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Microwave drying kinetics and quality characteristics of corn
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Abstract: In recent years, microwave (MW) drying has gained popularity as an alternative drying method for a wide variety of
food and agricultural products because of increasing concerns over product quality and production costs. However, the
determination of drying Kinetics that accurately describes microwave drying characteristics is crucial for the optimization of
operating parameters, performance improvement of the drying system and product quality. The objective of this study was to
investigate the drying kinetics and the quality characteristics of corn kernels, especially the effects of different initial moisture
contents (18.3%, 26.3%, 34.3% and 42.3% db), MW power levels (70, 175 and 245 W) and exposure time (80 s and 120 s) on the
drying Kinetics, drying rate and various key quality parameters. The results indicated that the increased drying rate at higher
power levels (P3, 245 W) reduced the drying time considerably but increased stress crack index and reduced germination. In
addition, it reduced bulk density, true density and thousand grain weight (TGW). The germination rate of corn was the highest at
MW power level P1 (70 W), with the lowest drying rate and observed to decrease with increase in initial moisture content. The
reduction in exposure time decreased stress crack index and increased germination rate, bulk density and true density. The
correlation analysis among drying rate, germination, stress-crack index (SCI), bulk density, true density and TGW showed that

Vol. 6 No.1

increasing drying rate could lead to an increase in SCI and decrease in germination, bulk density and true density.
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1 Introduction

Maize is one of the important cereals grown in most
countries with total production exceeding 844 million
tonnes. The United States is a major player in the world

corn trade market, with approximately 20% of the corn
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crop exported to other countries™.  Corn is used as the
main ingredient in livestock feed and also processed into
a multitude of food and industrial products including
starch, sweeteners, corn oil, beverage and industrial

alcohol, and fuel ethanol™,

Corn is mostly harvested at
22% to 35% moisture content (wet basis) to avoid the risk
of frost, insect, disease and kernel damage during harvest
and to reduce the growing season where two or more
crops are grown in a year. Sometimes, undesirable rain
also forces farmers to harvest corn at high moisture

level®®.  Corn harvested at high moisture content
requires rapid drying for safe storage to prevent
respiration, insect

germination, mold damage and

infestation.  Artificial drying is a common practice for
drying of cereal grains because it is rapid and
weather-independent.  In the artificial grain drying
operation, the transfer of heat to seeds may be
accomplished by convection (hot air), conduction (solids),

or radiation (high frequency electromagnetic energy). In
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a conventional drying process, heat flows from outside to
inside of the grain by conduction with a gradual increase
in temperature within the produce frequently with
undesirable overheating of peripheral zones. The low
thermal conductivity of biomaterials, energy efficiency
and prolonged drying time are the major drawbacks of
conventional hot air drying. Increased drying rates
using higher air temperatures may result in overheating of
grains. This causes stress cracking, lower test weight
and discoloration of grains.  Microwave use can
minimize drawbacks of conventional drying by providing
a fast and effective thermal process where heat is
generated within the seed when microwave energy is
applied. During microwave drying, the vapour pressure
increases as the moisture inside the material approaches
the boiling point and facilitates the transfer of moisture to
the outside.  Local pressure and temperature rise
continues even though the loss factor of treated materials
decrease with the reduction of moisture content®®l,
Although these increases of pressure and temperature can
speed up the drying process, they may cause side effects
such as bio-value degradation, physical damages, and
treated

non-uniform distribution in

[9-12]

temperature
materials

Quality has become a major concern in maize
production and handling due to the increase of its use for
human consumption and manufacture of industrial
products™.  The most frequently measured quality
factors in the US grades and standards are test weight,
(BCFM), and

Heat causes three detrimental

broken corn and foreign material
heat-damaged grains'.
effects within the kernel, which are starch gelatinization,
protein denaturation and reduced germination occurring
at 64-72°C, 55-65°C and 43-46°C, respectively; and they
are especially severe when high moisture content kernels
are dried™**!.

