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ABSTRACT. Kiwifruit slices were dried at four different air drying temperatures of 50, 55, 60 and 70°C
and at 2 m s! air velocity by using a cabinet dryer in this study. The drying, rehydration and colour
characteristics were significantly influenced by pretreatment and drying temperature. The drying time
decreased with the increase in drying temperature. The drying rate curves showed that the entire drying
process took place in the falling rate period. Five well-known thin-layer models were evaluated for
moisture ratios using nonlinear regression analysis. The results of regression analysis indicated that the
Midilli & Kucuk model the best to describe the drying behaviour with the lowest ¥* and RMSE values, and
highest R? value. The effective moisture diffusivity of the dried kiwifruit slices was calculated with Fick’s
diffusion model, in which their values varied from 4.19x1071° to 6.99x10°1°® m? s! over the mentioned
temperature range. The dependence of effective diffusivity coefficient on temperature was expressed by
an Arrhenius type equation. The calculated values of the activation energy of moisture diffusion were
10.37 and 19.08 k] mol! for citric acid and control samples, respectively.
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Introduction

Kiwifruit (Actinidia deliciosa) originates from China, and become a favourite fruit because of its flavours
and taste. The world’s kiwifruit production reached 3447604 metric tons and Turkey produced about 31795
metric tons of kiwifruit in 2014. China, Italy, New Zealand, Chile and Greece are the leading kiwifruit
growing countries (Food and Agricultural Organization [FAO], 2017). Kiwifruit is rich in vitamin A, vitamin
C, vitamin E, potassium, calcium, iron, magnesium, proteins, minerals and it also has strong antioxidant
capacity due to a wide number of phytonutrients including carotenoids, lutein, phenolic, flavonoids and
chlorophyll (Izli, Izli, & Taskin, 2017). Kiwifruit can be consumed fresh as well as dried, frozen and
processed for juice, jams, jellies, syrups and confectionery. Since kiwifruits soften quickly and lose vitamin
even when refrigerated, they tend to have very short shelf-life. To prolong its shelf-life, the water inside the
kiwifruit should be removed in order to have a long-term product without a significant change in quality.
The most common method for this purpose is drying (Izli et al., 2017).

Drying is one of the oldest methods of preserving and processing agricultural products by using heat and
mass transfer. It has become necessary because most fruits are highly perishable owing to their high
moisture content and the need to make them available all year round and at locations where they are not
produced. In addition to preservation, the reduced weight and bulk of dehydrated products decreases
packaging, handling and transportation costs (Omolola, Jideani, & Kapila, 2017).

Pretreatments prior to drying could greatly increase the water diffusion, reduce drying time. Moreover,
they have been reported to help reduce some of undesired changes. The main purpose of pretreatment is
generally to inactivate enzymes such as polyphenoloxidase, peroxidase and phenolase and to inhibit some
undesirable chemical reactions, which cause many adverse changes of a product (Hiranvarachat,
Devahastin, & Chiewchan, 2011). Potassium and sodium hydroxide, potassium carbonate, potassium
metabisulphate, methyl and ethyl ester emulsions, citric and ascorbic acids are some of the most common
and commercially used pretreatments (Doymaz, 2004; Baomeng, Xuesen, & Guodeong, 2014; Ozdemir,
Ozturk, & Tiifekci, 2016).

Several researches have studied the drying of kiwifruits such as convective, microwave, freeze drying,
and heat-pipe drying (Maskan, 2001; Simal, Femenia, Garau, & Rossell, 2005; Darici & Sen, 2015; Ergun,
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Kog, & Dirim, 2016; Li, Yuan, Xiao, & Yang, 2016; Darvishi, 2017; Mahjoorian et al., 2017). However, there
is no information for drying of kiwifruit slices pretreated with citric acid solution. The purpose of the
present work was to investigate the effect of temperature and citric acid solution on the drying, rehydration
and colour characteristics of kiwifruit slices in the cabinet dryer, to fit the experimental data to five thin-
layer models, and to calculate the effective moisture diffusivity and activation energy.

Material and methods

Materials

Fresh kiwifruit was purchased from a supermarket in Istanbul. For each experimental run, kiwifruits were
washed with fresh water to remove the kiwifruit fines adhered to the fruit surface and cut into ring with a
diameter about 5 cm and thickness of 6+0.2 mm. After slicing, these kiwifruit slices divided into two lots
before use. One lot of samples was pre-treated with solution of citric acid (1% w w!) at 20°C for 2 min.
(Citric acid). Anhydrous citric acid of extra purity grade was purchased from Merck (Darmstadt, Germany;
CAS number:77-92-9) and was used without further purification. The other lot was untreated (Control).

