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ABSTRACT

The drying behavior and characteristics of date paste were studied at temperatures of
60, 70, and 80°C as thin layer with sample thicknesses of 1, 1.5, and 2 cm in a laboratory
scale vacuum chamber. Modeling of drying kinetics of date paste was investigated based
on the specific temperatures and sample thicknesses. The experimental moisture loss data
were fitted to eight thin layer drying models available in the literature. The modified
Henderson-Pabis, Verma, and Jena-Das models showed better fitness to the experimental
drying data compared to the other models. The effective moisture diffusivity ranged
between 6.0854x10°® and 4.868x10” m’s™’. Effective diffusivity increased with the increase
in temperature and sample thickness. The temperature dependence of effective moisture
diffusivity was expressed by an Arrhenius type equation.

Keywords: Date paste, Drying characteristics, Drying models, Effective moisture diffusivity,

Vacuum drying.

INTRODUCTION

Date fruit is an important commercial crop
in the Middle East and Arab countries.
Botanically, date fruit is a berry consisting
of a single seed surrounded by a fibrous
parchment like endocarp, fleshy mesocarp,
and the fruit skin (pericarp). The production
of date fruit in the world is estimated at 6.7
million tons. Dehydration of dates will
ensure appropriate level of moisture in dates
for better preservation and the product
quality (Falade and Abbo, 2007). The
objectives of drying process research in the
food industry may be classified in three
groups as follows: (a) economic
considerations, (b) environmental concerns,
and (c) product quality aspects. Though the
primary objective of food drying is
preservation, depending on the drying
mechanisms, the raw material may end up a
completely  different  material  with

significant variations in product quality
(Gunhan et al., 2005). Dehydrated dates are
used in food products like sweetmeats,
snacks, confectionary, bakery products and
health foods (Kulkarni et al., 2008).

In vacuum drying, since the removal of
moisture takes place in the absence of
oxygen, oxidative degradations, e.g.
oxidation of fat and browning reactions, are
minimized. In case of vacuum drying,
drying temperature and sample thickness
before drying influence the drying rate of
samples and, hence, detailed investigations
on the effect of these parameters need to be
carried out (Jena and Das, 2007).

The drying kinetics are often used to
describe the combined macroscopic and
microscopic mechanisms of heat and mass
transfer during drying and it is affected by
drying conditions, type of dryer, and
characteristics of dried materials (Giri and
Prasad, 2007).

' Department of Food Science and Technology, Tarbiat Modares University, P. O. Box: 14115-336,

Tehran, Islamic Republic of Iran.

* Corresponding author; e-mail: hamidy_z@modares.ac.ir


https://dorl.net/dor/20.1001.1.16807073.2012.14.3.16.0
https://jast.modares.ac.ir/article-23-9709-en.html

[ Downloaded from jast.modares.ac.ir on 2024-05-08 |

[ DOR: 20.1001.1.16807073.2012.14.3.16.0]

Ashraf et al.

One of the important aspects of drying
technology is mathematical modeling of the
drying processes and equipment. Its purpose
is to allow design engineers to choose the
most suitable operating conditions and size
for the drying equipment and drying
chambers accordingly to meet the desired
operating conditions (Gunhan et al., 2005).

Thin-layer drying models are categorized
as theoretical, semi-theoretical, and
empirical. Theoretical models are developed
from assumptions about the phenomena and
are validated with experimental data. For
drying process, these models are based on
the mechanisms of heat and mass transfer.
The most widely used theoretical models
have been diffusion models derived from the
Fick’s second law. For theoretical thin layer
models, internal resistance to moisture
transfer is taken into account, while semi-
theoretical and empirical models consider
external resistance to moisture transfer
between the product and the drying
environment. Properties of the sample such
as thickness, shape, and particle size, as well
as drying air temperature and relative
humidity are effective on moisture transfer
phenomena (Akgun and Doymaz, 2005;
Doymaz, 2005; Lertworasirikul, 2008).

In the present study, the focus was on the
modeling of vacuum drying of date paste.
Different semi-theoretical and empirical
models were fitted to simulate the drying
rate of date paste. Effect of sample thickness
and drying temperature on the drying rate
was investigated.

