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Abstract: This study aimed to determine the effects of osmotic dehydration on the kinetics of hot
air drying of apricot halves under conditions that were similar to the industrial ones. The osmotic
process was performed in a sucrose solution at 40 and 60 °C and concentrations of 50% and 65%. As
expected increased temperatures and concentrations of the solution resulted in increased water
loss, solid gain and shrinkage. The kinetics of osmotic dehydration were well described by the
Peleg model. The effective diffusivity of water 5.50-7.387 x 10 m?/s and solute 8.315 x 107%-1.113 x
10 m?/s was calculated for osmotic dehydration. Hot air drying was carried out at 40, 50, and 60 °C
with air flow velocities of 1.0 m/s and 1.5 m/s. The drying time shortened with higher temperature
and air velocity. The calculated effective diffusion of water was from 3.002 x 10~ m?/s to 1.970 x
10~ m?/s. The activation energy was sensitive to selected air temperatures, so greater air velocity
resulted in greater activation energy: 46.379-51.514 kJ/mol, and with the osmotic pretreatment, it
decreased to 35.216—46.469 k]/mol. Osmotic dehydration reduced the effective diffusivity of water
during the hot air drying process. It also resulted in smaller shrinkage of apricot halves in the hot
air drying process.

Keywords: apricot; osmotic dehydration; drying; kinetics; modeling; mass transfer; shrinkage

1. Introduction

Apricot (Prunus armeniaca) is one of the most valued stone fruit species grown in the
temperate climate zone due to its attractive appearance and distinctive aroma. It is a rich
source of antioxidants, minerals, and vitamins. In addition to its fresh use, it is used for
various forms of processing (drying, freezing, gelled products, compotes, juices, and
alcoholic beverages). The production of dried fruit in the world in 2019 amounted to 2.8
million tons, which is 16% higher than ten years ago. Compared to other fruits, dried
apricot production has been recorded with the largest increase and a share of about 40%.
The world’s leading producer is Turkey, with 19% of total production, and the US with
12% [1-3]. In Serbia, the consumption of dried apricots has gradually increased over the
last years, and most of it is imported from Turkey and Iran. Domestic production of dried
apricots is rather small due to a lack of knowledge of adequate technology. Given the
significant production of fresh apricots in Serbia and the economic justification of the
drying process, further research on the drying of domestic varieties should be encour-
aged [4,5].

The common apricot drying technology includes a pre-treatment with sulfurization
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and hot air drying. Sulfurization slows down enzymatic and non-enzymatic reactions as
well as microbiological spoilage during long storage. However, sulfurization and hot air
drying affect the sensory, nutritional, and physical properties of dried apricots, and they
cause the reduction of phenolic compounds, carotenoids, and vitamin C [6-10]. Recently,
there has been a growing demand in the world for dried sulfur-free apricots with better
functional properties. Osmotic dehydration (OD) as a pre-treatment for hot air drying
(HAD) offers less sulfur and improves the qualitative properties of dried fruit [11,12].

Osmotic dehydration is the process of removing water from tissue immersed in
concentrated aqueous solutions. The difference in osmotic pressures causes mass transfer
between the fruit tissue and the osmotic agent. Two opposite flows appear: diffusion of
water from fruit cellular tissue (water loss, WL) and diffusion of osmotic agent into cells
(solid gain, SG). The intensity of mass transfer depends on the type of osmotic agent,
temperature, and concentration of the osmotic solution, agitation speed, size and shape
of the fruit, fruit maturity, and fruit to osmotic agent mass ratio. Various osmotic agents
can be used: sucrose, glucose, fructose, maltodextrin, sorbitol, sodium chloride, and their
combinations [11-14]. The structure of fruit tissue cells plays a significant role in the rate
of mass transfer [15,16]. Acceleration of osmotic dehydration via cell structure can be
achieved by applying thermal pretreatments such as freezing and blanching. Recent re-
search has focused on the application of non-thermal pretreatments such as high hydro-
static pressure (HHP), ultrasound (US), or pulsed electrical field (PEF) [15-18]. Both
groups of pretreatments, thermal, and non-thermal, cause changes in the cell structure
which is a limiting factor for mass transfer.

Osmotically-treated fruit has been proved to have a positive effect on the preserva-
tion of the content of total phenolic compounds and vitamin C compared to non-treated
fruit. Apricot cubes osmotically treated in a sorbitol solution showed better color reten-
tion compared to the non-treated ones [12,19,20], as well as can help preserve the apricot
shape, volume, and smooth surface during hot air drying [20]. Apricots treated osmoti-
cally in a sucrose solution presented lower water activity and lower glass transition
temperature compared to untreated ones with the same water content [21]. In addition to
the positive effects, OD also has some disadvantages. It requires an additional drying
process, usually with hot air (HAD), to dry the product to a safe moisture content. The
osmotic solution needs to be regenerated after some time. OD affects the reduction of the
effective water diffusion coefficient in the additional drying process [20].

Literature data on the kinetics of OD and HAD of apricots refers to the pieces of
small fruit cut into regular geometric shapes, cubes, slices, cylinders [11,13,14]. In indus-
trial conditions, apricots are dried as a whole fruit or cut in half. Apricots up to 35 mm in
diameter are dried as a whole fruit [22], and those with a diameter over 35 mm require
cutting in halves or other shapes. To the best of our knowledge there is no data in litera-
ture describing the combination of OD and HAD of apricot fruits in the form of halves.
Additionally, OD experiments are typically performed in small-volume vessels that
cannot represent the real process of mass transfer, which is also the case with HAD ex-
periments [13].

