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Abstract. A S-level, 3-factor central composite rotatable
design in response surface methodology (RSM) was used to
optimize the effects of parboiling operating parameters (soaking
temperature (SoTe, 39.8-90.2°C) and steaming time (StTi, 8.3-
16.7 min)) and nitrogen fertilizer (NF, 46.4-113.6 kg ha™) levels
on physicomechanical (hardness and AE color values) and nutri-
tional properties (zinc (Zn), iron (Fe), calcium (Ca), phytic acid
(PA), and PA/Zn) of protein-rich brown rice. Sensory evaluation
showed that consumers preferred rice grains with a relatively soft
texture and medium hardness. The experimental data fit well to
second-order polynomial models (R* > 0.976) using multiple
regression analysis. The optimum conditions for maximizing
mineral content (Zn: 385.0 ppm, Fe: 78.0 ppm, Ca: 33.0 ppm),
minimizing PA content (130.91 mg 100 g'), PA/Zn ratio (0.34),
achieving a low AFE value (4.71), and obtaining the desired hard-
ness (17.0 N) were 59.29°C SoTe, 11.18 min StTi, and 90.89 kg
ha' NF.

Keywords: rice (Oryza sativa L.), parboiling, N fertilizer,
antinutritional factor, minerals, process optimization

1. INTRODUCTION

Rice is the second most commonly produced cereal
in the world as it is consumed by over half of the global
population (Gharibzahedi, 2018). According to USDA
data, the total global rice production in 2022 was 776 mil-
lion tons (Glauber and Mamun, 2025). Rice is a rich source
of protein, fiber, carbohydrates, vitamins (e.g., thiamin
and niacin), and minerals (e.g., iron (Fe), zinc (Zn), and
phosphorus (P)) (Yu et al., 2021). This staple food also
contains antioxidant compounds, including phenolic acids,
y-oryzanol, anthocyanin, and proanthocyanidins (Kumar et
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al.,2017). Rice consists of 72% endosperm, 20% hulls, and
8% bran. However, rice processing, including the removal
of hulls, the milling of shelled rice to eliminate the bran
layer, and an extra whitening step, can exacerbate the loss
of these nutrients with a further reduction in their content
and bioavailability rate (Park ez al., 2019). Also, rice has
the antinutritional compound phytic acid (PA), which is
indigestible to humans or nonruminants owing to a lack of
phytase. PA can inhibit the absorption and bioavailability of
minerals through the formation of strong molecular com-
plexes with Fe and Zn, decreasing the nutritional value of
rice-based foods (Xia et al., 2019). Although brown rice
contains higher amounts of protein, vitamins, and minerals
compared to white milled rice, the higher levels of PA can
reduce the solubility, functionality, absorption, and bioac-
cessibility of essential minerals such as Fe and Zn. This
issue is of considerable importance because 2 billion and
3-4 billion people worldwide suffer from Fe and Zn defi-
ciency, respectively (Kumar ef al., 2017).

There are various technological processes to reduce the
PA content in the food industry, such as soaking, heating
(e.g., baking, autoclaving, frying), malting, and fermenta-
tion. However, none of these processing techniques can
eliminate PA from rice grains (Ozkaya et al., 2017; Tayefe
et al., 2020). Currently, the use of enzymatic treatments
and non-thermal processes, such as high-pressure, pulsed
electric field, cold plasma, and ultrasound, has efficiently
improved the quality and health attributes of wholegrain
brown rice (Gharibzahedi et al., 2018; Xia et al., 2019).
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Parboiling is widely recognized as the most important step
in the pre-processing of rice grain in many rice-producing
countries in Asia. This process not only successfully extends
the storage stability of rice grains but also minimizes nutri-
tional losses while increasing mineral bioavailability and
reducing PA content (Paiva et al., 2016; Patindol ef al.,
2017). On the other hand, starch gelatinization and ret-
rogradation irreversibly change the microstructure of the
biopolymer during the soaking and steaming stages of this
hydrothermal process, resulting in different digestibility and
textural properties of parboiled rice compared to polished
rice (Tian et al., 2018). Our recent study has shown that
the integrated use of the parboiling process and nitrogen
fertilization (NF) can significantly improve the chemome-
chanical, rheological, and pasting characteristics of brown
rice grains (BRGs). However, excessive or insufficient NF
application reduced the production yield and the technolog-
ical and nutritional quality of rice grains (Nasrollah Zadeh
et al., 2020). Therefore, there is a necessity to optimize NF
levels and parboiling conditions, including soaking temper-
ature (SoTe) and steaming time (StTi), to achieve the best
quality and nutritional values of parboiled BRGs.

Response surface methodology (RSM) is a well-known
statistically based mathematical optimization approach that
can simultaneously construct adequate models for independ-
ent (input) and response (output) variables (Gharibzahedi
et al., 2015a). This simple mathematical tool decreases the
cost of product formulations and processes by reducing
the number of required tests (Rostami and Gharibzahedi,
2017). RSM provides solutions to multi-objective func-
tions to produce an optimum response by estimating their
composite desirability (Gharibzahedi ef al., 2012).

To the best of our knowledge, this simple and effi-
cient modeling approach has not yet been used to predict
the optimal parboiling conditions and NF levels for yield-
ing the best technological quality and nutritional value of
BRGs. Thus, the present study was aimed to optimize the
combined operational conditions for producing nutritious
parboiled BRGs with the goal of achieving greater con-
sumer preference and more market share. We hypothesize
that optimized parboiling conditions combined with pre-
cise nitrogen fertilization will: (i) significantly reduce PA
content through thermal degradation and enzymatic activa-
tion during processing, and (ii) enhance mineral retention
by modifying rice kernel microstructure and regulating
nutrient assimilation pathways. These effects are antici-
pated to result from the synergistic interaction between
parboiling-induced physicochemical transformations and
nitrogen-mediated metabolic regulation in the rice plant.

2. MATERIALS AND METHODS
2.1. Rice cultivation conditions and fertilization practices

One of the most commonly cultivated rice varieties in
Iran, namely Hashemi, was cultivated at the farm of the
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National Institute of Rice Research (NIRR, Rasht, Gilan
province, Iran; 37°20'N, 49°40'E, altitude 5 m) in May
2019 using a conventional transplanting method and har-
vested during August-September 2019. Hashemi rice,
a traditional and widely cultivated variety in northern Iran
(particularly in Gilan and Mazandaran provinces), was
selected for this study due to its high consumer preference,
distinctive aroma, superior cooking quality, and its recog-
nized status in agricultural improvement programs aimed
at enhancing yield and grain purity.

