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Mathematical modeling of microwave dried celery leaves and determination of the

effective moisture diffusivities and activation energy
Tlknur ALIBAS*

Abstract

Celery (Apium graveolens L. var. secalinum Alef) leaves with 50+0.07 g weight and 91.75£0.15% humidity (~11.21 db) were
dried using 8 different microwave power densities ranging between 1.8-20 W g*', until the humidity fell down to 8.95+0.23%
(~0.1 db). Microwave drying processes were completed between 5.5 and 77 min depending on the microwave power densities.
In this study, measured values were compared with predicted values obtained from twenty thin layer drying theoretical, semi-
empirical and empirical equations with a new thin layer drying equation. Within applied microwave power density; models
whose coefficient and correlation (R?) values are highest were chosen as the best models. Weibull distribution model gave the
most suitable predictions at all power density. At increasing microwave power densities, the effective moisture diffusivity values
ranged from 1.595 107'° to 6.377 107> m*s™". The activation energy was calculated using an exponential expression based on
Arrhenius equation. The linear relationship between the drying rate constant and effective moisture diffusivity gave the best fit.

Keywords: activation energy; effective moisture diffusivity; microwave drying; celery; thin- layer drying models.

1 Introduction

Drying is one of the most widespread methods for post-
harvest preservation of agricultural products since it allows for
the quick conservation (Dadali et al., 2008; Doymaz & Kocayigit,
2011; Discala et al., 2013). Vegetables, fruits and crops normally
contain a high level of moisture and microorganism. For this
reason, immediate drying is a requirement in postharvest
processing to avoid quality losses of these perishable agricultural
products (Balbay et al., 2012; Al-Harahsheh et al., 2009; Soysal,
2004).

Several drying methods are used in the drying of plants
and foodstuft. The use of microwave technique in the drying of
products has become common because it minimizes the quality
loss and provides rapid and effective heat distribution in the
product as well (Li et al., 2009; Alibas et al., 2010; Dong et al.,
2011). Besides, high quality dried product is acquired via
microwave drying in addition to the reducing in drying period
and energy conservation while drying (Balbay et al., 2011;
Zhang et al,, 2006; Li et al.,, 2010; Evin et al., 2012; Alibas-
Ozkan et al., 2007).

Thin layer drying is the process of drying in one layer of
sample particles or leaves. Many mathematical models are used
in order to describe the thin layer drying process. Mathematical
modeling of thin layer drying is important for performance
improvements of drying systems (Kardum et al,, 2011). Thin
layer drying models can be categorized as theoretical, semi-
empirical an empirical models (McMinn, 2006; Alibas, 2014).

The aim of this study was to (i) investigate the kinetics
of the thin layer drying of orange leaves, (ii) compare the
developed several theoretical, empirical and semi-empirical
mathematical models and estimate the constant of several
models, (iii) determine the best fit using statistical analysis, (iv)

determine the effect of microwave power density on constants
and coeflicients in the selected models according to Arrhenius
type equation, (v) calculate the activation energy and effective
moisture diffusivity, vi) derive a relationship between the drying
rate constant and the effective moisture diffusivity.

2 Materials and methods

2.1 Material and drying process

Celery leaves (Apium graveolens L. var. secalinum Alef)
which were selected from healthy and uniform plants used for
the drying experiments were bought from a manufacturer in
Geyve country of Sakarya in 2013. They were stored at 4+0.5°C
until the drying process. Five different 50 g samples were kept in
adrying oven at 105°C for 24 h, after which the initial moisture
content of celery leaves was 91.75% +0.15.

Microwave drying trials was performed in domestic digital
microwave oven (Arcelik MD 592, Turkey). The microwave oven
has eight different microwave stages among 90 and 1000 W. The
area on which microwave drying is carried out was 327 mm
x 370 mm x 207 mm in size, and consisted of a rotating glass
plate with 280 mm diameter at the base of the oven. It has a
digital clock.