MATERIALS AND METHODS

Material

Dates of Kabkab cultivar were obtained
from the Date Research Center (affiliated to
the Ministry of Agriculture, Tehran, Iran).
Fresh dates were packed in polyethylene
bags and stored at —18°C. Before each
experiment, dates were taken out from the
freezer and, after stabilization at ambient
temperature, they were pitted manually and
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ground with a meat grinder (Kenwood, Pro
1600, UK) to prepare date paste. The
average moisture content of the date paste
samples was 95.7%. i.e. 22.4 kg water kg
dry solid

Vacuum Chamber

A laboratory scale vacuum dryer (Vision,
VS-1202V5, South Korea) was used for
carrying out the drying experiments. The
dryer consisted of a heating vacuum
chamber with an electrical heater and a
temperature controller, an oil vacaum pump
(Motor Division, C55JXHRL-4205, USA),
and a moisture trap. The heating plate
temperature was set at 60, 70, and 80°C. An
oil vacuum pump was used to create the
necessary vacuum inside the drying
chamber. The moisture trap was a Pyrex
tube containing an absorbing material (P,Os)
to absorb moisture of the exhausted air from
the heating chamber and prevent the
moisture from entering the pump.

Experimental Set up

The date paste was dried at temperatures
of 60, 70, and 80°C and sample thicknesses
of 1, 1.5, and 2 cm. Drying process started
when steady-state condition was achieved in
the dryer. The date paste was placed
uniformly in Pyrex plates (10 cm in
diameter). The samples were spread on the
plates by a ruler and accurately adjusted to
the aforementioned thicknesses in all
directions. Then, the plates were kept inside
the drying chamber at an absolute pressure
of 20 kPa.

During the drying process, the vacuum
was broken and the samples were taken out
and weighed at hourly intervals using a
digital electronic  balance (Sartorius,
TE214S, Germany). The accuracy of the
weighing system was 0.0001 g. Weight
measurements took one minute and, after
putting the sample in the drying chamber,
the vacuum was restored. Moisture content
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of the samples was calculated as (kg water
kg dry solid"). Drying was continued until
three consecutive measurements showed
constant weights. Three replicates for each
of the experiments were done. At the end of
each experiment, the moisture ratio at any
time was calculated and the drying data was
expressed as moisture ratio versus drying
time and, also, drying rates at various drying
times were calculated and drying rate curves
were plotted.

Modeling of Vacuum Drying

Modeling of the drying behavior is of
great importance for investigation of the
drying characteristics of date paste. In this
study, the experimental vacuum drying data
of the date paste at different temperatures
and thicknesses were fitted to some
commonly used thin layer drying models
(Table 1). In these models, MR represents
the dimensionless moisture ratio:

M-M
MR =, .
0 e
M, -M
Drying rate = —* " Lhdt (2)

Where, M and M, are the moisture content
at any given time and the initial moisture
content (kg water kg' dry solid),
respectively, M, is the equilibrium moisture
content (kg water kg dry solid), M, and
M., are moisture content at time ¢ and
moisture content at r+dr (kg water kg™ dry
solid), and ¢ is the drying time. In Table 1, &,
n, a, b, ¢, g, and h are model constants.

Since the temperatures used in this study
were higher than the saturation temperature
of water, pure water will boil inside the
dryer. It was, therefore, possible to
completely dehydrate the material and the
equilibrium moisture content of the dried
material was considered to be zero. Thus the
dimensionless moisture ratio, MR, can be
simplified to MR= M / M, (Wang et al.,
2007; Jena and Das, 2007).

Sigmaplot 2000 version 6.0 software was
used to calculate the constants and
coefficients of the selected models. The
goodness of fit of the tested mathematical
models to the experimental data was
evaluated using the coefficient of
determination (R2), the reduced chi-square
(), and the root mean square error
(RMSE). The higher the R’ values and the
lower the ° and RMSE values, the better are
the goodness of fit (Togrul and Pehlivan,
2002). These parameters can be calculated
by the following equations:

N
2
5 Z_l: (MRexp,i - MRpre,i)

= 3
X N_n 3

N

RMSE = \/%;(MRPM. ~MR,,)* )

Where MR,,,; and MR,.; are the
experimental and predicted moisture ratios,
respectively, and N and n are the number of
observations and constants, respectively
(Menges and Ertkin, 2006).