Field experiments were conducted using uniformly
sized plots (5 x 3 m) with controlled growing conditions.
Manual weed control was implemented at two critical
growth stages to minimize competition. Water management
maintained a constant 5 cm standing water level from trans-
planting to flowering to ensure optimal growing conditions.
No chemical pesticides were applied during the experiment.
Weed management was conducted manually at two critical
growth stages to minimize competition. Before fertiliza-
tion, triplicate soil samples were collected from randomized
locations within the experimental field and analyzed at the
NIRR laboratories. The average soil properties at the NIRR
farm (Rasht, Gilan province, Iran) included 46% clay, 42%
silt, and 12% sand, with a saturation percentage of 82.1%,
electrical conductivity (EC) of 1.34 dS m™', pH of 6.74, and
2.08% organic carbon. According to recommendations of
the Soil and Water Research Institute (SWRI, Tehran, Iran),
we applied 50 kg ha” of phosphorus pentoxide (P-0s) and
25 kg ha™' of potassium oxide (K20) for the cultivated rice.
To increase rice grain yield, the soil of the rice fields was
also fertilized with five NF levels from 46.4 to 113.6 kg ha™!
based on the RSM design (Table 1). Preliminary field stud-
ies showed that NF levels outside this range significantly
reduced rice grain yield.

2.2. Chemicals

All chemicals used, such as ethanol (EtOH), hydro-
chloric acid (HCI), nitric acid (HNOs), 5-sulfosalicylic acid
dihydrate, iron(III) chloride (FeCls), glutaraldehyde, osmi-
um tetroxide, and phosphate buffer, were purchased from
Sigma-Aldrich Chemical Co. (Oakville, ON, Canada).

2.3. Parboiling processing of brown rice

Parboiling of paddy rice followed various soaking and
steaming regimes (Table 1). The soaking setup included
a stainless steel cylindrical container, an electric heater,
a basket for water-soaking, and a temperature control sys-
tem (NSS-450, Nojan Co., Tehran, Iran). For each treatment,
~200 g of BRGs were soaked in deionized water (1 L) in
a water bath at 39.8-90.2°C (SoTe) for 6 h (Table 1). Soaked
BRGs were removed from the water to allow water pene-
tration into the grain core and then placed in a plastic bag
at 2542°C for 4 h. A total of 150 g of soaked BRGs were
placed in a parboiling vessel above a boiler containing 8 L
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Table 1. RSM-CCRD matrix based on the independent variables and experimental results of response variables
Independent variables® Response variables
No. SoTe StTi NF Hardness PA Zn Fe Ca PA/Zn
(°C)  (min) (kgha')  (N) (mg 100 ) (ppm)
1 50 10 60 15.3£0.1  2.9+0.2 266+7 345.6+1.7  78.1+1.6  36.7£0.1  0.769+0.027
2 80 10 60 16.0£0.2  6.7+0.0 200+6 364.1+6.1  62.3+0.4  25.6+0.2  0.549+0.035
3 50 15 60 15.740.1  3.1+0.0 246+4 320.6£5.3  60.8+0.7  28.6£0.4  0.767+0.026
4 80 15 60 16.2+0.1  7.5+0.2 17444 375.0+0.8  52.1£2.4  21.3+0.4  0.464+0.015
5 50 10 100 17.5£0.1  8.4+0.3 15442 392.3+3.6  84.2+0.2  33.4+0.5  0.392+0.001
6 80 10 100 18.9£0.0 10.5+0.0 159+1 401.5+0.8  63.4+1.9  25.840.5  0.396+0.013
7 50 15 100 18.0£0.0  8.6+0.0 13245 340.9+1.6  63.842.2  24.7+0.7  0.387+0.022
8 80 15 100 19.4+0.1 11.4+0.2 128+6 368.2£2.7  56.0£0.9  20.8£0.6  0.347+0.014
9 39.8 12.5 80 15.840.1  3.84+0.3 258+2 351.243.2  80.0+1.6  34.7£0.6  0.734+0.011
10 90.2 12.5 80 17.4+0.2 10.3+0.2 2011 397.1£3.1  58.5+2.1 22.1+0.4  0.506+0.007
11 65 8.3 80 16.4+0.2  8.3+0.2 198+5 377.3+4.2  81.0+£1.2  354+0.9  0.524+0.022
12 65 16.7 80 17.140.1  10.0+0.2 169+2 3323+£2.1  60.0£2.5  255+0.2  0.508+0.003
13 65 12.5 46.4 149+0.2  1.1+0.0 165+12 364.1+6.1  63.0+£1.8  27.5t1.1  0.453+0.055
14 65 12.5 113.6 19.4£0.1  9.1+0.0 71£10 395.0£0.2  69.0+1.9  25.8+0.0  0.179+0.036
15 65 12.5 80 16.8+0.1  3.5+0.3 138+5 367.248.4  70.9+0.3 31.840.5  0.375+0.023
16 65 12.5 80 16.6£0.0  2.9+0.3 13542 373.3+£23  70.6£0.6  32.2+0.3  0.361+0.009
17 65 12.5 80 16.8£0.1  3.3%+0.1 13946 379.5£3.9  71.540.2  32.1£0.1  0.366+0.014
18 65 12.5 80 16.4£0.3  3.1£0.1 128+4 3753+0.3  73.3+2.0  31.9+0.0  0.341+0.010
19 65 12.5 80 16.9£0.3  2.9+0.3 133+1 380.1+4.5  72.54¢1.2  31.7£0.6  0.350+0.001
20 65 12.5 80 16.7£0.0  3.4+0.2 124+8 377.31£1.5 68.2+24  30.5+¢1.2  0.320+0.031

* SoTe — soaking temperature, StTi — Steaming time, NF — nitrogen fertilization. Data are represented as mean+SD (n = 3).

of boiling water and steamed at low pressure (78.45 kPa)
at 119°C for 8.3-16.7 min (StTi, Table 1) (Nasrollah Zadeh
et al., 2020). SoTe and StTi values were selected based on
preliminary quality data. Steamed samples were spread on
trays and dried in a hot-air oven (ATRA, ACE400L, Qazvin,
Iran) at 5242°C for 8 h to reduce moisture content to 13%
w.b. Tray positions were rotated several times to ensure
uniform drying (Chavan et al., 2018). Parboiled samples
were de-hulled and milled using a rice huller (ST50 model,
Yanmar Co., Osaka, Japan) to produce BRGs.

