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Drying characteristics and quality attributes
of quick-cooking Job’s tears as affected by rotary drying
combined with microwave heating

MATHA SINTHUKOT - SURACHET SUANJAN - PRARIN CHUPAWA -
SUDATHIP INCHUEN - FREDERIK RONSSE - WASAN DUANGKHAMCHAN

Summary

A combined microwave heating and rotary drying process was developed to prepare the quick-cooking Job‘s tears.
Using operating parameters of hot air temperature (70-90 °C), microwave power (150-450 W) and rotational drum
speed (0.17-0.50 s'1), drying characteristics were described using the Page drying model. The model parameters (drying
rate constant k and power constant n) considerably correlated with drying factors using the quadratic equation. Drying
time (DT) predicted by the Page model and effective diffusivity coefficient (D.) ranged from 42 min to 116 min and
from 487.69 x 10-3 m2-s-! to 1249.96 x 10-3 m2-s-1, respectively. The proposed drying technique resulted in lower DT
and higher D., while utilizing less energy than hot air drying. Response surface methodology showed the influence of
all operating factors on drying rate constant (k), DT, D., and specific energy consumption (SEC). Optimal drying condi-
tions were determined by maximizing k and D, while minimizing DT and SEC as air temperature of 76 °C with 450 W
microwave heating and 0.17 s rotational drum speed. Quality attributes of quick-cooking Job’s tears prepared by
drying under such optimal conditions were comparable to those prepared by conventional cooking and freeze-drying.
Findings of this study can be used for practical application of Job’s tears grains.
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Job’s tears grains (Coix lachryma-jobi L.) are
a significant functional food in Asia, renowned
for both culinary and nutraceutical uses [1] due
to their health benefits [2, 3]. However, their high
amylose content, which limits water absorption
and swelling, leads to problematic lengthy soaking
and cooking times [3-5]. This may hinder modern
consumers seeking convenience.

Considering the growing preference for quick-
cooking grains due to their convenient prepa-
ration, this study bears significant relevance.
Starch-based products like instant rice, derived

from drying pre-gelatinized or fully gelatinized
grains, are a representative example in this con-
text. Recognizing that the drying process cru-
cially influences the quality attributes of instant
foods [6-8], various drying techniques have been
explored, including air drying [9-11], microwave
drying [8], infrared radiation heating [12, 13], and
freeze-drying [9-11, 14]. Among these, freeze-
drying is a highly efficient method promising de-
sirable rehydration properties and preservation of
the organoleptic qualities of freshly cooked grains,
though it is costly and time-consuming.
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The research focusing on enhancing dry-
ing techniques for quick-cooking grains has seen
substantial growth recently. Previous studies by
CHEN et al. [4] and CHUPAWA et al. [8] investigat-
ed the expensive infrared-assisted freeze-drying
method and an energy-efficient combined micro-
wave fluidized bed technique for various grain
types. Our study extended the boundaries of this
existing research, introducing a novel method
combining rotary drying with microwave heating,
a cost-effective and energy-efficient process for
producing quick-cooking Job’s tears grain. Our
hypothesis asserts that this innovative approach
will enhance drying efficiency while preserving or-
ganoleptic qualities of quick-cooking Job’s tears
grains, thereby illustrating the scientific novelty of
our research.

Consequently, this study introduced an inno-
vative solution to the preparation complexities

Fig. 1. Laboratory-scale device for rotary drying
combined with microwave heating.
1 — direct current motor, 2 — microwave power controller, 3 —

inlet air duct, 4 — outlet air duct, 5 — drilled spindle, 6 — rotary
perforated drum, 7 — cavity cover.

Electrical signal

Fig. 2. Schematic diagram of the control system.

1 — air blower, 2 — heating box, 3 — thermocouple, 4 — micro-
wave cavity, 5 — microwave power knob, 6 — timer, 7 — invert-
er, 8 — temperature controller, 9 — rotational speed controller,
10 — power supply unit.
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of quick-cooking Job’s tears grains by suggesting
a distinctive approach, a combination of rotary
drying and microwave heating. We explored the
drying characteristics of cooked Job’s tears grains
and examined a range of operational parameters.
The aim was to identify optimal drying condi-
tions, which would ultimately contribute to im-
proving the overall efficiency of quick-cooking
grain processing. This objective demonstrated our
commitment to expanding knowledge in this field.

MATERIALS AND METHODS

Materials and sample preparation

Job’s tears grains (JTG) were purchased from
a local supermarket in Maha Sarakham Province,
Thailand. The sorted grains were soaked in warm
distilled water with a grain-to-water ratio of 1:3
for 2 h in an insulated container. After soaking,
150 g of the grains were cooked in 450 ml of boil-
ing water for 45 min. During the cooking process,
the sample was checked by compressing one
kernel between two glasses until the uncooked
chalky core disappeared [15]. Finally, the com-
pletely cooked grains were packed in an alu-
minium foil bag and then subjected to the drying
process. Samples prepared by soaking in excess
water for 7 h and cooking for 45 min in boiling wa-
ter were considered as traditionally cooked JTG,
following ARLAI and KIETBUNSRI [S] with some
modifications.