Determination of Effective Moisture
Diffusivity

The experimental drying data for the

Table 1. Thin layer drying mathematical models used for drying of date paste.

Model No Model name Model References
1 Lewis MR= exp(-kt) Lewis, 1921
2 Page MR= exp(-kt") Page, 1949
3 Modified Henderson-Pabis MR= a exp(-kt)+b exp(-gt)+c exp(-ht) Karathanos, 1999
4 Wang and Sing MR= I+at+bt’ Wang and Singh, 1978
5 Midilli MR= a exp(-kt")+bt Midilli et al., 2002
6 Verma MR= a exp(-kt)+(1-a) exp(-gt) Verma et al. 1985
7 Two-Term exponential MR= a exp(-kt)+(1-a) exp(-kat) Glenn, 1978
8 Jena-Das proposed model MR= a exp(-kt+b \/; J+e Jena and Das, 2007
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determination of moisture diffusivity were
interpreted by Fick’s second law of
diffusion. The solution to this law,
developed by Crank (1975), can be used for
various regularly shaped bodies such as slab,
cylindrical and spherical products. An
analytical solution to this law in the case of
drying an infinite slab of thin layer,
assuming one dimensional = moisture
movement without volume change, constant
diffusivity, uniform initial = moisture
distribution, and negligible  external
resistance, can be developed in the form of
the following equation (Jena and Das, 2007;
Nguyen and Price, 2007):
P& (2n+1) 4

Where, MR is the moisture ratio, Dz (m2 S
" is the effective moisture diffusivity, [ (m)
is the sample thickness of slab, ¢ (s) is the
drying time, and n is a positive integer.

At sufficiently large times, only the first
term in the series expansion needs to be
taken into account (Heldman and Lund,
2007). Equation (6) is obtained by taking the
natural logarithm of both sides of the
Equation (5). This shows that the time to
reach the given moisture content will be
directly proportional to the square of the
thickness of slab and inversely proportional
to D,. Effective moisture diffusion
coefficient (D,y) is determined by plotting In
MR as a function of time from the integrated
form of Fick’s equation:

InMR=In——-—% (6)
T

The diffusion coefficient is also typically
calculated by using the slope of the Equation
(6), when natural logarithm of MR versus
time is plotted, and, thus, the plot gives a
straight line with a slope of:

7’D
;ﬂ @

4]

And D, for all conditions of the
experiment is calculated. The temperature
dependence of the moisture diffusivity is
described with an Arrhenius type equation:

Slope =
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~E,
RT ) (8)

Where, D, is the pre-exponential factor of
the Arrhenius equation (m2 s'l), E, is the
activation energy of the moisture diffusion
(kJ] mol™), T is the air absolute temperature
(K), and R is the universal gas constant
(8.3143 kJ kmol"' K.

Taking natural logarithm, Equation (8) can
be linearized as follows:
E, 1
Y )

The activation energy is calculated from
the slope of the straight line (-E,/R).