2.4. Analysis of amylose and protein contents

Nitrogen content was measured using the Kjeldahl
method, and total protein content (PC) was calculated by
multiplying the nitrogen value by a conversion factor of
5.95. Amylose content (AC) was determined using a simpli-
fied method based on starch-iodine colorimetry (Nasrollah
Zadeh et al., 2020).

2.5. Sensory evaluation

A sensory evaluation test was conducted to determine
whether maximum, minimum, or median hardness was
acceptable to consumers. This quality analysis involved 30
panelists, including graduate students and staff members of
Islamic Azad University (Lahijan, Iran), familiar with the
organoleptic qualities of parboiled BRGs. They included

16 women and 14 men aged 25-42 years. Samples were
presented in a randomized order. The panelists evaluated
the texture of each sample twice in well-lit conditions using
a 9-point hedonic scale (1 = “really disliked” to 9 = “real-
ly liked”). Simultaneously, the samples were transferred to
a texture analysis laboratory for hardness measurement.

2.6. Instrumental texture analysis

A texture analyzer machine (TA.XT Plus, Stable Micro
Systems, Ltd, Surrey, England) equipped with a 500 N load
cell and integrator was used to measure the hardness value
of parboiled BRGs. The force measurement accuracy dur-
ing sample deformation was 0.001 N. For this test, each
grain placed between two 12-mm flat probes and com-
pressed until rupture occurred in the force-deformation
curve (Taghinezhad et al., 2016). The equivalent force at
grain breakage in the force-deformation curve was con-
sidered to be the hardness value under a loading rate of
1 mm min" (Taheri-Garavand et al., 2012). All samples
were examined in triplicate.

2.7. Color measurement

A HunterLab colorimeter (model DP-900, Reston,
VA, USA) was used to measure color attributes in the
CIE L*, a*, b* color space under the illuminant condition
D65 (medium daylight) and a 10° (field of view) standard
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observer. L* is a measure of the lightness from black (0) to
white (100). In the CIE L*, a*, b* system, a* and b* are the
chromaticity coordinates. Positive and negative a* values
respectively indicate the red and green directions, and posi-
tive and negative b* values respectively are the yellow and
blue directions. The total color difference (AE) was also
calculated using the following equation (Eq. 1) (Tayefe et
al., 2020):

AE =(L—1)*+ (a—a*)? + (b—b*)? (1)

where: L, a, and b values are color attributes for the untreat-
ed sample.

2.8. Determination of PA content

The content of PA was assessed according to the
method described by Kaur et al. (2017) with minor modi-
fications. In brief, PA was extracted from powdered BRGs
(0.5 g) with 3.5% HCI (10.0 mL) under mild stirring for
90 min and centrifuged at 10000 xg, 5°C for 15 min. The
obtained supernatant (1.0 mL) was diluted with 3.5% HCI
(2 mL), and subsequently, 1.0 mL of the pink-colored
Wade reagent (WR, 0.03 g ferric chloride dissolved in
100 mL of 0.3% 5-sulphosalicylic acid solution) was added
and centrifuged. The solution absorbance was read using
a UV-vis spectrophotometer (UVmini-1240, Shimadzu,
Tokyo, Japan) at 500 nm. A decrease in the intensity of the
pink color of WR occurs in the presence of phytate because
iron can be sequestered and unavailable to react with 5-sul-
phosalicylic acid.

2.9. Assessment of essential mineral elements

The modified method proposed by Shao et al. (2018)
was used to determine the content of Zn, Fe, and Ca of par-
boiled BRGs. In brief, 0.5 g of BRGs was hydrolyzed with
5 mL of ultrapure HNO; in a microwave digestion system
with the power of 600 W (Sineo, Shanghai, China). The
digestion procedure was as follows: temperature increase
from 25 to 120°C, holding at 120°C for 7 min, raising to
180°C from 120°C over 15 min, and holding at 180°C for
25 min. The resulting solution, after cooling to 25°C was
transferred to a volumetric flask and diluted with deionized
water to 50 mL. Inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES; Spectro Arcos, Germany)
was used to measure Zn, Fe, and Ca at wavelengths of
213.9, 259.9, and 393.366 nm, respectively. The data were
expressed as mg/kg of dry rice flour. All the experiments
were performed in triplicate.

2.10. Statistical design and response surface optimization

A 5-level 3-factor response surface methodology-cen-
tral composite rotatable design (RSM-CCRD) was used to
evaluate the effects of SoTe (X, 39.8-90.2°C), StTi (X,
8.3-16.7 min), and NF level (X;, 46.4-113.6 kg ha™) on the
hardness value (Y,), AE value (Y,), and the content of PA
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(Y3), Zn (Y,), Fe (Y5), Ca (Y¢), and PA/Zn (Y;). The pre-
sent study was mainly aimed to find out an optimum level
of independent variables leading to (i) maximum mineral
content of Zn, Fe, and Ca, (ii) minimum PA, PA/Zn, and
AE levels, and (iii) a suitable hardness value depending
on the sensory evaluation results. The experimental plan
contained 20 trials, and the independent variables were
investigated at three different levels, namely low (-1),
medium (0), and high (+1), whose values were illustrated in
Table 1. The experiments were randomized to minimize the
effects of unexplained variability in the observed responses
due to extraneous factors. The Design-Expert (trial ver-
sion 8.1.6, Stat-Ease Inc., Minneapolis, USA) software was
used to analyze the RSM-CCRD results. The linear, quad-
ratic, and interaction effects of the studied three variables
on the response variables were assessed. Analysis of vari-
ance (ANOVA) was performed to evaluate the statistical
significance of the model. The response function () related
to the coded variables was fitted with second-order polyno-
mial models using Eq. (2):

Y=b, +bX, +b,X, +b. X, +b, X +b,X; +b, X} +

b X\ X, + 0, X, X, +b, X, X, +¢. )

The coefficients of the polynomial were denoted by b,
(constant term), b,, b,, and b; (linear effects), b, b,,, and b3
(quadratic effects), and b5, b3, and by; (interaction effects).

