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associated with hot air drving is the long
drving time resulting in loss in nutrient
quality and large energy consumption.
Infrared drving is gaining popularity because
of its high thermal efficiency and rapid
heating rate leading to shorter drving time.

To provide a basic theory for manufacture
and application of drving. it is necessary to
determine the effects of hot air drving
temperature, infrared power and drying time
on the moisture content of mulberry leaf and
develop a mathematical model for better
understanding of the controlling parameters
of dryving process. Many mathematical
models have been proposed to describe the
drying process. of which thin-layer drying
models have been widely in use [4]. Ashtianmi
et al. [5] investigated the best model for
explaining the hot air and infrared drving
behaviors  of  peppermint by fitting
experimental drving data into three semi-
theoretical thin-layer drving models namely
Lewis, Logarithmic and Midilli. Their results
showed that the Logarithmic and Midilli
models had the excellent results in prediction
the hot air and infrared drying behaviors,
respectively.

Therefore. the purposes of the present
study were to study changes of moisture
content of mulberry leaves during hot air and
infrared dryving and to investigate a suitable
thin-laver drying model for describing the
drving behavior. The effective moisture
diffusivities of hot air and infrared drying
were also determined.

2. Materials and methods

2.1 Sample preparation

Fresh mulberry leaves from Queen Sirikit
Sericulture  Center in Chiang Mai  were
cleaned with tap water and drained on a
screen to get rid of excess water. The leaves
were then cut into size of 1.0 cm x 4.0 cm.

2.2. Hot Air Drying

Approximately 200 g of the prepared
mulberry leaves were placed on tray with
dimension of 29 44-2 c¢m as a thin laver.
The samples were dried in a laboratory-scale
hot air oven (Binder. model FD 115,
Tuttlingen. Germany) at temperature of 50,
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60. 70. 80 and 90°C. Constant air velocity
with 1 m's was controlled. The samples were
taken at time intervals to determine moisture
content using the AOAC method [6]. Dryving
time was also investigated when moisture
content of the samples was lower than 10%
dry basis.

2.3 Infrared Drying

Approximately 200 g of the prepared
mulberry leaves were placed on tray with
dimension of 29-44-2 cm as a thin layer.
The samples were dried at infrared power of
250, 500 and 750 W. Constant air velocity
with 1 m/s was controlled. The samples were
taken at time intervals to determine moisture
content using the AOAC method [6]. Drying
time was also investigated when moisture
content of the samples was lower than 10%
dry basis

2.4 Color

The color of dried mulberry leaves was
measured by spectrophotometer brand hunter
lab (Mini Scan XE Plus model) with CIE
system in the terms of brightness (L*). red
and green values (a *) and yellow and blue
values (b *)

2.5 Mathematical models
The moisture content data were calculated
by Eq. (1):

M,-M, 0
M, M

g

MR

where, MR 1s the dimensionless moisture
ratio; Afy is moisture content at any time Mo:
nitial  moisture  content  and Mg 18
equilibrium moisture content.

The details of evaluated thin-laver drying
models. presented in Table 1. these models
were fitted to obtain results for AM/R. For
analysis of the parameters. the thin layer of
drving technique was used to analvze
nonlinear regression. An indicator of the
ability to predict the equation. The coefficient
of determination (??) and Root mean square
error (RMSE) can be calculated from Eqgs. (2)
- (3). respectively.
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where N is the total number of data, A/Reg .

MPRypre; and MRpeq are the moisture content of

the experiment, predicted and  average
predicted moisture rates, respectively.

Table 1. Mathematical models

Model Equation
Newton MR = exp(-kr)
Page MR = exp(-kr")

Modified Page | MR = exp((-k0)")

Logarithmic MR = aexp(-kf)+c

Two term MR = a exp(-kit) + b
exp(-kar)
Modified MR = a exp(-kf) + b

Henderson and | exp(-gf) + ¢ exp(-hr)
Pabis
MR is moisture ratio; 1 is time (min) and a. b.
c. g ki k2 and n are coefficients of models.