The initial moisture content of the fresh kiwifruit was determined using the AOAC method (Association
of Official Analytical Chemists [AOAC], 1990). The initial moisture content of the fresh samples was
measured in triplicate and was determined as 5.12+0.05 kg water kg™! dry matter (d.b.).

Drying procedure

The drying of kiwifruit slices was investigated in experimental drying cabinet (APV & PASILAC Limited
of Carlisle, Cumbria, UK). The cabinet dryer was described previously by Doymaz (2004). It basically consists
of a centrifugal fan to supply the air-flow, an electric heater, an air filter and an electronic proportional
controller. The air temperature is controlled by means of a proportional controller. The air velocity above
the product is measured with an anemometer (AM-4201, Lutron, Taipei, Taiwan) with a sensitivity of
0.1 m s’L. The air passed through heating unit and heated to be desired temperature and channelled to the
drying tunnel. The air temperature in the dryer is regulated to +1°C using a temperature controller. The
samples were dried in a perforated tray (radius: 29 cm, and height: 7 cm). Weight loss of samples was
recorded by using a digital balance (model BB3000, Mettler-Toledo AG, Grefensee, Switzerland), which has
0-3000 g measurement range with reading accuracy of #0.1 g.

The dryer was started about 30 min. before drying experiments to achieve steady-state conditions before
each drying run. Then, the samples weighing about 70+0.5 g was spread on the tray. The drying experiments
were conducted at 50, 55, 60 and 70°C air temperatures and constant air velocity of 2+0.1 m s™!. Air flowed
perpendicular to drying surfaces of the samples. Weight loss of samples was recorded at regular intervals of
15 min during drying. Drying was stopped when the moisture content of samples were approximately
0.17%0.5 kg water kg'! dry matter (d.b.). Then, the dried samples were packed into polyethylene bags, which
were then heat-sealed and stored in incubators at ambient temperature. The experiments were replicated
three times and the average of the moisture ratio at each value was used for drawing the drying curves.

Mathematical modelling

In the present study, five common models listed in Table 1 were applied to describe drying
characteristics of kiwifruit slices by fitting the experimental drying data of at different temperatures. The
moisture content (M) and moisture ratio (MR) of kiwifruit slices were calculated using the following
Equation 1 and 2:

y= i Wa (1)
Wy
g = e = Me )
MO - Me
where:

M is the moisture content (kg water kg dry matter!),
Wi: is the weight of sample (kg), and
Wa is the dry matter content of sample (kg).
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M,, M. and M, are the initial moisture content, the equilibrium moisture content, the moisture
content at t (kg water kg dry matter!), respectively, and t is drying time (min.). The moisture ratio
(MR) was simplified to M,/M, instead of (M; - M.)/(My - M.) by some authors (Ismail, Figen, & Pigkin,
2015; Nadian et al., 2017) because of the values of M. small compared with M; or M, for long drying
time.

Data analysis

The statistical analysis of the experimental data was done using Statistica 8.0.550 (StatSoft Inc.,
Tulsa, OK, USA) software package. The parameters of models were estimated using a
non-linear regression procedure based on the Levenberg-Marquardt algorithm. Coefficient of
determination (R?), reduced chi-square (¥?) and root mean square error (RMSE) were useful parameters
for selecting the most suitable drying model. These parameters can be described in Equations 3, 4 and 5
follows:

?I=1(MRpre,i - MRexp,i)Z

g = p - 22 4 3)

i=1(MRpre - MRexp,i)

2
2 _ ?Izl(MRexp,i - MRPT&I') 4

X = N-—z

N 1/2

1

RMSE = NZ(MRW,i — MReyp i) (%)

i=1
where:

MR.y,; and MR,.; are experimental and predicted dimensionless moisture ratios, respectively; N is
number of observations; and z is number of constants. Higher R? and lower »* and RMSE values indicate
good fitness of the established model (Olanipekun, Tunde-Akintunde, Oyelade, Adebisi, & Adenaya, 2015;
Mahjoorian et al., 2017).

Computation of effective moisture diffusivity and activation energy

Fick’s second law of diffusion equation, symbolized as a mass-diffusion equation for drying agricultural
products in a falling rate period is shown in Equation 6:

oM

The solution of diffusion equation (Equation 7) for slab geometry is solved by Crank (1975) and supposed
uniform initial moisture distribution, negligible external resistance, constant diffusivity and negligible
shrinkage:

2n + 1)?12 Dy st
_@n+ D ff) o

8w 1
b3
72 0(2n+1)2€xp( e
n=

where:

D.sis the effective moisture diffusivity (m? s!), L is the half-thickness of the slab in samples (m), and n is
positive integer. As time increased, just the first term can be used to estimate the drying rate (n=0), and
then Equation 7 converges into Equation 8.

