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Abstract: A modelling study was performed to solve the heat and mass transfer problems between grain and the ambient air
encountered during drying by microwave assisted hot-air dryer, under low microwave (MW) density of 0.2 W/g. Canola
(Brassica napus), soybean (Glycine max) and corn (Zea mays) seeds were chosen due to their inherent high oil content.
Scanning electron microscopy (SEM) was used to study the effect of drying conditions on the structural characteristics of these
oilseeds. A mathematical model was adapted to simulate drying of one seed of canola, soybean and corn. The process of
water transfer was modelled based on the effect of vapour pressure on the water molecules inside the seed. It was observed that
when the difference between the vapour pressure inside the grain and the surrounding air was higher than, the drying rate increased
which led to cracks in the grain. Results showed that the drying rate decreased when the temperature of air inside the cavity of

the microwave increased for all the oilseeds studied, because of the reduced differential vapour pressure between the grain and

the ambient air.

difference between the two pressures increased.

On the other hand, the drying rate increased if the temperature of the inlet air was reduced because the

It was concluded that by controlling the ambient air, the grains could be

protected against popping and cracking because of lower vapour pressure differential during MW assisted hot-air drying.
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1 Introduction
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Agriculture (report 2015), the world oilseeds production
reached 528.96 million metric tons (MMT) in the season
0f 2015/2016 decreased by 7.6 MMT compared to the last
In the season 2015/2016, the world production
of the soybean was 320.11 MMT which represents 60.5%,
the canola (rapeseed) was 67.54 MMT or 13% and the
sunflower was 39.65 MMT or 7.5% of the world oilseeds

production, the remaining 19% was the production of

season.

other oilseeds!".
Drying of oilseeds is an important postharvest

operation in oilseed industry. It determines the oil

quality and postharvest storage life of oilseeds. The
goal of controlled drying is to provide high quality dried
oilseeds ~ with  least physical, chemical and

microbiological damage. = Microwave drying offers
faster and efficient drying of food grains but needs to be

optimized to prevent thermal damage to seeds undergoing
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microwave drying. In this study we have attempted to
model the mechanism of microwave drying of oilseeds to
provide a control tool to microwave assisted hot-air
dryers to provide safe drying conditions, thus preventing
thermo-physical damage to oilseeds and improving
postharvest value of oilseeds.

Scanning electron microscopy (SEM) was used to
reveal the effect of the drying on the microstructural
characteristics of oilseeds. Several studies on drying of
agricultural products used SEM imaging as a tool to
reveal microstructure of cereals being dried™. The
SEM images of cross sections of black bean extrudates

showed an increase in the volume expansion with the

increase of sodium bicarbonate in the extrudate”. Later,

Bdour et al.”! in 2014 reported that the SEM images of
cross sections of sorghum and barley extrudates showed
the presence of smaller numbers of air sacs of irregular
size resulting from the rapid reduction in pressure of
extrudate exposed to atmospheric pressure and
consequently rapid evaporation of internal moisture.

The drying of canola seeds in fluidized bed was
modelled by Gazor and Mohsenimanesh™, using the
They

recommended the use of logarithmic model for modelling

approximate diffusion and logarithmic models.

canola drying as it predicted drying characteristics very
close to the experimental results.

Microwave drying may damage the quality of grains
exposed to rapid microwave heating. A good indicator
of safe microwave drying is the germination rate of dried
seed grains. Vicas et al.”! obtained high germination
rate of corn seeds when applied low microwave power
with a maximum temperature of grains of 63.5°C.
However, they reported lower rate of germination when
they applied higher microwave power. The drying of
soybean during combined hot air-microwave drying was
reported by Ranjbaran and Zarel®. They found that the
use of microwave power in conjunction with hot air
drying led to higher drying rates in comparison with the
conventional hot air drying.

