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Abstract
This research aimed to investigate drying characteristics and quality properties of quince subjected to freeze and convective
drying at air temperatures of 45, 55, 65 and 75 °C. To determine the best drying model for those techniques, nine thin-layer
mathematical models were fitted to the experimental results. The statistical analyses revealed that the Two Term, Midilli et al.,
Diffusion Approach and Two Term Exponential models were better than the other tested models. The results of the color analyses
showed that the drying treatments had an effect on the fresh quince samples, and the color of the freeze dried samples was closest
to the color values of the fresh samples. The highest rehydration ratio (2.78) was recorded for the freeze dried samples, and the
lowest ratio (2.25) was observed in the samples subjected to convective drying at 75 °C. Scanning electron microscopy showed
that the freeze dried quince samples were only slightly different from the fresh samples and that the disruption of the structure of
the quince samples significantly increased as the convective drying temperature increased. Consequently, freeze drying can be an
appropriate method for obtaining good-quality fruit samples.

1 Introduction

Quince (Cydonia oblongaMiller), a member of the Rosaceae
family, is mostly produced in Uzbekistan, China and Turkey
[1]. These countries produce 326,520 t of quince, which is
50% of the total production [2]. Quince is a beneficial product
due to its nutritional and medicinal properties. It is composed
of 83.8% water and 15.3% carbohydrates. Other components
include proteins (0.4%) and fats (0.1%). Previous studies on
quince have reported its beneficial health properties [1, 3, 4].
Quince has high levels of phenolic compounds and dietary
antioxidants [3]. Therefore, it has health benefits in terms of
strong antioxidant and free-radical scavenging activity. It con-
tains high levels of polysaccharides; therefore, it is a potential
source of pectin and dietary fibers [5].

Various methods have been adopted to lower the moisture
contents in organic and inorganic materials, and different treat-
ments are used on an industrial scale. One of the suitable
methods for storing quince and preventing spoilage is drying

the product. As is the case for other fruits, quince is perishable;
however, drying is a good alternative for the preservation of
quince. It decreases the water activity of the material, which
lowers themicrobiological activity to a level that does not allow
deterioration. Dried quince fruits are used in jams, marmalades,
jellies, and puddings, and they can also be included in other
food products [6]. Convective drying is a common method in
the food industry for producing dried fruit. The most important
disadvantages of convective drying are this technique being
neither a low energy-intensive process nor an energy efficient
process. Dehydration by sublimation of water from a frozen
product is the basis of freeze drying. As there is no liquid water
in the structure of the product and a low temperature is required
for freeze drying, deterioration and microbiological activity are
mostly inhibited or retarded, resulting in a final product of high
quality [7]. Recently, several agricultural products and
byproducts have been dried with convective and freeze dry
techniques to compare the changes in physical and phytochem-
ical properties caused by the two methods. Guine and Barroca
[8] studied the effects of freeze and convective drying proce-
dures on the color and textural attributes of green bell peppers
and pumpkin. The physical parameters, volatiles profile and
sensory qualities of cabbage pieces have been evaluated follow-
ing convective and freeze drying processes by Rajkumar et al.
[9]. Rajkumar et al. [9] also evaluated the changes to the phys-
ical parameters and aromatic profile of carrot and compared the
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freeze and convective drying. Citrus ‘Hallabong’ powders were
prepared using freeze and convective drying methods, and their
physicochemical and flow properties were measured by Lee
et al. [10]. Although there have been numerous studies compar-
ing freeze and convective drying methods, notably, relatively
little published data are available in the literature for drying
quince. This study aims to examine the effects of different
processing techniques (freeze and convective drying) on the
drying kinetics, to fit the experimental results to nine different
thin-layer mathematical models, to study the rehydration ratio,
to determine the color differences between dried and fresh fruits
and to investigate the effects of the drying techniques on the
quince microstructure by scanning electron microscopy (SEM).