Equipment

A perforated drum with an internal conveying
screw was positioned inside a domestic micro-
wave oven MS23F300EEK (Samsung, Seoul,
South Korea) to enable radial and axial sample
movement, as depicted in Fig. 1. Power modu-
lation in the oven utilized pulse width modula-
tion. Fig. 2 illustrates the microwave power con-
trol, facilitated by a regulating knob (number 5),
and a timer (number 6) set to specific durations.
Ambient air, supplied by a blower (number 1),
was heated in an electric box (number 2) before
entering the microwave oven (number 4) through
a spindle. A proportional-integral-derivative tem-
perature controller (number 8) Model MAC-3D
(Shimax, Akita, Japan), connected to a thermo-
couple (number 3), measured the air temperature
at the chamber entrance and adjusted the heater
power. This sufficiently long and narrow thermo-
couple, inserted into an air current, measured the
air temperature. It was sheathed in a fine metallic
close-ended tube and the junction of the ther-
mocouple ensured thermal contact with the tube
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tip, which was in thermal equilibrium with the air
passing over it on the outside. A microcontroller
(number 9) determined the drum rotational speed,
allowing bidirectional motion and influencing
grain activity within. The combined energy usage
of the microwave oven, air blower and heat-
ing system was measured by an electricity meter
(number 10).

Drying procedure

For each experimental run, 200 g of cooked
samples were placed inside the drying drum. The
three operating parameters tested were hot air
temperature ranging from 70 °C to 90 °C, micro-
wave power ranging from 150 W to 450 W and
rotational speed ranging from 0.17 s’ to 0.50 s-1.
A 33 full factorial design was used to study the
effects of these parameters and to optimize the
drying conditions. All experimental runs were con-
ducted with three replications.

Analysis of drying kinetics

Various drying conditions were tested to study
drying characteristics and the effects of rotary
drying combined with microwave heating on
quick-cooking JTG samples. All JTG kernels were
weighed every 5 min using a precision balance
(£ 0.002 g) DNA503 (XingYun, Jiangsu, China) to
determine changes in moisture content over time.
The sampling procedure was conducted quickly to
minimize the overall process interuption. Experi-
mental runs were stopped when the moisture con-
tent reached a steady state or approximately 10 %
on wet basis (wb). Thin-layer drying modelling
was conducted using a simplified Eq. 1 to describe
the drying behaviour, with moisture ratio (MR)
expressed as a function of drying time (¢, expressed
in minutes). The measured MR was fitted to the
semi-empirical models listed in Tab. 1.

M,

_-ﬂ40 (1)

where M denotes moisture content on dry basis
(db), and subscript 0 and ¢ represent moisture con-
tent at initial and any time, respectively.

Among several semi-empirical drying models,
as summarized by ERTEKIN and FIRAT [16], the
Page drying equation was used to describe the dry-
ing characteristics of quick-cooking JTG due to its
high suitability and versatility for biological ma-
terials [17, 18]. The Page drying model contained
two parameters including drying rate constant
(k) and power constant (n), as expressed in Eq. 2.
Non-linear regression was used to determine the
model parameters for all drying conditions tested
in this work. The coefficient of determination (R?)

MR

and root mean square error (RMSE) were used to
evaluate the model accuracy [16].

MR = exp(—kt™) (2)

The model constants (C) obtained from the
Page drying equation were then correlated with
hot air temperature (7)), microwave power (MW)
and rotational drum speed (RDS) using linear
(Eq. 3), quadratic (Eq. 4), logarithmic (Eq. 5),
power (Eq. 6) and Arrhenius (Eq. 7) relationships
(Tab. 2). All equation coefficients were estimated
using a Quasi-New iterative method.

Effective coefficient of moisture diffusivity analysis

The effective coefficient of moisture diffusivity
(De) was estimated using a semi-theoretical equa-
tion following Fick’s second law. For spherical ma-
terials with diameter d, Eq. 8 was converted into
a natural logarithm, thereby allowing the estab-
lishment of a linear relationship between In(MR)
and drying time (¢). The slope of this straight line
was determined and considered to be the De value
[16].

8 m?
MR =Fexp —ﬁDet (8)

Specific energy consumption

Energy consumed by air heating and micro-
wave heating system was measured in kilowatt
hours. Specific moisture evaporation rate (SMER)
was determined by comparing the rate at which
moisture evaporated (Wevqp) in kilograms per hour
with the total energy expended (E), and expressed
as Eq. 9:

L®2vap

SMER = 1000 x E ©)

The specific energy consumption (SEC), the
ratio of total energy to evaporated moisture, was
calculated using Eq. 10 and expressed in mega-
jouls per kilogram using a conversion factor of 3.6.

SEC =

X 1000 (10)

evap

Analysis of quality attributes

Moisture content and water activity

The standard oven method (AOAC 930.15)
[19] was used to measure the moisture content of
JTG and a water activity meter Aqualab 4 (Meter,
Pullmann, Washington, USA) was used to measure
water activity (aw).
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Tab. 1. Page model constants, energy efficiency and responses.