The aim of this study was to model the heat and mass
transfer phenomenon of oilseeds (soybean, canola and
corn seed) during microwave assisted hot-air drying, by

using experimental results obtained with a domestic MW

oven. The adopted mathematical model will allow
estimating the drying rate of the different seeds dried

under different drying conditions.
2 Materials and methods

2.1 Sample Preparation

Soybean (Glycine max), Canola (Brassica napus) and
corn seeds (Zea mays) of an initial moisture content of
20% (wet basis) were used in this study. The initial
moisture contents (IMC) of the seeds studied were
determined using the hot-air oven method, by putting
triplicate samples of 10 g of each product at 105°C in the
oven for 24 h”. Wet samples were stored in sealed
plastic bags at 5°C and were equilibrated in sealed bags to
the room temperature for 30 min prior to use in the drying
experiments. The average diameter of canola seeds and
soybeans were 1.92 mm and 6.2 mm, respectively. The
corn seed had a parallelepiped shape with a length
11.3 mm, width 8.5 mm, thickness 5.5 mm and sphericity
of 70%.
2.2 Drying process

A MW oven (GE, Turntable MW oven, Malaysia)
with a frequency of 2.45 GHz was used to study the effect
of microwaves radiation on the structural components of
the three kinds of oilseeds, under various MW drying
conditions. The microwave dryer had 1500 W of rated
power and 910 W of absorbed power at the MW power
level P10. In all experiments, drying characteristics
were monitored and analyzed at the initial moisture
content of 20 kg water/kg grain (w.b.) for all the oilseeds
studied. The air temperature was taken as 24°C (the
room temperature) in all the tests achieved; by taking this
ambient air temperature into account in the mathematical
modeling, we were predicted the heat and mass transfer
parameters under other drying conditions such as a high
or low air temperature and that by changing the
characteristics of air in the modeling such as the relative
humidity, absolute humidity and the vapour pressure.
The processing exposure time was taken from 3 min to
6 min.
2.3 Diffusion coefficient

Experimental evidence shows that the diffusion

coefficient increases with the temperature of drying air.
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The temperature dependence can be expressed by

Arrhenius equation'”:

D=D, exp[;’i;] (1)

where, D, is the pre-exponential factor, mz/s; E, is the
activation energy, J/mol; R is the universal gas constant,
8.134 J/(mol-k); T, is air temperature, K.

The coefficient D, was taken 8.13x107 m?*/s for corn,
2.13x10° m%s for soybean and 3x10° m%s for canola
seed; activation energies of soybean was 16.6 kJ/mol
below 50°C, and the diffusion coefficient was taken equal
t0 6.55x10""" m?/s below 50°C”.

2.4 Scanning electron microscopy studies

The samples for SEM imaging were first microwaved
as described in section 2. The microwave treated
samples were then freeze-dried for five days to reduce the
water content in the samples. Silver paint was applied
on the edges of the samples and a gold-palladium
conductive coating of ~20-30 nm was applied to samples.
The free-drying of the samples eliminated a large fraction
of water which allowed imaging of high quality. The
SEM imaging was not successful for the samples
prepared without freeze-drying process because they
became non-conductive due to cracking of the samples
when kept in the vacuum of the SEM. All the samples
were imaged at lower accelerating voltages (1-5 kV)

using an FE-SEM (FEI Quanta 450) to avoid burning of

the samples.
3 Modelling

Heat and mass transfer phenomenon was modelled by
adopting the coupled mathematical model described by

1.1 and adapted for soybean, canola and

Hemis et a
corn seed in this work. The system of non-linear partial
differential equations obtained by coupling mass and
energy balances and applying certain boundary conditions
were solved using the Crank-Nicolson finite-difference
method by writing a program in Matlab (Version 7.4.0
R2007a, Maths Work Inc., Carry, NC).

By simulation of the model in Matlab, we studied the

heat and mass transfer in one grain from each oilseed

studied. We assumed that the water extraction from the

inner of seed to it’s surface was due to the vapour
pressure difference between the water pressure inside the
seed and the vapour pressure in the surrounding air inside
the MW cavity; when the water reaches the surface of
grain, it will diffuse to the surrounding air. The other
assumptions were: the temperature dependent thermal and
dielectric properties of seed, fixed kernel volume,
convective boundary conditions, and spherical geometry
of the studied oilseeds.

