
below the reference values of 70 to 80% of regular starches.

A\\ Macrothi“k Journal of Agricultural Studies

3.2 Absorption Kinetics and Mathematical Modeling

Initial water absorption values for all trials were around 15% on a dry basis. The percentage
of water absorption of red rice grains during hydration is shown in Figure 2. Figure 3 also

shows the mathematical modeling to Peleg’s model to describe the phenomenon of water
absorption at temperatures of 45 <C, 55 <C, 65 <C and 75 <C.

From the water absorption data as a function of temperature and time of hydration of red rice
in Figure 3, it can be seen that red rice exhibited a characteristic behavior of agricultural
products submitted to the hydration process. It can be observed that throughout the hydration
process it exhibits a high rate of water absorption, tending to stabilize over time as the water
content of the product approaches equilibrium.

Influence of Temperature on water absorption

Peleg Model
X(t}=X#(8)i[ky+hst)

450
425
40,0
37,5
35,0
32,5
30,0
275
250

Water absorption (%)

225 .
# Experimental data for T=45°C

m Experimental data for T =55°C

+ Experimental data for T = 65°C

4 Experimental data for T=75°C
Estimated data

20,0

17,5

15,0

0 1 2 3 4 5 [ 7 8
Time (h)

Figure 3. Values observed and estimated by Peleg's model (1988) for temperatures of 45; 55;
65 and 75 <C as a function of hydration time.

Water absorption increased rapidly in the initial hydration phase, mainly due to the natural
capillarity in the outermost layers of the grains, near the pericarp and the diffusion process.
According to Resio et al. (2006) and Balbinoti et al. (2018) *®, the water absorption rate
depends on the difference between the saturation water content and the water content at a
given time which is called driving force. Thus, hydration overtime occurs with increased
water content associated with the decreased driving force and, consequently, reduced water
absorption rate.

It is also observed, in Figure 3, that, with the increase of the temperature, the water
absorption rate increased, intensifying the dynamics of the product hydration phenomenon.
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Similar results were observed in various rice grain hydration processes. (BOTELHO et al.
2010; CHEEVITSOPON &NOOMHORM (2011); soya beans (QUICAZAN et al. 2012);
chickpeas and beans (SHAFAEI et al. 2016); transgenic and conventional soya beans
(FRACASSO et al. 2014); beans (MIANO et al. 2015) and rice (BALBINOTI et al. 2018 =),

A steady increase in water absorption is also observed as the temperature is increased from
45 =C to 55 and 65 <C. This hig water absorption behavior was observed at 55 and 65 <C.
For the temperature range of 55 to 65 <C, red rice has a water content of 28% from 5 hours
of experiment, which according to Amato et al. (2005), Genkawa et al. (2011) and Balbinoti
et al. (2018)@ the water content in the range 28-30% is indispensable for the complete
gelatinization of rice grain endosperm starch.

Table 3 shows the parameters of Peleg’s model, the equilibrium water contents and the
statistical parameters P, SE, DQM and R? for husked rice hydration as a function of the
hydration temperature of the hydration process.

From the data analysis of Table 3, it is observed that the Peleg’s (1988) model was adequate
to describe the hydration process in the husked rice grains of the analyzed variety. It can be
verified that the Peleg’s model presented R=&values higher than 97.54%, P values lower than
4.0473%, SE values lower than 2.06353 and DQM values lower than 1.30608. It is also noted
that the values of SE, DQM, and P do not show a defined trend with the increase in
temperature. According to these parameters R?, DQM, P, and SE, it can be stated that the
Peleg’s model is satisfactory to describe the hydration kinetics of husked red rice.

Table 3. Estimates of Peleg’s Model Parameters (1988)

Peleg’s Model (1988)

Temperature (C) 45 55 65 75

Xo 14.68878 1472751 14.22337  13.40719
k1 0.24009 0.19438 0.10126 0.06611
k2 0.02029 0.01457 0.02326 0.02568
Xe 63.9741 83.3617 57.2156 52.3480

DQM 0.33271 0.10374 0.75735 1.30608
SE 0.13837 0.01345 2.06353 1.8703

P(%) 1.1845 1.3061 2.1323 4.0473

R?(%) 99.65 99.51 99.09 97.54
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Resende and Corré& (2007) have studied the hydration kinetics of beans at temperatures of 20,
30, 40 and 50 <C and they showed that the constant ki of the Peleg’s model is related to the
mass transfer rate. the lower the ki values get, the higher the initial water absorption rates are.

