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Abstract: Mulberry fruits (MF) contain many biologically active compounds beneficial for human
health. In particular, in the literature, there are no studies on the kinetics of the freeze-drying of
MF and the effect of the process temperature on the properties of dried fruits. The objective of this
study was to ascertain how freeze-drying (FD) and air-drying temperature affected the kinetics of
dehydration and chosen physicochemical parameters of MF. Both temperature and dehydration
methods significantly influenced the drying rate and properties of MF. The Midilli model was the
best fitted to the experimental data of the course of drying curves and with the lowest values of mean-
square error. The highest lightness and yellowness were noted for freeze-dried fruit, whereas air-
dried MF were characterized by the highest redness. An increase in drying temperature significantly
changed the color of fruits and led to the degradation of L-ascorbic acid content. The highest content
of L-ascorbic acid was found in fresh fruits (214 ± 4 mg/100 g dry mass (DM)) and freeze-dried
fruits at 30 ◦C (182 ± 3 mg/100 g DM). Both FD and AD drying significantly reduced the content of
this compound. The lowest reduction in L-ascorbic acid was observed for freeze-dried fruits. Fruits
freeze-dried at 30 ◦C showed the highest content of total phenolics and antioxidant capacity.

Keywords: white mulberry fruits; air-drying; freeze-drying; temperature; antioxidant activity; color;
L-ascorbic acid

1. Introduction

White mulberry (Morus alba L.) is a small tree native to Southeast Asia. Currently, it is
common in tropical-to-temperate regions [1,2]. The range of the white mulberry reaches
from lowland areas to an altitude of about 4000 m above sea level. Its species name is
associated with the whitish color of the bark. Mulberry fruits can be white, pink, pur-
ple, and black [3]. Chinese sources say that mulberries were already known 2600 BC.
and were initially used for breeding silkworms. Mulberry leaves, bark, and fruits have
been used in natural Chinese medicine for many years [4]. Mulberry fruits (MF) are
a rich source of well-absorbed carbohydrates, proteins, minerals, and vitamins. They
also contain compounds with potential health benefits: polyphenols, flavonoids, antho-
cyanins, and a significant amount of antioxidant compounds [5,6]. Due to the significant
quantities of health-promoting ingredients, mulberry fruits are used in preparations with
anti-inflammatory, anti-cancer, anti-diabetic, liver-protecting, eyesight-improving, and
slimming preparations [7–11].
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Mulberries are harvested in a very short time, usually by shaking the trees. Ripe fruits
are soft, prone to damage and susceptible to mold growth. The storage time of MF in
refrigerated conditions is a maximum of several days, therefore, MF are usually processed
immediately after harvesting. The main directions of processing are the production of
juices, dried fruits, pastes, jams, and wine [12–14].

The main producers of dried mulberries are Asian countries (Turkey, Pakistan, and
China). In these countries, on an industrial scale, the drying process is most often carried
out in natural conditions with good insolation [12,15]. This drying method is mainly used
due to the low cost of the process. However, it has many disadvantages resulting from the
instability of the drying process, weather conditions, and the risk of damage or destruction
of the product by pests and pathogens [15]. For this reason, natural drying may contribute
to significant losses of bioactive substances contained in MF [6]. The improvement of
unfavorable drying conditions, while reducing energy expenditure, can be achieved by
carrying out the drying process with the use of solar radiation in solar dryers [15–17]. Hot
air drying of mulberry fruits is also quite common and carried out in various types of
devices [18,19]. Taking into account the best possible preservation of the physicochemical
properties of dried MF, the dehydration process is more and more often carried out using
vacuum [20,21], freeze [22], and microwave dryers [23]. Attempts have also been made to
dehydrate these fruits using hybrid drying [22,24].

