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Abstract

Rice is typically harvested at high moisture content (MC) levels which necessitates
drying to low MC levels for safe storage. However, drying at inappropriate temperatures and
durations can lead to deterioration of kernel quality such as fissure formation. Kernels with these
fissures are typically associated with reduced head rice yields and significant economic losses.
Material state diagrams for rice have been created by the University of Arkansas Rice Processing
Program (UARPP) as a tool to aid in predicting the ideal temperatures to use during drying and
tempering (a process of holding rice at the drying temperature for some duration). The diagram is
made up of the glass transition temperature (Tg) of rice at various MC levels. The Ty is used to
define the boundary of the rice material’s glassy and rubbery states and hence having accurate
data on the Tg of rice is imperative to ensuring proper drying and tempering operations.
Presently, the current rice material state diagrams were developed for old rice cultivars which
may be inadequate for controlling the drying and tempering of the contemporary rice cultivars.
Additionally, soil nitrogen application is stipulated to increase rice’s amylose content, which
tends to increase the T of rice starches. Therefore, the objective of this study was to generate
material state diagrams for contemporary rice cultivars as well as determine the impact of soil
Nitrogen on the T4 of a contemporary rice cultivar. The study involved conditioning samples of
23 rice cultivars harvested in 2022 to MC levels ranging from 20% to 12% as well as treating a
long-grain pure-line cultivar (Diamond) with 6 different nitrogen rates (0, 100, 134, 168, 201,
and 235 kg/ha) at the pre-flood stage. A differential scanning calorimeter was used to determine
the Tg of these rice samples. The study revealed the average Tg of the rice samples to be 39, 41,
43, 45, and 47°C at MC levels of 20, 18, 16, 14, and 12%, respectively. Rice material state

diagrams with these updated Ty were then developed. At a harvest MC of 20%, the brown rice in



this study exhibited a slightly higher T4 of approximately 39 °C compared to that of previous
studies (approximately 36 °C), along with a better model accuracy of R2 = 0.72. The study also
revealed that the application of soil nitrogen at 100 and 168 kg/ha caused the Tg of the rice
samples to significantly increase. Using this newly generated information, contemporary rice

cultivars can be better controlled during drying and tempering.
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I. INTRODUCTION

In the US, rice is typically harvested at high moisture content levels between 16-21%
wet-basis (w.b) and dried to approximately 12% for safe storage. Improper drying process can
however lead to defects in the kernel structure, such as the formation of fissures. A rice material
state diagram is a tool that can help predict the appropriate drying and tempering temperatures to
employ during the drying of rice kernels. These diagrams consist of rice's glass transition
temperature (Tg) at various moisture content levels. The present rice material state diagrams used
are however developed for some old rice cultivars (Bengal, Cypress, and Drew) harvested
between 1997 to 1999. These diagrams may hence be insufficient for describing the drying
behaviors of contemporary pure-line and hybrid rice cultivars.

Additionally, soil nitrogen fertilizer application commonly employed for rice cultivation
causes the synthesis of amylose, amylopectin, and their chain length in rice (Zhou et al., 2020).
These changes are expected to affect the glass transition temperatures (Tg) of rice kernels during
active drying which is critical in predicting the fissuring potential of rice kernels.

The objectives of this study were therefore, to generate material state diagrams with
updated T4 for contemporary pure-line and hybrid rice cultivars as well as determine the role of
soil nitrogen application on glass transition temperatures (T,) of a selected newer long-grain rice

cultivar.