2 Materials and methods

2.1 Sample preparation and drying procedure

The fresh quince samples used in the analyses were bought
from a local market in Bursa, a province of Turkey, and they
were stored at 4 ± 0.5 °C before the experiments. Prior to
drying, the quince samples were first sliced into cubes
(0.7 cm3) using a dicer (Börner, Belgium) and dried in this
form [11]. The initial moisture level of these samples was
calculated to be 8.43 (g water/g dry matter) on a dry basis
(d.b.) by use of a forced air convection oven (ED115 Binder,
Germany) operating at 105 °C for 24 h.

Two different drying methods were utilized in this
study, a convective method and a freeze drying method.
Convective drying (45, 55, 65 and 75 °C) was carried out
using a modified convective oven (Whirlpool, Italy). A
digital balance (Shimadzu UX-6200H, Japan) with a pre-
cision of ±0.01 g was placed under the convective oven to
determine the mass changes [12]. Freeze drying was car-
ried out using a laboratory-type freeze dryer (Alpha 1–2
LD Plus, Germany) at a constant pressure of 52 Pa and a
processing temperature of −50 °C in the drying chamber.
The amount of moisture lost throughout the drying pro-
cess was determined using a digital balance (Radwag,
Poland) with an accuracy of ±0.01 g. The measurements
were carried out in three repetitions.

2.2 Mathematical modeling of the drying data

The experimental results of quince were fitted with 9 com-
monly used drying equations (listed in Table 1). The moisture
ratio (MR) and drying rate (DR) are determined as follows:

MR ¼ Mt−Me

Mo−Me

DR ¼ Mtþdt−Mt

dt

ð1Þ

In the formulas above, Mt is the instantaneous mois-
ture content (d.b.) at a given time, Mo is the initial mois-
ture content (d.b.) at the beginning, Me is the equilibrium
moisture content (d.b.), Mt + dt is the moisture content at
t + dt and t is the drying time (min). The values of Me

are relatively smaller than Mt or Mo; hence, the error
involved in the simplification is negligible. As a result,
the moisture ratio formula was simplified in line with the
previous studies to the equation given below [16]:

MR ¼ Mt

Mo
ð2Þ

2.3 Color measurement

The color parameters of the quince samples were measured
with a colorimeter (MSEZ-4500 L, HunterLab, Reston, USA).
The color values were defined as lightness (L*), redness/
greenness (a*) and yellowness/blueness (b*). Calibration of
the color meter was carried out using a standard black and
white plate before measuring the color values. A glass sample
holder was placed close to the nose cone of the device, and the
measurements of L*, a* and b* were carried out. The color
measurements were carried out on the surface of the quince
samples. The mean value of ten measurements was taken as
the color value. Additionally, the calculations of the chroma
(C) and hue angle (α) were carried out according to the fol-
lowing formulas [22]:

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2
� �q

ð3Þ

α ¼ tan−1
b
a

� �
ð4Þ

2.4 Rehydration ratio

The rehydration ratio (R) is one of the most important param-
eters determining the quality of a dried product, and it was
calculated using Eq. 5 in which M0 and M2 are the sample
weights (g) before and after rehydration, respectively.

R ¼ M2−M 0

M 0
ð5Þ

The rehydration ratios were determined by immersing 3 ±
0.01 g of the dried sample in a glass beaker filled with 400 mL
of distilled water at 20 °C (±1 °C) [23]. The samples were
drained at 20-min intervals, blotted with tissue paper, and
the weights of the samples were measured using a digital
balance (Radwag, Radom, Poland) with an accuracy of
±0.01 g.
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2.5 Microstructure

A scanning electron microscope (EVO 40, Germany) was
used to examine the effect of different drying methods on
the microstructures of the quince samples. Particles extracted
from the dried samples were vertically cut along the center of
the pith and appropriately placed in aluminum discs. The sam-
ples were then coated with gold-palladium with a thickness of
40–50 nm under a low vacuum (20 kV) using a coating device
(SCD-005, Baltec, Wetzlar, Germany), and then micrographs
of the samples were taken [24].