Our results, as shown in Table 3, the constants ki show that its values decreased with
increasing temperature, similar behavior was found by Botelho et al. (2010) when
investigating the hydration kinetics of the rice variety IRGA 424 at the hydration
temperatures of 35, 45, 55 and 75 <C. Similar behavior was also found by Sittipod & Shi
(2016) when evaluating the hydration of chickpeas and beans at temperatures of 5, 25 and
45 <T for three varieties of these beans. Fracasso et al. (2014) have also studied the hydration
kinetics of conventional and transgenic soybean at temperatures of 25, 35, 45, 55 and 65 <C.
Similarly to the physical behavior of the kinetic constant ki evaluated by Quicazén et al.
(2012) in evaluating the hydration kinetics of soybean at temperatures of 20, 40 and 80 <C
was similar to studies by Resende, Corr& (2007), Botelho et al. (2010), Sittipod & Shi
(2016), Fracasso et al. (2014) and Balbinoti et al. (2018)".

Resende and Corr& (2007), when investigating the hydration kinetics of beans, proved that
the constant value of the Peleg model is related to the maximum water absorption capacity,
and the lower its value, the higher the water absorption of the product. Studies by Botelho et
al. (2010) for husked rice, variety IRGA 424, followed the same behavior, as did Shafaei et al
(2016) when studying the hydration kinetics of beans and chickpeas at temperatures of 5, 25
and 45 <C for three varieties of beans and chickpeas.

Unlike the studies cited above, the results of Table 3 for the constant k2 showed that the
values of k2 did not have a definite behavior when varying the temperature, as well as, the
equilibrium water content. Similar results were found by Fracasso et al. (2014) when
studying the traditional and transgenic soybeans, they explain that the values found for the
constant k2 and the equilibrium water content did not show well-defined behavior with the
temperature variation.

Figures 4 and 5 describe the behavior of water absorption kinetics during the red rice
hydration step described by the models proposed by Cavalcanti Mata & Duarte (2018) and
Duarte & Cavalcanti Mata (2018), respectively.

From Figures 4 and 5, similar behaviors are observed when increasing the hydration
temperature from 45 T to 75 <C. The influence of the hydration temperature is quite
significant, with its increase there is a great gain in the absorption rate of water at any
hydration time. Raising the temperature from 45 <C to 55 <C promotes a slight increase in the
water absorption ratio. However, raising the temperature from 55 <C to 65 <C and 75 <C
increases considerably the absorption rate of water.
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Figure 4. Water absorption kinetics proposed by Cavalcanti Mata & Duarte’s model (2018)
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Figure 5. Water absorption kinetics proposed by Duarte & Cavalcanti Mata’s Model (2018)

Tables 4 and 5 show the statistical values of the coefficients of determination (R?), mean
square deviation (DQM), relative mean error (P) and the estimate of standard deviation (SE)
for models adjusted for red rice absorption kinetics at different temperatures.
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Table 4. Estimates of the Cavalcanti Mata & Duarte’s Model Parameters (2018)

A\\ Macrothi“k Journal of Agricultural Studies

Cavalcanti Mata & Duarte’s Model (2018)

Temperature (C) 45 55 65 75
A 0.9872 0.9754 0.9794 0.9913
B -0.1627 -0.1548 -0.2564 -0.3328
C 1.4324 1.4741 1.4368 1.4993
DOQM 2.76x1072 3.67x10? 1.67x102  8.41x10%
SE 3.08x1072 4.10x102 1.86x1072 9.40x10*
P(%) 3.97 4.79 2.85 15.88
R%(%) 99.21 98.64 99.74 99.87

Table 4 shows the estimates of parameters a, b and ¢ of the model proposed by Cavalcanti
Mata & Duarte (2018). Table 5 shows the estimates of parameters a and b of the model
proposed by Duarte & Cavalcanti Mata (2018). It is observed by the coefficients of the
parameters expressed in Tables 4 and 5 that there is no clear tendency with the increase of the
hydration temperature.