Il. RICE MATERIAL STATE DIAGRAMS: TRENDS OF CONTEMPORARY
CULTIVARS AND INFLUENCE OF NITROGEN APPLICATION DURING

PRODUCTION

A. ABSTRACT

Improper drying of rice can cause defects in the kernel such as fissuring that leads to
reduced head rice yield and significant economic losses. The University of Arkansas Rice
Processing Program has developed material state diagrams for rice, as a tool to help predict the
appropriate drying and tempering temperatures to employ. These diagrams consist of the glass
transition temperature (Tg) of rice at various moisture content levels. The industry presently
employs rice material state diagrams developed for old rice cultivars which may be inadequate
for controlling the drying and tempering of recently developed cultivars. Additionally, soil
nitrogen application is stipulated to increase rice’s amylose content, which tends to increase the
Tg of rice starches. Therefore, the objectives of this study were (1) to generate material state
diagrams for contemporary rice cultivars and (2) to determine the impact of soil nitrogen
application on the T, of a selected contemporary rice cultivar. The study involved conditioning
samples of 23 rice cultivars harvested in 2022 to moisture content levels ranging from 20% to
12% for Objective 1. For Objective 2, a long-grain pure-line cultivar (Diamond) was treated with
6 different nitrogen rates (0, 100, 134, 168, 201, and 235 kg/ha) at the pre-flood stage. A
differential scanning calorimeter was used to determine the Tg of these rice samples. The study
found that the average T of the rice samples were 39, 41, 43, 45, and 47°C at MC levels of 20,
18, 16, 14, and 12%, respectively. Rice material state diagrams with these updated T4 were then

developed. The study also revealed that the application of soil nitrogen at 100 and 168 kg/ha



caused the Tg of the rice samples to significantly increase. This newly generated information will
help in better controlling the drying and tempering of contemporary rice cultivars.

Keywords: Glass Transition Temperature, Material State Diagrams, Nitrogen, Rice

B. INTRODUCTION

Material state diagrams are visual representations that depict the physical and chemical
states of certain amorphous materials such as polymers, glass, and rubber, under different
conditions. The physical states of a biopolymer material determine the transport properties such
as viscosity, density, mass, and thermal diffusivity and reactivity of the material. Factors like
temperature, moisture content, pressure, concentration, and time can alter these physical states of
biopolymers. Two major biopolymers that can exist in an amorphous, metastable state and are
sensitive to moisture and temperature changes are proteins and starches, which are present in
varying amounts in a wide range of food products (Icoz and Kokini, 2008). The relationship
between the composition and the physical states of such food products can be represented on a
state diagram which can enable the understanding of the processing requirements as well as
storage stability. These material state diagrams can predict the behavior of food biopolymers
during baking, extrusion, and storage (Levine and Slade, 1990). According to Icoz and Kokini
(2008), the most basic state diagrams for food systems are those formed by glass transition
temperature as a function of moisture content. The glass transition temperature (Tg) is an
important parameter that represents the temperature range where polymeric materials such as rice
starches change from a hard glassy phase to a soft rubbery phase. This concept has been applied
to identify the role of intra-kernel material state differences in rice kernels (Cnossen and

Siebenmorgen, 2000).



Rice is a major commercial crop in the United States and one of the world's most
essential staple foods. Rice is typically harvested at high moisture levels, which promotes the
growth of spoilage microorganisms, and hence necessitates further drying to be stored safely
(Mossman and Miller 1986). In the US, rice is typically harvested between 16-21% moisture
content (MC) (w.b) and dried to approximately 12% MC for safe storage. According to multiple
reports, improper drying activities can however lead to defects in the kernel structure (Kunze,
1979, Kunze and Prasad 1978, Sharma and Kunze 1982). Rice is largely composed of starch and
is considered a biomaterial that is highly hygroscopic. During drying, the rice kernel undergoes a
glass transition as the kernel goes through temperature and moisture content changes. Therefore,
rice material state diagrams can be developed to better manage and improve the drying
conditions used for rice kernels. Rice material state diagrams using the glass transition
temperature concept have been used to explain rice fissure formation during drying (Cnossen and
Siebenmorgen, 2000).