According to the available literature, many models can be used for the description
of the drying kinetics of different kinds of food [14]. The Newton [25] and the Page [26]
equations are frequently used. Some authors propose modifications of those models, e.g.,
the Pabis and Henderson equation [27], the logarithmic equation [28], the Wang and Singh
equation [29], the Midilli equation [30], and the logistic equation [31] are also used for the
description of the drying course. However, there is no information on the impact of different
dehydration methods and temperatures on the drying process and the physicochemical
properties of the dried MF. Therefore, this study aimed to determine the effect of the
temperature of air-drying and freeze-drying of mulberries on the kinetics of the process
and the selected physicochemical properties of dried fruits.

2. Materials and Methods
2.1. Raw Material

Mulberry fruits were obtained from wild trees in the vicinity of Lublin, Poland. The
raw material was harvested at full maturity in July 2021. Selected, undamaged fruits were
subjected to convection drying immediately after harvesting; fruits intended for freeze-
drying were frozen in the Liebherr GTL-4905 freezer chamber (Gothenburg, Sweden) at
−30 ◦C.

2.2. Dry Matter Content

The dry matter content (DM) of MF was determined in accordance with the Association
of Official Analytical Chemists (AOAC), method 934.06 [32] using a Pol-Eko dryer, SLW 53
STD (Wodzisław Śląski, Poland).

2.3. Drying Process

Both freeze-drying (FD) and air-drying (AD) of MF were performed. The FD process
was carried out in a freeze dryer Alpha 1–4 Martin Christ (Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) with a one-sided contact method of heat supply [33].
Three different temperatures of the heating plates were applied (30, 50, and 70 ◦C) with the
pressure in the drying chamber equal 60 Pa. During FD, the process was carried out until
the moisture content of the MF was 5% (±0.2%).

In the case of AD, the single layer of fresh MR was air-dried at 40 ◦C, 50 ◦C, and 70 ◦C
at air flow of 0.5 ms−1 using a convection dryer (Promis-Tech, Wroclaw, Poland) until the
moisture content of the dried fruits was 10 % (±0.2%). The minimum temperature of AD
was increased in relation to freeze-drying to 40 ◦C because preliminary tests showed that
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air-drying at 30 ◦C is long-lasting and does not allow for the achievement of the assumed
final moisture content of 10%. We did not stop the FD process at 10% moisture content
of the samples due to the possibility of incomplete ice sublimation from MF, and, thus,
possible local microbial growth in the samples.

With both methods of drying, the 100 g samples of MF were used and changes in the
weight of the dried fruit samples were recorded during the process. A detailed description
of used FD and AD methods was presented by Krzykowski et al. [34].

2.4. Modeling of Drying Curves

Based on changes in the reduced water content (MR), the drying process’ kinetics was
determined:

MR =
ut

u0
(1)

where ut denoted the water content in the course of drying (kg H2O/kg DM), and u0 is
the initial water content (kg H2O/kg DM). In this equation, the equilibrium water content
(ur) was neglected because the value of ur is negligible compared to the values of u0 and ut.
Such a simplification is commonly used and does not have a major impact on the results of
drying kinetics [35].

Seven equations frequently cited in the literature were examined in order to choose
the best mathematical model representing the sublimation and convection drying kinetics
of white mulberry fruit (Table 1).

Table 1. Equations applied to the drying curves.

Model Number Model Name Model Equation References

1 Newton MR = exp(−k·τ) [25]
2 Page MR = exp(−k·τn) [26]
3 Henderson and Pabis MR = a · exp(−k·τ) [27]
4 Logarithmic MR = a · exp(−k·τ) + b [28]
5 Wang and Singh MR = 1 + a · τ+ b · τ2 [29]
6 Midilli MR = a · exp (−k ·τn) + b · τ [30]
7 Logistic MR = b · ((1 + a · exp(k·τ))−1 [31]

k—drying coefficient (min−1); a, b—coefficients of the equations; n—exponent; τ—time (min).