This study aims to determine the kinetics of OD as well as the influence of OD on
mass transfer during HAD under conditions similar to the industrial ones. The research
was performed on the apricot halves. During OD, the kinetics of water loss and solid
gain, as well as the shrinkage by volume, length, width, and thickness were determined.
Mathematical modeling of WL and SG kinetics was performed and the coefficients of ef-
fective diffusion of water and osmotic agent were calculated. During the HAD, mathe-
matical modeling of the change in water content was done, the coefficients of effective
water diffusion, activation energy, as well as the shrinkage of the volume, length, width,
and thickness of apricot half were also determined.
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2. Materials and Methods
2.1. Material

Fresh fruits of apricot (Prunus armeniaca L.) were harvested in the orchard of the
University of Novi Sad, Faculty of Agriculture, Rimski Sancevi (45°20' N and 19°50" E, 80
m a.s.l.), Serbia. The native variety from Novi Sad was chosen because of its presence in
the domestic assortment [1,2]. The fruits were in full technological maturity with the
following characteristics (average values): moisture content of fresh fruit 7.45 + 0.34 kg
H:O/kg d.m., length 50.9 + 6.3 mm, width 49.0 £ 5.5 mm, thickness 44.7 + 4.3 mm, whole
fruit weight 60.6 = 5.5 g, fruit strength 3.97 + 0.32 kg/cm?, pH value 3.03 + 0.12, and flesh
ratio 94.49 + 1.16%. The picked fruits were stored in a cooling chamber at a temperature
of 4 °C and relative air humidity of 75% for a maximum of 48 h.

2.2. Methods
2.2.1. Cutting in Halves and Sulfurization

The fruits were washed in tap water in the laboratory and then cut longitudinally
into two halves with a metal blade. The average dimensions of apricot halves were:
length L1 =50.9 + 6.8 mm, width L2=49.0 + 5.5 mm, thickness L3 =22.0 + 2.2 mm, volume
27.58 + 5.70 cm?3. Characteristic dimensions, length, width, and thickness were measured
with vernier caliper (0-190 mm, +0.05 mm, TMA MEBA, D-6-1, Prvomajska, Zagreb,
Republic of Croatia). The halves were spread on plastic perforated trays 450 x 250 x 50
mm in size. A stainless steel metal chamber 2000 x 320 x 510 mm (or 0.327 m?3) was used
for dry sulfurization (SOz). About 40 kg of apricot halves with a bulk porosity of 40%
were placed in the chamber leaving 0.23 m? of space. Powdered sulfur was used and 0.75
g of sulfur per one kilogram of apricot halves was burned for 2 h [6,22]. After sulfuriza-
tion, the halves were osmotically dehydrated. The dry matter content was determined by
drying the samples at 105 °C in an oven (Sterimatic, ST-11, Instrumentaria, Zagreb, Re-
public of Croatia) to constant weight.

2.2.2. Osmotic Dehydration

The osmotic dryer of 0.034 m? volume was used with a circulation pump and a heat
exchanger [23]. The working fluid was sucrose dissolved in distilled water [24,25]. To
avoid a decrease in osmotic pressure because of the diluted solution, the ratio of osmotic
solution/material was 10:1 [26]. Osmotic dehydration was performed at two tempera-
tures, 40 and 60 °C, and two concentrations of sucrose, 50 and 65% (w/w). About 4 kg of
sulfurized apricot halves were placed in a perforated metal basket and immersed in the
osmotic solution. Drying lasted 3 h with a constant solution flow rate of 0.01033 m/s (ul-
trasonic flow meter, Krohne, UMF 600P, Sensor A, Beverly, MA, USA). Before the begin-
ning of each osmotic dehydration experiment, 30 apricot halves were selected and their
mass (mo), length (L), width (L), thickness (Ls), and volume (Vo) were measured.
Every 20 min of the experiment, a sample of three halves was taken, the excess solution
was carefully wiped with a paper towel, and then the measurements of mass (mx), length
(Liw), width (L2w), thickness (Lsw), volume (Vx), and dry matter content were taken. The
weight of the sample was measured on an analytical balance (0200 g, 0.01 g + 0.02 g,
Kern, 440-33 N, Balingen, Germany). The dry matter content was determined by drying
the samples at 105 °C in an oven (Sterimatic, ST-11, Instrumentaria, Zagreb, Republic of
Croatia) to constant weight. The OD experiment was performed in three replicates of all
factor combinations.

2.2.3. Hot Air Drying (HAD)

Pre-treatment samples OD1 (40 °C, 50%) OD2 (60 °C, 65%) and a control sample
(without OD) were used to investigate the effect of OD on HAD. The prepared samples
were placed in a tray-type tunnel dryer. The experiment of hot air drying was performed
at 40, 50, 60 °C in a laboratory-scale dryer with 1.0 and 1.5 m/s air velocities. Two kilo-
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grams of apricot halves were arranged in a thin layer on four trays 440 x 290 mm in size.
The specific load of the tray was 4 kg of apricot halves/m2. The spherical part of the half
was laid down facing the tray, and the cut part of the half was laid turned upwards. Inlet
air was 25 + 1.4 °C and the relative humidity was 42 + 7.8%. Before the experiment was
started, the dryer was run empty for about 30 min to achieve the desired temperature and
air velocity conditions. Drying with one combination of factors took 1380 min. Each
combination of factors was repeated three times.

During the HAD process, the kinetics of the drying process was continuously
measured and the following data were recorded: the mass of apricot halves, temperature
of fruit, temperature of heated and surrounding air (dry and wet-bulb temperature). The
change in the mass of the sample was measured using a mass sensor built into the dryer
(HBM, Germany, model PW6CC3MR, measuring range 0-20 kg, accuracy +2 g). The
temperature of apricot halves was measured by placing the tip of a thermocouple (J-type)
5 mm below the upper surface and it was measured on three halves. The temperature of
the surrounding hot air was measured with thermocouples (J-type). Mass and tempera-
ture sensors were connected to a measurement acquisition (National Instruments, USA,
model NI 622225) which recorded data every 60 s. Air velocity was measured using dy-
namic pressure that was measured by employing a pitot tube and a differential micro
manometer (Testo 506, Germany, measuring range 0-100 hPa, accuracy *1 Pa). The dryer
used in the experiment was described in detail in the previous paper [27]. At the begin-
ning (t = 0 min) and at the end (t = 1380 min) of each HAD experiment, 10 apricot halves
were selected and their mass (m-), length (Liw), width (L2m), thickness (Lsw), and volume
(V<) were measured.