2.6 Effective moisture diffusivity

In drving. the diffusion is suggested as
the main mechanism for the moisture
transport to the surface. For food drying
process, Fick’s second law of diffusion has
been widely introduced to describe a falling
rate stage. This model is presented for slab
geometry as Eq. (4) |7).

MR= s & 1 | @e+l)r'D,) 1] (4)

rSey L
where, MK is moisture ratio: 7 1s time (min).

Degr is effective diffusivity (m?/min): /. is half

slab thickness of slices (m).
When the drving periods is too long. Eq.
(4) can be abbreviated to Eq. (5) [6].

MR 8 m_" (D) (5)
T | I
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The effective moisture diffusivity could
be determined by empirical data using the
graph  between logarithmic values of  the
moisture content (InA/R) and drving time (1)
the In(MR)-time graph would present an
incline line with its slope. The eflective
moisture  diffusivity  was  then calculated
following the Eq. 6.
slope-1*

Dest (6)

3. Results and discussion
3.1 Drying characteristics of mulberry
leaves

The moisture content of a sample
prior to drying was approximately 70-80 %
wet basis, Fig. 1 showed the changes of
moisture ratio with time during hot air and
infrared drving at different drying conditions.
It was found that faster moisture removal of
the samples occurred at the initial stage of
drying. After that. moisture contents of the
samples gradually decreased when drving
time was longer. The absence of constant-rate
period was noticed: only the falling rate
period existed for both drving methods. This
is because the internal moisture transfer was
not sufficient enough to maintain  the
saturated surface leading to the rate of
evaporation was not constant [8]. Similar
results have been reported for various fruits
and vegetables. Ashtiami et al. |5] stated that
there was no constant rate period during hot
air and infrared drving of peppermint leaves.
Meisami-asl et al. [9] revealed that only
falling rate period took place during hot air
drving of apple slices.

For hot air dving. increase in the slope of
the drying curve occurred when drying
temperature  raised. At higher  drying
temperature  water molecules move faster
because of gaining energy leading to larger
driving force for heat/mass transfer than at
lower temperatures [10]. Similar result was
found for infrared drving. Drying curve
became steeper when infrared power was
higher. Acceleration of infrared power gave
higher infrared energy which consequently
increased temperature and moisture removal
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rate [11]. The results were in accordance with
the previous reports by Ashtiani et al. | 5] and
Tirawanichakul et al. [12] who reported that
increase in level of hot air drying temperature
and infrared intensity significantly provided
higher reduction of drving rate.

Montire o

Tuwe (mm)

(b)

Motsture iafio

Fig 1. Changes of moisture ratio with time
during (a) hot air and (b) infrared drving

Furthermore, the reduction of moisture
ratio during infrared drying was larger than
that during hot air dryving under all
conditions. This is due to the fact that
infrared radiation can penetrate into the
materials and be directly converted to internal
heat providing a rapid heating mechanism
| 10].

Table 2 presented the time to dry
mulberry leaves to reach the final moisture
content of less than 10% wet basis at various
experimental conditions. As expected. the
results showed that the drying time at higher
hot air temperature and infrared power were
shorter than those at lower hot air
temperatures and infrared power, Moreover,
mfrared dryving had faster drving time than
hot air drving. As discussed earlier. increase
in water removal rate of mulberrv leaves at
higher drving temperature and infrared power
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resulted in less drving time. Infrared drying
also had better rate of heat transfer and flux
than hot air drving.

Table 2. Time to dry samples to the final
moisture content of less than 10% wet basis

