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Abstract The effect of different air-drying temperatures
on drying kinetics of apricot pomace was investigated. The
apricot pomaces were dried at 40, 50, 60 and 70 °C in the
cabinet dryer. It is observed that drying characteristics of
apricot pomace were greatly influenced by air temperature.
Color values were examined for samples with dried apricot
pomace at different temperatures. Ten well-known thin-
layer models were used to predict drying kinetics by non-
linear analysis of regression. The Aghbashlo et al. and
Midilli et al. models best fitted the experimental data for
the whole range of temperatures. Effective moisture dif-
fusivity ranged from 1.014x107° to 1.859x107° m* s~!
and calculated using the Fick’s second law. Activation
energy was estimated by a modified Arrhenius-type equa-
tion and found to be 19.41 kJ mol~'. Color analysis
showed that the values of the parameters L, a, b, C and
H decreased with drying temperature.

Keywords Apricot pomace - Color - Effective moisture
diffusivity - Drying - Mathematical modeling

Introduction

The Food and Agriculture Organization of the United
Nations (FAO) estimates that roughly one-third of all
edible food produced for human consumption is wasted or
otherwise lost from the food supply per year, or about 1.3
billion metric tonnes (M,) [1]. The most economical and
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environmentally friendly production processes with
increasing population consist of production waste, so it is
important to develop and evaluate the most efficient way of
preventing waste of resources [2]. Wine, juice and soft
beverage industry has a large quantity of wastes, such as
peel, seed, pomace, rags, kernels. Pomace is the pulp
residue remaining after fruit has been crushed in order to
extract its juice [3]. Food industry waste is divided into
solid and liquid waste. Different methods for evaluating the
food industry waste are available in the literature: Anaer-
obic digestion, fermentation, obtained of compost, pyrol-
ysis, burn to obtain fuel, production animal feed or silage
and feed supplements extraction of valuable components
such as pectin and dietary fiber [4-7].

Fruit pomace can be used in food as flour substitutes in
bread, cookies, macaroni muffin, they have also been added
in soups, sauces, mayonnaise, jams, fruit bars, yogurt
obtained from waste fruit, and vegetable pomace com-
pounds such as dietary fiber, phenolic, carotenoid, toco-
pherol and ascorbic acid provide cheap and natural raw
material for functional food production [8, 9].

Apricot (Prunus armeniaca L.) is included in the genus
prunus of the subfamily Prunoideae in the family Rosaceae.
It is mainly distributed throughout Central Asia, West Asia,
the Mediterranean region and Western China. According to
Food and Agricultural Organization (FAO), the total global
production of apricots is about 4.1 million tons. Turkey,
Iran, Uzbekistan, Algeria and Italy are the major producers
of apricot [10]. Apricot is a climacteric and seasonal fruit
with a very short storage life due, in part, to a high respi-
ration rate and a rapid ripening process. To extend the shelf
life of this fruit, several preservation methods have been
improved, such as drying, canning, packing in a con-
trolled/modified atmosphere, and processing to produce
fruit juice, fruit puree, jam, marmalade or pestil [11, 12].
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Apricot pomace is a by-product of apricot juice pro-
cessing industry. The processed apricot pomace has gen-
erally high moisture contents, and the removal of moisture
before the production of high value-added products such as
carbohydrates, acids, vitamins, minerals and dietary fiber
[13] is needed. Drying has always been of great importance
to the preservation of agricultural products and their by-
products.

Drying is the most widely used commercial process to
preserve foods because, compared to other long-term
preservation methods, it is less costly and easier to operate.
The main purpose of drying products is to allow longer
periods of storage, minimize packaging requirements and
reduce shipping weights [14]. There are numerous studies
and data available in the literature regarding the thin-layer
drying of various agricultural products [15-17]. However,
there is no information in the literature about hot-air drying
of apricot pomace and effect of drying on quality criteria
and color of final product. The main objectives of this
study were to investigate the effect of hot air on the drying
rate and time, fit the experimental data to ten thin-layer
drying models, compute effective moisture diffusivity and
determine chemical composition of apricot pomace.