2.2.4. Measuring of Volume and Shrinkage

The volume of the apricot halves was measured by immersing the halves into 96%
ethanol and calculating the volume according to the following equation [28]:

m; —m
V== (1)

where V-« is the volume of the half (cm?), m- is the mass of the half and fluid (ethanol) (g),
m is the fluid mass (g), o is fluid density (g/cm?). One of the qualitative indicators of the
drying process and the quality of the final product is the change in the volume and di-
mensions of the final product compared to the fresh material. Shrinkage of apricot halves
was calculated with the following equations [26,29]:

VO - V
Sv(‘t) = v, & (2)
s ho~he _Lg~lw _ Lo s )
B L O Ly RO Ls0)

where Sy is decrease in volume (-), Vo initial volume of apricot half (cm?), V= apricot half
volume (cm?) at time t. Suim—shrinkage in length (=), Lio, Lim—length (mm) at the be-
ginning of process and at time T, Stz —shrinkage in width (-),L20), Lz—width (mm) at
the beginning of process and at time T, Siswm—shrinkage in thickness (=), Lsw),
Lsw—thickness (mm) at the beginning of process and at time .

2.2.5. Modeling of Osmotic Dehydration and Hot Air Drying
Following parameters describing the kinetics of the OD process were calculated [16]:

myX, — mX
WL = 040 THT (4)

Mg m.(0)

m —m
SG = d.m.(t) d.m.(0)

©)

Mg m.(0)
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where WL is water loss (kg H20/kg d.m.), SG is solid gain (kg d.m./kg i.d.m.; is initial dry
matter), Xo is initial water content (kg H2O/kg d.m.), X« is water content (kg H2O/kg d.m.)
at time T of the process, md.m.( is the initial mass of dry matter (kg i.d.m.), md.m.« is mass
of dry matter (kg d.m.) at time T of the process, mo is the initial mass of the sample (kg),
and mx« is mass of the sample (kg) at time T of the process.

The Peleg model was used to describe the kinetics of OD based on WL and SG
changes during the process [30]:

T
W= kT ©)
SG=—"
Tl + ket )

where 1 is time (min) of drying, kwi is Peleg’s parameter (min kg d.m./kg H20), kw2 is
Peleg’s parameter (kg d.m./kg H20), ks1 is Peleg’s parameter (min kg i.d.m./kg d.m.), ks
is Peleg’s parameter (kg d.m. initial/kg d.m.).

The moisture ratio (MR) and drying rate (AX/At) were calculated using the follow-
ing formulas to show the kinetics of the hot air drying process:

Xt_Xeq
MR = ——— 8
XO_Xeq ( )
AX  Xo—X,

AT T, ©)
where Xo is the initial water content in the course of drying (kg H2O/kg d.m.), X- is water
content (kg H20/kg d.m.) at time t of the process, Xeg—equilibrium water content (kg
H:O/kg d.m.), t—drying time (min). The equilibrium water content for all experimental
units was 0.1 kg H2O/kg d.m. (=10% wet base).

To select the best mathematical model that would describe the curves of hot air
drying of apricot halves pretreated with osmotic dehydration, ten equations commonly
used in literature were analyzed (Table 1).

Table 1. Mathematical models applied to hot air drying curves.

Model Number Model Name Model Equation References
1 Newton ! MR = exp(-kr) [31]
2 Page MR = exp(-kt") [32]
3 Modified Page MR = exp(—(kt)") [33]
4 Logarithmic MR =a exp(-kt) +b [34]
5 Henderson and Pabis MR = a exp(-kt) [35]
6 Modified Henderson and Pabis MR = a exp(-kit)+ b exp(-ket) + ¢ exp(-kst) [36]
7 Verma MR = a exp(-kit) + (1 — a) exp(-ker1) [37]
8 Two Term MR = a exp(-kit) + b exp(-ket) [38]
9 Two Term Exponential MR = a exp(-kt) + (1 — a) exp(-kat) [39]
10 Diffusion Approach MR = a exp(=kt) + (1 - a) exp(-kbt) [40]

1k, k1, ke, ks—Drying constant (min™); a, b, ¢, n—Coefficients of the equations; t—Time (min).

2.2.6. Determination of Water and Solute Diffusivities

The coefficient of effective diffusivity of water and solute during OD and HAD,
obtained from the drying data, represents an overall mass transfer property of water or
solute in the material, which may include liquid diffusion, vapor diffusion, hydrody-
namic flow, and other possible mass transfer mechanisms. Analytical solutions of the
equations representative of mass transfer in terms of Fick’s law have been reported for
geometrical shapes such as infinite slabs, infinite and finite cylinders, parallelepipeds,
and spheres [41]. Nevertheless, several food products of hemispherical shape (mush-
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rooms, coffee grains, halved potato, halved melons, halved apricots) are frequently
modeled in this geometry [24,42]. For the hemispherical shape, more complex methods
have been used based on finite element techniques to solve mass transfer in terms of
Fick’s law [43,44]. In this study, the diffusivities of water and osmotic agent was calcu-
lated by applying the analytical solution for a infinite slab geometry [24,25]. The solutions
to the second Fick’s law for infinite slab and a working medium of limited volume are the
following equations for diffusions of water and solute [25,41]:

WL oSG - . —q? - Dot 0
e I (10)
i=
2a(a+ 1
i = (—2)2 (11)
1+ a+qgja
where the qi represents the non-zero roots of:
tang; = —agq; (12)

where WLeq is water loss at equilibrium (kg H20/kg d.m.), SGeq is solid gain at equilib-
rium (kg d.m./kg d.m.initial), I—half thickness of slab/sample (m), De is the effective
diffusivity of the water or solute (m?%/s), at is the ratio of solution/sphere volumes. The
WLeq and SGeq values were determined experimentally. For all combinations, three
apricot halves were placed in a 500 cm? vessel with osmotic agent and placed in an in-
cubator (Sterimatic, ST-05, Instrumentaria, Zagreb, Republic of Croatia). The mass was
measured every 24 h until equilibrium was reached, and then the dry matter content was
measured. The measurement was done in three replicates.

For diffusivity of a infinite slab, Fourier number D.t/I> was set to be greater than 0.1;
only the first term in Equation (10) is significant and other terms can be neglected, so
Equation (10) can be, therefore, reduced to:

1o (o 0

WLeq — SGeq

G

D
—Ln = ¢ (l—‘;T) (13)

The value De of water and solute can be determined from the slope of the linear re-
gression plotting —In((1 - WL/WLeq)/C1] and —In[(1 — SG/SGeq)/C1) versus t.