The energy equation for the microwave drying of

. 13
cereals and oilseeds can be expressed as!'*!:

2

VpCpZ—Y; = V%g—i+ ngTT;Jr VGI%Z_Z+P 2)
where, p is the kernel density, kg/m’; C, is the specific
heat capacity, J/(kg:°C); T is temperature, °C; ¢ is time, s;
k is thermal conductivity of seed, W/(m-°C); V is the seed
volume, m’; P is the power generated by the absorption
of microwaves, W; GI is the shape index (0 for slabs,
1 for infinite cylinders, and 2 for spheres) in our case the
soybean and canola seeds have spherical shape.

The initial conditions were:

T=Ty at t=0 andat 0=<x</ (3)
The boundary conditions were:
x=0 —ka—T=0 t>0 4
ox
x=1 —kﬂzh (T-T) %)
Ox

where, / is the half-thickness of a mono-granular layer, m;
Ty is the initial temperature, °C; % is the heat transfer
coefficient, W/(m?-°C); T, is the temperature of ambient
air, °C.

The power generated by microwave energy was
calculated by Lambert’s law that is governed by the

following equation given by Swamil'*:

P= Pae(*Za(L*X)) (6)
where, Py is the power at the surface, W; a is the
attenuation factor, m; L is the half-thickness or radius, m;
x is the spatial coordinate, m.

The attenuation factor was calculated using the
dielectric properties of the dehydrated material (the
dielectric constant ¢ and the loss factor ¢”) in the

equations given by Nelson et al.!'*'®
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] equally spaced so that: £,=0.5(t;+t,).
27 [e(+ tan’ 5) 1] Auaty'sp 05(1+r)
a :7 5 ) The convective model uses a PDEs (partial
) differential equations system) composed of three coupled
i € . . .
0 =tan (?j ) equations governing conservation of mass, energy of the

where, 4 is the wavelength of microwaves in free space
with 1=12.24 cm at a frequency of 2.45 GHz and at T,=
20°C.

To predict moisture loss from an oilseed during
drying using combined process of microwave assisted
hot-air, a mass balance equation was used. During
drying by MW oven, the water is transmitted from the
core of grain to the surface due to the difference of
vapour pressure between the surrounding air and the
water pressure inside the grain. We assumed that the
diffusion process starts when the water molecules reach
the surface of the grain. At this point, the free water is

transferred to the surrounding air by diffusion
mechanism.
The drying kinetics may be represented by Fick’s
second law of diffusion:
66—’1;=V(DVm) ©)]
The initial and boundary conditions that were applied

to solve the above equation were:

t=0 m=m, 0<x<l (10)
x=0 am _y t>0 (1)
ox

x=1 —Dwa—mzkr'n(m—me) t>0 (12)
ox

where, D is the diffusion coefficient of moisture in grain,
m*/ s; m is the moisture content at a given time ¢; m, is the
equilibrium moisture content, kg water/kg grain (w.b.);

k., 1s mass transfer coefficient, m/s.
The equilibrium moisture content of soybean, canola
and corn seed for MW modelling was modelled using the

following formula of Salek and Villota!'”:

m +m,— ”’32
m =
e
m, +m, —2m,

(13)

where, my, m, and m3 are the moisture content values at

times #,, t, and #;, respectively. The time intervals are

air, energy of the seed, and a fourth thin layer seed drying
kinetic equation.