The terms found statistically non-significant (p>0.05)
were removed from the initial models, and the experimen-
tal data were refitted to generate the final reduced models.
The correlation between the response and independent
variables is clearly depicted in the response surface and
contour plots. The adequacy of regression models was
evaluated by determination of R’, adjusted R* (R%,;), coef-
ficient of variation (CV, %), and adequate precision (AP)
as previously recommended by Gharibzahedi ef al. (2015).
Five additional confirmation experiments were ultimately
carried out to verify the accuracy of statistical experimental
design. Also, the ANOVA procedure followed by Duncan’s
test was conducted for texture-based sensory properties
using SPSS 20.0 (SPSS Inc., Chicago, IL, USA) software.
Any significant difference between the means at a confi-
dence level of 0.05 was examined. Furthermore, some data
were a mean of three experimental replications and sub-
jected to ANOVA using SPSS V.21 software (IBM Corp.,
Armonk, NY, USA). Significant differences were assessed
by Duncan’s test (p<<0.05). Pearson’s coefficient was used
in the correlation analysis between hardness values and TA
or TP levels.

3. RESULTS AND DISCUSSION
3.1. Sensory attributes

Hardness is one of the most significant quality char-
acteristics of cooked rice grains. The evaluation results of
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sensory attributes indicated that most panelists significant-
ly preferred parboiled BRGs with a relatively soft texture
(Fig. 1). These samples with a mean hardness value of
17.0-17.3 N were found to have the best hardness with
maintaining favorable taste and flavor/odor. Accordingly,
a targeted point of 17.15 N was considered to be the best
hardness value to achieve the best overall organoleptic
acceptability for the parboiled samples during the optimi-
zation studies.

3.2. Significance analysis and model fitting adequacy

Table 1 shows the design matrix of the independent
variables in actual units along with the experimental val-
ues of response variables. By applying multiple regression
analysis methods, the second-order polynomial models

data are average of two replications (see Table 1 for hardness value

were adequate to predict the response (Table 2). ANOVA
indicated that the fitted quadratic models were highly sig-
nificant (p<0.0001). The lack-of-fit (LoF) test measures
model failure to represent data in the experimental domain
at points that are not included in the regression. Non-
significant LoF is desirable to indicate model adequacy
(Rostami and Gharibzahedi, 2017). The non-significant
LoF values (0.0601-0.3289) of the fitted second-order pol-
ynomial models were statistically non-significant for the
studied characteristics. The R* values ranged from 0.9762
to 0.9960, implying that only 2.38% of the variation in the
worst possible case could not be explained by the fitted
model (Table 3). The R’ values (0.9251-0.9925) showed
that the models were meaningful, and that the experimen-
tal values were in good agreement with the predicted ones.

Table 2. Reduced fitted second-order polynomial models and statistical parameters for response variables

Equation® LoF® Re gressionb R? RzadJ Ccve AP
Hardness (N, Y))

16.69+0.49X,+0.20X,+1.33X3+0.20X, X,+0.22 X, 0.2972 <0.0001 09856 09727 122 30.71
AE (-, Y,)

3.18+1.76X,+0.36X,4+2.35X,-0.41X, X5+1.38X,*+2.12X,*+0.69X, 0.3289 <0.0001 0.9960  0.9925 4.76 51.33
PA (mg 100 g, Y5)

132.25-17.05X,-10.82X,-34.49X+17.38X,X5+34.92X ,*+18.65X,’ 0.2181 <0.0001 09848 09712 5.11 33.12
Zn (ppm, Y.)

375.6+13.66X,-12.78X,+10.95X,+6.75X, X,-4.55X,X;-8.82X,X;-8.47X,’ 0.3253 <0.0001 09678  0.9388 145 19.72
Fe (ppm, Ys)

71.27-6.54X,-6.64X,+1.77X;+2.51X,X,-2.53X;” 0.1530 <0.0001 0.9606  0.9251  3.52 17.65
Ca (ppm, Ys)

31.74-3.74X,-3.13X,-0.76X5+0.94X, X, +0.86 X, X;5-1.42X,°-0.69X,>-2.04X,’ 0.1339 <0.0001 0.9830  0.9678 298 25.34
PA/Zn (-, Y7)

0.35-0.069X,-0.012X,-0.11X;+0.061X,X;+0.098X,*+0.061 X, 0.0601 <0.0001 09762  0.9548  7.27 25.82

*X,, X,, and X; are SoTe — soaking temperature (°C), StTi — steaming time (min), and NF — nitrogen fertilization (kg ha™), respectively.
°LoF — lack of fit (represented as p-value), “expressed as percentage (%).
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Table 3. ANOVA of fitted quadratic models for the response variables

Hardness (N)" AE () PA (mg 100 g™)

Source® DF

SS MS F-value P-value® SS MS F-value  P-value SS MS F-value P-value
X 1 3.28 3.28 7721  <0.0001  42.29 4229  511.39 <0.0001 3970.5 3970.5 5545  <0.0001
X, 1 0.56 0.56 13.30 0.0045 1.8 1.8 21.78 0.0009 1598.9 1598.9 22.33 0.0008
X3 1 24.17 24.17 56929 <0.0001  75.71 75.71 915.52  <0.0001 16250 16250  226.95 <0.0001
Xu 1 0.0086 0.0086 0.20 ns 27.35 27.35  330.74 <0.0001 17569 17569 24537  <0.0001
X 1 0.087 0.087 2.04 ns 64.77 64.77  783.32  <0.0001 5013 5013 70.03  <0.0001
Xs3 1 0.69 0.69 1627  0.0024 6.83 6.83 82.54  <0.0001 2924 2924 4.08 ns
X 1 0.005 0.005 0.12 ns 0.21 0.21 2.55 ns 28.13 28.13 0.39 ns
Xis 1 0.32 0.32 7.54 0.0206 1.36 1.36 16.46 0.0023 24151 2415.1  33.73 0.0002
X 1 0.02 0.02 0.47 ns 0.0012  0.0012  0.015 ns 6.13 6.13 0.086 ns
Residual 10 0.42 0.042 - - 0.83 0.083 - - 716.02  71.60 - -
LoF 5 0.26 0.053 1.65 ns 0.50 0.10 1.52 ns 484.69  96.64 2.10 ns
Pure error 5 0.16 0.032 - - 0.33 0.066 - - 231.33  46.27 - -
Coretotal 19  29.52 - - - 208.83 - - - 47191 - - -