The solution to Fick’s second law for the diffusion of an infinite slab in the media of
unlimited volume resulted in the following equation for the transfer of water during hot
air drying [41,42]:

Xe—Xeq 8% 1 (2i + 1)? WDt
MR =L —°d _ _Z - . _
Xo—Xeq ™ Li@i+1) eXp( 412 (14)

where Dert water diffusivity coefficient (m?/s). For long drying processes, only the first
term on the right side of the equation is taken into consideration and then the equation
takes the following form [41,42]:

8 T[zDeffT
MR = F-exp —T (15)

Only the first term in Equation (15) is significant and other terms can be neglected.
The value Deit of water can be determined from the slope of the linear regression plotting
InMR versus .

2.2.7. Determination of Activation Energy

Activation energy (Ea) shows the sensibility of the diffusivity (Det) to temperature.
The greater value of Ea means more sensibility of diffusivity to temperature. The tem-
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perature dependence of effective diffusivity may be described by Arrhenius-type rela-
tionship as follows [44]:

E
Desr = Doexp () (16)

where Ea is activation energy (kJ/mol), Do is the Arrhenius factor that is generally defined
as the infinitely high temperature (m?/s), R is the universal gas constant (kJ/kmolK), and
T is the absolute temperature (K). Ea is calculated using the right line that was obtained
by linear regression between In(Der) and (1/T).

2.2.8. Experimental Design and Statistical Analysis of the Results

In this study, a set of randomized 2 x 3 factorial experiments with three replicates
was performed to investigate:

o effects of concentration and temperature of the osmotic solution on the drying be-
havior of apricot halves during OD, the kinetics of water loss, solid gain, shrinkage,
and diffusivity coefficients;

o effects of the OD process parameters on the drying behavior of apricot halves during
HAD, kinetics, shrinkage, diffusivity coefficients, and activation energy.

The data obtained from experiments were analyzed using “Statistica” software,
version 13 (TIBCO Software Inc., Palo Alto, CA, USA). The analysis of variance (ANO-
VA) was used to evaluate the difference between mean values of response. The Duncan’s
multiple range test was performed and significant differences were observed at p < 0.05.
The drying constants and coefficients in the models were determined by performing a
non-linear regression analysis. “Statistica” software version 13 (TIBCO Software Inc.,
Palo Alto, CA, USA) was used for statistical analysis. The determination coefficient (R?),
the root mean square error (RMSE), the reduced chi-squared (y?), and coefficient residual
variation (CRV) were used to evaluate the fitness of the models [16]:

. ¥, (MR;, — MR,)

- 5 (17)
Zi=1(MRi.e - MRp)
2

RMSE = iN=1(MRi.p - MRi.e) (18)

N

2

2 _ %V:l(MRi.p - MRi.e) (19)

X N—n

2

CRV = 100% - @ (20)

where MR is predicted dimensionless moisture ratio; MRi.. is experimental dimen-
sionless moisture ratio; MRe is experimental mean dimensionless moisture ratio; N is
number of observations; n is number of constants in the model equation; Y mean ex-
perimental values of WL, SG or MR. High R? values, lower x2 and RMSE indicate that the
model fits well to the experimental data. The CRV values below 20% indicate that the
model can be used for prediction.

3. Results
3.1. Osmotic Dehydration

Figure 1 shows the water loss (WL) of apricot halves during osmotic dehydration.
After 180 min of process, the highest WL was recorded with the highest values of process
parameters (60 °C, 65%) and it was 5.214 kg H:O/kg d.m., and the lowest value was 3.832
kgH:0/kg d.m. for the lowest temperature and smallest osmotic agent concentration (40
°C, 50%). During the first 60 min of the process, WL was most intense. Compared to the
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moisture content of apricot halves in the initial sample (8.304 kg H2O/kg d.m.), 30%—44%
of water was lost, and for the remaining 120 min another 17-18% was lost. A total of 180
min of osmotic dehydration reduced moisture content in the range of 47%-62%. Based on
the osmotic drying curves and depending on the process parameters, the lowest moisture
content was 3.187 kg H20/kg d.m. recorded after 180 min of the process (Supplementary
Figure S1). The evaluation of ANOVA (Table 2) showed the significance of both temper-
ature and osmotic agent concentration for WL. The temperature of the solution had
greater effect on WL, while the interaction of the factors was not statistically significant.

6 :
I
I
5
I
!
g 4
o
) |
=4 |
o 3 :
as! | 40°C, 50%
&0 J
—é PR R . N R B . A 40°C, 65% .

+ 60°C, 50%

1 L — = 60°C, 65% ]

—— Peleg equation

1
1
1
i
0 20 40 60 80 100 120 140 160 180 200

7 (min)

Figure 1. Water loss (WL) during the osmotic dehydration process (process predicted based on
Equation (6)).

Table 2. Mass transfer parameters after 180 min of OD process.

1t C WL SG Ratio WL/SG
(°O) (%) (kg H2O/kg d.m.) (kg d.m./kg i.d.m.) =)

40 50 3.832+0.402 ¢ 0.394 +£0.004 ® 9.711

40 65 4.429 + 0.390 be 0.478 +0.059 « 9.258

60 50 4.578 +0.441 b= 0.517 £0.017 < 8.843

60 65 5.214 +0.018 0.568 +0.013 2 9.219

! t—temperature of osmotic solution. C—concentration of the osmotic agent. Data are mean +
standard deviation. The values marked with different letters (a, b, c) are significantly different (p =
0.05). WL —water loss. SG—solid gain.

Increase in solid gain (SG) is presented in Figure 2. After 180 min, depending on the
process parameters, SG was: 0.565, 0.517, 0.478, 0.394 kg d.m./kg i.d.m., respectively, for
samples treated at 60 °C, 65%, 60 °C, 50%, 40 °C, 65% and 40 °C, 50%. The highest SG was
recorded in the first 40 min: 0.311, 0.222, 0.193, 0.166 kg d.m./kg i.d.m., respectively, for
samples treated at 60 °C, 65%, 60 °C, 50%, 40 °C, 50%, and 40 °C, 65%. It continuously
decreased until the end of the process.
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0,6

40°C, 50%

40°C, 65%

SG (kg d.m./kg i.d.m.)

60 °C, 50%

60 °C, 65%

Peleg equation

0 20 40 60 80 100 120 140 160 180 200

Figure 2. Solid gain (SG) during the osmotic dehydration process (process predicted based on
Equation (7)).