Microwave drying trials were carried out at six different
microwave generation powers being 1000, 850, 750, 650, 500,
350, 160 and 90 W for weight of 50 g. Dried celery leaves
were 50+0.07 g in weight and selected from the uniform, and
healthy plants. They were removed from the microwave oven
periodically (every 30 seconds) during the drying period,
and the moisture loss was determined by weighing the plate
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using a digital balance (Sartorious EX 2000A, Germany) with
0.01g precision. All weighing processes were completed in 10 s
during the drying process. Drying process continued until the
moisture content of mallow fell down to 8.95%+0.23 (Alibas-
Ozkan et al., 2007.

2.2 Mathematical formulations

The regression coeflicient (R?) was primary criterion for
selecting the most suitable equation to describe the microwave
drying curves of celery leaves. The correlation can be used to
test the linear relation between measured and estimated values,
which can be calculated from the following Equation 1:

Sy, M,
ST

2 2
) - (MR”W - MRW )
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where R?is called the coefficient of correlation, M, stands for
the experimental moisture ratio found in any measurement,
M., is the predicted moisture ratio fort his measurement and
N is the total number of observations.

Standard error of estimated (SEE) provides information
on the long term performance of the correlations by allowing
a comparison of the actual deviation between predicted and
measured values term by term. The ideal value of SEE is “zero”.
The SEE is given as (Equation 2):

@

where 7. is called number of constants.

The root mean square error (RMSE) may be computed from
the following equation which provides information on the short
term performance (Equation 3).

[Z(MR - Z(MR 1°
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Chi square (x?) is the mean square of the deviations
between the experimental and predicted moisture levels. The
lower the value of the reduced x?, the better is the goodness of
fit (Equation 4).
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2.3 Effective moisture diffusivity and activation energy

Experimental results can be interpreted by using FicK’s
diffusion equation. FicK’s second law of unsteady state diffusion
given in Equation 5 (Al-Harahsheh et al., 2005; Evin, 2012;
Alibas, 2014; Sarimeseli, 2011).
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where: M is the moisture ratio; M is the moisture content at a
specific tlme [kg(momm) 8 (arymaen s M, i the initial moisture
content [kg . K&\ wenls M, is the equilibrium moisture
content [kg K" el Dyis the effective moisture
diffusivity (m? min™), L_is the half thickness (drying from
both sides) of celery leaves (m) (L =0.18+0.010 mm), and ¢ is
drying time (min). For long drying times, n=1, Equation 6 can
be written as:

8) (D7)
ln(MR):ln(?j L 4fi - J )

Diffusivities are typically determined by plotting
experimental drying data in terms of [nMR versus drying time
tin Equation 7, because the plot gives a straight line with a slope
as (°D )/ (4L ).

In this study, the Arrhenius equation was used in a modified
form to illustrate the relationship between the kinetic rate
constant and ratio of the microwave output power density to
sample amount instead of the temperature for calculation of
the activation energy as the temperature is not measurable
variable in standard microwave oven used for drying process.
The activation energy was calculated using the Equation 8
and Equation 9 (Demirhan & Ozbek, 2011; Sarimeseli, 2011;
Dadali et al., 2007a).

—-E m
k=k0exp( [‘; j (8)
-E,m
Dejf = D{) exp( P ) (9)

where: k is the drying rate constant obtained by using Weibull
distributions thin-layer drying model (min™), k_ is the pre-
exponential constant (min™), D is effective diffusivity (m*
min™'), D is the pre-exponential factor (m* min™'), E_is the
activation energy (W g'), Pis microwave output power (W)
and m is the mass of raw sample (g).

The predicted values of drying rate constant (k, ), obtained
from Equation 8 and the theoretical values of effective moisture
diffusivity ((D,),,) obtained from Equation 9 for this study were
fitted sufficiently to Equation 10.

kyy = A(Dog) (10)

where: k, is the theoretical drying rate constant (min™"), D( ;).
is theoretical effective diffusivity (m*s™'), A is the stabilization
constant (min~' m?s) (Ozbek & Dadali, 2007).
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Table 1. Mathematical thin-layer drying models used for the approximation.