Experimental
Materials

The apricot pomace, which is a waste material of apricot
juice processing, was obtained from “Ddohler Natural Food
and Beverage Ingredients Factory, Karaman-Turkey” in
ice bags and stored in a refrigerator (Arcelik 1050T,
Eskisehir, Turkey) until usage at —18 °C.

Experimental setup

Drying experiments were performed in a cabinet type dryer
(API & PASILAC Limited of Carlisle, Cumbria, UK). The
cabinet dryer was described previously by Doymaz [18]. It
was constructed from stainless steel sheets formed as a rect-
angular tunnel of dimensions 0.54 m x 1.4 m x 1.02 m.
The drying tray had an area of size 0.3 m x 0.3 m. In this
dryer, air is flowing horizontally through the samples. The
dryer was adjusted to the selected temperature for about half
an hour before the start of the experiments in order to achieve
the steady-state conditions. Then, the samples were spread
thickness of 140.1 cm in a single layer on a tray in the dryer
and dried at 40, 50, 60 and 70 °C, a constant air velocity of
240.1 m s~ . The relative humidity of air was determined by
using wet and dry bulb temperatures from the psychrometric
chart. The velocity of air passing through the system was
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measured by a 0.4-30-m s~ '-range anemometer (model AM-

4201, Lutron Electronic, Taipei, Taiwan). The moisture los-
ses of apricot pomace were recorded at 30 min intervals
during the drying process by a digital balance (Mettler, model
BB3000, Mettler-Toledo AG, Grefensee, Switzerland) and an
accuracy of £0.1 g. Drying was stopped when the moisture
contents of the samples were about 0.001 kg water kg™' dry
matter. The product was cooled and packed in low-density
polyethylene (LDPE). The experiments were repeated twice,
and the average of the moisture ratio at each value was used
for the drawing of the drying curves.

Chemical compositional analysis of apricot pomaces

The initial moisture content of the fresh apricot pomace
was determined according to AOAC 934.06 [19]. The pH
was determined by using pH meter (Inolab/Level), and
acidity (% malic acid) was determined according to Demir
and Ozcan [20]. Crude oil was determined by extraction
Soxhlet apparatus with petroleum ether by using AOAC
983.23 [19]. AOAC 990.03 [21] was used to determine
crude protein as total nitrogen in Leco FP-528 apparatus
and converted into protein using conversion factor
(N x 6.25). Crude cellulose, ash and ash insoluble in
hydrochloric acid were analyzed according to AOAC
920.86 [19] and AOAC 940.26 [22], respectively.

Color

The color attributes of fresh and dried apricot pomace
samples were analyzed with a chroma meter (CR-400,
Konica Minolta Co, Osaka, Japan), which was calibrated
with a white standard board (L = 93.49, a = 0.25,
b = 0.09). Before and after the drying process, four dif-
ferent points were measured from the surface of each
sample. The color values of the samples were described as
L (brightness/blackness), a (redness/greenness) and b (yel-
lowness/blueness). In this study, the total color change
(AE), chrome (C) and hue angle (H) values were calculated
by using Eqgs. 1, 2 and 3, respectively.

AE = /AL + Ad® + AP (1)
C=(+p)" (2)
H = tan"'(b/a) (3)

Mathematical modeling

The data derived from drying of apricot pomace were fitted
with ten thin-layer drying models (Table 1) typically used
for the modeling of drying curves. The moisture ratio (MR)
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Table 1 Selected drying models for describing apricot pomace dry-
ing data

Model name Model References
Lewis MR = exp(—kt) [23]
Henderson and MR = aexp(—kr) [24]
Pabis
Logarithmic MR = aexp(—kt) + ¢ [25]
Verma et al. MR = aexp(—kt) + (1 — a) exp(—gt) [26]
Parabolic MR = a + bt + c? [27]
Wang and MR = 1 + at + bt? (28]
Singh
Page MR = exp(—ki") [29]
Midilli et al. MR = aexp (—kt") + bt [30]
Weibull MR = exp(— (é)“) [31]
e .