Table 1. Thin-layer drying models.

Model no and name Model equation
1- Henderson and Pabis MR = aexp(— kt)
2- Page MR = exp(— kt™)
3- Midilli & Kucuk MR = aexp(— kt™) + bt
4- Wang and Singh MR =1+ at + bt?
at
5- Aghbashlo et al. MR = exp (— (m»

a, b, k, n: empirical constants and coefficients in drying models.
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8 TIZDefft
MR = Fexp (— A2 )

The effective moisture diffusivity (D.s) values are determined by the slope of a straight line when In (MR)
versus time is plotted from Equation 9:

%D
i )

An Arrhenius type equation is generally used to model the effect of temperature on the effective
moisture diffusivity, according Equation 10:

Slope =

E,
Detr = Do exp (_R(T+273.15)) (10)

where:
D, is the pre-exponential factor (m? s!), E, is the activation energy (k] mol'), R is the universal gas
constant [k]/(molxK)], and T is temperature (°C).

Rehydration

To determine the rehydration characteristics of the dried kiwifruit slices, dried samples were immersed
in distilled water maintained at 20°C. About five g of the dried slices was weighed accurately and placed into
a 400 mL beaker containing 300 mL distilled water, agitated and allowed to rehydrate for 7 hours. At the end
of this time, the samples were removed from water, drained and weighed. The rehydration was expressed by
moisture content of the kiwifruit slices during rehydration process. Rehydration ratio (RR) of the kiwifruit
slices was calculated as follow Equation 11:

_ Weightofrehydratedsamples(g)
© Weightofdriedsamples(g)

Y
Rehydration analyses were performed in triplicate and the results were presented as the replicates mean.

Color measurements

Color values of the fresh and dried samples were measured by chroma meter (CR-13, Konica Minolta,
Tokyo, Japan), calibrated previously with a white standard tile. Three readings of three different replicates
were performed for each sample. The color values of the samples were expressed as L (whiteness/darkness),
a (redness/greenness), and b (yellowness/blueness). The total color differences (AE) and Chroma calculated
using Equations12 and 13, respectively:

AE = \[(AL)? + (4a)? + (4b)? (12)
C =+a? + b2 13)

Results and discussion

Drying curves

Figure 1 represents the variations of moisture content with drying time for drying of kiwifruit slices at 50, 55,
60 and 70°C. As it was expected, air temperature affected the drying curves decreasing the drying time of
samples. The increase in air temperature resulted in a decrease in the drying time. For example, the drying time
of samples reduced from 480 to 315 min when the air temperature was increased from 50 to 70°C. These results
agreed with the findings of Simal et al. (2005), Darici and $en (2015), and Mahjoorian et al. (2017) for kiwi slices.

Effect of citric acid solution

The effect of the pretreatment on changes in the moisture content of kiwifruit slices with drying time is
shown in Figure 1. The pre-treated samples dried faster than the control samples. The drying time required
reaching final water content (0.17 kg water kg dry matter!) for control samples were 480 min at 50°C,
respectively. Corresponding value for the pre-treated samples with citric acid solution was 375 min at the
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same temperature. The difference in drying time was close to 28%. This result shows that citric acid solution
contributed to increase the permeability of the cell membranes of kiwifruit slices, leading to an increase in
water diffusivity. Similar observations about the effect of pre-treatment on drying characteristics were
reported in previous investigations on different fruits and vegetables, as well (Falade & Solademi, 2010;
Osidacz & Anbrosio-Ugri, 2013; Ozdemir et al., 2016).

Drying rate

The characteristic of drying rate curves (drying rate versus moisture content) of kiwifruit slices, using the four
temperatures are presented in Figure 2. It is apparent that drying rate decreased continuously with improving
drying time. The drying rate reached its maximum values at higher drying air temperatures. The moisture
removal inside the kiwifruit slices were higher at high drying air temperatures, because the migration of moisture
to the surface and the evaporation rate from surface to air slows down with decreasing the moisture in the
product, the drying rate clearly decrease. It is shown that the curves in Figure 2 present only the falling-rate
period with the absence of a constant-rate period. This shows that diffusion was domain physical mechanism
governing moisture movement in drying process. These results are in agreement with the observations of earlier
researchers on kiwifruit drying (Chin, Siew, & Soon, 2015; Darici & Sen, 2015).