Model no Model name Model equation Eq no
1 Lewis (Doymaz & Ismail, 2011) My = exp(=kt) (11
2 Page (Jangam et al., 2008) My =exp(—kt") (12)
3 Modified Page (Akpinar, 2006) My = exp[~(kt)"] (13)
4 Henderson and Pabis (Pehlivan & Togrul, 2004) My = aexp(—kt) (14)
5 Logarithmic (Kingsly et al., 2007) My =aexp(—kt)+c (15)
6 Two-term (Demirhan & Ozbek, 2011) My = aexp(—kyt) + bexp(—kt) (16)
7 Two-term exponential (App. of diff.) (Alibas, 2014) My = aexp(—kt)+ (1 — a)exp(—kat) (17)
8 Wang and Singh (Demirhan & Ozbek, 2011) Mp=1+at+ bt? (18)
9 Thomson (Alibas, 2014) £ = a.In(Mp) + b[In(Mp)}’ (19)
10 Diffusion approach (Kassem, 1998) My = aexp(—kt)+ (1 — a)exp(—kbt) (20)
11 Verma et al. (Alibas, 2014) My, = aexp(—kt) + (1 - a)exp(-gt) (21)
12 Modified Henderson and Pabis (Karathanos, 1999) My = aexp(—kt)+ bexp(—gt) + cexp(—ht) (22)
13 Simlified FicK’s diffusion (SFFD) eq. (Diamante & Munro, 1991) My =aexp[—c(t/ )] (23)
14 Modified Page equation-II (Diamante & Munro, 1993) My =exp[—k(t/ L*)"] (24)
15 Midilli et al. (Midilli et al., 2002) My = aexp(—kt") + bt (25)
16 Weibull distribution (Babalis, 2006) My = a—bexp[-(kt")] (26)
17 Aghlasho et al. (Aghlasho et al., 2009) My =exp(=kit / 1+ kyt) (27)
18 Logistic (Alibas, 2014) My = ay / (1+aexp(kt)) (28)
19 Jena and Das (Jena & Das, 2007) My = aexp(—kt + b\/;) +c (29)

20 Demir et al. (Demir et al., 2007) My = aexp(—kt)" +c¢ (30)

M,, moisture ratio; a, a, b, ¢, g h, coefficients and n, microwave drying exponent specific to each equation; k, k,, k,, k,, drying coefficient specific to each equation; t, time; L, thickness.

2.4 Data analysis

Twenty empirical and semi empirical thin-layer drying
models given in Table 1 have been taken into account
in this study. Non-Linear regression analyses of these
equations [Eq(11) - Eq(30)] were made by using SPSS statistics
17.0. Non-linear regression analysis was performed to estimate
the parameters k, k, k, k,, a, a, b, ¢, g h, L and n of theoretical,
empirical and semi empirical equations in Table 1.

3 Result and discussion

3.1 Curves and mathematical modeling

In this study, apart from 20 thin-layer drying models [Eq.
(11) - Eq. (30)] defined by various researchers in Table 1. Values
of moisture ratio (M) depending on time () of celery leaves
were given in Figure 1. The drying periods of celery leaves
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Figure 1. Moisture ratio versus time, comparing experimental curve

with the predicted one (—) through Weibull distribution’s model

(model no:16) for all microwave densities.
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from an initial moisture content of 91.75% + 0.15 to 8.95% *
0.12 were 5.5, 6,7, 8,9, 11, 30 and 77 min in microwave power
densities of 20, 17, 15, 13, 10, 7, 3.2 and 1.8 W g"!, respectively.
As the microwave power density increase drying time decreases
profoundly. Similar findings were found by several researchers
(Al-Harahsheh et al., 2009; Evin 2012; Alibas 2014; Demirhan &
Ozbek 2011; Sarimeseli 2011; Alibas, 2012; Karaaslan & Tunger
2008). Moreover data obtained experimentally in Figure 1
and data of estimation obtained with “Weibull distribution
model” whose coefficient of correlation (R?) is highest within
20 models defined in Table 2 were also given. Since the value
of the coefficient of correlation (R?) in drying tests is too close
to value “1”, data of model and estimation on Figure 1 seemed
to coincide with each other. The value of “1” for coeflicient of
correlation (R?) means that estimation data corresponded well
with the experimental data.