Zn (ppm) Fe (ppm) Ca (ppm)
X 1 25494 25494 8871 <0.0001 583.38 583.38 101.85 <0.0001 191.13  191.13  258.07 <0.0001
X> 1 2229.1 2229.1 77.57 <0.0001 601.28 601.28 10497 <0.0001 133.82 133.82 180.68 <0.0001
X; 1 1638.0 1638.0  57.00 <0.0001  42.85 42.85 7.48 0.0210 7.86 7.86 10.61 0.0086
Xu 1 38.43 38.43 1.34 ns 27.54 27.54 4.81 ns 29.0 29.0 39.16  <0.0001
X 1 10349 10349  36.01 0.0001 12.74 12.74 222 ns 6.94 6.94 9.37 0.0120
X3 1 1.1 1.1 0.038 ns 92.34 92.34 16.12 0.0025 59.81 59.81 80.76  <0.0001
X 1 346.5 346.5 12.68  0.0052  50.50 50.50 8.82 0.0141 7.03 7.03 9.49 0.0116
Xis 1 165.62  165.62 5.76 0.0373 2.10 2.10 0.37 ns 5.95 5.95 8.04 0.0177
X3 1 623.04 623.04 21.68 0.0009 0.011 0.011 0.0019 ns 0.21 0.21 0.29 ns
Residual 10 28738  28.74 - - 57.28 5.73 - - 7.41 0.74 - -
LoF 5 173.94 3479 1.53 ns 41.65 8.33 2.66 ns 5.51 1.10 2.90 ns
Pure error 5 11345  22.69 - - 15.63 3.13 - - 1.90 0.38 - -
Coretotal 19  8921.9 - - - 1453.4 - - - 436.89 - - -
PA/Zn ()

X 1 0.065 0.065 59.61  <0.0001
X, 1 0.002 0.002 1.89 ns
X; 1 0.16 0.16 148.55  <0.0001
X 1 0.14 0.14 127.51 <0.0001
Xn 1 0.054 0.054 49.93  <0.0001
Xi3 1 0.001 0.001 1.12 ns
X 1 0.002 0.002 1.85 ns
Xis 1 0.030 0.030 27.17  0.0004
X3 1 0.0001 0.0001 0.12 ns
Residual 10 0.011 0.0012 - -
LoF 5 0.009  0.0011 4.58 ns
Pure error 5 0.002 0.0018 - -
Coretotal 19 0.46 - - -

*X,, X,, and X; are SoTe — soaking temperature (°C), StTi — steaming time (min), and NF — nitrogen fertilization (kg ha™), respectively.
"DF, SS and MS are degree of freedom, sum of squares and mean squares, respectively; “ns — non-significant.
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Fig. 2. Comparison between predicted and actual values of: a) hardness value, b) AE value, c) PA content, d) Zn content, ) Fe content,

f) Ca content, and g) PA/Zn of parboiled BRGs.

The higher R? and R?,; values represented the high capabi-
lity of quadratic equations in the given experimental range
(Gharibzahedi et al., 2012). The CV values of 1.22-7.27%
indicated high precision in the experiments (Table 3). The
AP measures the signal-to-noise ratio, with a ratio greater
than 4 considered desirable (Gharibzahedi et al., 2015).
The AP values of 17.65-51.33 showed that the quadratic
models were suitable for navigating the design space
(Table 3). Figure 2 shows that the fitted models adequately
covered the experimental range. The constructed regres-
sion models were in good agreement with the experimental
results (Fig. 2).

3.3. Hardness value

Table 3 shows that the hardness value was significantly
affected by the linear effects of all the independent vari-
ables. An increase in SoTe, StTi, and NF led to a significant

increase in this factor (p<0.0001; p<0.01). The interaction
effect of SoTe and NF (p<0.05) and the quadratic effect of
NF (p<0.01) on the hardness value were also significant.
The most significant (p<0.05) effect on the hardness value
was the linear effect of NF followed by the main effect of
SoTe and the quadratic effect of NF (Table 3). As shown
in Fig. 3a, the variation of the hardness value of parboiled
BRGs was a function of SoTe and NF. An increase in the
levels of these independent variables resulted in higher
hardness values. According to the individual optimization
data, the targeted hardness value response (17.15 N) was
observed when the parboiled BRGs were produced at
77.45°C SoTe, 10.64 min StTi, and 81.74 kg ha™' NF.

Miah ef al. (2002) earlier investigated the effect of rice
soaking in hot water on the starch gelatinization and hard-
ness of rice grains. The results showed that increasing the
SoTe increased the starch gelatinization rate, grain hard-
ening, and cooking time. Therefore, grains do not soften
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Fig. 3. 3D surface plots showing the significant interaction effects of independent parameters on the: a) variation of hardness value,
b) AE value, and ¢) PA, d-f) Zn), g) Fe, and h, i) Ca contents, as well as j) PA/Zn.

and lose their shape during cooking. Besides, the parboil-
ing at high temperatures/times increases compaction and
the cohesion of starch particles in the center of granules
increases molecular interaction between protein and starch
to form a 3D network matrix and a harder texture against
fracture (Sivakamasundari et al., 2020). However, soaking,
compared to steaming, is more effective in increasing grain
hardness by reducing chalky regions (Zhu et al., 2019). It
is hypothesized that the deformation of proteins and starch
during soaking at temperatures below the gelatinization
point of starch (~75-80°C) plays a major role in reducing
chalky spots and increasing grain hardness. The albumin
and glutelin amounts present in rice grains decrease at 46
and 74°C, respectively, due to denaturation. Therefore, the
high mobility of denatured proteins at SoTe greater than
80°C along with the opening of their spiral structure fills
the empty spaces inside the endosperm due to chalky spots
and increases the hardness degree. As glutelin is the pre-
dominant protein in rice, a further increase in hardness
can be also observed when glutelin deforms at higher
SoTe degrees (Adebiyi ef al., 2009). Derycke et al. (2005)
reported that more amylose chains in rice grains by inten-
sifying the thermal process break down during soaking and
have more mobility to penetrate deep inside of granules.
The diffusion of these new intragranular chains can form a
cohesive network with a much higher melting point, indi-

cating greater grain strength (Derycke et al., 2005). On
the other hand, a reduction in the number of amylose units
in starch granules can be observed at higher NF levels.
Zohoun et al. (2018) pointed out that an increase of one
unit in the amylose content can reduce hardness by 0.12
units. Furthermore, the surface hardening of rice grains at
high NF levels may be due to the increased accumulation
of protein in the surface layer. The water absorption and
expansion in the thickness of rice grains can be inhibited
in the presence of proteins in the outer layers, leading to an
increased hardness value. Thus, the low content of amylose
accompanied with high protein content in surface parts of
rice grains cultivated in soils fertilized with high nitrogen
amounts increased the hardness value.