Deﬂ = D, exp(

In(D,;) =In(D,) -

RESULTS AND DISCUSSION
Drying Characteristics

The variation in the moisture ratio as a
function of the drying time for all tests has
been shown in Figure 1. It is observed from
these plots that moisture content decreased
continuously with drying time. The increase
in the drying temperature and the decrease in
sample thickness resulted in a decrease in
drying time. The drying times required to
obtain three consecutive constant weights
for all the nine tests were about 23-58 hours.
The decrease in drying time with an increase
in the drying air temperature have been
reported for many food stuffs such as apricot
(Togrul and Pehlivan, 2003), eggplant
(Ertekin and Yaldiz, 2004; Wu et al., 2007),
olive cake (Akgun and Doymaz, 2005),
apple pomace (Wang et al., 2007), pumpkin
slices (Doymaz, 2007), and onion slices
(Jain and Pathare, 2004; Kumar et al., 2006;
Sarsavadia et al., 1999; Sharma et al., 2005).
As shown in Figure 1, at higher
temperatures (80°C), the remaining moisture
content in the date paste, especially in the
minimum thickness (1 cm), is higher
compared to the lower temperatures. The
reason may be the fact that, when drying is
performed at a high temperature, a surface
hardening effect occurs faster for thin slabs
rather than thicker ones. Surface hardening
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Figure 1. Vacuum drying curves of date paste at
different vacuum chamber plate temperatures and
constant sample thicknesses of (a) 1 cm, (b) 1.5 cm
and (¢) 2 cm: @ (T=60 °C), m (T=70 °C), A (T=80°C).

at high temperatures may be due to high
sugar content.
Drying Rate

Drying rates of date paste were calculated
using Equation (2). The changes in the
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Figure 2. Drying rate of date paste
undergoing vacuum drying for different
sample thicknesses at 60°C(a), 70 °C(b) and
80 °C(c).

drying rate versus time for the various
thicknesses and temperatures are shown in
Figure 2.

It is apparent that the drying rate decreases
continuously with drying time. It is also
noted that the drying rate increased with
decrease in sample thickness. Date paste did
not exhibit a constant drying rate period and
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all the drying operations occurred in the
falling rate period. This is due to the
removal of moisture from the surface and
shows that the diffusion is the dominant
drying phenomena. The results obtained
showed that the internal mass transfer
resistance, due to the presence of a falling
rate drying period, controls the drying time.
At the beginning of the drying process, the
drying rate was very high but decreased as
the drying time increased. Similar results
have been presented for aromatic plants
(Belghit et al., 2000), single apricots (Togrul
and Pehlivan, 2003), mushrooms (Giri and
Prasad, 2007), red chillies (Kaleemullah and
Kailappan, 2007), red peppers (Akpinar et
al., 2003), and onion slices (Pathare and
Sharma, 2006; Sarsavadia et al., 1999). In
drying rate curves of date paste, more than
one break appeared in the falling rate period
due to the inherent properties of hygroscopic
materials.

Drying Models

The moisture ratio from all nine
experiments were calculated and fitted to the
selected thin layer drying models listed in
Table 1. The statistical results of the
different models, including the comparison
criteria used to evaluate goodness of fit such
as the values of coefficient of determination
(R?), reduced chi-square (xz), and root mean
square error (RMSE), and also the values of
model constants for various samples with
thickness of 1 cm are presented in Table 2.
Similar results were also observed for other
sample thicknesses.

It can be deduced that Wang-Singh model
has the least fitness as the coefficient of
determination and reduced chi-square of this
model ranged between 0-0.5994 and 0.0148-
0.0311 for all the experiments, respectively.
The Lewis, Page, Midilli, and Two-term
exponential models predicted the drying data
relatively well, specially at 70°C. Modified
Henderson-Pabis, Verma, and Jena-Das
models seemed to have better fitness in all
cases with the R’ values more than 0.99. The
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values of R’ Xz and RMSE for these three
models ranged from 0.9912-0.9995,
2.4372x10%-0.00694, and 0.00464324—
0.078883, respectively. In Figure 3, the
prediction values of the best models are
compared with our experimental data for
1.5-cm samples dried at 70 °C. Similar
results were obtained in other experiments.

As it can be seen, Jena-Das, Verma, and
modified Henderson-Pabis models provide
very good fitness between experimental and
predicted moisture ratios. Figure 4 indicates
the comparison of the predicted and the
experimental moisture ratio values for 1-cm
sample thickness at 70°C.

It can be seen that there was very good
agreement between the experimental and
predicted MR values, which are closely
banding around at a 45° straight line.
Accordingly, this indicates the suitability of
the Jena-Das, Verma, and modified
Henderson-Pabis models in describing
drying behavior of date paste.