Stress cracks are being successfully used as an
indirect test of degree of protein denaturation and starch
gelatinization, and

the germination percentage is

indication of protein denaturation and starch recovery™®.
Stress cracks are considered as an important quality
indicator to determine the severity of damage occurred
during drying because it can lead to increase in broken

grain and fine material during subsequent handling and

et

decrease in corn dry milling performanc
general, the formation of stress cracks is associated with
Watkins and

Maier™ reported that temperature during drying has a

rapid drying of grain at high temperatures.

significant effect on the development of stress cracks.
They determined that while stress crack percentage was
77% in corn dried at 37.8°C, and it was 99% at 71.1°C.
Weller et al.®? found that stress cracks increased
significantly with increase in initial moisture content at
the drying air temperatures of 49°C, 71°C and 93°C.
Several researchers have investigated the microwave
drying of corn, and the safe temperature limits for drying.
Nair et al.”") studied to determine an optimum microwave
drying method for corn kernels to achieve maximum
They found that
4 W/g fixed power resulted in the minimum drying time

germination and minimum drying time.
but 0% germination. Gunasekaran®? investigated the
effect of both pulsed and continuous operation of power
on drying corn in a commercial microwave oven.
Microwave power levels of 10 W/g and 20 W/g of wet
grain resulted in rapid drying with good production
Shivhare™!

stated that water vapour and temperature inside the kernel

quality as determined by visual observation.

would increase when they were subjected to microwave
radiation. The mechanism of heat generation inside the
particle prevents case hardening but may lead to swelling,
cracking, discoloration and reduced germination of grain
depending on the level of microwave power used. It is
therefore important to know the effects of different
microwave power levels and inlet air condition on
Shivhare et al.”®! determined that
germination of corn was inversely related to microwave
They

recommended a power level less than 0.25 W/g for

product quality.

power and increased with air velocity.
seed-drying purposes. Chung and Furutani®®! reported
that microwave power level and the initial moisture
content of nuts had significantly affected the quality of
They
found that the quality of nuts was reduced at high
Vicas and Ioan™ studied the effect

of temperature, power and humidity on germination of

nuts in microwave drying of macadamia nuts.
microwave power.
corn seeds. They stated that using an air stream is
important to eliminate the water from seed bed and avoid

the hot spots. They determined that the lowest MW
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power level (0.02 W/g <0.2 W/g <0.5 W/g per 10

minutes) had the highest rate of germination.
[26]

Vicas and
Palade*™ stated that a constant temperature and humidity
has a good influence on the germination rate of corn
seeds. The high MW power level may lead to the high
temperature areas and the low rate of germination.
Manickavasagan et al.”?” reported that the grain
temperature during MW treatment increased with power
level and exposure time, and non-uniformity of heating
produced hot spots (localized elevated temperature).
They determined that the germination percentage of
wheat was significantly decreased with increasing power
level, exposure time and initial moisture content.
Campar® et al.®® stated that germination capacity was
inversely related to initial moisture content of wheat and

final temperature during MW drying. 1129

Nofsinger et a
studied the effect of microwave energy on the microbial
population and germination of corn as a function of initial
moisture content and temperature of the heated grain
mass. They determined that the germinability of corn
was substantially reduced at 55°C and zero at 70°C.
Velu et al.®¥ investigated the dry milling characteristics
of corn grains dried from different initial moisture content
(IMC) in a domestic microwave oven. They determined
that the alteration in structure of starch and protein
increased with microwave drying time and caused the
lower viscosity. They suggested that the effects of
microwave drying on various physico-chemical
properties of grains needs to be assessed.

The objective of this study was to evaluate the effect
of different initial moisture content (18.3%, 26.3%,
34.3% and 42.3% db), MW power level (70, 175 and 245
W) and exposure time (80 and 120 s) on the drying
kinetics, drying rate and various key quality parameters
such as germination, stress-crack index (SCI), bulk
density, true density and thousand grain weight (TGW) of
corn grains, and determine correlations among these

parameters.
2 Materials and methods

2.1 Materials

The corn used in this study was “yellow” corn
obtained from Southern Illinois University Farms in
Carbondale, IL. The initial moisture content of corn at

arrival time was determined as 10.3% dry basis (db)
according to the standard ASABE Method (1990). The
corn was remoistened with addition of a calculated
amount of water to obtain the desired moisture content
levels of 18.3%, 26.3%, 34.3% and 42.3% (db). The
rewetted corn was then kept in a temperature-controlled
refrigerator at (420.5)°C for 5-7 days in order to get the
uniform moisture content inside the grain kernels.
2.2 Drying equipment and drying procedure