Drying conditions Zi?ger?grzl DT De Energy efficiency
T Mw RDS K n min] | [x108 m2s1] | Wevap E SMER SEC
[*C] W] [s7] [g'h] [(kWh] | [kg-kWhTh-] | [MJ-kg']
70 150 0.17 0.0276 | 0.9032 97 576.13 62.08 0.18 0.36 10.15
70 150 0.33 0.0210 | 0.9224 104 487.69 52.31 0.26 0.20 17.96
70 150 0.50 0.0134 | 1.0840 84 684.04 60.98 0.29 0.21 17.30
70 300 0.17 0.0324 | 0.9412 65 819.27 56.84 0.30 0.19 18.86
70 300 0.33 0.0120 | 1.0461 102 498.86 4417 0.43 0.10 35.75
70 300 0.50 0.0120 | 1.1267 72 716.66 53.08 0.42 0.13 28.80
70 450 0.17 0.0451 | 0.9358 51 1200.05 119.82 0.46 0.26 13.75
70 450 0.33 0.0287 | 1.0280 53 1052.85 113.34 0.82 0.14 25.99
70 450 0.50 0.0076 | 1.1606 60 944.62 85.26 0.66 0.13 27.89
80 150 0.17 0.0163 | 1.1425 58 1012.45 79.25 0.20 0.40 8.90
80 150 0.33 0.0045 | 1.3710 76 770.84 74.64 0.23 0.33 11.01
80 150 0.50 0.0126 | 1.1604 66 848.62 74.94 0.28 0.27 13.37
80 300 0.17 0.0169 | 1.1713 50 1107.33 101.40 0.51 0.19 18.62
80 300 0.33 0.0220 | 1.0712 53 969.67 95.09 0.60 0.16 23.05
80 300 0.50 0.0080 | 1.3050 57 920.11 82.15 0.47 0.17 20.80
80 450 0.17 0.0470 | 0.9416 42 1207.07 95.56 0.48 0.20 18.36
80 450 0.33 0.0377 | 0.9088 63 907.74 91.53 0.63 0.15 24.71
80 450 0.50 0.0156 | 1.2157 42 1223.84 94.92 0.63 0.15 23.87
90 150 0.17 0.0143 | 1.1680 61 978.28 103.43 0.27 0.38 9.57
90 150 0.33 0.0271 | 0.9870 66 850.54 95.88 0.27 0.35 10.33
90 150 0.50 0.0117 | 1.1323 79 728.15 70.51 0.25 0.28 12.77
90 300 0.17 0.0236 | 1.0551 54 967.80 87.23 0.44 0.20 18.12
90 300 0.33 0.0394 | 0.9127 58 944.14 88.29 0.24 0.37 9.69
90 300 0.50 0.0183 | 1.1002 58 915.00 85.88 0.43 0.20 18.16
90 450 0.17 0.0232 | 1.1175 44 1249.96 107.61 0.69 0.16 23.06
90 450 0.33 0.0399 | 0.9761 45 1238.18 106.45 0.66 0.16 22.25
90 450 0.50 0.0175 | 1.1613 49 1119.10 105.19 0.62 0.17 21.30
70 0 0.33 0.0027 | 1.3423 116 476.87 44.60 0.36 0.12 290.26
80 0 0.33 0.0080 | 1.1593 98 588.66 57.09 0.38 0.15 23.99
90 0 0.33 0.0076 | 1.1603 97 555.75 58.78 0.31 0.19 19.10

T - temperature, MW — microwave power, RDS - rotational drum speed, k — drying rate constant, n — power constant, DT — esti-
mated drying time, De — effective diffusivity coefficient, Wevap — water evaporation rate, E — total energy consumption, SMER —
specific moisture evaporation rate, SEC - specific energy consumption.

Tab. 2. Relationship types between model constants and drying parameters.

Model Equation Eq.
Linear C = ag + a,(T) + a,(MW) + a;(RDS) @)
Quadratic | ¢ = g, + a,(T) + a,(MW) + a3 (RDS) + a,(T)(MW) + as(T)(RDS) + ag(MW)(RDS) + a,(T)? + )

+ ag(MW)? + ag(RDS)?

Logarithmic C =ay+ a;In(T) + a, In(MW) + a; In(RDS) (5)
Power C = ay(T)(MW)*2(RDS)% (6)
Arthenius | - _ o (Mw)ai (RDS) exp (- %) :

C — model constant, T — temperature, MW — microwave power, RDS — rotational drum speed.
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Colour change

Colour change (AE) of dried JTG against
unprocessed grains was evaluated using the
CIE L*a*b* colour system, where L*, a*, and
b* represent lightness, redness and yellowness,
respectively. The parameters were measured using
a Minolta Colorimeter (Konica Minolta, Tokyo,
Japan). Change in redness (Aa®) and yellowness
(Ab*) were used to evaluate total colour change,
expressed as Eq. 11.

AE = \[(Aa")? + (Ab*)2 (11)

Rehydration properties

The rehydration ratio (RR) was evaluated by
rehydrating 10 g of dried JTG in 100 ml of boil-
ing water for 10 min and was expressed as the ratio
between rehydrated sample weight (wr) and initial
sample weight (w;) using Eq. 12. This procedure
was conducted rapidly with care to minimize any
potential interruption of rehydration.