Evaluation of drying models

Non-linear regression analysis was done according to five drying models presented in Table 1. The best
mathematical model the fit the experimental data was chosen based on maximized R? and minimized 4’ and
RMSE. The results of statistical analysis undertaken on the models for air drying are summarized in Table 2. The
good agreement between the experimental and predicted variables indicates that the selected model (Midilli &
Kucuk) could be used satisfactorily to predict the drying of kiwifruit slices. The values of R?, »?, and RMSE for the
selected models vary between 0.9976 and 0.9998, 0.000009 and 0.000203, and 0.024175 and 0.101808,
respectively. Figure 3 compare the experimental data with the predicted ones using different models for kiwifruit
slices at 50, 55, 60 and 70°C. The predictions using the Midilli & Kucuk model showed MR values banded along a
straight line, which proved the suitability of this model in describing the drying characteristics of kiwifruit slices.
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Figure 1.
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Drying curves of kiwifruit slices at different temperatures (A: 50, B: 55, C: 60, and D: 70°C).
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Figure 2. Comparison of drying rate versus moisture content of kiwifruit slices (A: 50, B: 55, C: 60, and D: 70°C).
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Table 2. Statistical values of thin-layer drying of kiwifruit slices.

o Citric acid Control
T(C)  Modelno —; % RMSE R’ % RMSE

1 0.9935  0.000583 0.104602  0.9916 0.00731 0.133568
2 0.9981 0.000173 0.057759  0.9969  0.000269 0.081691

50 3 0.9996  0.000032 0.024279  0.9995  0.000047 0.028296
4 0.9975  0.000226 0.062270  0.9977  0.000198 0.066473
5 0.9995  0.000044 0.026059  0.9992  0.000067 0.039747
1 0.9937  0.000564 0.097937  0.9978  0.000185 0.059059
2 0.9979  0.000186 0.056630  0.9994  0.000047 0.029407

55 3 0.9998  0.000017 0.016265  0.9999  0.000003 0.007855
4 0.9973  0.000244 0.062576  0.9934  0.000547 0.108808
5 0.9996  0.000035 0.024695 0.9998  0.000014 0.017056
1 0.9920 0.000711 0.102923  0.9925  0.000637 0.108648
2 0.9967  0.000295 0.065190 0.9956  0.000370 0.086476

60 3 0.9999  0.000009 0.010122  0.9995  0.000041 0.026503
4 0.9971 0.000260 0.064436  0.9946  0.000463 0.091443
5 0.9990  0.000087 0.035734  0.9980  0.000165 0.058144
1 0.9874  0.001214 0.130285 0.9955  0.000406 0.07962
2 0.9964  0.000348 0.067172  0.9992  0.000072 0.029728

70 3 0.9996  0.000042 0.021717  0.9999  0.000006 0.008927
4 0.9993  0.000066 0.027690 0.9972  0.000256 0.062568
5 0.9995  0.000040 0.021714  0.9998 0.000013 0.011971

Effective moisture diffusivity

The effective moisture diffusivity values for different temperatures, calculated from Equation 9, are
given in Figure 4. The determined values of the effective moisture diffusivity (D.s) were found to range
between 3.78x10° and 6.57x10° m? s’!. It can be seen that the values of Dy increased greatly with dipping
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solution. Due to influence of dipping solution on internal mass transfer of kiwifruit slices during drying,
pre-treated samples had higher effective moisture diffusivity values. Another observed that the values of D.g
increased with the increase of drying temperatures. This is probably due to the fact that an increase in
drying temperature results in greater absorption of moisture, which increases the moisture gradient
between the samples and ambient and that leads to an increase in the effective moisture diffusivity. The
values of Dy are within the normal range 10'2- 10-®* m? s™! for drying of food materials (Zogzas, Maroulis, &
Marinos-Kouris, 1996). Dy values in this study are close to the values of 6.75x107!° to 1.28x10° m? s!
reported by Li et al. (2016), 2.9x1071° to 7.8x1071° m? s*! by Simal et al. (2005), 4.55x10°!! to 2.12x10°° m? s*!
by Mahjoorian et al. (2017), and 2.346x10°1° to 4.7x107'° m? s™ by Darici and Sen (2015) for the hot-air drying
of kiwifruit slices at different temperatures. The differences between the results could be due to the
composition structure, shape and initial moisture content of material, as well as the drying temperature,
pretreatments, and drying equipment.