The mathematical model proposed by Cavalcanti Mata & Duarte (2018) adjusted to the
experimental data presented coefficients of determination greater than 98.64%, the relative
mean error (P) values are less than 15.88% the deviation values gquadratic mean (DQM)
values are less than 8.41x102 and the standard deviation (SE) estimate values are less than
4.00x102. The values of statistical parameters for the mathematical model proposed by
Duarte and Cavalcanti Mata (2018) presented coefficients of determination greater than
98.58%, the relative mean error (P) values are less than 5.8571, mean square deviation (DQM)
values are less than 37.49x107 and standard deviation (SE) estimates are less than 40.00x10°3,
Given the results presented, it is observed that the models proposed by Cavalcanti Mata &
Duarte (2018) and Duarte & Cavalcanti Mata (2018) represent well the absorption kinetics of
red rice.
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Table 5. Parameter Estimates of the Duarte & Cavalcanti Mata’s Model (2018)

Duarte & Cavalcanti Mata’s Model (2018)

Temperature (C) 45 55 65 75
A -0.1721 -0.1734 -0.2754 -0.3417
B 1.4013 1.4102 1.3909 1.4792
DQM 27.91x10° 37.49x10°  17.71x10° 12.09x1073
SE 30.0x10°  40.00x10° 19.0x107 12.1x1073
P(%) 4.5433 5.8571 3.4044 2.1525
R%(%) 99.20 98.58 99.71 99.87

3.3 Structural Evaluation by X-ray Diffraction of Parboiled Rice

The different parboiling conditions of red rice were analyzed using the X-ray diffraction
technique to observe the changes in crystalline shape and structure that occurred after the
parboiling process of red rice subjected to the different parboiling conditions.

Figures 6 to 8 show the diffractograms of parboiled rice starch submitted to different
autoclave conditions (autoclave residence times of 14, 22 and 30 minutes) and drying
temperature (50, 60 and 70 <C). It is also presented the diffractogram of the red rice before
the parboiling process submitted to drying at 50 <C and hydration at 55 <C for 7 hours.

Figures 6 to 8 show the characteristics of the x-ray diffractogram for the parboiled red rice
sample submitted to 14, 22 and 30 minutes of autoclave and drying temperatures of 50, 60
and 70 <C. For better visualization of the differences that the autoclave residence time of 14,
22 and 30 minutes and the drying temperatures of 50, 60 and 70 <C promotes concerning the
x-ray diffractogram of hydrated red rice at 55 <C for 7 hours.
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14 minutes de' autoclaving
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Figure 6. X-ray diffractograms of red rice submitted to parboiling process with autoclave
residence time for 14 minutes and drying temperatures of 50, 60 and 70 C
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Figure 7. X-ray diffractograms of red rice submitted to parboiling process with autoclave
residence time for 22 minutes and drying temperatures of 50, 60 and 70 C
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Figure 8. X-ray diffractograms of red rice submitted to parboiling process with autoclave
residence time for 30 minutes and drying temperatures of 50, 60 and 70 C

According to the data presented in Table 6, the observed peaks for the drying temperature at
50 ° C were 20 equal to 16.77< 19.20< 21.82<(for 14 minutes of autoclave), while for 22
minutes of autoclave they were at 20 equal to 16.41°, 19.29°, 21.91°; for 30 minutes of
autoclave were at 20 equal to 18°; 19°; 22°. Peak intensity data for drying temperature at
60 T were 20 equal to 16.96°; 19.47°; 22.17° (for 14 minutes autoclave), peak intensities at
20 equal to 17.14°, 19.29°, 21.64° (for 22 minutes autoclave) and peak intensities at 20 equal
t0 16.6< 17.4< 19.1< 21.6 °(for 30 minutes autoclave).