Ya, b, c, g, k, n: empirical constants and coefficients in drying models

of the apricot pomace during drying experiments was cal-
culated by using the following equation:

MR = M= Me (4)
MO - Me
where M, My and M, are moisture content at any time,
initial moisture content, equilibrium moisture content (kg
water kg~' dry matter), respectively, and t is drying time
(min). The equilibrium moisture content (M,) is relatively
small compared with M,. Therefore, M, was numerically
set to zero in this study. So MR can be simplified to
MR = M/M, [26, 33].
The drying rate (DR) was calculated using Eq. (5)

M — My
— LA 5
Y (%)

where M, 5, is moisture content at r + At (kg water kg_1
dry matter), and ¢ is time (min).

Data analysis

Data were analyzed using Statistica 8.0.550 (StatSoft Inc.,
Tulsa, OK, USA) software package. The parameters of
models were estimated using a nonlinear regression pro-
cedure based on the Levenberg—Marquardt algorithm. The
fitting quality of the experimental data to all models was
evaluated using the coefficient of determination (R%), mean
relative percent error (P), reduced Chi-square (12), and root
mean square error (RMSE). The R2, P, XZ and RMSE were
calculated from the following formulas:

N 2
Z (MRpre,i - MRexp,i)

- 1\/[Rexp,i)2

100 Z |MRexp,i B MRPT&J—‘
MRexp,i

1/2
Rpre,i - NIRexp.i)2 (9)

RMSE = }VZ M

where MR.p; and MR, ; are experimental and predicted
dimensionless moisture ratios, respectively; N is number of
observations; z is number of constants. The best model was
chosen based on the following four criteria: the highest
value of R? and the least values of P, ;(2 and RMSE
[34, 35].

Determination of effective moisture diffusivity

Fick’s second law of diffusion equation, symbolized as a
mass-diffusion equation for drying of agricultural products
drying in a falling-rate period, is shown in the following
equation:

) (10)

Fick’s second law of unsteady-state diffusion given in
Eq. (10) can be used to determine the moisture ratio in
Eq. (11). The solution of diffusion equation for infinite slab
given by Crank [36], and supposed uniform initial moisture
distribution, negligible external resistance, constant diffu-
sivity and negligible shrinkage, is:

8 1 (2n + 1)*72Deget
R=2)N ———exp| - 11
TEZ n=0 (21’1 + 1>2 p( 4L2 ( )

where D,y is the effective moisture diffusivity (m? s™), ¢
is the time (s), L is the half-thickness of samples (m), and n
is a positive integer. For longer drying periods, the above
equation can be simplified to only first term of series,
without much affecting the accuracy of the prediction.

8 TCZDefft
MR = ?exp(— 2

(12)

The effective moisture diffusivity (D.g) was also typi-
cally calculated by using the slope of Eq. (12). A straight
line with a slope of K was obtained when In (MR) was
plotted versus time:

7* Dy
412

K= (13)

Using the slope value (Eq. 13), the effective moisture
diffusivity could be determined.

@ Springer



1166

S. Kayran, 1. Doymaz

Computation of activation energy

The relationship between the effective moisture diffusivity
and drying temperature was described using the Arrhenius-
type equation:

E,
Dt =D S — 14
eff Oe"p< R(T+273.15)> (14)

Here Dy is the pre-exponential factor (m* s™Y), E, is the
activation energy (kJ mol™'), R is the universal gas con-
stant (kJ mol~! K™'), and T is drying air temperature (°C).