The ANOVA results (Table 2) confirmed the significance of temperature and os-
motic agent concentration for SG. Statistically, temperature was more significant, while
the interaction of factors was statistically less significant. The average volume of apricot
halves before the OD process was 27.58 + 5.71 cm®. The highest decrease in volume, a
value of 0.331, was observed in the samples that were treated at the highest temperature
and osmotic agent concentration, followed by the values of 0.238 (40 °C, 65%) and 0.205
(60 °C, 55%), and the smallest decrease in volume was 0.157 (40 °C, 50%). The results of
ANOVA (Table 2) showed that the factors are statistically significant, as well as their
mutual interaction.

The volumetric shrinkage of apricot halves was approximately linear with the du-
ration of the OD process (Supplementary Figure S2). The measured dimensions con-
firmed uneven shrinkage of apricot halves (Supplementary Table S1). The ANOVA re-
sults confirmed the significance of temperature and osmotic agent concentration for
shrinkage. The largest shrinkage occurred in thickness (Sus = 0.226), then width (St2 =
0.141), and the smallest shrinkage was in length (St1=0.134).

The mathematical modeling of each process allowed us to calculate the values of the
required parameters for any observed time. Table 3 shows the results of osmotic dehy-
dration constants of the Peleg model for WL and SG, as well as the results of statistical
analysis of OD modeling. In general, the Peleg model with calculated drying constants
shows good fitting with experimental data; R?is in the range of 0.9872-0.9985, and CRYV is
between 1.827 and 6.372%.

For WL models, the values of the Peleg model constants, kw1 and kw2 decrease with
higher temperature, while higher osmotic agent concentration kw1 shows no dependence
and the kw2 decreases. When modeling SG, the constants kst and ks2 decrease with in-
creasing temperature, and the dependence was not determined with different concentra-
tions. Fitting the WL with Equation (6) is shown in Figure 1, and SG with Equation (7) in
Figure 2.
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Table 3. Parameters of mathematical modeling used for the description of changes in WL (kwi, kw2) and SG (ks1, ks2) with

statistical analysis.

Parameter 1t C kw1 or s1 kw2 or s2 R2 RMSE X2 CRV
40 50 11.544 0.200 0.9955 0.0767 0.0073 3.258

WL 65 13.0325 0.1597 0.9937 0.0153 0.0135 4.055

60 50 8.5438 0.1724 0.9985 0.0527 0.0034 1.827

65 6.0601 0.1646 0.9916 0.1369 0.0234 4.188

40 50 155.82 1.6133 0.9916 0.0114 0.0001 5.195

G 65 176.64 1.1571 0.9889 0.0153 0.0002 6.372

60 50 120.99 1.2826 0.9948 0.0115 0.0001 4113

65 80.298 1.3699 0.9872 0.0188 0.0044 5.851

! t (°C) —temperature of osmotic solution. C (%)—concentration of the osmotic agent. kw1 (min kg d.m./kg H20), kw2 (kg
d.m./kg H20)—model constants for WL. ka (min kg i.d.m./kg d.m.), ks (kg d.m. initial/kg d.m.)- model constants for SG.
CRYV (%) — coefficient residual variation. WL —water loss. SG—solid gain.

Table 4 shows the values of diffusion coefficient of water (Dew) and solute (Des) cal-
culated with Fick’s model (Equations (10)-(13)). The Dew values range from 5.50 x 10~
m?/s to 7.387 x 102 m?/s. The coefficients of determination (R?) have values >0.9. The
values of Des range from 8.315 x 10710 m?/s to 1.113 x 10~ m?/s, and R? is within a range of
0.8831-0.9527. Higher temperature and osmotic agent concentration caused higher val-
ues of water and solute diffusivity.

Table 4. Water and solute diffusivities during osmotic dehydration calculated by Fick’s model.

Osmotic Solution Water Loss Solid Gain
1t Dew WLeq Des SGeq
(°C) C (%) (m?/s) R? (kg H20/kg d.m.) (m?/s) R? (kg d.m./kg i.d.m.)
40 50 5.500 x 109 0.9337 7.11+0.17 8.315x 1010  0.9165 0.476 +0.051
65 6.149 x 10 0.9675 7.75 +0.36 1.00 x 10-? 0.9527 0.593 +0.036
60 50 6.728 x 10 0.9144 7.47 +0.21 1.076 x 109 0.9131 0.562 +0.017
65 7.387 x 109 0.9183 7.93+0.14 1.113 x 109 0.8831 0.783 +0.044

! t—temperature of osmotic solution. C—concentration of the osmotic agent. Dew—coefficinent effective diffusivity of
water. Des- coefficinent effective diffusivity of solute. WLeq—water loss at equilibrium. SGeq—solid gain at equlibrium.

3.2. Hot Air Drying

The moisture content of apricot halves in the control group was 8.295 kg H20O/kg
d.m. at the beginning of the drying process (t = 0 min), and in osmotically dehydrated
samples it was 4.108 kgH>O/kg d.m. (OD1) and 3.148 kgH>O/kg d.m. (OD2). It was no-
ticed that with increased air temperature and air velocity, the drying process was more
intense for all experimental units. At the end of the hot air drying process, at T = 1380 min,
the lowest recorded level of moisture content was achieved in the control sample 0.0751
kg H:O/kg d.m. (60 °C, 1.5 m/s), as well as the smallest decrease in the moisture content,
1.050 kg H2O/kg d.m. (40 °C, 1.0 m/s). In osmotically dehydrated samples, final moisture
content in the range of 0.129-0.729 kg H-0O/kg d.m. (OD1) and 0.256-0.764 (OD2) was
recorded (Supplementary Figures S3 and 54).

The hot air drying kinetics of untreated, OD1-treated and OD2-treated apricot
halves are shown in the form of moisture ratio (MR) in Figures 3-5, respectively. The
control sample (Figure 3) achieved the set equilibrium moisture ratio values at an air
temperature of 60 °C and air velocity of 1.5 m/s for t = 1230 min. At the end of the pro-
cess, at the same temperature and lower air velocity, 1.0 m/s, the sample needed only
1.2% of moisture ratio to reach the equilibrium value of the moisture content.
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Figure 3. Drying curves of the hot air drying process of the control group (fresh apricot halves): (a) air velocity 1.0 m/s, (b)
air velocity 1.5 m/s.