Apart from Weibull distribution model which is defined for
the first time in this study, values of standard error of estimate
(SEE), coefficient of correlation (R?), root mean square error
(RMSE) and chi-square (y*) about thin-layer drying models that
were defined in the literature were also given in Table 2. In the
study thin-layer drying model in which (R?) value is closest to
“1” and RMSE, (x*) and (SEE) values are smallest was chosen to
be the most optimum model. Within microwave drying values
dried of 20, 17, 15, 13, 10, 7 and 3.2 W g microwave power
density, coeflicient of correlation (R?) of Weibull distribution
model is more close to values “1” compared with other thin-
layer drying model. Therefore, Weibull distribution Model was
the most optimal model in which estimation values were closest
to experimental data for microwave power density levels. In the
microwave drying test at 1.8 W g™' microwave power density
dosage, coefficient of correlation (R?) of Weibull distribution’s
equation was equal to the coefficient of correlation (R?) of Jena
and Das Model 0.9998 (98%). Drying constant and coefficient
values (1, k, a and b) calculated for each microwave power
density of Weibull distribution’s equation were given in Table 3.
The highest coefficient of correlation (R?) was at the level of 17
and 1.8 W g™! microwave power density with a value of 0.9998,
whereas the lowest value recorded at 20 W g™ microwave power
density level with a value 0f 0.9992. Weibull distribution model’s
coeflicient of correlations (R?) were found to 0.9985, 0.9996,
0.9996, 0.9997 according to microwave power density levels
15, 13, 10, 7 and 3.2 W g! respectively. Moreover k, n, a and
b coeflicients of Weibull distribution’s equation were given in
Table 3 for all microwave power density.

Demirhan & Ozbek (2011) determined that the semi-
empirical Midilli et al. model gave a better fit for all drying
conditions applied of microwave dried celery leaves among
the eight thin-layer drying models proposed. Evin (2012)
found that the experimental moisture loss data were fitted to
the 14 thin layer drying models. Among the models proposed,
the Midilli model precisely represented the microwave drying
behavior of G. tournefortii. Sarimeseli (2011) found that the
coriander leaves were dried with microwave radiation and the
semi-empirical Midilli et al. model was the best model of six
thin-layer drying models. Dadali et al. (2007b) determined that

Food Sci. Technol, Campinas, 34(2): 394-401, Apr.-June 2014

Page’s model gave a better fit for all drying conditions applied of
microwave dried spinach leaves among of the eight thin-layer
drying models proposed.

3.2 Estimation of effective moisture diffusivity and
activation energy

The effective moisture diffusivity of celery leaves was
described using the drying data. Non-linear regression
technique was used to estimate the effective moisture diffusivity
(D) of Fick’s diffusion equation Equation 9. Depending on the
drying conditions, effective moisture diffusivities of celeryleaves
ranged from 1.595 107'° to 6.377 10> m?s™' for the microwave
output power density between 20 and 1.8 W g™, respectively.
According to Eq.(9) which is calculated, the effective moisture
diffusivities, the corresponding values of the coefficient of
determination (R2) were presented in Table 4 for various
microwave output power densities.

In this study, as the temperature is not measurable variable
in standard microwave oven used for drying process, the
Arrhenius equation was used in a modified form to illustrate the
relationship between the kinetic rate constant and the ratio of
the microwave output power density to sample amount instead
of the temperature for calculation of the activation energy.
After evaluation of the data, the dependence of kinetic rate
constant on the ratio of microwave output power densities to
sample amount was represented with Dadali et al. exponential
Equation 8 (Evin, 2012; Sarimeseli, 2011; Dadali et al., 2007a, b;
Ozbek & Dadali, 2007). The drying rate constant (k) is obtained
by using Weibull distribution equation. The values of k versus
m/P shown in Figure2 accurately fit Eq.(8) with a coefficient of
determination (R2) of 0.9221 and the standard error of estimated
(SEE) of 0.0148725. Then pre-exponential constant (k0) and
activation energy (Ea) values were estimated as 0.2933 min-1
and 14.1978 Wg'.