A domestic MW oven (GE, JES 1334, Turntable MW
oven, Malaysia) with a frequency of 2.45 GHz was used
to study the drying of corn seeds. It had 1 550 W of
rated power and 910 W of absorbed power at the MW
power level P10. A drying pan made of a Teflon
petridish with 50 mm diameter and 15 mm height was
suspended from a digital balance into the MW by a fine
fishing wire to acquire its weight at different time
intervals during drying (Figure 1). The absorbed power
was measured by the method of temperature elevation of
water contained in two one-liter beakers given by Buffler
(1993).
absorbed power of the MW was determined at three
levels: (1) MW power level P1 of 70 W; (2) MW power
level P2 of 175 W; and (3) MW power level P3 of 245 W.

Before starting the MW drying experiment, the
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(1) electronic balance; (2) plate (teflon) D =70 mm; (3) domestic MW oven

Figure 1 Depiction of microwave drying apparatus used in this
investigation

The experiment included 24 treatments consisting of
three MW power levels (P1, P2 and P3), two exposure
time (80 and 120 s) and four initial moisture contents
(18.3%, 26.3%, 34.3% and 42.3% db), and the
experiment was replicated three times. In each
experiment, a sample of about 20 g was put in drying pan.
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After the MW drying process, the warm samples were
placed in paper bags and cooled at room temperature for
later kernel quality evaluation!*®.
2.3 Drying kinetics

The moisture content change of each sample was
calculated according to the loss of mass and the initial
moisture content value at intervals of 20 s. The drying
kinetics was represented by reduced moisture content
versus drying time. The drying rate of corn was

calculated using Equation (1).

Drying rate = (M, —M,) / dt @
where, drying rate is the quantity of moisture removed
per unit time per unit dry matter (g H,O/g dry matter/s);
M; is the moisture content at a specific time (g H,O/g dry
matter); Mg is the moisture content at t+dt (g H,O/g dry
matter); t is the drying time (5).

2.4 Quality properties
2.4.1 Germination test

From each drying treatment, 25 grains were placed in
a petri plate with filter paper and 15 mL of water was
added.
seeds was counted.

After seven days, the number of germinated
To remove the variability of
germination among fresh samples, germination of dried
samples was normalized as Equation (2).

Normalized germination of dried corn=

[ g_erm_ination of dried corn _ }(10 )
germination of corn before drying
2.4.2  Stress crack test

Stress crack analysis was done on fresh and dried
samples. One hundred kernels of each corn sample were
individually examined using 10 > magnification
microscope for single, multiple and checked (intersecting)
stress cracks. A stress crack index (SCI) was calculated
using Equation (3)F*.

SCI =1x (SCK) +3x (MCK) +5x (CK) (3)
where, SCI is stress crack index, %; SCK is single
cracked kernels, %; MCK is multiple cracked kernels, %;
CK is checked (intersecting) kernels.

2.4.3 Bulk density, true density, thousand grain weight,
and equivalent diameter
Bulk density was determined as the ratio of mass to

the occupied volume by pouring a known mass into

graduated cylinder and reading the volume after gently
tapping the cylinder twice. To determine true density
which is the ratio of mass sample of grains to its pure
volume, the toluene displacement method was used™.
Thousand grain weight (TGW) was measured by
counting 100 seeds and weighing them in an electronic
balance with an accuracy of 0.001 g and multiplying by
10 to give mass of 1 000 grains®.  The measurement of
length, width and thickness was performed on 50
randomly selected kernels for each level of initial
moisture content sample, including the dry corn. The
equivalent diameter was calculated by the method

suggested by Shivhare™.
3x(TxW xL) J

(4)
2x(TxW +T xL+LxW)

Dp=2x (
where, Dp is equivalent diameter, mm; T is thickness of
corn grain, mm; W is width of corn grain, mm; T is length
of corn grain, mm.