WT‘

RR = - (12)

The rehydration rate constant (kr) measures
the rate at which water is absorbed during the re-
hydration process. To determine this rate, 15 g of
dried JTG were placed in 1 | of boiling water. To
record the weight change as a function of time,
all sample kernels were removed using a strainer
and placed on a cotton cloth to minimize water
on their surface. After weighing, these samples
were returned to continue the rehydration proc-
ess. The weight of the sample was recorded every
minute (w;) until it reached equilibrium (we). The
weight gain on rehydration (WGR) expressed as
Eq. 13 was fitted to the semi-empirical first-order
kinetic model (Eq. 14) and the k; value was then
estimated using a non-linear regression method.
Ze — Mt w100 (13)

We

WGR =

WGR = WGR, — (WGR, — 1) exp(—k,t) (14)

The rehydration time (RT) value was measured
according to LurrtHUI and MEERA [15] with some
modifications. Briefly, dried JTG (10 g) were im-
mersed in 1 | of boiling water. A single kernel was
removed at time intervals of 5 min and later of
30 s, and pressed between two glass slides. The RT
value was defined as the time at which the grain
had no uncooked chalky core.

Textural properties
A texture analyser TA-XT2i (Stable Micro
Systems, Godalming, United Kingdom) was used

to determine the hardness and stickiness of rehy-
drated JTG following the method of LuiTHUI and
MEERA [15]. Ten kernels of cooked or rehydrated
JTG were placed on a platform and compressed
to 80% strain using a 35 mm cylindrical plunger at
a speed of 1 mm-s-l. The hardness and stickiness
values were obtained from the compressive force
vs distance curve and expressed as maximum force
and negative force area, respectively.

Response surface methodology
and process optimization

Response surface methodology (RSM) asso-
ciated with 33 full factorial design was used to in-
vestigate the effects of drying parameters consist-
ing of 7, MW and RDS on drying performance and
energy consumption. RSM associated with a non-
linear polynomial equation (Eq. 15) was then used
to optimize the dependent parameter.

Y'i = ao + a1X1 + a2X2 + a3X3 + a4X1X2 +
+ ay X1 X, + asX1 X3 + agX, X3 + a; X7 +
+ agX? + agX? (15)

In Eq. 15, X1, X2, and X3 were defined as the
control factors of 7, MW and RDS, respective-
ly, while Y1, Y2, Y3 and Y4 were the responses of
k, DT, D, and SEC, respectively. The desirability
functions for each response, d;(Y;), for maximum
and minimum value were defined and subsequent-
ly used maximizing the overall desirability (D) ex-
pressed in Eq. 16 [20],

D=(dy-dy-dy- - -dp)/™ (16)

where m is total number of responses. Studen-
tized residuals standardized raw residuals for
consistent variance, enhancing model prediction
reliability against experimental data. This involved
normalizing residuals by their standard deviation,
improving data-model comparison and identifying
irregularities.

RESULTS AND DISCUSSION

Drying characteristics

Model accuracy was demonstrated by RZ2
and RMSE values, which were 0.98-1.00 and
0.0047-0.0316, respectively. Tab. 1 lists the Page
model parameters, including the drying rate con-
stant (k) and power constant (n), estimated drying
time (D7) and effective diffusivity coefficient (D)
under various conditions.

The drying rate constant (k) is a key indicator
of the drying rate. In Tab. 1, this constant fluc-
tuated between 0.0027 and 0.0470. The maximum
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Tab. 3. Statistical parameters for selecting
the correlation of k and n constants.

Model K n
R2 RMSE R2 RMSE
Linear 0.46 0.0085 0.21 0.1144
Quadratic 0.69 0.0065 0.59 0.0819
Logarithm 0.40 0.0089 0.19 0.1172
Power 0.43 0.0088 0.17 0.1172
Arrhenius 0.43 0.0088 0.17 0.1173

k — drying rate constant, n — power constant, R2 — coefficient
of determination, RMSE — root mean squared error.

value was observed with a combination of 80 °C
hot air drying, 450 W microwave heating and
0.17 s rotational speed. Utilizing rotary drying
in combination with microwave heating led to en-
hanced drying rates of cooked JTG compared to
only rotary hot air drying, attributed to the aug-
mented volumetric heat from microwaves [18].
The drying rates were influenced by microwave
power, as higher intensities resulted in better ther-
mal energy transfer, promoting rapid moisture
vaporization [21]. However, microwave drying
presents challenges of uneven electromagnetic
fields, leading to material hot spots [22]. To miti-
gate this, the study ensured constant movement
of JTG samples within the rotating drum. In this
study, cooked JTG samples were moved in both
radial and axial directions by a rotating drum with
a screw inside. Tab. 1 shows that the k value de-
creased as the rotational drum speed increased,
even with the same hot air temperature and micro-
wave power.

Tab. 3 indicates that the quadratic correla-
tion best fitted the data concerning k& and n con-
stants, presenting the highest R? and lowest RMSE
values. The formulated drying equation, incorpo-
rating these constants, was derived from drying
temperature (7)), microwave power (MW) and
rotational drum speed (RDS) according to Eq. 2,
where constants k& and n are given by Eq. 17 and
Eq. 18 (Tab. 4).