The equation for conservation of mass is:

ow  ow oM
e(—+u—)=-(1-&)p, — 14
Pa(at uax) ( )ppat (14)
with
T, =T(x,0);
T =T (x,t);
P P('x ) (15)
M =M(x,t),
W =Wi(x,t)
The equation for the energy of the air is:
a(T —-T
Py sy Ty LTI )
ot Ox
The equation for the energy of the product is:
oT
p (C.+C M)y 2= 5% (7 _7y_
e o l-¢ ’
o 17)
(H, +C (T, ~T,) ===
P 1-¢ ox

Therefore, the equations for thin layer drying of an

oilseed can be written as:

M _ k- (18)
ot
The thin layer drying constant was modeled using the
formulal'™:
2
V4
K= ?aﬂ) (19)

where, g, is the compactness of the oilseed, m*/m’.

The system of non-linear partial differential equations
obtained by coupling the two models with the use of
Equations (20) and (21) was solved using Crank-Nicolson
finite difference method.

>0 Myy,=m 0<x<I (20)
>0 me=M. 0<x<I 20

Thermal and physical properties of soybean, corn and
canola seeds:

Thermo-physical properties of selected oilseeds (corn,
canola and soybean) were obtained from the literature

except the porosity values as shown in Table 1.
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Table 1 Thermal and physical proprieties of corn, soybean and canola seed used in this investigation

Properties Corn seed

Specific heat(Cp)/J-(kg-°C)" Cp=1465+3560M

M in w.b.?”
Bulk densityp/kg-m™ 721
Diffusion coefficient/m>:s™! bg13x1 Q'Sexp(—4427.9/T)
Tin (k)*"
Interior kernel Porosity/% 13.3%

¥ m,+m, —m;
EMC/kg water-kg™ w.b. e —
my +m, —2m;

k=0.1409+0.112 M
M in dec w.b.2"!

E.q=16 600

Thermal conductivity/W-(m-K)"!

Energy of activation/J-mol™

D=3.39x10"exp[-36 400/(Rg(T+273.15))] !

Soybean Canola seed
Cp=1699+1720M
irigg 201 1553-1569""")
772 1100

D=3x10"exp(-1327/T)

12% (this work) 14.2%!

m —m? 2 07
_mm, =y _omytmy —my

.= =
m, +m, —2m, my +m, —2m,

4 Results and discussion

4.1 Drying behaviour from modelling

Figure 1 illustrates the loss of moisture content
predicted using the adopted mathematical model from
canola, soybean and corn seeds during drying by
combined system of microwave assisted hot-air. It can
be observed from these results that canola seed dried fast
than corn seed and soybean; this could be possible
because the canola seeds reached the highest temperature
of 55°C in a shortest time (Figure 2). Further it was
found that soybean reached to peak 50°C in one hour of
drying under drying conditions of low MW density
0.2 W/g and 35°C of air temperature.

Table 2 shows the predicted diffusion coefficient and
the maximum drying rate of canola, soybean and corn
seed, during drying by microwave assisted hot-air
system;these results show that diffusion coefficient
decreases as we increase the temperature of inlet air.

The decrease of diffusion coefficient leads to decrease in

the drying rate of oilseeds.
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Figure I Moisture content loss from soybean, corn and canola

seed during drying by combined process of MW associated to
hot-air system, under 0.2 W/g of density of microwave and under

35°C of air temperature
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Figure 2 Temperature evolution of soybean, corn and canola seed
under combined drying of MW and hot-air, temperature was 35°C

and 0.2 W/g of density of the microwave

Table 2 Predicted diffusion coefficient and the maximum
drying rate of canola, soybean and corn seeds under 0.2 W/g of
MW density and at three air temperatures 20°C, 30°C and

40°C
Predicted diffusion Under 0.2 w/g, Under 0.2w/g, Under 0.2w/g,
Coef./m*s™! Ta=20°C Ta=30°C Ta=40°C
Canola seed 5.2378x10"" 5.2350x107"" 5.2322x107"!
Soybean 1.5822x10""  1.5786x10""  1.5761x10™"
Corn seeds 3.7930x10""  3.7874x10™""  3.7836x10™"
Maximum drying rate/kg
water-kg” w.b.
Canola seed 7.82x10™ 7.77x10* 7.75%x10™
Soybean 2.51x10°* 2.47x10" 2.46x10*
Corn seeds 6.30x10™* 6.22x10* 6.19x10™