The average values of SCI, bulk density, true density,
TGW and equivalent diameter before drying the corn for
each level of initial moisture content sample are given in

Table 1.

Table 1 Some properties of corn for each initial moisture
content before drying

Initial moisture  SCI*  Bulk density ~ True density TGWP Dp°
content/% db /% kg - m? kg - m? Ig /mm
18.3 34 690.7#17.5 121444314 359.8#).2 7.4#40.7
26.3 36 635.7429.8  1201.5#25.0 398.1+2.2 7.6#).8
34.3 33 625.4422.9 1196.1+12.8 4295#.6 7.7H.6
42.3 32 624.9422.3 119194148 473.8H.5 8.040.9

Note: ® stress crack index; ® thousand grain weight; © equivalent diameter.

2.5 Statistical analysis

The SAS statistical software package version 9.1 was
used for statistical analyses (SAS Institute Inc., Cary,
NC). The Pearson Correlation Coefficients between the
variables were calculated using the Proc Corr of SAS
software.

3 Results and discussion

3.1 Drying kinetics

The microwave drying curves of the moisture content
versus drying time of corn at different MW power levels
are shown in Figure 2 for 18.3%, 26.3%, 34.3% and
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42.3% (db) initial moisture contents. It could be seen
that as the microwave power level increased the moisture
content of corn significantly decreased. The loss of
moisture content was significantly higher at power level
P3 (245 W) than at power levels P1 and P2. At the
power level P1 (70 W), loss of moisture content was very
low. The difference in moisture contents between
power levels increased with increase in time. The
difference between power levels was lower in 34.3% and
42.3% (db) than in 18.3% and 26.3% (db) initial moisture
contents.  Comparing the loss of moisture content versus
drying time at different initial moisture content for P1, P2
and P3 power levels, while the moisture loss of corn at
initial moisture content of 42.3% (db) was higher than
that at the lower initial moisture contents for P1 and
P2 power levels, it was significantly lower than that at
18.3%, 26.3% and 34.3% initial moisture content for P3
(Figure 3).
a charring effect and loss of volatile matters from corn

This contradictory trend can be explained as

kernels because of intense heating at higher power level
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(P3) after depletion of water molecules in corn kernels.

The drying rate versus moisture content of corn at
different initial moisture contents are shown in Figure 4
for power levels P1 (70 W), P2 (175 W) and P3 (245 W).
The loss of moisture content and drying rate were very
low for P1 and P2 compared with P3 power level. At
power level P1, drying rate increased with increase in the
moisture content, but loss of moisture content is very low.
Drying rate was higher at 42.3% (db) than at the other
initial moisture contents. At power level P2, an initial
unstable drying rate period was observed until it
stabilized and an increasing trend was observed towards
the end of the microwave heating. The drying rate
curves at P3 power level showed that the drying rate
increased with initial drying process and then decreased
after peak point at all initial moisture content. This
might be due to the loss of moisture in product caused a
decrease in the absorption of microwave power and
resulted in a fall in the drying rate as the drying
progressed.
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Figure 2 Variation of moisture content with drying time of corn kernels at different power levels at 18.3% (db), 26.3% (db),
34.3% (db) and 42.3% (db) initial moisture contents (exposure time is 120 s)
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Figure 3 Variation of moisture content with drying time of corn kernels at different initial moisture contents at P1 70 W,
P2 175 W and P3 245 power levels (exposure time is 120 s)
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Figure 4 Effect of different initial moisture content on drying rate of corn kernels at 18.28 % (db) at MW power levels P1 70 W,
P2 175 W and P3 245 W (exposure time is 120 s)
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3.2 Quality evaluation increase can be due to the penetration of MW energy into

The effects of MW power level, initial moisture the sample and creation of a large vapor pressure
content and exposure time on germination rate of corn difference between the core and the surface of kernels.
kernels are shown in Table 2. While only the MW