Drying Drying Drying time
method condition (min)
Hot air 50°C 210

60 °C 135

70°C 105

80 °C 75

90 “C 70
Infrared 250 W 80

500 W 40

750 W 30

2. Modelling of drying kinetic

To describe the drying behavior of
mulberry leaves during hot air and infrared
drving. the experimental data as the moisture
ratio (A/R) of samples versus drying time was
fitted to six thin layer drving models shown
in Table 1. The estimated parameters and
statistical analysis of those empirical models
for all dryving conditions of both drying
methods  were  presented in  Table 3.
According to the statistical values of the
highest coefficients (2%) and the least of root
mean square error (RMSE). the Logarithmic
model could present better predictions for the
moisture transfer during hot air and infrared
drying of mulberry leaves. The values of R’
and RMSE of the Logarithmic model varied
between 0.9302 to 09934 and 0.0041 to
0.0174 for hot air drying. respectively and
0.8730 to 0.9788 and 0.0086 to 0.0293 for
infrared drying, respectivelv. This finding is
in agreement with the previous research. For
example. Ashtiani et al. [5] and Taheri-
Garavand et al. [13] reported that thin-layer
hot air drying kinetic could be properly
described by the Logarithmic model. Doymaz
[14] and Ismail and Kocabay [15] also stated
that the Logarithmic models was found the
most  suitable model for explaining  the
mfrared drving Kinetic of sweet potato shces
and rainbow trout fillets.
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Table 3. Statistical results obtained from different six drving models

Model Parameter Hot air temperature (°C) Infrared power (W)

50 60 70 80 90 250 500 750

Newton k 0014 0018 0.027 0,034 0.051 0.031 0.067 0012
R* 09922 | 09500 [ 09759 | 09277 | 09318 | 09649 | 0.9554 | 0.7938

RMSE 0.0036 0.0101 00070 0.0151 00186 0.0127 0.0122 0.0319

l’agc k Lolo 0016 0.030 0.044 0123 0018 0.042 0.067
n 1.078 1016 0975 0.972 0.737 1.143 1.158 1.162

R? 09949 | 09516 | 0.9753 | 0.8950 | 06016 | 0.9778 | 0.6901 | 08417

RMSE 0.0036 | 00102 00070 | 0.0180 | 0.0549 | 0.0088 0.0353 | 00311

Modified k 0010 0,016 0.030 0.044 0123 0.030 0.065 0,008
Pagc n 1.078 1.016 0975 0.970 0.737 1.143 1158 1.162
R? 07843 | 0.6880 | 09760 | 0.8525 | 0.7013 | 0.9778 | 0.9746 | O.845

RMSE 0.0263 0.0324 00069 0.0213 0.0437 0.0088 0.0101 0.0308

I,ogarilhmic a 1.021 0984 0986 0 988 0956 1.041 1.202 1.125
k 0013 0016 0.026 0.031 0.054 0.027 0.043 0.076

c 0020 | 0025 | 0005 | -008 0,025 -0.45 0223 | 0137

R? (0.9934 | 0.9603 09779 | 09402 | 09302 | 09788 | 0.9541 (0.8730

RMSE 00041 | 00093 | 0.0067 | 0.0144 | 00174 | 00086 | 0.0163 | 0.0293

Two term a 0519 0.509 0236 2.247 0.660 0442 0.439 0 466
ki 0014 0.017 0.026 0.036 0.035 0031 0.068 0.103

b 0,491 0.461 0.747 -1.273 0.340 0570 0576 (0.543

ki 0014 0017 026 0.039 1.526 031 0.068 0103

R? 09923 | 09516 | 09768 | 0.9327 | 09686 | 0.4048 | 09578 | 0.7731

RMSE 00043 | 00098 | 0.0068 | 0.0147 | 00106 | 00432 | 0.0120 | 0.0349

Modified a 0.335 0.857 0328 0.233 0.404 0472 | 00373 0.382
Henderson b 0.335 0.719 0327 0.164 0.340 -0.376 0.372 0.373
. c 0.341 0.623 0328 0.579 0.0256 | 0895 0.271 0.254

anxl Pabis g 0.014 0.013 0.026 0.033 0.469 0012 0.068 0.103
h 0014 0.009 0026 0.033 0.035 0023 0,068 0103

k 0.014 0.013 0026 0.033 0.034 0023 0,068 0.103

R? 0.9923 | 0.9640 | 0.9768 | 0.8990 | 0.7934 | 0.9806 | 0.9579 | 0.738S

RMSE 0.0043 | 0.0089 | 0.0068 | 0.0207 | 0.0306 | 0.0082 | 0.0120 | 0.0328

Note: a. b. c. g. h. ki. ks 1s the constant dependent on the material and K is the drving coeflicient.

The accuracy of the established model for
the thin laver drying process was investigated
bv comparing the predicted moisture ratio
with  experimental  moisture  ratio.  ‘The
relationships of the model for all the drying
conditions of hot air and infrared drying were
illustrated in Fig 2.