Table 4 shows that increasing NF levels significantly
increased the TP content and both instrumental and sensory
hardness, while the TA content decreased. Additionally, the
sensory and instrumental hardness values increased with
the higher TP content and decreased with the higher
TA content (p<0.05, Table 4). There was an adverse cor-
relation (r = - 0.7969) between the content of TP and TA
(Table 4). The correlation tests (Table 5) confirmed the
positive influence of TP and the negative impact of TA on
hardness values. Nitrogen is a key macronutrient involved
in amino acid and protein biosynthesis. When applied to
rice fields, nitrogen fertilizer enhances nitrogen uptake by



OPTIMIZED QUALITY OF PARBOILED RICE

483

Table 4. Amounts of TA, TP, and instrumental and sensory values of hardness of parboiled BRGs"

NF level TP TA Hardness (N)
(kg ha)’ (%) Instrumental Sensory
46.5 8.95+0.42° 17.54+1.68" 14.9040.23¢ 4.22+1.02°
60 9.46+0.25" 17.24+1.32° 15.4240.48° 5.95+0.75"
80 10.36+0.13° 16.87+0.48" 17.63£0.55° 6.12+1.13°
100 10.42+0.28° 14.3240.21° 18.7310.41° 7.01£0.65*
113.6 10.73+0.17° 12.26+0.57° 19.40+0.11* 7.35+0.83°

“Treatments were performed at constant SoTe (65°C) and StTi (12.5 min), "mean values in the same column with different letters (a-c)

are statistically significant (p<0.05).

Table 5. Correlation coefficients of TA, TP, and instrumental- and sensory-based hardness values of parboiled BRGs

Character TP (%) TA (%) (N, ﬁ:ﬁﬁisesmal) (NI-,IaSrgt?:cf:y)
TP (%) 1

TA (%) -0.7969 1

Hardness (N, Instrumental) 0.9727 -0.8888 1

Hardness (N, Sensory) 0.9234 -0.8291 0.9026 1

plants, increasing the pool of available nitrogen for incorpo-
ration into amino acids. This leads to elevated synthesis and
accumulation of storage proteins in the rice endosperm, pri-
marily glutelins and prolamins (Ma et al., 2024; Yang et al.,
2024). Consequently, the total protein content in rice grains
rises with higher nitrogen levels. In contrast, amylose con-
tent often declines with increasing nitrogen fertilization.
This is due to a shift in carbon allocation during grain fill-
ing. Under high nitrogen availability, rice plants prioritize
protein synthesis, which competes with starch synthesis
for carbon skeletons and energy. As a result, amylose bio-
synthesis via granule-bound starch synthase (GBSS) may
be downregulated (Ma et al., 2024). Furthermore, high
nitrogen can alter the expression of starch-synthesizing
enzymes, affecting the amylose-to-amylopectin ratio and
leading to a relative decrease in amylose content. This
reduction can influence the cooking and textural properties
of rice, often making it softer and stickier.

3.4. AE color value

The AE color value was significantly influenced by the
linear (p<0.0001, p<0.001) and quadratic (p<0.0001) effects
of all the independent variables (Table 3). Furthermore,
the interaction of SoTe and NF proved to be significant
(p<0.05) among the interactions. The most significant
effect on the AE value was shown to be the linear effect of
NF followed by the quadratic effect of StTi and the linear
effect of SoTe (Table 3). Figure 2b also illustrates that rais-
ing SoTe and NF in the range resulted in a higher AE value.
Rice grains grown in soils fertilized with 64.46 kg ha" and
parboiled under 53.52°C SoTe and 12.51 min StTi was pre-

dicted to result in the minimum AFE color value (0.9833)
based on the individual optimization findings.

More color changes at high NF levels can be attributed
to the high accumulation of proteins in the granule depth.
At higher levels of nitrogen, the grain lightness is reduced
while its yellowness is increased (Kaur ef al., 2016).
Lamberts ef al. (2006) explained that the soaking intensity
increases the hydrolysis rate of starch and the concentration
of reducing sugars through penetrating more moisture into
granules. Accordingly, the presence of formed small sug-
ars in the Maillard process increases color changes. They
also emphasized that soaking rather than steaming acceler-
ates more Maillard reactions by forming a higher number
of simple sugars. The leakage of pigments from the rice
husk was a function of different soaking temperatures and
times, which had a direct effect on the ratio of water pene-
tration and absorption in to the grain (Wiruch et al., 2019).
The intensity of color changes by attaching the yellow and
red pigments of the husk was increased by increasing the
rate of water absorption at high SoTe. A similar result was
reported by Islam ef al. (2002b), who reported less intensity
of color changes in steaming than soaking because thermal
treatments may cause varying intensity of gelatinization in
the surface and depth of starch granules. The starch gela-
tinization during the steaming step will be greater on the
surface of rice grains. Greater retrogradation of gelatinized
starch will form a hard surface texture. As this solid surface
layer may act as a barrier against the migration of pigments
during StTi, with further increasing the StTi it will not dif-
fer much in AE. Therefore, fewer color changes will be
found during steaming compared to soaking (Islam ef al.,
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2002b). Shaiful Islam et al. (2009) showed that the exter-
nal husk of rice during parboiling may become increasingly
fissured, exposing simple sugars and amino acids to more
reactions. Also, the pigments of the grain surface due to
prolonged steaming have greater penetration capability into
the deeper parts of the endosperm and intensify the col-
or changes. Moreover, the color changes in rice grains are
more intense in the first 10 min of steaming and then these
changes continue at a lower rate between 10 and 30 min
(Islam et al., 2002a).