Results and discussion
Physicochemical characterization

The initial moisture of fresh pomace was determined as
4.6179 kg water kg~ dry matter (d.b.). The values of pH
and titratable acidity were found to be 3.66 and 2.56,
respectively. Table 2 shows the chemical composition of
fresh and dried apricot pomace at 50 °C. Eksi and Artik [37]
reported that the crude protein, crude fat, crude fiber, the
total ash and HCl ash of apricot pulp were 3.02, 0.2, 2.81,
0.50 and 0.17%, respectively. In another study, Ucuncu et al.
[38] found protein content 1.29% and ash content 0.6% in
fresh apricot pomace from Turkey. The acidity, protein, fat,
ash and mineral composition of the fruits of cultivated
conditions change to grow in the region and the product year.
However, it is generally reported that the proportion of
protein in wild fruits is less than 5% and the fat content is less
than 2%. Haciseferogullari et al. [39] reported that similar
chemical compositions such as crude protein 2.84 and
4.29%, crude oil 0.55-3.12%, ash 2.72-5.34%, pH and
acidity 0.17-0.79% (malic acid) for various apricot varieties
in the Malatya region. Ash contents of the Malatya apricot
varieties varied from 0.5 to 0.89% and titratable acidity
(% citric acid) 0.1-1.0, and the values of pH from 2.83 to0 5.63
were reported by Akin et al. [40].

Color evaluation

The CIE Lab color coordinates and the chrome and hue
angle color attributes have been widely used to describe the

Table 2 Chemical composition of fresh and dried apricot pomace at
50 °C

Pomace Crude Ash/% Oil/% Crude Ash insoluble
protein/% cellulose/% in HCl/%

Fresh 0.74 0.87 0.2 0.56 0.11

Dry 4.87 4.37 1.37 296 0.44

optical properties of fruits and vegetables [11]. The color
parameters for apple pomace samples as a function of
drying temperature are reported in Table 3. The color
values, namely L, a and b, of the pomace samples
decreased after drying process, and they were decreased
with increasing drying temperature. Dried samples at 40 °C
exhibited the brightest product color (highest L value),
most red color (highest @ value) and most yellow color
(highest b value). Karabulut et al. [41] studied the effect of
hot-air drying and sun drying on color values of apricot. All
color values decreased with high temperature. This is the
reason for the occurrence of browning reactions during
long-term drying at high temperature. Similar results were
also reported by some authors [42, 43].

The color change (AE) in the apricot pomace at different
temperatures is observed to increase with the increase in
drying temperature, but lower color change was favorable.
Alam et al. [44] reported color change (AE) in carrot
pomace increased with the increase in drying temperature
from 55 to 65 °C. In other some studies, L, a and b values
decreased and color change (AE) increased with the
increase in temperature [44—46].

Analysis of drying curves

The effect of temperature on drying curves of the apricot
pomace during drying is shown in Fig. 1. The drying
curves are typical to ones for similar pomaces of fruit and
vegetable. All drying curves showed that the moisture
content of apricot pomace decreased continuously with the
increase in drying time. Furthermore, it was found that the
drying time decreased with the increase in drying temper-
ature. The drying times required to reach the final moisture
content of samples were 660, 570, 450 and 360 min at air
temperature of 40, 50, 60 and 70 °C, respectively. The
average drying rate of samples increased 1.83 times as air-
drying temperature increased from 40 to 70 °C. This is due
to the increasing energy of the water molecules at increased
temperature, which can escape easier and faster [47]. The
effect of temperature on drying behavior of various agri-
cultural by-product, pomace and waste has been investi-
gated by some researches [17, 26, 47, 48].

Table 3 The color values of the fresh and dried samples at different
temperatures

1/°C L a b AE C H

Fresh 65.60 11.20 48.24 - 49.52 76.93
40 46.71 10.84 24.75 6.54 27.02 66.34
50 39.46 10.71 21.94 7.27 24.41 64.74
60 38.69 10.62 20.50 7.43 23.09 62.61
70 36.87 10.49 20.20 7.58 22.76 62.57
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Fig. 1 Drying curves of apricot pomace at different air-drying
temperatures

Drying rate

The drying rate curves of apricot pomaces under different
drying temperatures are illustrated in Fig. 2. The drying
rates were higher in the beginning of the process and then
decreased with the increase in drying time. The reduction
in the drying is mainly due to the reduction in moisture
content as drying advances. The rate of migration of
moisture from inner surface to outer surface decreases at
the final stage of drying and hence lower drying rates [17].
The apricot pomace did not exhibit a constant drying rate
period, and all the drying operations are seen to occur in
the falling drying rate period except a very short acceler-
ating period at the beginning. This observation is in
agreement with previous results on thin-layer drying of
biological products [17, 18, 26, 48].