Air temperature increase from 40 °C to 60 °C accelerates the drying process in the
range of 11.72-17.70% in all experimental units. A particularly evident effect of air tem-
perature on the drying speed was observed in osmotically dehydrated samples. As for
the samples treated with OD2, increased air temperature reduced the water content from
15.38-17.70%, and for OD1, 13.34-15.82%. In the control group, the increase in tempera-
ture affected the rate of reaching the equilibrium moisture content of #11.72%.

Increased air velocity, from 1.0 to 1.5 m/s, accelerated the drying process by
0.41-1.80% for all experimental units. A slightly higher effect of air velocity on the drying
rate was observed in osmotically-treated samples compared to the control group:
0.67-1.80% for OD1, 0.7-1.61% for OD2, and 0.41% for the control group.
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Figure 4. Drying curves of the hot air drying process of the apricot halves with osmotic pretreatment OD1 (40 °C, 50%):
(a) air velocity 1.0 m/s, (b) air velocity 1.5 m/s.

Osmotic pretreatment slowed down the drying process of apricot halves. At the end
of the hot air drying process, OD samples had smaller reduction in MR compared to the
control group: 3.91%-9.9% for OD2, and 0.07%—4.04% for OD1. More pronounced slow-
ing of the drying process was observed in the samples with OD2 pretreatment.
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Figure 5. Drying curves of the hot air drying process of the apricot halves with osmotic pretreatment OD2 (60 °C, 65%):

(a) air velocity 1.0 m/s, (b) air velocity 1.5 m/s.

The decrease in shrinkage (Sv) of apricot halves was in the range of 0.628-0.903. The
OD apricot halves exerted less shrinkage compared to the control group, 0.628-0.765 and
0.804-0.903, respectively. Shrinkage in size (St1, St2, St3) corresponds to the trend of Sv. It
was observed that apricot halves shrank most in their width (S13), and least in the length
(Su1). It can be concluded that the drying air velocity is not statistically significant for

shrinkage (Supplementary Table S2).

The influence of OD on the drying rate for the HAD process is shown in Figure 6 for
the selected process parameters. With the same moisture content values, the most inten-
sive drying rate was achieved with the control sample.
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Figure 6. Drying rate of apricot halves during HAD for the air temperature of 60 °C; 1.0 and 1.5 m/s

air velocity.

Drying speed for apricot halve
mately the same up to moisture cont

s with OD1 and OD2 pretreatments was approxi-
ent of 1.0 kg H20/kg d.m. (t = 600 min). However,
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in the later drying stage, the speed decreased in OD2 compared to OD1. The influence of
air velocity on the drying kinetics was more pronounced in the control sample than in
OD1 and OD2 up to a moisture content level of ~1.0 kg H2O/kg d.m., after which this in-
fluence was insignificant.

Figure 7 shows the temperatures of apricot halves (tm) measured at a depth of 5 mm
from the upper surface and for the selected HAD process parameters. There was a dif-
ference between temperature of the control and both OD1 and OD2 treated samples, even
with the same material moisture content of the samples. Higher inner temperatures were
achieved with the control sample. Temperature differences decreased as the moisture
content reached equilibrium. Increased air velocity caused faster heating of the apricot
halves.

80
- 70
e
/'// —
- U
7 oF
60°C,1.0m/s; Control —®— 60°C, 1.0 m/s; Control L 20
—e— 60°C, 1.5m/s;OD1 —— 060°C,1.5m/s; 0OD1
10
—=— 60°C,1.0m/s; OD2 60°C, 1.0 m/s; OD2
T T T T T T T T 0
9 8 7 6 5 4 3 2 1 0

X (kg H;O/kgd.m.)
Figure 7. Temperature of apricot halves during HAD at 60 °C; 1.0 and 1.5 m/s air velocity.

The results of regression analysis of the ten studied models used to describe the ki-
netics of hot air drying of apricot halves with osmotic pretreatment, and the control
group are summarized in Table 5 and Table S3. The analysis of results shows that all ap-
plied models have a good fit of the experimental results. The coefficient of determination
(R?) for all drying regimes is in the range from 0.9895-0.9999. The mean-square error
(RMSE) and the values of the reduced test (x?) are small, 0.00119-0.02502, and 0.000002
and 0.00068, respectively. Additionally, the values of the coefficient of residual variation
(CRV) are small for all regimes, 0.26-7.87%. The drying kinetics was, for standardization
reasons, modeled with the logarithmic model, which gives the best overall results. For all
experimental units, the logarithmic model gave results for the coefficient of determina-
tion (R?) in the range of 0.9981-0.9999, a maximum mean-square error (RMSE) of 0.0108,
and a reduced test of 0.00013 (Table 5).

In a few experiments had slightly better matching values that were obtained by us-
ing the Diffusion Approach and Page models. The coefficients of logarithmic model are
given in Table 6, and other evaluated models are presented in Table 54 (Supplementary
File, Tables S4-512).
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Table 5. Statistical analysis of logarithmic model used to describe the kinetics of hot air drying of fresh and osmotical-
ly-pretreated apricot halves.

Air velocity  Air temperature CRV
Model Pretreatment (m/s) C) R? RMSE X2 %)
40 0.9991 0.0073  0.00006 1.8987
1.0 50 0.9998 0.0040  0.00002 1.4648
Control 60 0.9994 0.0071 0.00006 3.2927
40 0.9981 0.0108  0.00013 2.8735
1.5 50 0.9996 0.0055  0.00003 2.2259
60 0.9991 0.0083  0.00008 4.2288
40 0.9995 0.0053  0.00003 1.2226
1.0 50 0.9996 0.0051 0.00003 1.5199
I 60 0.9995 0.0062  0.00004 2.4909
Logarithmic ob1! 40 09989 00081 000008 19853
1.5 50 0.9993 0.0070  0.00006 2.2776
60 0.9992 0.0078  0.00007 3.2759
40 0.9996 0.0044  0.00002 0.9191
1.0 50 0.9999 0.0028  0.00001 0.7534
oD2 60 0.9994 0.0065  0.00005 2.4677
40 0.9991 0.0067  0.00005 1.4597
1.5 50 0.9997 0.0044  0.00002 1.2701
60 0.9997 0.0045  0.00002 1.7620

OD1 '—Osmotic dehydration at temperature 40 °C and agent concentration 50%. OD2—Osmotic dehydration at tem-
perature 60 °C and agent concentration 65%. R?—Determination coefficient, RMSE—Root mean square error,
x?>—Reduced chi-squared, CRV —Coefficient residual variation.