The activation energy were also calculated using Equation 9
derived by Dadali et al. (2007a, b) and Ozbek & Dadali

0,16
0,14 - -
0,12
01 -
E 0,08 - m experimental predicted
~
=
= 0,06 - k=ko*exp((-Ea*m)/P)
0,04 - k=0.2933*exp((14.1978*m)/P)
R2=0.9221
0,02 +
u
0 T T T — T
0 0,1 0,2 0,3 0,4 0,5 0,6

m/P (g/W)

Figure 2. The relationship between the values of k (Weibull distribution
model) versus sample amount/power.
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Table 3. Statistical results and coefficients obtained from Weibull distribution thin-layer drying model for the different microwave power density.

2

Drying constant and coeflicients

P, (Wg) (R?) SEE RMSE % - - = .
20 0.9992 0.0180 3110310 2.9022 107 0.1339166 1.9439840 -0.0544864  -1.0475040
17 0.9998 0.0084 6.7939 102 1.0770 102 0.1423951 1.8211029 ~0.0515568  -1.0482103
15 0.9985 0.0202 1.8630 10" 6.9413 10 0.0917851 1.8437386 ~0.1119173  -1.1045911
13 0.9996 0.0093 3.5378 10 225291077 0.0854332 1.7952976 -0.0869173  -1.0822232
10 0.9996 0.0094 2711410 1.2253 10 0.0541612 1.9084683 ~0.1009756  —1.0909846
7 0.9997 0.0072 13592 10" 2.6683 102 0.0461380 1.7356680 -0.1175300  -1.1082083
32 0.9993 0.0082 1.4847 10" 2.882510°% 0.0164425 1.5206285 ~0.1115377  -1.0982806
1.8 0.9998 0.0048 8.8749 10  9.6266 107 0.0118011 1.0842987 ~0.4746149  -1.4812530

*Means with same letter do not show significance at P < 0.01.

Table 4. Estimated effective moisture diffusivity and regression coefficient of linear model at various microwave output power densities.

P(W) m (g) P, (Wg™) Slope* D ;(m* min™)* D ;(m*s)* R?
90 50 1.8 0.729385 9.57002 10~ 1.59500 1071° 0.9800
160 50 3.2 0.650130 8.53014 10 1.42169 1071° 0.9629
350 50 7 0.527513 6.21320 10°% 1.15355 107! 0.9875
500 50 10 0.434881 5.05930 10 9.50989 107" 0.9964
650 50 13 0.354309 4.48770 107 7.74796 1071 0.9732
750 50 15 0.249521 3.73880 10 5.45647 1071 0.9862
850 50 17 0.06964 9.37210 1071 1.52287 10 0.9582
1000 50 20 0.029163 3.82639 1071 6.37731 10712 0.9703
* Means with same letter do not show significance at P < 0.01.
0,16
1,00E-08
] 0,14 N
R2=0,9966
8,00E-09 - 0,12
£ o1
£
~
= 6,00E-09 - k=
< =0,08
£ 1
E m experimental ____ predicted 0,06
O 4,00E-09 ’
De=D,*exp((-E,*m)/P) 0104
2.00£08 | De=1.7485E-08*exp((13.5149*m)/P) 0,02
- R2=0.9761
- o8 : : . . : : : : :
0,00E+00 . . . ‘ ‘ 3 3 3 3 3 3 3 3 3 3 8
0 01 02 03 04 05 06 4 3 8% & F 05 ¢ & 3 & 5
m/P (g/W) Deff(th) (m2/min)

Figure 3. The relationship between the values of effective moisture
diffusivity (D) versus sample amount/power.