2.6 Statistical analysis

The research was carried out by randomized factorial plot
design type of experiment. The analyses were performed in
three repetitions. The statistical analysis of the data was con-
ducted using JMP (Version 7.0, USA) and MATLAB
(MathWorks Inc., Natick, MA) software. Calculation of the
mean differences and application of the LSD (least significant
difference) test to measure significance was conducted at a
significance level of 5%. The thin-layer model best identifying
the drying kinetics of the quince samples is the model with the
highest coefficient of determination (R2) and the lowest root
mean square error (RMSE) and reduced chi-squared (χ2)
values as follows [20]:

RMSE ¼ 1

N
∑
N

i¼1
MRpre;i−MRexp;i
� �2� �1=2

ð6Þ

χ2 ¼
∑
N

i¼1
MRpre;i−MRexp;i
� �2

N−n
ð7Þ

where, MRpre, i is the predicted moisture ratio, MRexp, i is the
experimental moisture ratio, N is the number of constants in
the drying model and n is the number of observations.

2.7 Uncertainty analysis

The uncertainty analysis is needed to prove the accuracy of the
experiments. Uncertainty of any measurement can be
expressed using the general expression given below [25]:

W ¼ ∂F
∂y1

w1

� �2

þ ∂F
∂y2

w2

� �2

þ…þ ∂F
∂yn

wn

� �2
" #1=2

where ∂F
∂y1

w1

	 

2 is the uncertainty in the result, w1, w2,…,wn

are the uncertainty in the independent variables; y1, y2,…,yn,
are the independent variables and F is the function of the
independent variables. In drying experiments of quinces, the
temperatures, pressures, and weight losses were measured
with appropriate instruments.

3 Results and discussion

3.1 Drying kinetics of quince

The drying curves of the quince fruits under convective and
freeze drying conditions are given in Fig. 1. It was found that
the drying times of the quince cubes at 45, 55, 65 and 75 °C by
convective drying were 120, 90, 70 and 50 min, respectively.
With freeze drying, the drying process took 7 h until the de-
sired moisture content was reached. For convection drying, as
the air temperature was increased from 45 to 75 °C, the drying
time decreased by 58.33%. Thus, the increase in temperature
significantly shortened drying time. Aral and Beşe [24] have
stated that the increase in temperature enhances the vapor
pressure in the fruit, and this causes the moisture from the
inside of the fruit to be removed faster than the moisture at
the surface. On the other hand, convective drying is a slow
process and drying occurs mostly by moisture diffusion. The
factor effecting the diffusion is concentration difference. The
relative humidity decreases by temperature increase. This re-
sults in an increase in the concentration difference and drying

Table 1 Thin-layer drying
models adopted for the
mathematical modeling of the
drying kinetics of quince

No Model name Model References

1 Henderson and Pabis MR = a exp(−kt) Caliskan and Dirim [13]

2 Newton MR = exp(−kt) Tzempelikos et al. [14]

3 Page MR = exp(−ktn) Doymaz et al. [15]

4 Logarithmic MR = a exp(−kt) + c Sadin et al. [16]

5 Two Term MR = a exp(−k0t) + b exp(−k1t) İzli [17]
6 Two Term Exponential MR = a exp(−kt) + (1 − a) exp(−kat) Ergün et al. [18]

7 Wang and Singh MR = 1 + at + bt2 Belghith et al. [19]

8 Diffusion Approach MR = a exp(−kt) + (1 − a) exp(−kbt) Perea-Flores et al. [20]

9 Midilli et al. MR = a exp(−ktn) + bt Mohamadi et al. [21]
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fastens. The results obtained in this study were in line some
previous studies on the drying of various food products in-
cluding tomato [19], onion slices [26] and cape gooseberry
[27]. In the freeze drying process, the moisture in the fruit
was primarily removed in the early stages of the drying pro-
cess, and the removal rate decreased in the later stages.
Siriamornpun et al. [12] reported that in the freeze drying of
marigold, the petals were frozen at −40 °C under vacuum
drying for 48 h using a freeze dryer; thereafter, the petals
had 7.6% moisture. A convective dryer was utilized for con-
vective drying at 60 °C for 4 h; the resulting dried marigold
had a moisture content of 7.4%. Additionally, Gaware et al.
[28] came to a similar conclusion about the drying times with
convective and freeze drying procedures for tomatoes.
Caliskan and Dirim [13] reported that depending on the pa-
rameters, including humidity of the drying medium, tempera-
ture, and air velocity, the drying times for freeze drying are
substantially longer than those required for convective drying.