Effective Moisture Diffusivity

Applying Equation (6) and by plotting the
natural logarithm of moisture ratio (In MR)
versus drying time, effective diffusivity, D,
could be determined from the slope of the
straight line. The values of effective
diffusivity at different drying temperatures
and thicknesses are presented in Table 3.

Effective moisture diffusivity values
varied between 6.085x10™® and 4.868x107
m® s for the entire experimental range.
These values are comparable to the
diffusivity values of 7.026x10™ - 3.326x10"
®m’ s for the vacuum drying of coconut
presscake in the temperature range of 65-
75°C (Jena and Das, 2007). It can be seen
that the values of D, increased with the
increase in the sample thickness and drying
temperature. Even though, it has been
assumed in the diffusion model that the
thickness and moisture diffusivity remains
constant; however, in reality, thickness
changes due to shrinkage and moisture
diffusivity reduces with the reduction in


https://dorl.net/dor/20.1001.1.16807073.2012.14.3.16.0
https://jast.modares.ac.ir/article-23-9709-en.html

JAST

Modeling of Drying of Date Paste

~ - ¥280°0  08€0°0- CCT60 - 6£000 92100 20000 $566°0 08
i ~ 90200 S6T0°0-  £€286°0 ~ ¥€000 #6000 10000 6L66°0 0L .
L8S0°0  88€0°0- 1€€6°0 72000 8210°0 20000 89660 09
B B B B 008T°0 B 92100 L¥S0'0 T€00°0 $TT6'0 08
~ ~ B ~ 00620 ~ 62100 LLIOO €000°0 €660 0L ’
TILTO 10100 6LF0°0 #2000 €LS6°0 09
B 01000 B B 969L°0 B 16000  68L0°0 6900°0 L66'0 08
B $800°0 - - 8YT€0 - T2000 89000  OIXELI'S 686670 0L 9
9L00°0 95920 60000 ¥L000 . 0IxI91'9 68660 09
B B B 10000  6900'T  €869°0 T8TO'0  9€10°0 20000 81660 08
~ ~ B 00000 ¥€00'T  96LL0  TLIO0 L8000  ,.0IxE89'8 786670 0L c
00000 ST66'0 9,90  SSTOO  STIOO 20000 69660 09
B B B 00000  €200°0- B H 6£71°0 TTe00 8€91°0 08
~ ~ B 00000 1200°0- ~ ~ 09€1°0 8610°0 6650 0L .
00000 91000 SLY10 0£20°0 85650 09
8€10°0 15000  9II¥'0  ¥6EL0  1ISI°0 ~ 90000  S8000  0Ix¥TI'6  8L6G'0 08
69000  TEEL'0 16890  €690°0 9I¥TO - 61000  TS000 ¢ O0IXLIEE  £666°0 0L -
10100 8€00°0  9€S¥'0  STSEOD 11810 L0000 0S00'0 ¢ .01x0L6T  $666°0 09
B B B B B 16550 09500  L¥T0O'0 9000°0 17860 08
~ ~ B ~ B 8TSL'0 96100 0100 10000 LL66°0 0L .
8€86°0  61¥0°0 96100 #0000 6766°0 09
B B B B B B 87000  ¥0L0°0 15000 ¥9L8°0 08
~ i B ~ B B 6v000  TTEO'0 1100°0 €8L6°0 0L
LE00'0  TE90°0 1700°0 6L26°0 09 I
u 3 0 q © u A (o) "ON
sjueISuU0)) ISIWY \ A amjerodwo],  [opoN

“wo | Jo ssauwyjory) djdures 103 sNsaI [eINSIL)S PUB S)UBISUOD [OPOW JO SAN[BA *T [qEL

[ 80-50-"20z Uo J1Je'sa.repowisel wo.yj papeojumoq ]

571

[09T°€¥T'2T02°€£02089T"T'TOOT 02 :HOA |


https://dorl.net/dor/20.1001.1.16807073.2012.14.3.16.0
https://jast.modares.ac.ir/article-23-9709-en.html

[ Downloaded from jast.modares.ac.ir on 2024-05-08 |

[ DOR: 20.1001.1.16807073.2012.14.3.16.0]

Ashraf et al.