Evaluation of the models

The moisture content data obtained at different infrared
powers were converted into the MR and fitted to ten thin-
layer drying models listed in Table 1. The best model was
selected based on the highest R? and the lowest P, )(2 and
RMSE values. Results of the statistical computing are
shown in Table 4. The R? values for all models were above
0.96. Among the thin-layer drying models, the
Aghbashlo et al. and Midilli et al. models were found to
represent the drying kinetics of apricot pomace with high
R? values and low P, y* and RMSE values for all air
temperatures (Table 4). The P, ;{2 and RMSE also showed
best results with the smaller values. It is clear that the R,
P, X2 and RMSE values of this model were changed
between 0.9993 and 0.9999, 1.7117-17.2464, 0.000011

0.030

—4—40°C —8—50°C —&—60°C ——70°C

0.025 4 )
0.020 A
0.015 A
0.010 A

0.005 -

Drying rate (kg Water.kgAl dry matter min l)

0.000

0 100 200 300 400 500 600 700
Drying time/min

Fig. 2 Drying rate vs. drying time for apricot pomace

and 0.000094, 0.007448 and 0.029740, respectively. To
validate the selected models, plots of experimental MR and
predicted MR by Aghbashlo et al. and Midilli et al. models
are shown in Figs. 3 and 4. Obviously, a good agreement
was observed between experimental and predicted MR
values. That is, the data points generally banded around a
45° straight line on the plots. This trend provides extra
evidence for the suitability of the models to forecast the
drying characteristics of apricot pomaces.

Effective moisture diffusivity

The effective moisture diffusivity (D) values for different
temperatures, calculated from Eq. (13), are given in Fig. 5
and ranged from 1.014x107° to 1.859x107° m* s™'. It
was observed that D values increased with the increase in
air temperature. It may be due to the increase in vapor
pressure inside the pomace at higher air temperature. The
highest value of effective moisture diffusivity was found to
be 1.859x107° m? s™! at 70 °C. The D values of the
apricot pomace were within the general ranges of 10~ '? to
107% m? s~! for biological materials [49]. These values are
comparable to 0.347-0.868 x 107 m? s™' for water-
melon pomace [18], 3.47-6.47 x 107° m*s~' for apple
pomace [13], 2.74—4.64 x 107° m? s~! for carrot pomace
[17] and 3.24 x 107°-1.24 x 10~® m? s~ ! for tomato by-
products [48].

Activation energy
The activation energy was calculated by plotting In (D)
versus the reciprocal of the temperature (1/(T + 273.15))

and is presented in Fig. 6. The effect of temperature on the
D.gr of apricot pomace is shown in Eq. (15):
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Table 4 Statistical results obtained from the selected drying models