The drying rates versus the moisture content data under the
different drying conditions are presented in Fig. 2. The results

indicated that higher drying rates were obtained with higher
temperatures; thus the air temperature has an important effect
on the drying rate of quinces. The drying rate has been report-
ed to increase with an increase in the air temperature [14].
Furthermore, convective drying results in large increases in
drying rates compared to freeze drying.

3.2 Modeling of the drying curves

The statistical results of the 9 thin-layer mathematical drying
models are shown in Table 2. In all cases, the R2 values were
higher than 0.97, and the RMSE and χ2 values were lower
than 0.0566 and 31.0022 × 10−4, respectively, indicating good
fits. These results show that the drying methods used in the
present study were sufficient to describe the drying behavior
of quince. Additionally, the best statistical values were obtain-
ed with Two Term (freeze drying), Midilli et al. (45 °C),
Diffusion Approach (65 °C) and Two Term Exponential (55
and 75 °C) fits. For all drying conditions, the R2, RMSE andχ2

values of the Two Term,Midilli et al., Diffusion Approach and

Fig. 1 Drying curves of quince during freeze drying (a) and convective
drying (b)

Fig. 2 Variation of drying rate with moisture content during freeze drying
(a) and convective drying (b)
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Two Term Exponential models ranged from 0.9781 to 0.9997,
0.0065 to 0.0565 and 0.3241 × 10−4 to 31.0021 × 10−4;
0.9980 to 0.9996, 0.0066 to 0.0158 and 0.3718 × 10−4 to
2.3496 × 10−4; 0.9891 to 0.9988, 0.0112 to 0.0374 and
0.9545 × 10−4 to 11.1368 × 10−4; and 0.9964 to 0.9995,
0.0071 to 0.0208 and 0.2827 × 10−4 to 4.9740 × 10−4,
respectively.

The changes in the predicted and experimental moisture ratios
using the best models for various drying times for freeze drying
and for selected temperatures for dried quince are shown in
Fig. 3. Obviously, the results obtained from the Two Term,
Midilli et al., Diffusion Approach and Two Term Exponential
models are quite close to the experimental values. Based on these
results, the Two Term, Midilli et al., Diffusion Approach and

Table 2 The results of the fitting statistics of the different thin-layer models

No Freeze 45 °C 55 °C

Model coefficients R2 RMSE χ2(10−4) Model coefficients R2 RMSE χ2(10−4) Model coefficients R2 RMSE χ2(10−4)

1 a = 1.035;
k = 0.008163

0.9882 0.0388 12.1920 a = 1.028;
k = 0.02564

0.9971 0.017 2.3573 a = 1.027;
k = 0.03316

0.9926 0.0285 8.2223

2 k = 0.007922 0.9883 0. 0387 14.1215 k = 0.02495 0.9963 0.0192 3.7326 k = 0.03234 0.9925 0.0289 8.8456