2.5. Color Coordinates

The color coordinates of the raw and dried MF were determined in the CIE L*a*b*
colorimetric system [33], which allows to determine the lightness (L*) color, as well as
the color change from green to red (a*) and from blue to yellow (b*). Before the color
measurements, the samples were ground and homogenized to a powder in the GM-200
laboratory mill (Retsch, Dusseldorf, Germany). The value of the total color difference
(∆E) of individual samples in relation to the raw material was also determined [34]. The
moisture content of the samples before the test was established at 10% (±0.2%).

2.6. Total Ascorbic Acid Content

The total ascorbic acid (TAC) content was calculated as the sum of L-ascorbic acid
and L-dehydroascorbic acid in mg/100 g DM of the product using the HPLC method [36].
Briefly, 2 mL of 50% (w/v) m-phosphoric acid was used to extract 1 g of dried MF. The
mixture was centrifuged for 15 min (16,000× g). The procedure was repeated two times and
supernatants were combined. The obtained extract was divided into two parts. The first
part was used for the determination of ascorbic acid and the second for the evaluation of
TAC after reduction of L-dehydroascorbic acid (DA). Overall, 100 mM tris (2-carboxyethyl)
phosphine was used to convert L-dehydroascorbic acid to ascorbic acid. Quantitative
determinations were carried out by calculation of the external standard using calibration
curve of the standard.



Processes 2023, 11, 750 4 of 11

2.7. Total Phenolics Content and Antioxidant Capacity

Methanolic extracts of fresh and dried MF were prepared for the determination of total
phenolics content (TP) and antioxidant capacity (AC). Folin–Ciocalteu assay was used to
determine TP in the prepared extracts, and the content of TP was expressed as milligrams
GAE (gallic acid equivalent) per g of DM (dry mass) [37]. Antiradical activities against
ABTS and DPPH radicals were also evaluated according to [38] and expressed as the EC50
index (mg DM/mL) [39].

2.8. Statistical Analysis of Data

Drying kinetics of MF was presented as average values from three repetitions, whereas
the other analyses concerning the quality of dried fruit were performed in five repetitions.
The mean values and standard deviations were calculated. For statistical evaluation of
data, a one-way analysis of variance and Tukey’s test were conducted with a significance
level of α = 0.05.

For the evaluation of drying kinetics of MF, the regression analysis was performed
and the coefficient of determination (R2), mean-square error (RMSE), and chi-quadrate test
(χ2) RMSE and χ2 were determined [34].

3. Results and Discussion
3.1. Drying Kinetics

Drying kinetics (DK) show the relationship between the water removal and process
variables. Moreover, the knowledge of the DK allows us to determine the extent to which
the pre-treatments of food used before dehydration and the conditions of the process affect
its course. Thus, this information contributes to the optimization of the drying process
through the selection of appropriate process conditions and its duration [40]. The DK
of MF was presented as a change in MR during the duration of the FD and AD process
(Figures 1 and 2). An increase in the drying temperature reduced the duration of the
process for both analyzed drying methods. Increasing the temperature of the lyophilizer’s
heating plates from 30 ◦C to 70 ◦C resulted in the shortening of the freeze-drying time
by about two-fold (from 1620 to 810 min). A similar tendency was observed when fruits
of wild strawberries were freeze-dried at 20 and 40 ◦C [34]. The AD time of MF ranged
from 450 to 2800 min depending on drying temperature. Interestingly, during air-drying, a
six-fold reduction was observed when the air temperature was raised from 40 ◦C to 70 ◦C.
A similar reduction in DT was observed by other authors when the slices of bananas were
AD at 40 and 80 ◦C [41].
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Figure 1. Drying curves of the freeze-dried mulberry fruits.