Rice kernels with internal fractures within the endosperm are commonly referred to as
fissured kernels. It is the fissured kernels that usually break during milling, leading to significant
reductions in milling yields. The functional properties of fissured rice kernels are also immensely
affected after their milling (Siebenmorgen et al., 2005; Mukhopadhyay and Siebenmorgen,
2017). This leads to significant economic losses for end-use processors (Siebenmorgen et al.,
2009). It is therefore imperative to minimize kernel fissuring formation in the rice industry, by
understanding how these fissures tend to occur during the active drying of rice. Fissuring caused
by improper drying of kernels is stipulated to be a result of material state differences between the
kernel periphery (outer region) and the inner core, resulting in intra-kernel differential stresses

(Cnossen and Siebenmorgen, 2000). This intra-kernel material state gradient results from



temperature and moisture content (MC) differences within individual rice kernels that are
generated while drying (Slade and Levin, 1995; Perdon et al., 2000).

According to the glass transition hypothesis using rice material state diagrams, fissuring
of rice kernels can occur in two scenarios during drying (Cnossen and Siebenmorgen, 2000). The
first hypothesis is displayed in Figure 1. The concept stipulates that as the temperature of the rice
kernel approaches the drying air temperature during high-temperature drying, the condition of
the grain changes from a glassy to a rubbery state. Over time, the surface layers of the kernel lose
moisture at a more rapid rate than the core of the kernel. In this instance, the surface layers with
lower moisture content due to the drying may transition back to the glassy state. This
phenomenon proposes that in situations when drying is made longer such that ample portions of
the kernel periphery (Fig. 1; point S) transition to a glassy state while the core (Fig. 1; point C)
remains in a rubbery state, extreme conditions of intra-kernel material state gradients occur
between the surface and the core areas. This, therefore, results in stresses which can exceed the

kernel material strength, causing fissures to start occurring.
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Figure 1. A hypothetical path of a rice kernel during prolonged high-temperature and low-relative
humidity drying. Surface (S), midpoint (M), and center (C) correspond to locations within a rice
kernel (Cnossen and Siebenmorgen, 2000).



The second scenario where fissuring is hypothesized to occur is when cooling is done
right after drying without sufficient tempering (a process of holding rice at the drying
temperature for some duration). This is due to the fact that although intra-kernel material state
and MC gradients are generated during active drying, they might not be sufficient to result in
fissuring. However, if these existing gradients after drying are not allowed to subside and the
kernel is immediately cooled, the kernel surface and core will transition to the glassy state at
different instances as shown in Figure 2 (point II). This as a result creates a more severe intra-

kernel material state gradient that could cause fissuring.
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Figure 2. Hypothetical tempering situations above (I) and below (II) the glass transition
temperature (Tg) for a rice kernel dried using air temperatures above Tg. Surface (S), midpoint
(M), and center (C) correspond to locations within a rice kernel (Cnossen and Siebenmorgen,

2000).

The glass transition hypothesis indicates that when the tempering temperature is lower
than the Ty of the rice, the kernel will undergo a state transition from rubbery into the glassy state
as the kernel temperature decreases, resulting in kernel fissuring (Cnossen and Siebenmorgen,
2000). Data on the specific Tg of rice kernels can be very instrumental in developing material

state diagrams that can predict the material states (glassy/rubbery) of rice kernels or portions of

kernels at a given temperature and moisture content. The information provided by these material



state diagrams can therefore inform the rice industry on the correct drying and tempering
temperatures to employ for the safe drying of harvested rice kernels.