3.5. PA content

The results represented in Table 3 revealed that the PA
content in parboiled BRGs was significantly (p<0.0001,
p<0.001) influenced by the linear and quadratic terms
between all the variables, except for the quadratic effect of
the NF level, which was not significant. Among the inter-
action terms, only SoTe x NF was the strongest for the PA
content (Table 3). The quadratic term of SoTe and the linear
term of NF had the most significant effect on the PA content
(Table 3). Figure 3c shows that an increase in the levels
of SoTe and NF resulted in a significant reduction in the
PA content in parboiled BRGs. The individual optimization
results indicated that the optimum levels of SoTe, StTi, and
NF for the minimum PA content were 65.06°C, 13.28 min,
and 100 kg ha', respectively.

The correlation analysis revealed a moderate negative
correlation between the PA and TP content in parboiled
BRGs (r = -0.6508). The reduction of PA content with
increased protein levels in parboiled rice grains may be
linked to higher NF levels. NF improves protein synthesis,
and increased nitrogen availability could enhance pro-
tein accumulation at the expense of phytic acid. Elevated
nitrogen may also promote enzymatic activity that breaks
down PA, further reducing its content (Su et al., 2022).
Decreasing the levels of anti-nutritional factors of rice such
as PA can significantly guarantee the bioavailability of Zn
and Fe because this chelator of divalent minerals limits
their absorption. Ning et al. (2009) previously reported that
an increasing NF level could reduce the PA content and an
improvement in protein quality by increasing the ratio of
glutelin to total protein. Zhang et al. (2010) suggested PA
reduction by adding nitrogen fertilizer to the soil as con-
centrations of Fe and Zn in rice grains were significantly
increased by increasing the NF level from 0 to 160 kg ha™.
The PA reduction in parboiled rice can be attributed to
its degradation or enzymatic hydrolysis by endogenous
phytases activated during the soaking process at high SoTe
temperatures and leaching into the soaking water (Taleon
et al., 2020). In contrast, the high temperature of the water
during the soaking phase does not inactivate phytase. Since
phytase forms a molecular complex through interaction
with other plant metabolites, it is less likely to be dam-
aged by heat and remains intact after heating, effectively
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hydrolyzing PA (Liu et al., 2019). It seems that the use of
parboiling at 65.06°C for 13.28 min seems to provide suit-
able conditions for maximum phytase activity present in
rice grains to break down PA.

3.6. Mineral content

The linear effect of all independent variables on Zn
(p<0.0001), Fe (p<0.0001, p<0.05), and Ca (p<0.0001,
p<0.01) contents was highly significant (Table 3). Although
the content of Ca was significantly affected by the quad-
ratic term of all independent variables, the amounts of Zn
and Fe were significantly changed by the quadratic effect
of StTi and NF, respectively (p = 0.0001; p<0.01). The
Zn content was affected by all cross terms of independ-
ent variables (SoTe x StTi, SoTe x NF, and StTi x NF).
Fig. 3d-f illustrates that the Zn content increased with
the increasing SoTe and NF levels but decreased with an
increase in the StTi quantity. The interaction of parboiling
parameters significantly affected the content of Fe, while
the Ca amount was significantly affected by the interac-
tion of SoTe with StTi and NF (Table 3). Figure 3g also
shows that the parboiling process at high SoTe and StTi can
significantly reduce the Fe content. Moreover, the increase
in the amounts of NF and parboiling parameters led to
a reduction in the level of Ca in parboiled BRGs (Fig. 3hi).
From the individual optimization data, a combination of
50.57°C SoTe, 10 min StTi, and 96.62 kg ha' was predicted
to achieve the maximum Zn (392.0 ppm), Fe (85.0 ppm),
and Ca (34.77 ppm) levels in parboiled BRGs. On the other
hand, the ratio of PA to Zn was significantly affected by the
linear effects (SoTe and NF) and the quadratic (SoTe and
StTi) effects of independent variables (Table 3). The inter-
action effect of SoTe and NF on the PA/Zn was significant
(p = 0.0004). The linear effect of NF had the highest effect
on the reduction of PA/Zn (Fig. 3j, Table 3).

The addition of nitrogen to the soil in rice fields could
improve the content of Fe compared with Zn and Ca.
The positive correlation between increased NF, higher pro-
tein content, and improved Fe content in parboiled BRGs
(r = 0.7371) can be attributed to several factors. Nitrogen
promotes protein synthesis, enhancing Fe-binding proteins
like ferritin, which aid in Fe storage and mobilization.
Besides, nitrogen potentiates photosynthesis, increasing
energy availability for uptaking nutrients like Fe. It also
improves soil conditions, making Fe more bioavailable,
and stimulates root growth, leading to better absorption
of Fe. Moreover, nitrogen interacts synergistically with
micronutrients, further increasing Fe uptake and assimila-
tion (Bhattacharya, 2021). Chandel et al. (2010) reported
direct relationship between NF and Fe previously. This
can be attributed to such factors as increased root growth,
chemical changes in the rhizosphere, nitrification, pH
reduction, and nitrogen-stimulated physiological changes
affecting iron uptake (Islam et al., 2002b; Chandel et al.,
2010). The reduction of mineral elements such as Fe due to
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Table 6.Optimizing the physico-mechanical characteristics of nanocomposite edible films based on plasticized WPI-JPS/SNC blends

Character Goal O\E;rrzl(liﬁft);gnézzl)on Exper(l;n:er;t)e:l data Residue®
Hardness (N, Y)) Target 17.0 16.98+0.29 -0.02
AE (-, Y>) Minimize 4.71 4.69+0.09 -0.02
PA (mg 100 g, Y3) Minimize 130.91 112.36+28.47 -18.55
Zn (ppm, Yy) Maximize 385.0 385.65+6.11 +0.65
Fe (ppm, Y5) Maximize 78.0 82.1249.56 +4.12
Ca (ppm, Y) Maximize 33.0 37.41+£5.84 +4.41
PA/Zn (-, Y7) Minimize 0.340 0.291+0.057 -0.049