According to Equation 10, the values of In(D.) versus 1/(T+273.15) were plotted, presented in Figure 4
and activation energy was calculated. Equation 14 and 15 shows the effect of temperature on Dy of the
samples with following coefficients.
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=
=
3
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Figure 3. Comparison of experimental and predicted moisture ratio values using Midilli & Kucuk model.
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Figure 4. Variation of effective moisture diffusivity with air-drying temperature.
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Activation energy

Citric acid:

Derr = 2:608 x 10~ exp (— o2 =) (R*: 0.9345) (14)
Control:
Derr = 4:916 x 107 exp (— ) (R*: 0.9635) (15)

Using Equation 15 and 16, the values of activation energy were found to be 10.37 and 19.08 k] mol !
for citric acid and control samples, respectively. The similar values to those proposed in the literature
for drying of kiwifruit slices: 27 k] mol™! (Simal et al., 2005), and 34.33-38.07 k] mol™ (Darici and $en,
2015). The pre-treated kiwifruit slices showed lower activation energy than the control samples.
Pretreating of kiwifruit slices resulted in a decrease in the activation energy require for mass diffusion
during air drying.

Rehydration characteristics

Rehydration is a widely used quality index for dried products. Rehydration values provide information about
the changes in physical and chemical properties of a dried sample attributed to drying and treatments preceding
dehydration (Karacabey, Baltacioglu, Cevik, & Kalkan, 2016). To investigate the effect of drying conditions on
final product quality, the values rehydration ratio of dried kiwifruit slices were calculated by using Equation 11
and shown in Figure 6. The RR values of dried samples increased with increase temperature from 50 to 60°C. The
highest value of RR was achieved at 60°C dried samples. After this temperature, the value of RR decreased as
drying temperature increased. Furthermore, the RR values of pre-treated samples with citric acid solution were
higher than those control ones at all temperatures. It can be said that citric acid solution caused the low physical
damage in the samples.

Color

Color is one of the most important quality parameters of dried products and a decisive factor for the
consumer acceptance of the product (Li et al., 2016). The color values (L, a and b) of the fresh samples were
measured as 50.37, -4.62, and 15.01, respectively. Table 3 represents L, a, b, AE, and C values of dried
kiwifruit slices. The obtained results from Table 3 for color values at various conditions indicated that pre-
treatment and temperature have considerable effect on the color of kiwifruit slices. Table 3 shows that L
values of pre-treated samples with citric acid and control samples decreased from 54.55 to 47.66, and 50.60
to 47.43 at drying air temperatures ranging from 50 to 70°C, respectively. This result can be related to
oxidative reactions that occur during drying process which is potentiated by air temperature. However, the
pre-treated samples with citric acid solution displayed higher L (lightness) values compared to those control
ones. The values of a and b are shown in Table 3.
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Figure 5. Arrhenius-type relationship between effective moisture diffusivity (Des) and air-drying temperature.
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Figure 6. Rehydration ratio versus air drying temperature.

Table 3. Results of color values for dried kiwifruit slices.

T (°C) L a b AE C

50 54.55 2.89 17.24 8.719 17.480

Citric acid 55 52.65 2.73 16.71 7.881 16.931
60 51.82 2.36 16.19 7.226 16.361

70 47.66 2.06 14.68 7.216 14.823

50 50.60 3.38 18.47 8.879 18.776

Control 55 50.30 3.27 17.95 8.420 18.245
60 49.43 2.75 16.29 7.539 16.520

70 47.43 2.29 15.11 7.252 15.215

It showed that a decrease in a and b values during drying under different drying temperatures. The loss
of b value indicates that the yellowness of samples decreased due to application of drying air temperatures,
and it may be due to degradation of carotenoid pigments, nonenzymatic Maillard browning and formation
of brown pigments. With increasing in air temperature from 50 to 70°C, AE was decreased from 8.719 to
7.216, respectively. The chroma (C) values showed a decrease during drying process. The obtained value for
chroma shows the saturation degree of color and is corresponding to the color strength (Aidani,
Hadadkhodaparast, & Kashaninejad, 2017).

Conclusion

Drying characteristics of kiwifruit slices were investigated by using a cabinet dryer at various
temperatures of 50, 55, 60 and 70°C. The drying time was shortened when air temperature increased from 50
to 70°C. The drying process of kiwi occurs almost completely in the falling-rate period and a constant-rate
drying period is not observed. In order to explain the drying kinetics of kiwifruit slices, five models in the
literature were applied and fitted to the experimental data. According to the results of regression analysis,
the experimental data were well predicted by the Midilli & Kucuk model. The effective moisture diffusivity
was found in the range of 4.19x1071° to 6.99x10°'° m? s! as the drying temperature increased from 50 to 70°C.
The value of activation energy was determined to be 10.37 and 19.08 k] mol™! for citric acid and control
samples, respectively. The highest rehydration ratio value was obtained in 60°C dried kiwifruit slices. With
increasing in air drying temperature, L, a, b, AE and C values were decreased.
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