The current material state diagrams were however developed for old rice cultivars
(Bengal, Cypress, and Drew) that were harvested between 1997 to 1999 (Perdon et al., 2000; Sun
et al., 2002). These diagrams may be insufficient for describing the drying behaviors of
contemporary pure-line and hybrid grain cultivars. This is because the properties of rice cultivars
have significantly changed over the years with the introduction of more breeds. Intensive
breeding conducted to enhance traits such as high yield and pest resistance have also resulted in
changes to the rice genome. As such, different breeds of contemporary rice may have distinct
properties such as starch compositions, size, shape, texture, and nutritional values (Sweeney &
McCouch, 2007; Gross & Zhao, 2014). According to UAEX (2023), the best and most consistent
cultivars in grain production and milling yield under a variety of environmental and management
conditions include long grain pure-lines (DG263L, Ozark, Diamond, ProGoldl, CLL16, CLL18),
long grain hybrids (RT XP753, RT 7401, RT 7302, RT 7521 FP, RT 7321 FP, RT 7421 FP, RT
7331 MA, RTv7231 MA, PVL03), and medium grain varieties (Titan, Lynx, Jupiter, DG353M,
CLMO04). Due to the changing composition of physicochemical properties within these new
cultivars, the development of new material state diagrams for these contemporary cultivars
becomes essential.

Additionally, the application of nitrogen fertilizer on these contemporary rice cultivars
has become a common practice. This is because Nitrogen is the most important element for plant
growth, development, and quality, among all other nutrients. It is used extensively to increase
rice crop yield by farmers because it improves crop performance, promotes plant leaf area, plant

biomass, and finally crop yield (Sinclair, 1989). According to Zhou et al. (2020), nitrogen



application affects the structure of rice starches, and as a result, changes the functional properties
and the final quality of rice cultivars. The rice grain quality in terms of starch particle size,
crystal structure, chain length distribution, and pasting properties are also immensely affected by
nitrogen application on rice plants (Singh et al., 2011; Gu et al., 2015; Zhu et al., 2017; Zhang et
al., 2019).
The impact of nitrogen fertilizer on rice grain quality is a result of its effects on carbohydrate
biosynthetic enzyme activity. The biosynthesis of amylose is usually controlled by ADP glucose
pyrophosphorylase (AGPase) and granule-bound starch synthase (GBSS). Biosynthesis of
amylopectin on the other hand requires a coordinated series of enzymatic reactions that involve
AGPase, soluble starch synthase (SS), starch branching enzyme (BE), and starch debranching
enzyme (DBE), making it more complex. These syntheses of amylose, amylopectin, and the
distribution of amylopectin chain-length (CLDs) tend to influence the textural attributes of rice
(Zhou et al., 2020). Hence, soil nitrogen fertilizer application influences the synthesis of
amylose, amylopectin, and their chain length in rice and these properties of the starches
determine the physicochemical attributes of rice. Significant changes are caused in the
physicochemical properties of rice due to nitrogen application. These changes tend to affect the
glass transitions (Tg) of rice kernels during active drying which is critical in predicting the
fissuring potential of rice kernels. A report by Liu et al. (2010), indicates that T4 increases with
increasing amylose content, however, the influence of nitrogen application on the Tq of rice is
unknown.

The objectives of this study were therefore, (1) to generate material state diagrams with

updated T4 for contemporary pure-line and hybrid rice cultivars (2) to determine the role of soil



nitrogen application on glass transition temperatures (Tg) of a selected newer long-grain rice
cultivar.
C. MATERIALS AND METHODS