Fig. 3 show the drying behaviour of JTG

samples under hot air of constant 70 °C. The study
incorporated various microwave intensities, rang-
ing from 150 W to 450 W, and rotational veloci-
ties between 0.17 s'1 and 0.50 s-1. As expected for
biological materials, JTG exhibited an exponential
decrease trend in moisture over duration of dry-
ing, similar to many biological materials [6, 18,
23-25]. Initial moisture in the JTG samples was
determined at 51.1 +3.8 % (wb). The target was
10 % (wb) content, corresponding to MR of 0.2.
As depicted in Fig. 3B, the rotary drying combined
with microwave heating method demonstrated
quicker drying (periods of 45-95 min) than ro-
tary hot air drying (110 min), as further demon-
strated in Tab. 1. Enhanced microwave power
facilitated a quicker moisture reduction in JTG
samples due to its superior volumetric heating.
However, microwave drying efficiency is tempered
by its potential for hotspot development due to
electromagnetic field inconsistency. Nonetheless,
continuous movement of the material during
heating mitigates this issue [22, 26-28]. Fig. 3
suggest that maintaining a lower rotational speed
ensures optimal microwave energy absorption and
consistent drying. At higher speeds, cooked JTG
moved faster in radial and axial directions, which
resulted in grain accumulation at the leftmost or
rightmost side of the rotating chamber, thereby
resulting in stagnation of some grains. There-
fore, a rotational speed of 0.17 s-1 was considered
an appropriate parameter as it provided conti-
nuous motion of sample grains.

Drying behaviour of cooked JTG using ro-
tary drying combined with microwave heating at
hot air temperatures of 80 °C and 90 °C followed
the same manner as it was affected by microwave
power and rotational speed (data not shown). As
reported elsewhere, increasing hot air tempera-
ture led to higher drying rate and shorter drying
time [16].

Combination of microwave heating
with hot air rotary drying

Tab. 1 also presents the effects of all drying
factors on water evaporation rate (Wewp), total

Tab. 4. Best fitted quadratic correlations of Page model parameters with all drying factors.

Constants

Equation Eq.

Power constant

Drying rate constant | k = 0.2658 — 5.8 x 1073(T) + 5 x 10"°(MW) — 1.47 x 10~3(RDS) + 4.9 x 10~5(T)(RDS) — (17)
—3x107¢(MW)(RDS) + 3 x 107%(T)? — 5.6 x 1075(RDS)?

n = —6.0026 + 0.1676(T) + 1.08 X 10~3(MW) + 1.01 x 1072(RDS) — 2.2 X 10~5(T)(MW) — (18)
—5.78 x 107*(T)(RDS) + 3 x 10"5(MW)(RDS) — 9.23 X 10™*(T)? + 8.51 X 10~*(RDS)?

T — temperature, MW — microwave power, RDS - rotational drum speed.
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energy consumption (E) and specific moisture
evaporation rate (SMER). As depicted, using only
hot air in rotary drying yielded Weyqp values rang-
ing from 44.60 g-h-! to 58.78 g-h-1, while the com-
bined drying process led to an increase with a span
from 44.17 g-h-l to pronounced 119.82 g-h-l. The
combination of microwave heating with hot air ro-
tary drying offers a dual-action mechanism: direct
excitation of internal water molecules by micro-
waves facilitates rapid evaporation, while the com-
bined approach disrupts the moist air boundary
around the grain, typically seen in conventional
hot air drying. This synergistic effect, coupled with
uniform heating and enhanced thermal gradients,
ensures a more pronounced moisture removal,
leading to the elevated evaporation rates observed
[18, 21].

Tab. 1 reveals that energy expenditure for
hot-air rotary drying ranged between 0.31 kWh
and 0.38 kWh, while when combining micro-
wave heating with rotary drying, the energy con-
sumption expanded, ranging from 0.18 kWh to
0.82 kWh. Interestingly, for all drying temperature
settings combined with a microwave intensity of
150 W, energy utilization was notably lower than
when solely relying on the hot air technique. This
observation can be rationalized by the synergistic
balance achieved between the internal moisture
migration to the material surface, driven by the
microwave volumetric heating, and the surface
moisture transfer to the surrounding environment,
facilitated by the convective heat mechanism.

Additionally, Tab. 1 demonstrates that both
Wevap and E values fluctuated according to the
specific drying method employed. To evaluate
the effectiveness and efficiency of the drying
processes, specific moisture evaporation rate
(SMER) was computed based on the W and
E values. The data from Tab. 1 revealed that
SMER values in scenarios using only hot air for
drying typically exhibited lower ranges, specifically
between 0.12 kg'kWh-lh-1 and 0.19 kg'kWh-1h-1.
On the contrary, the SMER readings for the
combined drying approach were generally
elevated, with a range from 0.10 kg'kWh-1h-! to
0.40 kg'’kWh'lh1, averaging at approximately
0.22 kg'’kWh-1h-l. Consequently, it was evident
that the synergistic utilization of hot-air rotary dry-
ing combined with microwave heating enhanced
both drying efficiency and effectiveness.

Response surface methodology

Tab. 5 illustrates the drying factor impact and
its quadratic relationship to all outcomes. The
model, having an F-value of 4.12 and a mere 0.6 %
noise probability, shows the significance of micro-
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Fig. 3. Moisture ratio as a function of drying time at
hot air temperature of 70 °C combined with variation
of microwave power and rotational drum speed.

A —rotational drum speed 0.17 s-1, B — rotational drum speed
0.33 s, C - rotational drum speed 0.50 s-1.

MO, M150, M300, M450 — model values at microwave power
0 W, 150 W, 300 W and 450 W, respectively. EO, E150, E300,
E450 - experimental values at microwave power 0 W, 150 W,
300 W and 450 W, respectively.
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wave power and rotational speed, evident from
a p-value below 0.05. A discrepancy between the
predicted R? (0.1989) and the adjusted R2 (0.5195)
raised questions about the model fit or potential
overfitting issues. With a precision of 7.369, sur-
passing the desired 4, the model reliability was
affirmed. Rotational speed primarily affected the
drying rate constant, followed by microwave power
and air temperature.