3 k = 0.002057;
n = 1.269

0.9979 0.0163 2.0974 k = 0.01604;
n = 1.114

0.9995 0.0070 0.5864 k = 0.01752;
n = 1.17

0.9982 0.0141 1.8396

4 a = 1.069;
k = 0.00733

c = −0.04316

0.9889 0.0377 11.2050 a = 1.061;
k = 0.02278

c = −0.04665

0.9991 0.0094 0.8506 a = 1.088;
k = 0.0275

c = −0.07963

0.9975 0.0168 2.4422

5 a = 1.282;
ko = 0.009893

b = −0.2824;
k1 = 0.9575

0.9997 0.0065 0.3241 a = 1.08;
ko = 0.02692

b = −0.07992;
k1 = 5.787

0.9989 0.0104 1.5483 a = 1.103;
ko = 0.0355

b = −0.1026;
k1 = 1.975

0.9942 0.0253 6.6024

6 a = 1.878;
k = 0.01155

0.9988 0.0125 1.1909 a = 1.607;
k = 0.03139

0.9994 0.0076 0.6274 a = 1.689;
k = 0.04252

0.9983 0.0138 1.8040

7 a = −0.005706;
b = 0.000082

0.9915 0.0331 10.9432 a = −0.01847;
b = 0.000089

0.9925 0.0273 7.5579 a = −0.02394;
b = 0.0001489

0.9968 0.0187 3.2388

8 a = 2.169;
k = 0.005711

b = 0.7636

0.9891 0.0374 11.1368 a = 1.432;
k = 0.02018

b = 0.6221

0.9987 0.0112 0.9545 a = 3.992;
k = 0.02333

b = 0.899

0.9959 0.0213 4.1660

9 a = 1.003;
k = 0.001444

n = 1.352;
b = 0.000072

0.9990 0.0112 1.4674 a = 1.004;
k = 0.01776

n = 1.083;
b = −0.0001136

0.9996 0.0066 0.3718 a = 0.9955;
k = 0.01927

n = 1.132;
b = −0.0002383

0.9981 0.0143 1.8179

No 65 °C 75 °C

Model coefficients R2 RMSE χ2(10−4) Model coefficients R2 RMSE χ2(10−4)

1 a = 1.021;
k = 0.0394

0.9903 0.0340 12.9897 a = 1.023;
k = 0.06098

0.9886 0.0408 15.5014

2 k = 0.03863 0.9910 0.0328 12.0972 k = 0.0598 0.9900 0.0381 14.6818

3 k = 0.02126;
n = 1.174

0.9964 0.0207 4.8191 k = 0.0259;
n = 1.279

0.9990 0.0119 0.7236

4 a = 1.222;
k = 0.03026

c = −0.1217

0.9985 0.0132 1.7314 a = 1.083;
k = 0.05193

c = −0.06924

0.9909 0.0364 11.3072

5 a = 1.105;
ko = 0.04245

b = −0.1049;
k1 = 2.055

0.9899 0.0347 13.4998 a = −5.329;
ko = 0.05437

b = 6.347;
k1 = 0.05539

0.9781 0.0565 31.0021

6 a = 1.681;
k = 0.05054

0.9964 0.0208 4.9740 a = 1.879;
k = 0.08675

0.9995 0.0083 0.2827

7 a = −0.0286;
b = 0.0002125

0.9975 0.0174 3.0207 a = −0.044;
b = 0.0004988

0.9961 0.0239 4.9153

8 a = 3.162;
k = 0.02248

b = 0.7755

0.9988 0.0121 1.2679 a = 9.712;
k = 0.03397

b = 0.9385

0.9916 0.0350 7.7130

9 a = 0.9974;
k = 0.02891

n = 1.049;
b = −0.0009599

0.9980 0.0153 2.3496 a = 1.001;
k = 0.022

n = 1.349;
b = 0.0004666

0.9993 0.0097 0.9145
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Two Term Exponential models could adequately describe the
drying curves of quince under the selected experimental condi-
tions. The results of this study are in agreement with earlier
results reported for the drying of ginger [29] using the Two
Term model, tomato [16] using the Midilli et al. model, castor
oil seeds [20] using the diffusion approach model and kiwi slices
[18] using the Two Term Exponential model.

3.3 Color changes

Color is an important indicator for visually estimating the
quality of dried quince as color can even indicate the contents
of bioactive and thermally sensitive components [30].