Sample Procurement and Preparation

In 2022, 23 different rough rice cultivars of high moisture contents (22 — 16%) wet basis
(w.b) were harvested from rice plots in Harrisburg, Arkansas. 21 of these cultivars were sampled
from two distinct plots making up 44 samples in total for objective 1. A long-grain pure-line
cultivar (Diamond) treated with 6 different nitrogen rates applied was also obtained from the rice
research and extension center, in Stuttgart, Arkansas. The nitrogen rates were applied at the pre-
flood stage in kg/ha to obtain samples at 0, 100, 134, 168, 201, and 235 kg/ha for objective 2.
The rough rice samples were cleaned using a dockage tester (XT4, Carter-Day, Minneapolis,
USA). A precision sizer (ABF2, Carter-Day Company, Minneapolis, MN) was used to grade the
thickness of the rough rice samples to achieve uniformity in kernels and reduce variation in
samples used during the experiment. A thickness size of 1.88 - 1.98 mm was used to screen long-
grain cultivars while a thickness size of >2.03 mm was used to screen medium-grain cultivars.
This ensured that all immature kernels were removed from the rice samples. The cleaned and
size fractioned rough rice samples were conditioned to 12% maoisture content (w.b) using natural
air drying and an equilibrium moisture content (EMC) chamber set at 25°C and 56% relative
humidity. During the drying process, the moisture contents of the rough rice samples were
measured to obtain samples of 20%, 18%, 16%, 14%, and 12% (w.b). This was achieved by
measuring the MC of the samples in triplicates using the moisture content meter (AM 5200-A,
PerkinElmer, Hagersten, Sweden). Samples of brown rice were obtained by hand de-hulling the

hulls from each of the rough rice samples. The dimensions of the brown rice samples for each



cultivar were measured in duplicates using the Seed Count (A7050, Stadvis Pty Ltd, Australia).
The samples of brown rice obtained at various MC levels were then kept in sealed plastic tubes
and stored at 4 °C before further analysis. Figures 3 and 4 are flowcharts that describe the
methodology employed for objectives 1 and 2 respectively.

Differential Scanning Calorimetry Analysis

The glass transition temperatures of samples at various MC levels were determined using
a differential scanning calorimeter (Diamond DSC, Perkin Elmer, Shelton, CT). The DSC
equipment measures the amount of energy (heat) absorbed or released by a sample as it is heated,
cooled, or held at a constant (isothermal) temperature. Multiple thermal properties of a sample
including Ty, gelatinization temperature, melting temperature, specific heat, crystallization
temperature, oxidative induction time, and % cure can be obtained using the DSC.

The DSC analysis was conducted according to the methodology by Perdon et al. (2000),
with few modifications. In the analysis, each brown rice kernel was cross-sectioned into two
parts using a razor blade. The sectioned kernels were placed in a pre-weighed high-pressure
stainless-steel pan and sealed. The sealed pan was then weighed to obtain the weight of the
sample. A sealed empty high-pressure stainless-steel pan was used as the reference. The DSC
system was then set to equilibrate the sectioned brown rice samples to —30°C and then heated
from —30 to 250°C at a rate of 5°C/min. The T4 from each thermogram was then determined by
identifying the transition corresponding to a slope change in the heat capacity of the sample

where the glass transition occurs.

Statistical Analyses
The study was conducted as a completely randomized design. A Simple linear regression

model was fitted from the experimental data, using JMP Pro 17 statistical software (JMP Pro 17,
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SAS Institute, Cary, NC). Tukey’s HSD test was employed to compare the means and the level

of significance was set at a 95% confidence level.

Rough Rice

Cultivars description Size Fractionation
Long-grain Pureline (4):
Diamond, Aroma 22, CLL16, PVLO03 l
Long-grain Hybrid (17): Drying to Moisture levels
XP753, RT7401, RT7301, XP780, XP781, (20, 18, 16, 14,12 %)
RTv7303, XP782, V3503, RTv7231, l
RT7331, RT7431, RT7421, XP784 FP,
RT7521, RT7523, 7302, RT7231 De-hulling
Medium-grain Pureline (1): Jupiter
Medium-grain Hybrid (1): RT3202

Kernel Measurement

(Brown rice)

|

Tg determination

Figure 3. Flow diagram outlining methodology for objective 1.
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Rough Rice

l

N2 Application (kg/ha) Size Fractionation
Preflood:
0, 100, 134, 168, 201, 235

Drying to Moisture levels
(20, 18, 16, 14, 12 %)

l

De-hulling

Kernel Measurement
(Brown rice)

l

Tq determination

Figure 4. Flow diagram outlining methodology for objective 2.