Tables 2 and 3 provide the regression analysis of the seven tested models used to
describe the kinetics of freeze-dried and air-dried MF. The coefficients of the analyzed
regression equations are summarized in Tables 4 and 5. For each of the analyzed models, a
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good fit of the data to the experimental test was obtained and high values of R2 with low
values of RMSE and χ2 were obtained. The best results of modeling were obtained when
the Midilli equation was used for the description of the drying kinetics. Such a tendency
was found both for AD and FD. For all analyzed levels of temperature, the Midilli model
was characterized by the value of R2 in the range from 0.999 to 1.000, and the highest
mean RMSE was 0.0004. The Midilli model is often used as the best equation to describe
the drying kinetics of many biological materials [40–42]. Other authors showed that the
kinetics of AD and microwave drying of MF is best described when the logarithmic and
Page models are used [19,23]. However, for the Midilli model, only slightly worse fitting
was obtained [43]. These differences can result from differences in the properties of used
raw materials and drying method. Drying kinetics also strongly depend on the method of
raw materials pretreatments before dehydration [44].
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Figure 2. Drying curves of the air-dried of mulberry fruits.

Table 2. Analysis of models describing the kinetics of freeze-drying of mulberry fruits.

Model Name

Sample

30 ◦C 50 ◦C 70 ◦C

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2

Newton 0.991 0.006 3.503 × 10−5 0.991 0.006 3.508 × 10−5 0.987 0.007 5.094 × 10−5

Page 0.998 0.001 2.154 × 10−6 0.998 0.001 1.000 × 10−6 0.998 0.001 1.787 × 10−6

Henderson and Pabis 0.991 0.007 5.126 × 10−5 0.993 0.004 1.828 × 10−5 0.990 0.005 2.878 × 10−5

Logarithmic 0.998 0.001 2.298 × 10−6 0.999 0.000 1.536 × 10−7 1.000 0.000 7.188 × 10−8

Wang and Singh 0.997 0.002 3.677 × 10−6 0.996 0.003 7.326 × 10−6 0.998 0.001 1.450 × 10−6

Logistic 0.999 0.001 3.145 × 10−7 0.999 0.001 2.738 × 10−7 0.999 0.001 5.319 × 10−7

Midilli 0.999 0.000 2.185 × 10−7 1.000 0.000 1.890 × 10−8 1.000 0.000 7.350 × 10−9

Table 3. Analysis of models describing the kinetics of air-drying of mulberry fruits.

Model Name

Sample

40 ◦C 50 ◦C 70 ◦C

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2

Newton 0.989 0.007 5.347 × 10−5 0.993 0.004 1.744 × 10−5 0.987 0.007 1.435 × 10−4

Page 0.990 0.007 4.631 × 10−5 0.999 0.001 2.911 × 10−7 0.998 0.001 3.471 × 10−7

Henderson and Pabis 0.989 0.007 5.380 × 10−5 0.995 0.007 5.381 × 10−5 0.990 0.005 4.679 × 10−5

Logarithmic 0.998 0.001 2.145 × 10−6 0.906 0.054 3.055 × 10−3 1.000 0.000 8.919 × 10−7

Wang and Singh 0.983 0.012 1.473 × 10−4 0.983 0.002 5.920 × 10−6 0.998 0.001 1.694 × 10−7

Logistic 0.993 0.005 2.337 × 10−5 0.999 0.000 1.015 × 10−7 0.999 0.001 1.679 × 10−7

Midilli 1.000 0.000 8.305 × 10−8 1.000 0.000 5.109 × 10−10 1.000 0.000 1.586 × 10−8
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Table 4. Values in the models describing the freeze-drying of mulberry fruits.