Model predictions were compared with experi-
mental data through residual analyses, utilizing
ANOVA and regression. Normal probability plots,

essential for evaluating residual normality, aim to
align with a normal distribution [20]. Fig. 4 shows
these using studentized residuals. While most
data points followed a pattern consistent with the
model expectations, anomalies appeared, espe-
cially for SEC (Fig. 4D). Consequently, the model
adequately aligned with the variance expectations
shown in Fig. 4.

Fig. 5 illustrates 3D plots of T and MW effects
on the drying rate constant (k) at rotational speeds
of 0.17 s°1, 0.33 s'L and 0.50 s1. The graphs showed
that increased air temperature and microwave

Tab. 5. Results of the fitted model analysis of variance (ANOVA) for responses.

Approximate coefficient
Source

k DT De SEC
Model (p value) 0.0058b <0.0001d <0.00014d 0.00084d
Intercept
ao 0.022 61.85 880.11 2212
Linear terms
aiX1 0.0008 s -9.674d 111.72d -2.85b0
asXo 0.0063¢ -13.444d 178.154d 4.99d
asXs -0.0072¢ 2.50ns -56.572 2.492
Interaction terms
a12X1X2 0.0007 s 4.42ns -33.28ns 0.98ns
a13X1X3 0.0049 s 2.00"ns —-15.30"s -0.69ns
a23X2X3 —0.0045ns 0.083ns -5.29ns 0.072ns
Quadratic terms
a11X42 0.003ns 10.444a -109.112 0.90ns
a20X22 0.0024 s 0.11ns 75.69ns -3.952
a33Xa? -0.0056 s -8.392 98.752 -2.10ns
F value
Model 412 8.65 9.88 5.92
X1 0.19 20.45 19.32 8.47
X2 10.76 39.55 49.12 26.08
X3 13.98 1.37 4.95 6.52
XiX2 0.082 2.85 1.14 0.66
X1X3 4.29 0.58 0.24 4.28
X2X3 3.66 0.001 0.029 0.048
X12 0.80 7.96 6.14 0.29
Xo2 0.48 0.0009 2.96 5.43
X32 2.86 5.13 5.03 1.53
Coefficient of determination R2 0.6858 0.8208 0.8395 0.7582
Adjusted R2 0.5195 0.7260 0.7546 0.6302
Predicted R?2 0.1989 0.5668 0.5980 0.4196
Adequate precision 7.369 11.302 11.748 8.38
Coefficient of variation [%] 37.07 14.33 11.68 22.19
Standard deviation 0.008 9.07 107.84 1.15

Lowercase letters in superscript indicate statistical significance (a - p < 0.05,b-p < 0.01,c-p < 0.005, D -p < 0.001, ns —

not significant).

X1 —temperature, X2 — microwave power, X3 — rotational drum speed, k — drying rate constant, n — power constant, DT — estimated
drying time, De — effective diffusivity coefficient, SEC — specific energy consumption.
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Fig. 4. Normal plot of residuals.

A — drying rate constant, B — drying time, C — effective diffusity, D — specific energy consumption.

power raised the k constant. Notably, at 0.17 s,
this effect was significant. In Fig. 5A, the k con-
stant reached approximately 0.044 at 70 °C and
450 W, but dropped to 0.013 at 90 °C and 150 W.
In Fig. 5B, at 0.33 s°1, the peak k value was 0.036
at 90 °C and 450 W, whereas the lowest was 0.02
at 80 °C and 150 W, highlighting a linear micro-
wave power impact on k and a quadratic air tem-
perature effect. In Fig. 5C, at 0.50 s'1, microwave
adjustments brought about marginal shifts, but air
temperature led to pronounced variations in k,
with the peak (0.023) at 90 °C and 450 W and the
lowest value (0.006) at 70 °C and 300 W.

Fig. 5C displays the lowest k value at peak
rotational speed and 70 °C drying temperature,
slightly affected by microwave power. Contrast-
ingly, Fig. 5A and Fig. 5B exhibit a positive trend
with temperature at rotational speeds of 0.17 s
and 0.33 s-1. This variation might have been the re-
sult of the horizontal movement of cooked JTG,
influenced by the drum internal conveyor rotation.
Occasional misalignments in rotation caused ma-
terial clustering at the drum ends, possibly impair-
ing solid-air heat transfer and electromagnetic ab-

sorption, leading to uneven moisture evaporation.

Tab. 5 highlights the notable significance of
the estimated drying time (D7) with an F-value of
8.65. The model robustness was further evidenced
by the probability value (Prob > F), which was no-
tably less than 0.0001, indicating a confidence level
exceeding 95 % in the model predictive accuracy.
Monomial values for T and MW were significant
(p < 0.001), while RDS and all interaction terms
were insignificant (p > 0.05). Among quadratic
parameters, 72 and RDS? were significant, con-
trasting with MW2. With closely matching pre-
dicted R? (0.5668) and adjusted R2 (0.7260) values,
and the adequate precision of 11.302, the model
effectively directed towards the targeted design.
Moreover, Tab. 5 underscores microwave power as
the dominant factor affecting D7, followed by air
temperature and rotational speed.