L* value The difference in the lightness values of the dried
quince cubes compared to the values of the fresh samples are
given in Fig. 4a. It was found that the L* values of the dried
samples decreased significantly from 79.70 to 60.78 by the
end of the drying process carried out at 75 °C. The highest L*
value was found for the freeze dried method (71.87), and the
L* values of the other samples were closer to that of the fresh
sample. The colors of the samples dried at 75 °C were signif-
icantly darker than those of the freeze dried samples. It was

determined that the increase in the temperature decreased the
L* values of the samples.

a* value As seen Fig. 4b, the redness value of the fresh sample
increased significantly in all the drying methods at all parameters
(P < 0.05). The a* values of the samples ranged from 7.91 to
10.39 for convective drying. The a* values of the freeze dried
samples were the closest to those of the fresh samples.

b* value The yellowness values of the fresh and dried quince
samples are shown in Fig. 4c. It was found that the b* values
of all samples decreased significantly from 37.75 to 31.31 by
the end of the drying process carried out at 75 °C (P< 0.05).
The highest b* value was found for the freeze dried sample
(37.75). The samples processed at 75 °C had the lowest b*
value (31.31).

C and α values The CIE Lab color coordinates and the chroma
and hue angle color attributes are commonly used to evaluate the
optical properties of fruits and vegetables [31]. Chroma and hue
angle are also very important color parameters. The chroma and
hue angle values determined for the quince samples are given in
Figs. 4d and e. It was determined that there was a significant
increase in the hue angle values of the dried quince cubes

Fig. 3 Variations in the experimental and predicted (Two Term, Midilli et al., Diffusion Approach and Two Term Exponential models) moisture ratios of
quince samples under the chosen drying conditions (freeze drying method (a) and convective method (b))
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compared to those of the fresh samples (P < 0.05). The α value
of the freeze dried sample (81.99°) was close to that of the fresh
sample (86.27°). The α values of all the dried samples were
lower than that of the fresh sample. This shows that browning
was higher in the dried samples. The C values of the fresh sam-
ples decreases in all dried samples, similar to the trend in the α
values. The decreases observed for the C and α values can be
associated with the degradation of carotenoids due to heating [8].
Higher chroma values in the freeze dried quince cubes and lower
chroma values in the convective dried samples support the high
L* values of the freeze dried samples and low L* values of the
convective dried samples. The higher chroma values are indica-
tors of the color intensity of the dried samples perceived by
consumers [32]. It was determined that in the convective drying
samples, the yellowness values of the samples decreased with
increasing processing time and temperature, and the samples
gained a brownish color during the drying process. This result
is also in line with the decrease observed in the L* and b* values.
However, it was found that there was an increase in the a* values
for all drying temperatures. It was thought that the increase in a*
and the decreases in L* and b* can be attributed to the enzymatic
activity, especially non-enzymatic browning reactions, in addi-
tion to the decomposition of some pigments including caroten-
oids and chlorophyll [33]. Similar results have been reported by
Izli and Isik [34] in their study on the convective drying of corn.
The best color values were found in the freeze dried samples.
Color changes in the quince samples caused by heating can be
attributed to pigment degradation, especially the degradation of
carotenoids, and the formation of brown pigments by enzymatic
and non-enzymatic reactions (Maillard reaction) [35]. Similar
experiments have been reported by Izli [17] with dates and by
Topuz et al. [22] with paprika.

3.4 Rehydration ratio

Rehydration is a complex reaction mechanism, and the product
characteristics and processing conditions influence rehydration.
The rehydration of dried products with cellular structures is quite
complex because the drying applications can affect the rehydra-
tion process due to changes in the chemical and physical prop-
erties of the material during the removal of water [36]. The re-
hydration curves obtained for the freeze dried samples and the
convective dried samples at the four tested temperatures are seen
in Fig. 5. Among the used methods, the highest and lowest
rehydration ratio was 2.78 min with freeze drying and 2.25 with
convective drying (75 °C), respectively. It was determined that at
45 °C, the final absorption rate was higher than at the other
temperatures tested in the convective drying processes. This
could be due to tissue collapse and shrinkage caused by higher
air temperatures, resulting in a decrease in rehydration capacity
[37]. Similar results have been observed by Beigi [38] with
wormwood (Artemisia absinthium L. leaves). The rehydration
ratio of convective dried quince cubes was found to be signifi-
cantly lower than that of freeze dried quince cubes (P < 0.05).
Caliskan and Dirim [13] reported a similar conclusion for the
final moisture content when comparing the rehydration of freeze
and convective dried pumpkin slices. Additionally, Hernando
et al. [39] observed the same trend in the drying of Boletus edulis
mushrooms. This result is regarded as normal because convec-
tive drying usually disrupts the structure of the food cells due to
the high level of shrinkage. This shrinking reduces the hydrophi-
licity of the sample. Therefore, freeze drying yields better results
in terms of a porous cell structure, which results in the presence
of more capillary paths in the quince cubes. Yi et al. [40] have
stated that these paths might promote water infiltration during