“Under the final optimal conditions: 59.29°C SoTe, 11.18 min StTi, and 90.89 kg ha"' NF. "Residue: (Experimental-Predicted) data.

nitrogen deficiency can be also related to premature aging
of leaves, as well as the reduction of chlorophyll and photo-
synthesis. These mechanisms lead to reduced micronutrient
transfer to seeds, insufficient growth and development of
rice roots in the soil, and thus reduced abi-lity to absorb
elements from soil (Etienne ef al., 2018). The presence
of high levels of nitrogen in soil stimulates Zn transpor-
tation from roots to grains by transporter proteins, such
as the YSLs and ZIP family proteins, to increase the Zn
uptake (Jaksomsak and Rerkasem, 2017). The cause for
the leakage of minerals (i.e., Fe, Zn, and Ca) during pro-
longed parboiling at high SoTe and StTi is the destruction
of endosperm tissue. Starch gelatinization appears to be
a key stage because the minerals accumulated in the aleu-
rone layer are dissolved during this stage and can migrate
to the shell layer during the steaming. Therefore, mineral
movement depends on the steaming duration and the inten-
sity of endosperm gelatinization. Besides, Albarracin ef al.
(2013) showed that the effect of soaking time and tempera-
ture on the reduction of minerals varies. They found that
the Fe loss rate was higher than that of other minerals, so
that Fe may even lose about 50% of its initial value in raw
rice. However, the decrease in Zn was about 36%, which
was consistent with the severity of mineral depletion in
our research. Albarracin et al. (2013) also explained that,
although harsh parboiling conditions reduce the mineral
content in rice grains, the degradation of PA can increase
the bioavailability of Fe, Zn, and Ca. Therefore, an opti-
mization study was required to achieve the lowest PA/Zn
ratio. The minimum PA/Zn in this study was predicted to be
obtained at 65.7°C SoTe, 12.68 min StTi, and 100 kg ha™
NF. This shows that soil fortification with high amounts of
N fertilizer combined with medium parboiling conditions
not only maintains the mineral content, particularly Zn, in
BRGs but also provides the best conditions for attaining the
maximum activity of phytase for PA hydrolysis.

3.7. Optimization and verification of the predictive models

The graphical representations of regression equations
using response surface and contour plots were obtained
using Design-Expert 8.0. The results of textural, color,

and nutritional properties affected by the SoTe, StTi, and
NF levels are presented in Table 6. The objective of this
RSM-based modeling study was to determine the optimum
fertilization and processing conditions leading to high-
quality nutritious BRGs in terms of: (i) the target value
for hardness, (ii) the highest Zn, Fe, and Ca contents, and
(iii) the lowest PA, PA/Zn, and AE amounts. RSM-CCRD
played a key role in identifying the optimum values of the
independent variables. The optimization solution included
aSoTe 0f59.29°C,a StTiof 11.18 min, and an NF 0f90.89 kg
ha™'. The suitability of second-order polynomial models for
predicting the optimum response value was tested using the
recommended optimum conditions. When optimum values
ofindependent variables (59.29°C SoTe, 11.18 min StTi, and
90.89 kg ha NF) were incorporated into the regression equa-
tions, a hardness value of 17.0 N, 385.0 ppm Zn, 78.0 ppm
Fe, 33.0 ppm Ca, 130.91 mg 100 g" PA, PA/Zn of 0.34,
and a AE value of 4.71 can be achieved (desirability =
0.778). The results showed that the corresponding experi-
mental values for hardness, Zn, Fe, Ca, PA, PA/Zn, and
AE of the desirable parboiled BRGs were 16.98 + 0.29 N,
385.65 £ 6.11 ppm, 82.12 + 9.56 ppm, 37.41 £ 5.84 ppm,
112.36 +£28.47 mg 100 g, 0.291 + 0.057, and 4.69 + 0.09,
respectively (Table 6). There was only a small deviation
(p > 0.05) between the experimental and predicted values
for the response variables. Thus, the fitted quadratic mod-
els can be used to optimize the fertilization and parboiling
parameters in the production of BRGs.

4. CONCLUSIONS

The simultaneous effect of the NF addition and the
parboiling process to achieve high-quality BRGs with the
lowest antinutritional PA component and the highest lev-
els of Ca, Zn, and Fe micronutrients was optimized using
the RSM-CCRD. Based on the model-based methodology
used, second-order polynomial models could adequately
predict the optimal points of this dynamic integrated strat-
egy between agriculture and industry. The interactive effect
of NF and SoTe significantly affected the hardness, AE, PA,
Zn, PA/Zn, and Ca levels. The association between instru-
mental and sensory measures of BRG texture showed that
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the consumers preferred BRGs with the optimum hardness
value. Most of the studied quality and nutritional charac-
teristics were significantly affected by the linear term of
independent variables. NF application increases protein and
decreases amylose content in rice grains, leading to higher
instrumental hardness values and firmer sensory texture
due to enhanced protein-starch interactions and reduced
amylose-mediated softness. The numerical optimization
defined the optimum conditions where the highest Zn, Ca,
and Fe levels, the lowest PA, PA/Zn, and AE, as well as
the optimum hardness were expected. In the optimum con-
ditions (59.29°C SoTe, 11.18 min StTi, and 90.89 kg ha
NF), the corresponding predicted response values for Zn,
Fe, Ca, PA, PA/Zn, and AE, and hardness were 385.65 ppm,
78.0 ppm, 33.0 ppm, 130.91 mg 100 g, 0.34, 4.71, and
16.98 N, respectively. Lastly, the good agreement between
the experimental and theoretical data also showed that the
RSM-CCRD was a useful tool in optimization experiments.
However, the results from this study are based on a single
growing season, and while the model provided valuable
insights, variability in soil and weather conditions across
multiple years could influence the outcomes. Soil factors,
such as nutrient content, pH, and texture, as well as climatic
conditions (e.g., temperature, rainfall, and humidity), can
affect the uptake of nitrogen and other nutrients, which in
turn influences the quality and nutritional content in rice
grains. Therefore, further investigations over multiple
growing seasons (at least three years) are necessary to con-
firm the robustness and reliability of these findings across
diverse environmental conditions. These multi-season
studies would provide a more comprehensive understand-
ing of the long-term effects of NF and parboiling conditions
on rice grain quality.
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