Fig. 6 present 3D plots illustrating drying
time (DT) at various rotational speeds. The plots
highlight that increased 7" and MW corresponded
to a higher k value, reducing drying time for
a 10 % (wb) final moisture content. At 0.17 s
speed and 450 W microwave power, drying time
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was approximately 37 min (Fig. 6C). Conversely,
a prolonged drying time of 100 min was
observed at 70 °C, 150 W microwave power and
0.33 s1 speed (Fig. 6B). This trend persisted at
high speeds, where shortest and longest durations
were at 85 °C with 450 W and 70 °C with 150 W, re-
spectively. Optimal drying matched the maximum
drying rate constant at 0.17 s°1.

Tab. 5 highlights the significance of the quad-
ratic model for the effective diffusivity coefficient
(De) with a p-value < 0.0001 and an F-value of
9.88. Monomial terms 7 and MW were signifi-
cant at p < 0.001, while RDS was significant at
p < 0.05. Interaction terms (7' x MW, T x RDS,
MW x RDS) and MW? were insignificant
(p > 0.05), yet 72 and RDS? emerged as signifi-
cant at p < 0.05. A predicted R2 of 0.5980 aligned
well with the adjusted R? of 0.7546. The adequate
precision value of 11.748 surpassed the desired
threshold of 4, affirming the model suitability for
design space exploration. From Tab. 5, microwave
power with an F-value of 49.12 was dominant, hot
air temperature followed at 19.32, while rotational
drum speed at 4.95 was less influential.

The D, value indicates the speed of internal
moisture diffusion to a material surface during
the falling-rate drying period, with higher values
suggesting quicker drying [21]. Fig. 7 shows 3D
contour plots of D, values in relation to hot air
temperature and microwave power across various
rotational speeds. These plots signify that both
temperature and microwave power positively im-
pacted D, values, albeit with diverse linear and
quadratic patterns. At 0.17 s1 (Fig. 7A), the highest
De value (1320 x 108 m2-s-1) was attained at 85 °C
with 450 W microwave power, while the lowest
D, value (650 x 108 m2s1) was at the minimal
settings. As rotational speed decreased, D, values
were from 520 x 108 mZs! to 1150 x 108 m2-s’!
and from 580 x 108 m2-s-1 to 1180 x 108 m2-s'1 at
0.33 s'1 and 0.50 s-L, respectively.

Drying efficacy was evaluated via specific
energy consumption (SEC), drying rate constant
and effective diffusivity coefficient. Tab. 5 dis-
plays a significant second-order polynomial model
for SEC with an F-value of 5.92 and a p-value of
0.0008. Monomial factors 7, MW and RDS had
p-values below 0.01, 0.001 and 0.05, respectively.
Model terms T x MW, T x RDS, MW x RDS,
T2 and RDS? were non-significant (p > 0.05),
but MW? was significant (p < 0.05). R? values
(predicted R% 0.4196, adjusted R? 0.6302) were
consistent. With a precision of 8.38, the model
showed robustness and MW was the primary factor
due to its paramount F-value.

SEC quantifies the energy needed for moisture
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evaporation. Fig. 8 displays the impact of drying
temperature and microwave power across varying
rotational speeds. The optimum SEC was achieved
at maximal temperature and minimal microwave
intensity. Notably, at reduced rotation (Fig. 8A),
microwave power had a greater influence on SEC
than had temperature. Elevated microwave inten-
sity expedited drying, hence reducing drying dura-
tion, but also led to a rise in SEC. Higher rotational
speeds typically resulted in increased SEC.

The data presented in Tab. 5 and the various
contour and diagnostic plots indicated that the
quadratic polynomial model was a suitable tool
for navigating design space and optimization.
However, removing any insignificant terms also
enhanced model accuracy.

Multiple response optimization

Previous studies revealed that the drying rate
constant (k), estimated drying time (D7), effective
diffusivity coefficient (D.) and specific energy con-
sumption (SEC) were influenced by hot air tem-
perature, microwave power and rotational speed
in different ways. The best combination of these
variables was explored to optimize the process.
The goal of this study was to determine the opti-
mal values for all variables by maximizing k and
D., while minimizing DT and SEC using a desir-
ability function.

Results in Tab. 6 showed that the best desir-
ability area ranged from 0.837 to 0.850. The com-
bination of hot air temperature 76 °C, microwave
power 450 W and rotational speed 0.17 s-! resulted
in the highest desirability of 0.85, making it the
globally optimal method for rotary drying com-
bined with microwave heating to produce quick-
cooking JTG.

Quality attributes

Tab. 7 compares the quality attributes of JTG
dehydrated and rehydrated using our proposed
drying technique under optimal conditions with
those obtained from other methods.

Moisture content of quick-cooking JTG dried
by rotary drying combined with microwave heat-
ing was 10.4 = 0.1 % (wb), similar to the moisture
content of raw JTG (10.2 = 0.1 %). The moisture
content of the sample after freeze-drying was ex-
tremely low (0.2%=0.0 %) because of the mois-
ture sublimation stage in the drying process [9, 10,
14]. This low moisture content resulted in low ay
of 0.0230 = 0.0002. The proposed drying method
resulted in a slightly higher a, (0.3046 = 0.0033)
compared to the raw sample (0.2428 = 0.0011) but
still fell within safe levels (< 0.6) for storing bio-
logical materials.
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Tab. 6. Optimal drying conditions based on highest desirability.