Fig. 4 Color results of the fresh and dried quince after freeze drying and convective drying
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immersion, causing a quicker rehydration rate and higher rehy-
dration capacity for the freeze dried product.

3.5 Microstructural analysis

Figure 6 shows the micrographs of quince. It is obvious from
the photograph that the freeze dried quince possess a homo-
geneous honeycomb structure. This indicates that freeze dry-
ing has a minimal effect on the cell structure. In freeze drying,
water removal takes place by sublimation from frozen

substances while under vacuum. This explains why freeze
dried samples decrease in density and their cell structure re-
mains relatively intact. As a result of the convective drying
process, the cell walls break and microcavities form in the
structure of quince. The SEM images show that the level of
porosity decreases at higher drying temperatures. Water evap-
oration is slower at lower temperatures, and the moisture gra-
dient is small between the center and surface of the fruit,
leading to lower internal stress. In addition, the required ex-
posure time is longer for low temperatures, and this can lead to
the merging or collapsing of cell walls. Such processes even-
tually lead to significant changes in the structure of the fruit
cells. Similar differences between convective and freeze dried
samples have been observed by Huang et al. [41] and An et al.
[42] with quince.

Fig. 6 SEM images of dried quince samples: freeze drying and convective drying

Fig. 5 Rehydration ratio values of dried quince after freeze drying and
convective drying

Table 3 Uncertainties in measurement of parameters during drying of
quince

Paramater Unit Drying method

Convective Freeze

Temperature measurement °C ± 0.1 ± 0.1

Weight of samples measurement g ± 0.01 ± 0.01

Mass measurement g ± 0.01 ± 0.01

Time measurement s ± 0.01 ± 0.01

System pressure measurement kPa – ± 0.1

Moisture content % ± 0.01 ± 0.01
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3.6 Uncertainty analyses for the measurement

The uncertainty values for experimental parameters are shown
in Table 3. The results of the uncertainty obtained for the
quince drying analysis in this study were well below the ac-
ceptable limit of 5%. This maximum value is proposed by
Kayacan et al. [25] and Salehi et al. [43] and for dying of
bee pollen and button mushroom, respectively.

4 Conclusions

In this study, the drying kinetics, color, microstructural prop-
erties and rehydration behavior of convective and freeze dried
and fresh quince cubes were determined. In addition, the ex-
perimental moisture loss results were fitted to 9 different thin-
layer drying models. The total drying times were found to be
130, 90, 70 and 50 min for 45, 55, 65 and 75 °C, respectively,
for convective drying; and for 7 h for freeze drying. The re-
sults indicated that increasing the air temperature caused
shorter drying times. In contrast to the convective drying pro-
cess, the freeze drying process provided the best product color
results, which were closest to the L* and b* values of the fresh
sample. Among the thin-layer drying models tested, the Two
Term, Midilli et al., Diffusion Approach and Two Term
Exponential models provided the best representations of the
experimental results. The rehydration ratio values of the freeze
dried cubes were found to be higher than those of the convec-
tive dried cubes, and the rehydration properties improved
when the quince samples were dried at lower hot air temper-
atures. Additionally, the SEM images showed that the size of
the pores in the freeze dried quince samples were similar to
those of the cellular microstructure of fresh quince, and higher
drying temperatures caused deformation in the microstructure
of the quince samples. In conclusion, freeze drying is an im-
portant application for improving the quality of dried quince,
including improving its microstructure, color, and rehydration
ratio.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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