T/ Model R P 7 RMSE
°C
40  Lewis 0.9792  53.3592 0.002041 0.189325
Henderson and 0.9862  44.2352 0.001412 0.150234
Pabis
Logarithmic 0.9985  11.9919 0.000158 0.047081
Verma et al. 0.9983  18.6834 0.000180 0.050685
Page 0.9986 15.8676 0.000143 0.047046
Midilli et al. 0.9998 3.2646 0.000011 0.012202
Parabolic 0.9995 6.3943  0.000044 0.024836
Wang and Singh  0.9994 5.4064 0.000051 0.024901
Weibull 0.9986  15.8680 0.000143 0.047046
Aghbashlo et al.  0.9996 1.7117 0.000036 0.016841
50  Lewis 0.9739  75.1688 0.002656 0.201962
Henderson and 0.9808  64.6962 0.002053 0.171509
Pabis
Logarithmic 0.9983  18.7700 0.000188 0.048530
Verma et al. 0.9963  31.3658 0.000412 0.072847
Page 0.9970  25.6809 0.000323 0.066837
Midilli et al. 0.9996 8.8999 0.000048 0.024419
Parabolic 0.9993 9.8520 0.000074 0.034809
Wang and Singh ~ 0.9992  10.2032 0.000086 0.036617
Weibull 0.9969  25.6813 0.000323 0.066837
Aghbashlo et al. ~ 0.9999 1.8372 0.000061 0.007448
60  Lewis 0.9689 125.7421 0.003507 0.206411
Henderson and 0.9770 107.2722 0.002773 0.177322
Pabis
Logarithmic 0.9943  60.2337 0.000742 0.087271
Verma et al. 0.9971 419153 0.000377 0.063430
Page 0.9983  26.0844 0.000203 0.048081
Midilli et al. 0.9993  17.2464 0.000094 0.029740
Parabolic 0.9991  11.5258 0.000111 0.032295
Wang and Singh 09984  12.0678 0.000188 0.042194
Weibull 0.9983  26.0847 0.000203 0.048081
Aghbashlo et al. ~ 0.9995  15.1067 0.000053 0.02339
70  Lewis 0.9854  69.8323 0.001526 0.113847
Henderson and 0.9885  63.0121 0.001309 0.103448
Pabis
Logarithmic 0.9994 7.0215 0.000069 0.021344
Verma et al. 0.9977  33.4895 0.000278 0.038992
Page 0.9977  31.8601 0.000255 0.040141
Midilli et al. 0.9998 1.8801 0.000017 0.009597
Parabolic 0.9987  15.7871 0.000156 0.034147
Wang and Singh 09986  17.9059 0.000159 0.034561
Weibull 0.9977  31.8600 0.000255 0.040141
Aghbashlo et al. ~ 0.9994  13.8292 0.000063 0.022465

@ Springer

1.0
€40°C O050°C A60°C ©70°C A
0.8
a4
= 0.6 T
e
Q
3
el
21
e 04+
0.2
0.0 ‘ —— S ‘
0.0 0.2 0.4 0.6 0.8 1.0

Experimental MR

Fig. 3 Experimental and predicted moisture ratios from the
Aghbashlo et al. model distributions of apricot pomaces at different
air-drying temperatures

€40°C 050°C A60°C ©70°C|

0.8 1

0.6

Predicted MR

0.4 4

0.2 A

0.0 T T T T : ; : .
0.0 0.2 0.4 0.6 0.8 1.0
Experimental MR

Fig. 4 Experimental and predicted moisture ratios from the
Midilli et al. model distributions of apricot pomace at different air-
drying temperatures

2335.
Der = 1.732 x 10 % exp <— 335.3 )

(T +273.15) (15)

(R*:0.9572)

The value of activation energy was found to be
19.41 kJ mol~". The value of activation energy lies within
the general range of 12.7-110 kJ mol ™" for food materials
[49]. Similar value to those proposed in the literature for the
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drying of different agricultural by-products, pomaces and
wastes is as follows: 16.5 kJ mol ! for apricot kernels [50],
24.51 kJ mol™" for apple pomace [15], 23.05 kJ mol ™" for
carrot pomace [17] and 19.27 kJ mol ™! for industrial grape
by-products [51].

Conclusions

In this study, the drying characteristics of apricot pomace
were investigated in a cabinet dryer at different air-drying
temperatures. The drying of apricot pomaces at each air-
drying temperature occurred in falling-rate period. The
drying time decreased with the increase in air-drying
temperature. To explain the drying behavior of apricot
pomace, ten thin-layer models were applied. Among these

models, the Aghbashlo et al. and Midilli et al. models gave
the best results and showed good agreement with experi-
mental data obtained from the experiments. The effective
moisture diffusivity was computed from Fick’s second law,
the values of which varied between 1.014x10~° and
1.859%x107° m? s~!, over the air-drying temperature
range. The values of D.g increased with the increase in
drying temperature. Activation energy was estimated by a
modified Arrhenius-type equation and found to be
19.41 kJ mol™". Color analysis showed that the values of
the parameters L, a, b, C and H decreased with drying
temperature except AE.
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