Temperature Equation
Coefficient

a k (min−1) n b

30 ◦C

Newton 0.001970
Page 0.000511 1.210111

Henderson and Pabis 0.000511 1.210111
Logarithmic 1.111092 0.003301 −0.1964

Wang and Singh −0.001426 0.000001
Logistic 1.660363 0.700757 0.003019
Midilli 0.973077 0.000475 1.210584 −0.000015

50 ◦C

Newton 0.005995
Page 0.000991 1.169959

Henderson and Pabis 1.050253 0.002918
Logarithmic 1.098745 0.001668 −0.088077

Wang and Singh −0.002023 0.000001
Logistic 1.924220 0.956935 0.003966
Midilli 1.001843 0.001910 1.206081 −0.000080

70 ◦C

Newton 0.008463
Page 0.001087 1.198783

Henderson and Pabis 1.053648 0.003647
Logarithmic 1.136264 0.002737 −0.124730

Wang and Singh −0.002552 0.000002
Logistic 1.736335 0.771779 0.005216
Midilli 0.988800 0.001573 1.117076 −0.000068

Table 5. Values in the models describing the air-drying of mulberry fruits.

Temperature Equation
Coefficient

a k (min−1) n b

40 ◦C

Newton 0.000959
Page 0.000691 1.046169

Henderson and Pabis 0.995797 0.000955
Logarithmic 1.094992 0.000685 −0.144593

Wang and Singh −0.000716 0.000001
Logistic 2.211470 1.342309 0.009708
Midilli 1.005795 0.002944 0.804393 −0.000063

50 ◦C

Newton 0.001956
Page 0.000762 1.147366

Henderson and Pabis 1.045217 0.002044
Logarithmic 1.0283351 0.002643 −0.026413

Wang and Singh −0.001459 0.000001
Logistic 2.210854 1.230381 0.002661
Midilli 0.994949 0.001019 1.091671 −0.000024

70 ◦C

Newton 0.005995
Page 0.001388 1.278262

Henderson and Pabis 1.087555 0.006512
Logarithmic 1.179409 0.004836 −0.136079

Wang and Singh −0.004461 0.000005
Logistic 1.653568 0.648026 0.009708
Midilli 1.001843 0.001910 1.206082 −0.000080

3.2. Color Coordinates

The color of dried fruits is an important quality parameter that decides consumers’
acceptance. The dehydration of fruit almost often causes changes in the color of the
dried product. The color coordinates for fresh fruits were as follows: L* = 27.16 ± 0.24,
a* = 0.46 ± 0.88, and b* = 10.60 ± 0.13. Both FD and AD increased the lightness of dried
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MF compared with fresh fruits (Table 6). However, the highest values of L* were found for
freeze-dried fruits and increased from 62.67 to 75.24 with the increase in drying temperature.
In the case of AD, the highest value of L* was obtained for MF dehydrated at 50 ◦C (56.67)
and the lowest at 40 ◦C (39.55). The higher lightness of the freeze-dried material compared
to the air-dried product may be both from the presence of oxygen during AD and shrinkage
of MF as a result of convective drying [45]. Drying also caused an increase in redness (a*)
and yellowness (b*) of MF. Higher values of a* were found for air-dried fruits. Importantly,
an increase in AD temperature did not influence the redness of MF, whereas FD caused a
decrease in this parameter when the temperature of the heating plates was 60 ◦C. In the case
of yellowness, higher values of this parameter were found for lyophilized fruits than for air-
dried mulberries. A reverse tendency was found in the case of air-dried fruits. The lowest
yellowness was observed when the temperature of the process was 70 ◦C. Consequently,
the total color difference (∆E) was higher for freeze-dried MF than for air-dried fruits and
slightly but significantly increased with an increase in FD temperature. Other authors [22]
found that the freeze-dried MF were characterized by higher redness and yellowness
compared with air-dried fruits. However, they dehydrated black mulberry fruits, and
the values of lightness, redness, and yellowness were considerably lower compared with
our results. An increase in FD temperature often causes increasing L* of dried products,
whereas redness and yellowness can change in various ways depending on the kind of
dried fruits. Biernacka et al. [46] found that the redness and yellowness of strawberries
increase with the increase in FD temperature from 20 to 60 ◦C. Other authors observed that
in the case of cranberries, the temperature had no significant influence on the redness of
freeze-dried fruits [47]. Taking into account air-dried fruits, a similar situation is observed.
The drying temperature significantly changed color coordinates but the range of changes is
strictly related to a kind of dried fruit and the method of pretreatments [48].