. . 450 r [ Power level P1 (70 W), exposure time 120 s
power level P1 (70 Watt) had germination for all B Power level P2 (175 W), exposure time 1205
400 | [ Power level P3 (245 W), exposure time 120's

moisture content levels and exposure times, the Povier 16vel P1 (10:W), expostire i 80 &

P 350 r B Power level P2 (175 W), exposure time 80 s
germination rate was zero at P3 (245 W). At P2 (175 W) ” Pt T6vel D5 (BB W axpasiie 04
power level, when the exposure time was 120 s, the

250

germination rate was zero for all initial moisture content

except 18.3%. The increase in exposure time and initial 2001

150

Stress crack index (SCI)/%

moisture content decreased the germination rate of corn.
This can be explained that the increase of water vapor 100
pressure and temperature inside the grain might lead to 50 |

zzzzzz772Z7?72

reduced germination of corn depending on the level of 0 — m’ —
MW power used”. Manickavasagan et al.’”! stated ' N '

Initial moisture content/%

that the continuous increase in temperature during MW ) o ]
) ] . Figure 5 Effects of power level, exposure time, initial moisture
treatment with power level and exposure time might

content on stress crack index (SCI) in corn

result in a decrease in germination percentage of grain.

They stated that the microwave power level and exposure The effect of microwave drying on the true density of
time would be the important factors while using  corn at different initial moisture content is shown in
microwaves for seed processing. This indicated that the Figure 6. The highest power level P3 (245 W)
high power level and long exposure time would not be  decreased the true density of corn.  Density is frequently
recommended for safe drying of corn kernels. used as an indirect indicator of the corneous endosperm

Table 2 Germination rate of corn at different initial moisture content in corn. This is based on the fact that corneous

contents dried with microwave (%) endosperm is very dense, whereas floury endosperm is
i o Power level full of micro fissures or void spaces, and therefore less
Exposure time  Initial moisture 31 . .
Is content/%db oy 25wy P2 (175W)  P3 (245 W) denseP.  This effect could be a result of expansion and
183 625 13.9 0 cracking of endosperm due to the higher drying rate of P3
120 26.3 417 0 0 power level.
343 13.9 0 0
[ Power level P1 (70 W), exposure time 120 s
423 6.9 0 0 B Power level P2 (175 W), exposure time 120 s
18.3 90.3 20.8 0 1500 [ Power level P3 (245 W), exposure time 120 s
1400 Power level P1 (70 W), exposure time 80 s
26.3 97.2 13.9 0 1300 B Power level P2 (175 W), exposure time 80 s
80 343 625 6.9 0 ﬁgg : Power level P3 (245 W), exposure time 80 s
423 139 0 0 2 1000
2900 |
> 800 |
. . . . z2 700
The severity of stress cracking in the MW dried corn 2 0|
Q
. . . ] L
was assessed using a stress crack index. Figure 5 = jgg [
showed the effects of MW power level, initial moisture ;gg I
content and exposure time.  The P3 (245 W) power level 100 |
5 \
resulted in higher SCI than P1 (70 W) and P2 (175 W) 18.3 263 343 423
power level at all initial moisture content and exposure Initial moisture content/% (db)
time. It was also noticed that the increase in initial Figure 6 True density of corn at different initial moisture content

moisture content caused an increase in SCI.  This dried with microwave
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The variations in the bulk density of corn at different
initial moisture content dried with microwave are given in
Figure 7. The P3 (245 W) power level decreased the
bulk density of corn at all initial moisture content and
exposure time.  Shivhare™ also reported the bulk
density of corn reduced with higher microwave power.
The bulk density of corn at 42.3% initial moisture content
after MW drying was higher and the difference between
power levels was lower than that at the other initial
moisture content.  Similar to the true density, the effect
of power level on endosperm might lead to decrease in

bulk density.