Table 6. The coefficients of Logarithmic model used to describe the kinetics of hot air drying of fresh and osmotical-
ly-pretreated apricot halves.

Air Velocity Air Temperature al b k
Model Pretreatment (m/s) °C) ) ) (min-)
40 0.9558 0.0256 0.0016
1.0 50 0.9828 0.0070 0.0025
Control 60 1.0250 -0.0287 0.0030
40 0.9360 0.0313 0.0017
1.5 50 0.9696 0.0155 0.0029
60 1.0135 -0.0193 0.0034
40 0.9649 0.0192 0.0014
1.0 50 0.9747 0.0094 0.0019
. . 60 1.0349 -0.0474 0.0024
Logarithmic OP1 40 0.9557 0.0178 0.0014
1.5 50 0.9624 0.0146 0.0022
60 1.0122 -0.0297 0.0026
40 0.9576 0.0279 0.0012
1.0 50 0.9193 0.0715 0.0019
oD2 60 0.9985 0.0050 0.0027
40 0.9268 0.0507 0.0013
1.5 50 0.9060 0.0797 0.0022
60 0.9756 0.0236 0.0029

1 a, b—Coefficients of the equation; k—Drying constant. OD1—Osmotic dehydration at temperature 40 °C and agent
concentration 50%. OD2—Osmotic dehydration at temperature 60 °C and agent concentration 65%.
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The results of effective moisture diffusivity (Dett) of the apricot halves during the
HAD process are shown in Table 7 together with the coefficient of determination (R?),
from 3.002 x 10710 to 1.970 x 10~ m?/s and from 0.887 to 0.999, respectively. It can be con-
cluded that the highest values of effective moisture diffusivity were achieved by the
control samples, followed by the OD1 pretreated samples, and finally, the lowest value
was recorded for OD2 ones. An increase in the value of the effective diffusivity of mois-
ture was observed in all experimental units when the temperature and air velocity in-
creased. The air temperature had a greater influence than air velocity on the increase in
Dest values. Osmotic pretreatment influenced the decrease of Dett values: higher values of
osmotic dehydration, temperature, and concentration of the osmotic agent caused Deif to

decrease.

Table 7. The effective moisture diffusivity coefficients during hot air drying calculated by Fick’s

model.
Air Velocity Air Temperature Dest
Pretreatment (m/s) °C) (m2/s) R?
40 5.431 x 1010 0.999
1.0 50 8.933 x 1010 0.998
Control 60 1.585 x 10-° 0.957
40 5.984 x 1010 0.999
1.5 50 9.328 x 1010 0.994
60 1.970 x 10-° 0.988
40 4.028 x 10-10 0.999
1.0 50 5.662 x 1010 0.999
OD1 60 1.065 x 10-° 0.887
40 4.304 x 10-10 0.999
1.5 50 6.103 x 1010 0.999
60 1.262 x 10-° 0.987
40 3.002 x 10-10 0.999
1.0 50 4.198 x 10-10 0.994
60 6.777 x 10710 0.991
Ob2 40 3.019 x 1010 0.999
1.5 50 4.513 x 10-10 0.990
60 7.259 x 1010 0.983

Deit ' —effective moisture diffusivity coefficients. OD1—Osmotic dehydration at temperature 40
and agent concentration 50%. OD2 —Osmotic dehydration at temperature 60 °C and agent con-

centration 65%.

The activation energy for all experimental units is in the range of 35.216 kJ/mol to
51.514 kJ/mol (Table 8). Osmotic pretreatment lowered the activation energy value with
respect to the control sample. Additionally, greater air velocity intensified the drying

process, which led to higher activation energy.
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Table 8. The activation energy for the apricot halves during the HAD process.

Air Velocity Ea? 2

Pretreatment (m/s) (kJ/mol) K
Control - s b9
15 51.514 0.973
1.0 42.005 0.953
OD1 15 46.469 0.974
o 1.0 35.216 0.985
15 37.987 0.995

Ea'—activation energy. OD1—Osmotic dehydration at temperature 40 °C and agent concentration
50%. OD2 —Osmotic dehydration at temperature 60 °C and agent concentration 65%.

4. Discussion

Increased temperatures and concentrations of the osmotic solution resulted in
higher water loss and solid gain in the apricot halves. In fact, an increase in the solution
concentration cause a rise in osmotic pressure, while an increase in the temperature of the
osmotic agent can affected the permeability of the cell wall and the viscosity of water and
osmotic agent, thus enabling water to pass more easily through the cell tissue and the
agent to penetrate more easily into the apricot halves [15,16,25,45,46]. The measured
values of WL and SG are in accordance with the results of other authors for the osmotic
drying of apricot slices [25], apricot cubes [24], and apple cubes [30]. The results of the
statistical analysis (Table 2) prove the influence of both factors on the rate of mass trans-
fer, but the temperatures of the osmotic agent gave a more significant difference. Khoyi
and Hesari [25] points out that, for the mass transfer rate, the agent’s temperature is sta-
tistically more significant than the concentration, when drying apricot slices in sucrose
solution at a temperature from 30-60 °C and the concentration of 50-70%. Togrul and
Ispir [46] came to the same conclusion when drying melon cubes.

The choice of process parameters depends on the WL/SG ratio (Table 2). Their ratio
is chosen according to the desired characteristics of the finished product. In order to
produce dried fruit with minimal addition of sugar, the most favorable ratio of the said
process parameters for osmotic dehydration of apricot halves is 40 °C and 50% (WL/SG =
9.711). Khoyi and Hesari [25] recommend 50 °C temperature and 60% concentration for
apricot slices drying due to high WL and low SG. They also point out better solution
viscosity, lower production costs and less technical problems at the plant.