Table 6. Peak intensity at 20 diffraction angles for red rice samples submitted to parboiling
process with an autoclave residence time of 14, 22 and 30 minutes for drying temperatures of

50, 60 and 70 <C

Temperature
(T
50
60

70

Peak intensities for different autoclaving time

14 minutes 22 minutes 30 minutes
16.77< 19.20< 21.82° 16.41<19.29<21.91° 18< 19< 22°
16.96< 19.47< 22.17° 17.14<19.29°21.64°16.6< 17.4<19.1<21.6°

16.77< 19.29< 21.19° 19.84521.55522.28<17.01517.919.1521.7°
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Finally, the x-ray diffractogram peak intensities observed for the drying temperature at 70 <C
were 20 equal to 16.77°; 19.29°; 21.19° (for 14 minutes autoclaving); peak intensity 19.84<
21.55< 22.28<were observed for 22 minutes of autoclaving and peak intensities 17.01<
17.99 19.1< 21.7< From these results it is observed that for all conditions of autoclave
residence time of 14, 22 and 30 minutes and drying temperature of 50, 60 and 70 <C, the
intensity of the peaks are far from the diffraction angles 26 of the starches type A at 15.32 °;
17.03 < 18.02 < 22.93 < characteristic of the red rice sample subjected to drying at 50 <C
and hydration at 55 <C for 7 hours (Figure 8 and Table 6). Thus, the structures of parboiled
rice starch do not represent characteristic intensity peaks of starch type A, B, C or D. Similar
results were found by Lamberts et al. (2009), Sittipod & Shi (2016).

Figure 9 (a-i) represents a curve analyzed by the method established by Ruland (1974),
through which the deconvolution of the diffraction peaks was performed to determine
crystallinity. The crystallinity indices calculated by the diffraction peak deconvolution
method are presented in Table 6.
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Figure 9. X-ray diffraction profile showing characteristic peaks and amorphous halo for
determination of crystallinity index. (a-c) 14 minutes autoclave, temperature 50 to 70 <C (d-f)
22 minutes autoclave, temperature temperature 50 to 70 <C (g-i) 30 minutes autoclave,

temperature 50 to 70 T

The crystallinity shown in Table 7 extracted from X-ray diffractograms for all parboiling
conditions of red rice shows essentially a loss of crystallinity relative to the crystallinity value
of red rice hydrated at 55 <C for 7 hours. The crystallinity value observed as already
mentioned in Table 6 was 65.61% with characteristic peaks of type A starch.

Table 7. Crystallinity for parboiled red rice samples with an autoclave residence time of 14, 22

and 30 minutes at drying temperatures of 50, 60 and 70 C

Temperature Autoclaving time
(C)
14 minutes 22 minutes 30 minutes
50 39% 32% 16%
60 34% 32% 14%
70 33% 29% 11%

From the data in Table 7, it is observed that as the drying temperature increases by 50, 60 and
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70° C, for the same autoclave time (14, 22 or 30 minutes), the structures reduce the
crystallinity of 39, 34 and 33% (for 14 minutes autoclave), 32, 32 and 29% (for 22 minutes
autoclave) and 16, 14 and 11% (for 30 minutes), respectively at drying temperatures of 50, 60
and 70 <C. These results show that reductions in crystallinity lead to the morphology of
parboiled rice starch to be a structure closer to the characteristics of low crystallinity
approaching the profile of an amorphous structure.

Similarly, reduction in crystallinity is also observed when the autoclaving time is increased
by 14, 22 and 30 minutes at drying temperatures of 50, 60 and 70 <C. Crystallinity reduces
from 39%, 32% and 16% (for 14 minutes autoclave), 34%, 32% and 14% (for 22 minutes
autoclave) and 33%, 29% and 11% (for 30 minutes autoclave) at drying temperatures 50, 60
or 70 <C, respectively.

The degrees of intensity of the diffractograms shown in Figures 6 to 8 and the crystallinity
contained in Table 7 showed that the parboiling process under the evaluated conditions
(autoclave time 14, 22 and 30 minutes and drying temperatures of 50, 60 and 70 < C)
evidences the gelatinization of starch in red rice. Starch type A has been disrupted by
amylopectin crystallites, similarly to the results of Dutta et al. (2015).

3.4 Morphological Analysis by Scanning Electron Microscopy (SEM)

Figures 10(a) and 10(b) show the micrographs of the surface in a sample of the traditional
fresh in-shell red rice and surface in a sample of dried red rice at 50 <C, respectively. In
Figures 10(c), 10(d), 10(e) and10 (f), it is observed that red rice was pre-dried at 50 <C and
hydrated red rice at 45 <C, 55 <C, 65 <T and 75 <C for 7 hours, respectively.