Figure 3 shows the drying rate curves of three
oilseeds: soybean, corn and canola seed. It is clear from
these curves that canola seed takes more time to reach its
maximum drying rate compared to corn and soybean.
This may be due to the structural composition of canola
and also due to its lower thermal conductivity. The
highest drying rate was that of canola with 7.8x10™
kg water/(kg-s) (w.b.), corn had also a high drying rate of
6.2x10 kg water/kg's (w.b.), compared to soybean with
2.5x10™ kg water/(kg's) (w.b.).
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Figure 3 Drying rate evolution of canola, soybean and corn seed

under 0.2 W/g of microwave density and at 35°C of air temperature

The physical and thermal characteristics of the
oilseeds have been studied by several researchers”®.
We observed from Table 3 that each oilseed had specific
characteristics of thermal conductivity and grain density;
these two parameters had a direct relationship with the
amount of oil inside each oilseed; canola had the highest
amount of oil (46% oil) with the highest kernel density of
1100 kg/m’; the second highest amount of oil was that of
soybean from17%-20% oil and it had the second highest
kernel density of 772 kg/m’; in the third place we found
the corn seed by 721 kg/m’. If we compare the
properties of the three oilseeds shown in Table 3, we
could conclude that the highest oil content of canola seed
is correlated with the highest time for it to reach its
maximum drying rate in comparison to soybean and corn.
Table 3 Comparison between the properties of three oilseeds:

corn, soybean and canola seeds

Kernel density Oil content Thermal conductivity

Product fkg'm’ 1% KW (mK)" References

Soybean 772 1720 0.106 (11.2% w.b. of MC) [27]
Corn 748 5 0.159 (14.7% w.b. of MC) [28]
Canola 1100 46 0.0155 [29]

The air temperatures applied in the modelling study
were chosen carefully as 15°C, cooled air; 35°C, medium
and 65°C,

temperature of drying of an agricultural product, beyond
[25]

hot-air temperature; the maximum air
which leads to damage of protein in seeds

It can be observed from Figures 4-6 that the
temperature of the surrounding air influenced the drying
rate of oilseed. The drying rate of soybean, canola and
corn seed decreased with the increase of the temperature
of air from 15°C to 65°C inside the cavity of the
microwave oven.

The maximum drying rate decreased

slowly (Figures 4-6) which means that when we increase

the surrounding air temperature, the pressure difference
between the vapour pressure of air and the water pressure
inside the seed decrease which leads to safe drying of
these seeds without cracking. From the Figures 4-6, the
presence of two phases of drying was observed. The
first phase was the warm-up period starting from 0 to
400 s for canola seeds, from 0 to 60 s for corn seeds, and
from 0 to 50 s for soybean. The second phase was the
drying phase (or slowdown phase), at this peak the
vapour pressure inside the grain was maximal, and for the
same reason the drying rate had peaks at 400 s, 60 s and

50 s for canola, soybean and corn, respectively.
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Figure 4 Drying rate evolution of canola seed at different air
temperature of 15°C, 35°C and 65°C
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Figure 5 Drying rate evolution of soybean at different air
temperature of 15°C, 35°C and 65°C
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Figure 6 Drying rate evolution of corn seed at different air
temperature of 15°C, 35°C and 65°C

4.2 SEM image analysis of soybean

Figure 7 shows SEM image of soybean surfaces dried
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under microwave assisted hot-air drying for 3 and 4 min.
After 3 min of drying, some patches of gelatinized starch
(Sm) appeared as shown in Figure 7a. After 4 min of
drying, the Figure 7b shows some cracking in soybean
which might be due to the formation of air sacs inside the
seed because of rapid vaporization of water vapour from
the seeds.