Factors Responses
T Mw RDS k DT De SEC Desirability

[°C] W] [s1] [min-1] [min] [x 108 m2-s1] [MJ-kg-1]

76.59 450.00 0.17 0.0385 41.23 1249.95 5.05 0.850
76.50 450.00 0.17 0.0385 41.36 1248.42 5.05 0.850
76.40 449.99 0.17 0.0386 41.51 1246.63 5.05 0.850
76.77 448.75 0.17 0.0383 41.10 1249.97 5.06 0.849
75.78 450.00 0.17 0.0389 42.46 1235.60 5.05 0.848
76.91 447.74 0.17 0.0381 41.01 1249.96 5.07 0.847
77.81 450.00 0.17 0.0379 39.64 1268.74 5.06 0.846
76.39 445.23 0.17 0.0381 42.00 1235.53 5.08 0.843
76.96 450.00 0.18 0.0381 42.00 1238.48 5.20 0.839
80.89 450.00 0.17 0.0367 36.99 1302.01 5.10 0.837

T — temperature, MW — microwave power, RDS - rotational drum speed, k — drying rate constant, DT — estimated drying time,
De - effective diffusivity coefficient, SEC — specific energy consumption.

Tab. 7. Quality attributes of dried and rehydrated samples obtained using various methods.

) Drying methods
Attribute — -

Raw sample Traditionally cooked Freeze-dried Proposed method
MC [%] 10.2+0.12 - 0.2+0.0P 10.4+0.12
aw 0.2428+0.0011b - 0.0230+0.0002¢ 0.3046 +0.00332
Colour
L* (lightness) 69.17+0.25b - 73.55+0.182 61.17+0.06°¢
a* (redness) 2.49+0.042 - 1.32+0.02¢ 2.23+0.02b
b* (yellowness) 19.50+0.16° - 14.89+0.03¢ 19.96+0.032
AE (colour change) - - 6.46+0.12b 8.02+0.052
Rehydration properties
Rehydration ratio - 1.32+0.022 0.897+0.01b
Rehydration rate constant - 0.3086+0.00812 0.1002+0.0106b
Rehydration time [min] - 10+£1b 20+3a
Textural properties
Hardness [g] - 18628.12+1461.632 7916.37+1220.15b 16573.02+2216.452
Stickiness [g-s] - -185.75+7.93b —-67.43+22.752 -82.53+20.412

Superscripts represent significant difference of the means in the same row (p < 0.05).
MC — moisture content (expressed on wet basis), aw — water activity.

Maintaining the colour quality of processed
products is crucial for ensuring consumer accept-
ance. The L*, a* and b* values of samples dried
using various methods such as freeze-drying and
rotary drying combined with microwave heat-
ing were measured. The resulting colour change
(AE) was then calculated. The proposed drying
method resulted in darker L* value (61.17 = 0.06)
compared to the raw material but redness a*
(223 £0.02) and yellowness b* (19.96 = 0.03)
values were comparable to the raw sample. The
freeze-dried sample was the lightest but had the
lowest values of redness and yellowness. Our pro-
posed drying method resulted in a slight colour
change of 8.02 +0.05, which was comparable to

AE obtained by freeze drying (6.46+0.12). There-
fore, our proposed method met the required crite-
rion for colour quality.

Instant or quick-cooking products require good
rehydration properties. In this study, the rehy-
dration ratio, rate constant and rehydration time
of the samples prepared by the proposed dry-
ing method were compared to those prepared by
freeze-drying. Results in Tab. 7 show that rotary
drying in combination with microwave heating
gave a lower rehydration ratio and rate constant
with longer rehydration time. This suggested that
JTG dried using the proposed method had lower
water absorption capacity during rehydration com-
pared to those prepared by freeze-drying, which
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usually creates a porous structure that allows for
faster water absorption [9-11, 14].

The textural properties of rehydrated JTG
prepared using rotary drying combined with mi-
crowave heating, freeze-drying and traditional
cooking methods were also determined. Results in
Tab. 7 show that our proposed method produced
a sample with hardness similar to the traditionally
cooked sample but significantly higher hardness
than the freeze-dried sample. The softer texture
of the freeze-dried sample was due to more water
absorption during rehydration [29]. Insignificant
difference in stickiness between samples produced
using both drying methods was observed, but sig-
nificantly lower than that prepared by traditional
cooking. Based on these findings, rotary drying
combined with microwave heating is considerably
a good option for producing quick-cooking JTG
with desirable textural properties.

CONCLUSIONS

This study explored the efficacy of rotary dry-
ing combined with microwave heating for pro-
ducing quick-cooking Job’s tears grains. Experi-
mentation with variations of drying temperature,
microwave power and rotational drum speed
demonstrated the effectiveness of Page equa-
tion in describing the drying characteristics. With
a pronounced impact of microwave power on all
responses, optimal conditions were 76 °C inlet
temperature, 450 W microwave power and 0.17 s-1
drum speed, based on optimization of efficiency
parameters. Crucially, these results, consistent
with our hypothesis, revealed that this processing
method not only enhanced drying efficiency but
also maintained the organoleptic characteristics
of the quick-cooking Job’s tears grains in line with
traditional and freeze-drying benchmarks, under-
scoring the scientific and practical merit of our
proposed method.
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