18 1 X
Experimental MR ® JenaDas
® Jena-Das e Regr_&_mon line )
A Modified Hender son-Pabis A Modified Hender son-Pabis
O Verma O Verma )
o
o =
= E
5
B
o
0 T T T T
0 500 1000 1500 2000 2500
0
Time (min) 0 .

Experimental MR
Figure 3. Comparison of drying curves of date Figure 4. Comparison of experimental and
paste undergoing vacuum drying for sample predicted moisture ratio by the Jena-Das, Verma,
thickness of 1.5 cm at 70°C for Jena-Das, Verma, and modified Henderson-Pabis models for 1 cm
and modified Henderson-Pabis models. sample thickness at 70°C.

Table 3. Values of effective moisture diffusivity of date paste during the vacuum drying.

Initial thickness of date Vacuum chamber temperature Effective moisture
paste (m) (°C) diffusivity (m”s™)
0.010 60 6.085x10™
0.010 70 1.055x107
0.010 80 1.339x107
0.015 60 1.095x10”
0.015 70 1.826x10”
0.015 80 3.377x107
0.020 60 2.434x10”
0.020 70 2.921x10”
0.020 80 4.868x10”
moisture content and temperature. When moisture in thin slabs after drying for some
drying was performed at a high temperature, hours. Both of these reasons would explain
a surface hardening effect occurred in the why the values of D for the thick slabs were
thin slabs faster than in the thick slabs, due higher than those of the thin slabs. These
to quicker initial rate of moisture findings confirm the findings of Nguyen and
evaporation from the surface. This Price (2007).

hardening effect slowed down the drying
rate in the thin slabs. This, in turn, made the
difference between the drying rate of 1-cm
and 2-cm slabs decrease faster at the higher

Activation Energy

drying temperatures than at the lower ones. The temperature dependence of Dest can be
This effect also could be helpful to explain described by Arrhenius type equation as
why the diffusion coefficients in 1-cm slabs given in Equation (8). The activation energy
were smaller than in 2-cm slabs. Edge was calculated from the slope of the plot of
effects might enhance the removal of In (Derr) versus 1/T for the slabs of 1, 1.5 and
moisture from thick slabs. Further, the 2 cm (Figure 5).

hardening effect might hinder the transfer of
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lcm(e), 1.5cm (A), and 2 cm (m).

The final values of E, was found to be
38.67, 54.96, and 33.71 kJ mol’, for 1, 1.5
and 2 cm slab thicknesses, respectively.
Equation (9) is calculated for the thicknesses
of 1, 1.5, and 2 cm as Equations (10-12),
respectively (Figure 5).

1n(Deﬁ):-2.6023+4650.6Tl R*=096 (10)

In(D,;) =3.8014+6610.2Ti R*=099 (11)

In(D, ) =—3.1107+4054Tl R2=0.92 (12)

Equations (10-12) can be wused for
calculating Dt based on temperature and
thickness in designing vacuum dryers for
date paste.

CONCLUSIONS

Drying kinetics of date paste was
investigated in a vacuum dryer at various
vacuum chamber temperatures and sample
thicknesses. The increase in temperature and
decrease in sample thickness significantly
reduced the drying time. Drying curves of
date paste did not show a constant drying
rate period in this experiment and showed
only the falling rate period. The moisture
content and drying rate was influenced by
the drying temperature and sample
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thickness. The modified Henderson-Pabis,
Verma, and Jena-Das models provided the
best representation of date paste drying
kinetics and fitted better to the drying curves
than the other models. Effective moisture
diffusivity was calculated based on Fick's
second law of diffusion, the values of which
varied between 6.085x10° and 4.868x10”
m® s, Effective moisture diffusivity was
found to increase with increase in both the
sample thickness and drying temperature.
The temperature dependence of the effective
moisture diffusivity was described by an
Arrhenius type equation. The activation
energy was found to be 38.67, 54.96, and
33.71 kI mol™, for 1, 1.5 and 2 cm slab
thicknesses, respectively.
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