D. RESULTS AND DISCUSSION
Kernel Dimensions Measurement

The kernel dimensions (length, width, thickness) of each cultivar experimented on are
presented in Table 1 for the long-grains and Table 2 for the medium-grain cultivars. For the
long-grain cultivars, the average length, width, and thickness of the kernels were 7.15 + 0.19

mm, 2.24 £ 0.08 mm, and 1.79 = 0.04 mm, respectively. And for the medium-grain cultivars, the

12



average length, width, and thickness of the kernels were 6.05 £ 0.17 mm, 2.75 £ 0.05 mm, and

2.14 £ 0.05 mm respectively. The dimensions of these contemporary rice cultivars were slightly

higher compared to some old cultivars (Bengal, Cypress) explored in previous studies. The mean

length, width, and thickness of Bengal (medium-grain cultivar) were 6.2 mm, 2.5 mm, and 1.9

mm respectively while the mean length, width, and thickness of Cypress (long-grain cultivar)

was 6.8 mm, 2.2 mm, and 1.8 mm respectively (Perdon et al., 2000). These differences in

dimensions could be indicative of reports that suggest a significant increase in kernel sizes over

the years (Takano-Kai et al., 2009).

Table 1.0 Kernel dimensions of long-grain brown rice cultivars

Cultivar Length (mm) Width (mm) Thickness (mm)
RT7401 1 6.91 2.16 1.78
RT73011 6.91 2.3 1.8
XP753 1 6.99 2.2 1.75
XP780 1 7.31 2.33 1.81
7302 7.24 2.2 1.8
XP781 1 7.2 2.34 1.81
RTV7303 1 71.17 2.1 1.79
XP782 1 7.22 2.35 1.83
V3503 1 7.21 2.11 1.89
DIAM 1 7.1 2.24 1.78
XP753 2 6.96 2.24 1.77
RT7401 2 6.89 2.16 1.77
RT7301 2 6.91 2.3 1.75
XP780 2 7.29 2.31 1.76
XP781 2 7.26 2.32 1.8
RTV7303 2 7.03 2.17 1.81
XP782 2 7.14 2.34 1.8
DIAM 2 7.15 2.28 1.79
V3503 2 7.24 2.14 1.77
RT7321 1 7.02 2.26 1.79
RT7421 1 7.03 2.23 1.76
XP784 1 7.33 2.17 1.84
RT7521 1 7.11 2.28 1.79
RT7523 1 7 2.25 1.79
CLL16 1 7.53 2.39 1.85

13



RT7321 2 71.22 2.29 1.79

RT7421 2 7.07 2.26 1.77
XP784 2 7.38 2.15 1.88
RT7521 2 7.17 2.38 1.78
RT7523 2 7.14 2.24 1.78
CLL16 2 7.46 2.28 1.85
PVLO3 1 7.59 2.23 1.87
RT7231 1 6.98 2.08 1.75
RT7331 1 7.02 2.25 1.73
RT7431 1 7.04 2.37 1.82
PVLO3 2 7.52 2.27 1.85
RT7231 2 6.91 1.98 1.79
RT7331 2 7.06 2.28 1.75
RT7431 2 6.86 2.17 1.73
Aroma 22 7.49 2.24 1.77

"1" and "2" correspond to the cultivars grown in plots 1 and 2, respectively.

Table 2.0 Kernel dimensions of medium-grain brown rice cultivars

Cultivar Length (mm)  Width (mm) Thickness (mm)
Jupiter 1 6.05 2.73 2.22
RT3202 1 6.08 2.74 2.13
Jupiter 2 6.06 2.82 2.11
RT3202 2 6.04 2.71 2.12

"1" and "2" correspond to the cultivars grown in plots 1 and 2, respectively.