3. Effective moisture diffusivity

The parameter of effective diffusivity
was calculated using the method of slope
obtained from plotting In(A/R) against drying
time. The values of Der of dried mulberry
leaves with corresponding  coefficients of
determination (%) were also presented in
Table 4. The effective diffusivity of hot air
drving temperature at 50-90°C were ranged
from 6.483 107 to 2.253 10° m> min and
infrared power at 250-750 W were ranged
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from 1.726 10 to 6.662 10" m*/min. The
results indicated that Der values increased
greatly  with  an increase in  hot air
temperatures  and infrared power. This is
because higher mass transfer occurred at
higher temperatures and infrared power.
Similar results were noted by Ravaguru and
Routray [16] who report that by ncreasing
the drying air temperature of stone apple
slices from 40 to 70°C. the effective moisture
diffusivity values increased from 3.731 10"
ms to 6.67 107" m%s. Ashtiani et al. [5]
also  reported that larger the effective
moisture  diffusivity was obtain as higher
infrared power was emploved.
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presenting in the terms of L* and a* values
decreased  when  the hot  air  drving
temperature and infrared power increased.
However, the dryving temperature and infrared
power did not show a significant effect on b*
value of dried mulberry leaves. This indicated
that the samples were turned to more intense
and greenish as the hot air drying temperature
and infrared power were raised. Morcover.
the color parameters of dried mulberry leaves
by hot air drying at 50°C and infrared drving
at 250 W was maintained constant when
(b) compared with the fresh mulberry leaves.

Tamne (win)

Table 4. The effective moisture diffusivity of

Foisture ratic

i s hot air and infrared drying at different drying
g conditions

= — e Drying Drying Effective

s { o method condition moisture

% e a7 = . diffusivity

The (wiah (m‘z"mm)

Hot air 50°C 6.484 10"

Fig 2. Relationship between moisture ratio 60°C 9.767-10"
and drying time of the experiment data of (a) 70°C 1.317- 10
hot air and (b) infrared drying versus the 80°C 2.079-10
logarithmic model 90°C 2.253-10%
Infrared 250W 1.726 10"

4. Color S500W 5961 10"
Table 5 presented the color parameters of 750W 6.662 107

dried mulberry leaves by hot air and infrared
drving  method. The color parameters

Table 5. Color parameters of dried mulberry leaves undergoing hot air and infrared drving

Drying method | Drying condition Color parameters
> a* b*

Fresh z 37.54=2.14° -10.29+1.45° 21.56+1.92°
Hot air 50°C 36.37:2.33" -8.52+:1.02% 21.09:1.77*
60°C 36.46+1.85" -6.62+1.34% 21.58:1.56"

70°C 35.29:1.44% -6.00+1.479 21.23:+1.64°

80°C 34.53+1.63" -4.06+1.51¢ 20.41+1.48"

90°C 34.21+5.85% -3.36:+1.38 19.66+3.07

Infrared 250W 38.43+1.15° -7.66+1.42% 20.79:2.42°
SO0W 33.82+1.53% -5.31+1.00% 19.87+1.94*

750W 30.55:1.51° -2.60-1.017 18.03+1.68"
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Same letters in the same column indicate that the values are not significantly different (p ~ 0.05).
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5. Conclusion

The drving characteristics of mulberry
leaves at five different temperatures of 50.
60. 70. 80 and 90°C and three levels of
infrared power at 250, 500 and 750 W were
investigated.  Drving curves of mulberry
leaves did not show a constant rate-drving
period under the experimental employed and
showed onlv a falling rate-drying period. The
empirical logarithmic model showed a better
fit to the experimental data as compared to
others models. The effective  moisture
diffusivity values of mulberry leaves during
hot air and infrared drving at all conditions
were ranged between 6.48 107 and 2.25-10°
® m%/min. From the color results in the terms
of L*, a* and b* values. it was possible
concluded that hot air drving at 50°C and
infrared drying at 250 W were the best
condition for production of dried mulberry
leaves since these two drying conditions
provided the most similar color values to
fresh mulberry leaves.
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