It is observed in Figures 10 (a) and 10 (b) that the surface of the red rice is all irregular with
some "thorns™ and white dots that are silica. According to Angel et al. (2009), rice husk is a
protective coating composed of four structural layers.

From Figures 10 (c), 10 (d), 10 (e) and 10 (f) it is observed that hydration during 7 hours of
immersion gave the red rice grains elimination of the "thorns". As well as the hydration in the
temperature range of 45 to 75 <C provided an alteration of its morphological structure, but
there is no evidence by micrographs that characterize the occurrence of complete
gelatinization of chemical structures. When the grain reaches this condition, starch complexes
are broken down and the molecules consequently adopt random orientation, allowing cracks
and intermolecular spaces in the grain to be filled, enabling a solid structure and high degree
of compaction. This gelatinization condition was observed in the studies of the rice hydration
stage conducted by Wu et al. (2010), Genkawa et al. (2011), Pineda — Ganmes et al (2012) and
Balbinoti et al. (2018)2.
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Figure 10. Micrographs of red husked rice: (a) fresh; (b) dried at 50<C; (c) hydrated at 45<C;
(d) hydrated at 55 <C; (e) hydrated at 65<C; (f) hydrated at 75°C
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Figure 11 shows the micrographs of red rice autoclaved for 14, 22 and 30 minutes and drying
temperatures of 50, 60 and 70 <C. There are differences in the morphological structure of red
rice when submitted to different autoclave times (14, 22 and 30 minutes) and drying
temperatures (50, 60 and 70 C).

As can be seen in Figure 11, vaporization of red rice with an autoclave residence time of 14,
22 and 30 minutes provides breakdown of starch complexes, consequently, the molecules
adopt random orientation, allowing intermolecular cracks and spaces in the grain to be filled,
enabling the emergence of a solid and high-grade structure (Sittipod & Shi (2016),
BALBINOTI et al. (2018) * ).

Given these micrographs, it is observed that the parboiled red rice, which was autoclaved for
14, 22 and 30 minutes and dried at 50, 60 and 70 °C, reached complete starch gelatinization.
As is also observed, the vaporization time (autoclaving time) 14, 22 and 30 minutes and the
drying temperature 50, 60 and 70 <C intensifies the modification of the starch amylaceous
structure, confirming the results of Lamberts et. al. (2009) and Sittipod & Shi (2016).

Autoclaving for 14 minutes

50T 60C 70C

50<C 60<C

Autoclaving for 30 minutes
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50<C 60<C 70C

Figure 11. Micrographs of the morphological structure of red rice along the parboiling
process with autoclave residence time for 14, 22 and 30 minutes and drying temperatures of
50, 60 and 70 <C; 1kx magnification

4. Conclusion

1. The X-ray diffraction characterization technique showed that samples of hydrated husked
rice at temperatures from 45 <C to 75 <C show characteristic diffractogram peaks of
starch cereals type A.

2. Morphological analysis by scanning electron microscopy (SEM) showed that for all
samples of hydrated husked rice at temperatures from 45 <C to 75 <C there were changes
in its morphological structure.

3. In the mathematical modeling, Peleg's (1988) model satisfactorily described the hydration
kinetics of red husked rice, according to the evaluation of the statistic parameters P, SE,
DQM e R?.

4. In the mathematical modeling, the evaluation of the statistical parameters P, SE, DQM,
and R? confirmed that the models proposed by Cavalcanti & Duarte and Cavalcanti Mata
& Duarte (2018) presented a better description for the results in all temperature range
evaluated.

5. The X-ray diffraction characterization technique for parboiled red rice showed the
alteration of X-ray diffractograms, confirming the reduction of the parboiled red rice
crystallinity, making the starchy structure of red rice very distinct from the starch Type A
structure.

6. Morphological analyzes by scanning electron microscopy (SEM) showed that for all
autoclave time conditions 14, 22 and 30 minutes and drying temperatures of 50, 60 and
70 =C of husked red rice gelatinization process of the starch was confirmed.
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