Measurement of Tq using Differential Scanning Calorimetry

From the data obtained from the DSC analysis, three major transitions—a low-
temperature transition, an intermediate-temperature transition, and a high-temperature
transition—were observed in the brown rice kernels between 0 and 250°C. This was similar to
trends observed in studies by Perdon et al. (2000) and Sun et al. (2002). According to Perdon et
al. (2000), the Tg of rice kernels was assumed to be the transition at low temperatures, whereas
the intermediate temperature transition was hypothesized to be related to the rapid evaporation of
moisture from the rice kernels. The high-temperature transition was related to the point where

the melting of the crystalline starch of the rice kernels occurred. The T4 of the contemporary rice
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cultivars at the various MC levels were therefore taken from the low-temperature transitions. The
approximate temperatures within this low-temperature transition ranged from 39°C to 47°C.
Specifically, the Tqof the rice samples was approximately 39, 41, 43, 45, and 47°C at MC levels
of 20, 18, 16, 14, and 12%, respectively. Rice material state diagrams with these updated T4 were

then developed for contemporary cultivars.

Development of Rice Material State Diagrams

Material state diagrams were generated for the different rice cultivars, by plotting their T
against their respective MC (12-20%). From the material state diagrams, a strong negatively
correlated linear relationship existed between the MC and the Tq. The T4 of the rice kernels
increased with decreasing moisture content. This was similar to trends observed in studies by
Perdon et al. (2000) and Sun et al. (2002). The account for this relationship indicates that water
(moisture content) had a significant effect on the T, of rice kernels. An additional factor that
accounts for this relationship is the effect of molecular weight (MW) distribution of the starch.
The relationship of Tg. to MW is well established as an increase in MW will typically correlate
with increased Ty, (Slade and Levine 1991). This is due to the fact that rice harvested at high MC
levels frequently have immature kernels, which may have lower MW starch due to incomplete
starch synthesis. Drying rice kernels to lower MC levels will therefore lead to an increase in MW
starch which correlates with increased Tg. (Slade and Levine 1995; Perdon et al., 2000).

Figures 5, 6, 7, and 8 show material state diagrams for medium-grain pure-line, medium-
grain hybrid, long-grain pure-line, and long-grain hybrids. The material state diagram for all
contemporary rice cultivars explored in this study is shown in Figure 9. As shown by the
regression functions of the figures, the Tq values of the medium-grain hybrid cultivar (RT3202)

were slightly higher than that of the medium-grain pure-line cultivar (Jupiter) but were not
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statistically different (P < 0.05). Additionally, the long-grain pure lines (Fig.7) had slightly
higher Tg4 values than the long-grain hybrid cultivars (Fig.8) but were not significantly different
(P <0.05). The Tg values of the medium grain cultivars from the study were however
significantly higher compared to the long grain cultivars (P < 0.05). The T4vs MC relationship
obtained from the contemporary rice cultivars (long-grain pure lines, long-grain hybrids,
medium-grain pure lines, and medium hybrids) explored in this study (Fig. 9) can be represented
by a regression function as in equation 1.

Tg=59.12-1.02 MC, R?=0.72 1)

From previous studies, the Tqvs MC relationship for (Bengal and Cypress) cultivars by Perdon et
al. (2000) is represented by equation 2, whereas the relationship for the Drew cultivar by Sun et
al. (2002) is represented by equation 3.

Tg=57.03-1.08 MC, R?=0.53 )

Tg=59.47-1.17 MC, R?2=0.57 3)

The Tgvalues obtained from the contemporary cultivars explored in the study were higher
compared to that from the previous studies. At a typical harvest MC of 20%, the T4 of brown
rice from this study is approximately 39 °C, which is slightly higher compared to that of the
previous studies at approximately 36 °C. There was also a higher R value, explaining about 72%
of variations in the new model. The results from this study, therefore, recommend drying and
tempering rice cultivars presently used at temperatures above the glass transition line (Fig.9).
This will help prevent the rice material from undergoing a further glass transition into the glassy
state as the kernel temperature decreases, which can ultimately lead to defects such as kernel