Table 6. Color coordinates of dried mulberry fruits.

MD * DT (◦C)
Parameter

Lightness Redness Yellowness ∆E

FD
30 62.67 ± 0.17 d** 12.82 ± 0.03 b 34.84 ± 0.13 d 44.53 ± 0.20 d

50 63.19 ± 0.67 d 14.19 ± 0.04 c 34.43 ± 0.12 d 45.54 ± 0.59 e

70 75.24 ± 0.62 e 6.02 ± 0.11 a 27.32 ± 0.43 b 51.21 ± 0.45 f

AD
40 39.55 ± 0.52 a 15.22 ± 0.28 d 26.99 ± 0.35 b 26.89 ± 0.55 b

50 56.67 ± 0.26 c 15.34 ± 0.11 d 30.51 ± 0.11 c 38.59 ± 0.27 c

70 42.73 ± 1.02 b 14.98 ± 0.30 d 24.59 ± 0.54 a 23.82 ± 0.75 a

* MD—method of drying, DT—drying temperature, FD—freeze-drying, AD—air drying, ∆E—total coller differene.
** The values designated by the different small letters (a–f) in the columns of the table show significant differences
between the means for both AD and FD and different drying temperature. (α = 0.05).

3.3. Total Ascorbic Acid Content

Ascorbic acid is a water-soluble component with many health benefits. This compound
shows high antioxidant activity and protects proteins and DNA from oxidation [49]. In
addition, the function of the epithelial barrier against infections is supported by this acid.
It is also essential for the creation of collagen proteins and is crucial for stopping bleeding
and aiding in wound healing [50]. Moreover, it also functions as an enzyme cofactor during
metabolic energy production and hormone synthesis [51]. The average content of TAC in
fresh mulberry fruits was 34.6 mg per 100 g of raw material, which was 214 mg per 100 g
of dry mass. Both FD and AD caused a decrease in TAC content in dried MF (Figure 3).
Moreover, an increase in DT increased the loss of TAC. The TAC content in freeze-dried
MF ranged from 182 to 135 mg/100 g DM, whereas in the case of air-drying, it changed
from 82 to 45 mg/100 g DM. The lowest content of L-ascorbic acid in dried mulberry
fruit was recorded for the air-dried method at 70 ◦C and the highest for freeze-dried
MF at 30 ◦C. In the case of freeze-drying, the loss of TAC compared to the raw material
amounted to approximately 15% at the temperature of the heating plates of 30 ◦C and
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a maximum of approximately 38% at the temperature of 70 ◦C. The air-drying process
caused the degradation of TAC acid by approximately 62% at an air temperature of 40 ◦C
and approximately 79% at 70 ◦C. The higher degradation of TAC during AD can result
from the presence of oxygen, whereas during FD, the access to oxygen is limited [52].
Moreover, extended time of dehydration has a negative influence on TAC content [35].
Others authors [53] also found that AD compared with other methods of drying causes the
greatest degradation of TAC. In addition to the drying temperature, the time of heating
also increased the degradation of this acid [54]. Therefore, the drying process should be
stopped immediately after the raw material reaches the assumed moisture content.
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Figure 3. Total content of L-ascorbic acid in fresh and dried mulberry fruits; RM—raw material, FD—
freeze-drying, AD—air-drying, 30, 40, 50 and 70—drying temperature in ◦C. The values designated
by the different small letters (a–g) show significant differences between the means for AD and FD and
different drying temperature (α = 0.05).