Figure 8 shows SEM images of cross section of
soybean seed dried for 3 and 6 min. The protein matrix
These
seeds had undergone a MW treatment under the following

experimental conditions: MW level 3 (30% on and 70%

(PM) and cracks were observed in the soybean.

off, power 1500 W) with the exposure time of 3 and
6 min.
Figure 9 shows surfaces of soybean seed dried for

4 min.

In Figure 8a, cracks were observed on surface of

the soybean possibly due to the long exposure time
(6 min) in microwave causing changes in the material
properties and morphology. The asymmetric-shaped
pores on the surface of soybean of <5 um in size were
observed following MW treatments (Figure 8b). From
the Figure 8b, some asymmetric pores on the surface of
soybean (inside yellow circle) can be observed. Many
of the pore size of ~5 um in diameter (along longer axis)
were open. It was also found that some pores were

closed suggesting these seeds have undergone a
non-uniform drying and may have collapsed due to
sudden change in the pressure on them. In Figure 7b,
Figure 8a, Figure 9a, many cracked areas (inside red
circle) were observed.  The cracks in the seeds
originated due to increase in the pressure inside of the

seeds due to exposure to MW for longer than 4 min.

Figure 8 SEM images of cross section of soybean seed drying under MW conditions of level 3 for 3 min (a) and for 6 min (b)
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a.

b.

Figure 9 SEM images of the surface of a soybean drying under MW conditions of level 3 (a) for 4 min (b)

4.3 SEM image analysis of canola

Figure 10 shows SEM image of canola seed dried for
3 min (Figure 10a) and 4 min (FigurelOb). The
structure of 4 minute dried canola was more porous
because of escape of vapor, causing puffing effect.
Figure 11 shows SEM images of a canola seed dried for 6
min. In the Figurella, the cracks on the walls of the
pores of canola can be observed; these cracks were
probably due to the use of a long exposure time (6 min) in
the drying process of canola seed using microwave. The
reason of cracks in the canola seed can be attributed to
rapid increase in the water vapor temperature inside of
the seed (which correlates to pressure) after the
microwave irradiation of the seed. On Figure 11b, a

large number of both the oil sacs and the pores were

observed, which correlated with the containment of higher
amount of oil in canola than that in soybean and corn.
4.4 SEM images of corn

Figure 12 shows the SEM images of corn seed dried
for 3 and 4 min (Figure 12a) and (Figure 12b). Thick,
solid, starchy endosperm with pores can be observed in
these images. No cracks were observed in the pores of
these images, suggesting that the MW treatment time
had a significant effect on the quality of dried corn.
Figure 13 shows SEM images of corn seed dried for
6 min. On these images (Figures 13a and 13b) a large
number of pores (5-50 xm size) can be observed because
of puffing effect, and still more solid starchy endosperm
because of lesser oil content compared to canola and

soybean.

a

. b.
Figure 10 SEM images of Canola drying by MW for a drying time of 3 min (a) and for 4 min (b)



November, 2016 Hemis M, et al. Microwave assisted hot-air drying and microstructural study of oilseeds Vol.9No.6 175

Figure 11 SEM image of canola seed dried using MW for an exposure time of 6 min

Figure 13 SEM images of Corn seeds dried by MW for 6 min
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A trend can be observed from these studies is that, if
the exposure time was less than 4 min (at level 3), the
puffing effect on the dried seed appeared insignificant.
Increase in the MW exposure time showed larger number
of cracks due to increased pressure inside the grain

causing puffing effect.
5 Conclusions

The modelling of microwave assisted hot-air drying
showed that the drying rate decreased by increasing the
air temperature inside the MW cavity. SEM images of
cross sections of soybean, canola and corn seeds showed
the presence of small cracks inside the seed. These
cracks resulted from the rapid increase in pressure once
these oilseeds were exposed to high MW power. It can
be concluded that the use of hot air in combination with
microwave dryer leads to safe process when low
microwave radiation is combined with hot-air. By
controlling the air temperature and the MW power, safe
drying conditions can be obtained to safely dry these

oilseeds without cracking or damaging their components.
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