fissuring (Cnossen and Siebenmorgen, 2000).
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Figure 5. Material state diagram for medium-grain pure-line rice (Jupiter).
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Figure 6. Material state diagram for medium-grain hybrid rice (RT3202).
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Figure 7. Combined material state diagram for long-grain pure-line rice
(Diamond, Aroma 22, CLL16, PVLO03)
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Figure 8. Combined material state diagram for long-grain hybrid rice
(XP753, RT7401, RT7301, XP780, XP781, RTv7303, XP782, V3503, RTv7231,
RT7331, RT7431, RT7421, XP784 FP, RT7521, RT7523, 7302, RT7231).
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Figure 9. Combined material state diagram for contemporary rice
(Jupiter, RT3202, Diamond, Aroma 22, CLL16, PVL03, XP753, RT7401,
RT7301, XP780, XP781, RTv7303, XP782, V3503, RTv7231, RT7331,
RT7431, RT7421, XP784 FP, RT7521, RT7523, 7302, RT7231).

Nitrogen Application on T4of Rice

The glass transition temperatures of the various nitrogen-treated samples were also
analyzed and presented in Table 3. The results indicated that the different samples explored as
well as the various MC levels had significant effects (a = 0.05) on the glass transition
temperatures. Fig 10. shows the effects the various nitrogen-treated samples had on the glass
transition temperatures. The results indicated that the sample with no nitrogen treatment (0
kg/ha) had the lowest mean Ty compared to the samples with nitrogen treatment. Treated samples
at 100 and 168 kg/ha were however significantly higher compared to the control sample (0
kg/ha). This could be support for the theory that T rises with increasing amylose content,

suggesting that the Nitrogen may have elevated amylose levels in the rice samples.
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Table 3. Statistical analysis of the effects of Sample and MC on Ty

Source P - value
Sample 0.0066*
MC <0.001*

(*) Indicate statistical significance at o = 0.05
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Figure 10. Mean Tg at various Nitrogen treated samples.

Different letters indicate significant difference at o = 0.05

E. CONCLUSIONS
Rice material state diagrams with updated T4 were developed for the contemporary rice
cultivars explored. The average Tq of the rice samples were 39, 41, 43, 45, and 47°C at MC
levels of 20, 18, 16, 14, and 12%, respectively. The Tq4 of the brown rice in this study were
slightly higher (approximately 39 °C at 20%) compared to that of previous studies

(approximately 36 °C at 20%), along with a better model accuracy of R? = 0.72. Additionally,
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the application of soil N2 caused a significant increase in the Tg4 of rice samples treated at 100
and 168 kg/ha. Further studies need to be carried out to investigate how applying nitrogen at
different rates, timings and locations will impact the glass transition (Tg) of rice samples of

different cultivars.
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CONCLUSIONS

Rice material state diagrams consist of the Tg at various MCs of rice kernels and can
help predict the appropriate temperatures to dry or temper rice kernels. From the study, the
average updated T4 determined for contemporary rice cultivars were 39, 41, 43, 45, and 47°C
at moisture content levels of 20, 18, 16, 14, and 12%, respectively. These T4 were slightly
higher (approximately 39 °C at 20%) compared to that of previous studies (approximately 36
°C at 20%), along with a better model accuracy of R> = 0.72. These results can be used to
predict the transition states (glassy/rubbery) of rice kernels at given temperatures and MCs.
According to the study, using rice for drying and tempering at temperatures lower than the
projected T4 (39 °C) at a typical harvest MC (20%) will probably cause a further transition of
the kernel material state, which may result in the rice kernel fissuring. Additionally, the
application of soil N2 was found to cause a significant increase in the Tq of rice samples
treated at 100 and 168 kg/ha. Therefore, further studies need to be carried out to investigate
how applying nitrogen at different rates, timings and locations will impact the glass transition

(Tg) of rice samples of different cultivars.
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