3.4. Phenolics Content and Antioxidant Capacity

The content of phenolics in fresh fruits was 158.8 mg GAE/g DM. Table 7 presents
the results of TP and AC in dried MF. Both FD and AD caused a decrease in phenolics
content. An increase in drying temperature also reduced the content of TP. However,
considering the same level of drying temperature, significantly higher values of phenolics
were observed in freeze-dried MF. The content of total phenolics in freeze-dried MF was
in the range of 93.6–140.4 mg GAE/g DM, whereas in the case of AD changed from 88.5
to 122.6 mg GAE/g DM. Butkhup et al. [55] studied the chemical composition of eight
mulberry cultivars air-dried at 60 ◦C. They discovered that depending on the cultivar, TP
varied from 104.8 to 213.5 mg GAE/100 g DW. Other authors showed that the level of
phenolic strongly depends on the degree of fruit maturity. The highest values of TP were
observed in fully-ripened MF [54].

The drying method had relatively little influence on AC expressed by both DPPH and
ABTS antiradical activities. The lowest values of EC50, which means the highest AC, were
found for fresh fruits and fruits lyophilized at 30 ◦C. An increase in DT caused an increase in
EC50 values and, consequently, a decrease in AC was observed. At the same level of drying
temperature, significantly higher values of AC were observed for freeze-dried MF. FD is
commonly known as one of the best methods of food preservation. However, according to
our results and the data obtained by other authors [56,57], an increase in DT also leads to
a significant decrease in the phytochemicals content and AC of dried food. However, for
some raw materials, the method of pretreatment and shorter period of dehydration avoid
too much degradation of biologically active compounds from taking place, even at higher
drying temperatures [35]. Therefore, optimal drying conditions should be determined
separately for each kind of raw material.
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Table 7. TP and antioxidant capacity in freeze-dried and air-dried MF.

MD * DT
(◦C)

TP
(mg GAE/g DM)

EC50DPPH
(mg DM/mL)

EC50ABTS
(mg DM/mL)

FD
30 140.4 ± 2.6 d** 6.02 ± 0.11 a 24.59 ± 0.54 a

50 118.1 ± 3.7 c 12.82 ± 0.03 b 26.99 ± 0.35 b

70 93.6 ± 5.2 b 14.19 ± 0.04 c 32.51 ± 0.11 c

AD
40 122.6 ± 2.6 c 15.22 ± 0.28 d 27.32 ± 0.43 b

50 98.1 ± 3.8 b 15.34 ± 0.11 d 34.84 ± 0.13 d

70 88.5 ± 4.6 a 17.65 ± 0.30 e 34.43 ± 0.12 d

* MD—method of drying, FD—freeze-drying AD—air drying, DT—drying temperature, TP—total phenolic
content, EC50ABTS—antiradical activity against ABTS, EC50DPPH—antiradical activity against ABTS. ** The values
designated by the different small letters (a–e) in the columns of the table show significant differences between the
means for AD and FD and different drying temperature (α = 0.05).

4. Conclusions

Both the drying method and DT significantly influenced the drying kinetics of MF. An
increase in the temperature of AD from 40 to 70 ◦C and FD from 30 to 70 ◦C reduced the
drying time six-fold and two-fold, respectively. The changes of MR both during FD and AD
of MF were best described using the Midilli model. The color of dried MF was significantly
affected by both the drying method and process temperature. The highest lightness and
yellowness were noted for freeze-dried fruit, whereas air-dried MF were characterized by
the highest redness. The lower values of this parameter were observed after convection
drying, and the maximum L* was noted for air-dried fruits at 50 ◦C. The highest content of
TAC was found in fresh fruits. An increase in drying temperature remarkably reduced the
content of L-ascorbic acid. Taking into account the same levels of drying temperature, FD
better protected TAC than AD. A similar tendency was observed in the case of TP and AC.
However, the differences between freeze-dried and air-dried MF were significantly lower
than in the case of TAC. To sum up, FD at 30 ◦C preserved MF to the best extent. On the
other hand, AD at 40 ◦C also gave satisfactory results, taking into account the TP and AC
of MF.
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