[@ Power level P1 (70 W), exposure time 120 s
B Power level P2 (175 W), exposure time 120 s
[ Power level P3 (245 W), exposure time 120 s
900 Power level P1 (70 W), exposure time 80 s
800 | B Power level P2 (175 W), exposure time 80 s

Power level P3 (245 W), exposure time 80 s
700 _ _

w00 L M B
500 |
400 |
300 |
200
100 |

1000

Bulk density/kg-m™

18.3 26.3 343 423

Initial moisture content/% (db)

Figure 7 Bulk density of corn at different initial moisture content
dried with microwave

Figure 8 shows the effect of microwave drying on
TGW of corn at different initial moisture content. The
TGW decreased with increase in MW power level but did
not change significantly with exposure time. The TGW
at the higher initial moisture content (34.3% and 42.3%)
was higher than that at 18.3% and 26.3% (db). This
might have resulted from higher loss of moisture at lower
initial  moisture content.  Kirleis and Stroshinel®"!
reported that TGW was not affected by the microwave
drying. However, in the present study, we found
significant change in TGW due to microwave drying at
different power levels.

The variations in the equivalent diameter of corn at
different initial moisture content dried with microwave
are given in Figure 9. The equivalent diameter was
increased with increasing in MW power level. The

equivalent diameter was higher at 18.3% and 26.3% than

initial moisture content at 34.3% and 42.3%. This might
be resulted from the swelling phenomenon of starch due
to gelatinization of corn at the lower initial moisture
content during microwave drying.
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._50 360 | ] Power level P3 (245 W), exposure time 80s _
2
b=} N
N
g 340 Y §§
E \ N\
5 320 + § §
P \ \
300 + § §
X \
280 \ | \

26.3 343

Initial moisture content/% (db)

Figure 8 Thousand grain weight of corn at different initial
moisture content dried with microwave

[ Power level P1 (70 W), exposure time 120 s
B Power level P2 (175 W), exposure time 120 s
[ Power level P3 (245 W), exposure time 120 s

10 f Power level P1 (70 W), exposure time 80 s
B Power level P2 (175 W), exposure time 80 s
9r Power level P3 (245 W), exposure time 80 s

Equivalent diameter/mm

18.3 26.3 343 423
Initial moisture content/% (db)

Figure 9 Equivalent diameter of corn grain at different initial
moisture contents dried with microwave

The correlation coefficient among the drying and
quality parameters of corn dried in microwave conditions
are presented in Table 3. While drying rate showed
highly significant and positive correlation with SCI and
equivalent diameter, it was negatively correlated with
germination rate, bulk density and true density. This
means that the increase in drying rate may lead to an
increase in SCI and equivalent diameter, and a decrease
in germination, bulk density and true density. There
was no correlation between drying rate and TWG. The
SCI had a significant negative correlation with

germination rate, bulk density and true density and
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positive correlation with equivalent diameter.  This
showed that an increase in the SCI could lead to

decreases in germination, bulk density and true density.
SCI was not correlated with TGW, while bulk density
showed highly significant and positive correlation with
true density, TGW and germination rate; it had negative
correlation with drying rate, SCI and equivalent diameter.

Table 3 Correlation coefficients among drying rate (DR),
germination rate (GR), stress crack index (SCI), bulk density
(BD), true density (TD), thousand grain weight (TGW),
equivalent diameter (Dp) parameters undergoing microwave

drying

DR GR scl BD D TGW
GR -0.5368""
SCI 0.7244™ -0.7983™"
BD -0.7449™" 0.4534™ .0.4651"
TD -0.6230™" 0.4228" -0.3907" 0.8606"™"
TGW -0.1757ns° 0.2267ns 0.0328ns 0.6409"" 0.7368™"
Dp 05830 -0.3980" 04013 -0.8469"" -0.8666" -0.6335""

*

Note: a™, significant at the 0.001 probability, b", significant at the 0.05
probability; °ns, not significant.

4 Conclusions

While the higher MW power level increased the loss
of moisture content, it significantly reduced the quality
parameters. The increase in microwave power level,
initial moisture content and exposure time caused a
decrease in germination rate, bulk density and true
density of corn, and an increase in SCI. The increase in
drying rate resulted in an increase in SCI and equivalent
diameter, and a decrease in germination, bulk density and
true density. Therefore, for microwave drying of corn, it
is essential to optimize the power level & initial moisture
content for balancing the time of drying and sacrifice in
quality of corn. This study will greatly help the corn
grain and seed industry in choosing drying parameters for

optimizing their microwave drying process.
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