(2007). The relationship between the values of effective
moisture diffusivity versus sample amount/power (m/P) is
given in Figure 3 accurately fit Equation 9 with a coefficient of
determination (R?) of 0.9761 and the standard error of estimated
(SEE) of 5.599 10". The values of pre-exponential factor (Do)
and activation energy (Ea) were estimated as 1.7485 10 m?
min™ (1.2828 10" m?™') and 13.5149 W.g"'. In conclusion,
the value of Ea found from this study was quite similar to the
value (14.1978 W.g™") obtained from the previous paragraph by
using Equation 8.

The theoretical values of drying rate constant (k,, ), obtained
from Equation 8 and the theoretical values of effective moisture
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Figure 4. The relationship between the values of k, (Weibull
distribution model) and effective diffusivities (Deff),,

diftusivity ((D_;),) obtained from Equation 9 for this study
were fitted sufficiently to Equation 10 with the coefficient of
determination (R?) 0f 0.9948 and the standard error of estimated
value of 0.003814. The value of constant (A) was obtained
as 14468064.1 10’ min~'m?s. The relationship between the
theoretical effective moisture diffusivity ((D,,),, ) and the drying
rate constant (k) is given in Figure 4.

Demirhan & Ozbek (2011) found that the effective
moisture diffusivities increased from 0.343 x 107"°to 1.714 x
10" m? .s”! with an increase in microwave output power of 25
g and the activation energy of celery leaves was found similar
as 7.89 and 6.92 W.g™', respectively. Evin (2012) determined
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that the effective moisture diffusivities of G. tournefortii under
microwave range of 90-800 W were in the range of 5.5 x 107
to 3.5 x 1077 m?/s. Dadali et al. (2007b) found that the effective
moisture diffusivities increased from 1.99 x 10-°t0 5.27 x 10"
m”s™ with an increase in microwave output power of 25 g and
the activation energy of spinach dried was found almost similar
as 10.84 and 9.62 W.g™". Sarimeseli (2011) determined that the
effective moisture diffusivities were found to be 6.3 x 10'!-2.19 x
10m?/s of microwave dried coriander leaves within the range
of microwave power values, 180-360 W.

4 Conclusions

The effects of different microwave power density on the
drying of celery leaves were evaluated based on the drying
parameters such as the drying time, the moisture on a wet basis
and the drying rate. Drying period was completed between 5.5
and 77 min at the microwave power densities between 20 W
and 1.8 Wg'.

Drying tests were done at the microwave power density
values of 1.8, 3.2,7, 10, 13, 15,17 and 20 W g Twenty different
drying models were used in the study and chi-square and
coefficient of correlation (R?) values and constant and coefficients
of these models were calculated. Weibull distribution’s model
was found as the best model within all drying trials.

The effective moisture diffusivity was also calculated to
understand the mass transfer mechanism of celery leaves at
various microwave output power densities and sample amounts.
For a constant amount of 50 g sample, the effective moisture
diffusivities increased from 1.595 107 to 6.377 10~ m*s~' with
an increase in microwave output power density.

The activation energy of celeryleaves was calculated by using
the exponential expression based on Arrhenius equation and
found similar as 13.515 and 14.198 W g}, respectively.

Notation

M initial moisture content, [kg . kg ]
W, initial weight of sample, kg

W amount of evaporated water, kg

W, dry matter content of sample, kg

M, moisture ratio

M, equilibrium moisture content, (kg . kg ]
k, k; k,, k,drying constant, min™'

a,ao,h,c, & h coefficients, dimensionless

n exponent, dimensionless

t drying time, min

L sample thickness, m

R?coefficient of correlation, decimal

X chi square

RMSE root mean square error

M, stands fort the experimental moisture ratio found in any

measurement

M,,,., predicted moisture ratio for this measurement
N total number of observations

n number of constants

SEE standard error of estimated

400

D, effective moisture diffusivity, m* min™!

L, half thickness of celery leave, m

k, the pre-exponential constant, min™'

D, the pre-exponential factor, m* min™'

E_ the activation energy, W g!

Pmicrowave output power, W

m the mass of raw sample, g

A the stabilization constant, min™' m’s

k,, the theoretical drying rate constant, min™'
D( ), theoretical effective diffusivity, m* s™!
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