The calculated values of the effective diffusivity of water Dew and solute Des (Table
4), for WL and SG, are in agreement with the results of other authors who osmotically
dehydrated the fruit in sucrose solution, at a similar range of temperatures and osmotic
agent concentrations. The authors recorded the following values: apricot slices [25]: 0.61 x
10-19—4.06 x 10® m?/s for WL and 7.69 x 10-3.13 x 10 m?/s for SG; apricot halves [24]:
0.751 x 10710-1.25 x 10710 m?/s for WL and 0.69 x 10-10-1.21 x 10~ m?/s for SG; apple cubes
[30]: 1.98 x 10-10-2.48 x 102 m?/s for WL and 2.340 x 10-10-1.228 x 10-10 m?/s for SG; melon
cubes [46]: 1.11 x 10-10-3.10 x 10 m?/s for WL and 1.02 x 10-10-2.46 x 10-1° m?/s for SG.

The greatest volumetric shrinkage was recorded in the samples dried at a tempera-
ture of 60 °C and osmotic agent concentration of 65%. The measured dimensions con-
firmed uneven shrinkage of apricot halves (Supplementary Table S1). The largest
shrinkage occurred in thickness, then width, and the smallest shrinkage was observed in
length. Figure 8 shows a cross-section of an apricot half with changes in size and mass
transfer during OD. The solid and dotted lines indicate the dimensions before and after
the OD process, respectively. As already mentioned, the intensity of WL and SG depends
on the state of the cell wall [15,16,25,46]. When the apricot fruit was cut and stone re-
moved, surfaces Fa) and Fe) were formed. The surface Fau) was with the damaged meso-
carp tissue due to cutting, so the cells were more permeable for water and agent mole-
cules. The surface F) consists of parenchyma cells and the cell wall is semi-permeable
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[47]. The F) surface contains cells of the epidermal tissue whose natural role is to protect
the fruit from external influences. Uneven shrinkage in size (St < St20-v < St30-v) was a
consequence of uneven water loss on the observed surfaces. The largest loss was marked
on Fqu), then F), and the smallest loss was on F@), WL > WL@ > WL@. Additionally, SG
had the same trend: SGu) > SGe) > SGe). Similar results have been reported by other re-
searchers who discovered that the shrinkage was more pronounced in the cells that were
closer to the surface of mass transfer and whose cell wall structure changed than inside
the tissue [15,48-51].
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Figure 8. Cross-section of the apricot halves with shrinkage and mass transfer during osmotic dehydration: (a) Water loss
(WL); (b) Solid gain (SG). Fany—Surface after cutting; Fo—Surface after the stone was removed; F@—Surface; Lo,
L2m—Width of apricot half at the beginning of process and at time 7; La), Law—Thickness of apricot half at the beginning
of process and at time t; WL, WL@), WL@—Water loss through surfaces F(1), F(2), F(3); SGu, SGw, SGe—solid gain
through surfaces F(1), F(2), F(3); A—difference; — direction of water and solute diffusion, ===—dash line dimensions after

OD.

The Peleg model was chosen to predict osmotic dehydration. High coefficients of
determination (R?) were obtained for both WL and SG, but the values were higher for WL
due to the greater variability of experimental data in SG (Table 3). This was also reflected
in higher values of the prediction error indicator (x?) of RMSE and CRV. Good matching
of the data obtained with the Peleg model for the prediction of osmotic drying was also
reported by other authors, for apricot slices [25], apple cubes [30], and melon cubes [46].

The drying rate was the highest for the control sample due to the difference in initial
moisture content and the presence of osmotic agent in the treated samples (Figure 6 and
Figures S3 and 54, Supplementary file). The figure (Figure 6) shows that the drying rate
was not constant, and the speed was decreasing throughout the process. This indicates a
dominant physical-mechanical diffusion of water in the fruit [22]. After OD1 lasting for
180 min, the moisture content in samples was 4.108 kg H2O/kg d.m., while the control
sample developed this moisture content in 220 min at 60 °C and air velocity of 1.0 m/s.
After OD2, the samples had a moisture content of 3.148 kg H20/kg d.m., and the control
sample achieved this moisture content in 315 min at 60 °C and air velocity of 1.0 m/s. This
means that osmotic dehydration had higher drying rate in the first 180 min of the process
compared to HAD. The duration of the HAD process was affected more by higher tem-
perature than air velocity. The results of other authors confirm this conclusion [22,52].

The shrinkage measurement after HAD confirmed greater shrinkage of apricot
halves in the control group compared to the osmotically-dehydrated samples (Table S2,
Supplementary file). The authors [26,48] reported a positive effect of osmotic pretreat-
ment on apple slices shrinkage; the treated samples shrank less than the control group
after HAD. Figure 9 shows a cross-section of the apricot half with changes in size and
mass transfer. The solid line shows the dimensions of the halves before HAD, and the
dotted line shows dimensions after drying.
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Figure 9. Cross-section of the apricot halves with shrinkage and mass transfer during HAD: (a) with OD pretreatment, (b)
Control group. Fay—Surface after cutting; Fo—surface after the stone was removed; F@—Surface; L), L2 —Width of
apricot half at the beginning of the process and at time t; L), Lsw—Thickness of apricot half at the beginning of the
process and at time T; Defi(1), Deft2), Defi3 — diffusion of water through surfaces F(1), F(2), F(3); A—difference; —dash line,
dimensions after HAD; tm—the temperature of apricot halves at a depth of 5 mm; t—hot air, v—air velocity; «—airflow
flow direction; — direction of water diffusion on surfaces F(1), F(2), F(3).

During the HAD process, the transfer of moisture from the surface of apricot halves
into the air and the diffusion of water molecules through the tissue and towards the
transfer surface was more intense in the control sample (Figures 6 and 8b). The layers of
cells that make up the surface Fa) had the highest transfer of moisture into the air, fol-
lowed by the surface F(2, and the slowest transfer of moisture was from the surface Fg). In
the control sample, at the beginning of the HAD process, due to the increased moisture
content that was capillary bound, the evaporation process took place on the surfaces Fq),
Fe), and Fe); during the evaporation process, it moved towards the interior of the apricot
half. The layers of tissue cells that were closer to the surface were drier than the layers
that were further away; the temperature of the material increased (Figure 7), and the
volume decreased. The fast transition of the evaporation area towards the center caused
the outer layers to dry out and the inner layers of the cells to be wetter, so an uneven field
of moisture was formed in the material. Different moisture content between the cell lay-
ers that were made of surfaces Fu), Fe, and Fe) influenced the measured shrinkage inten-
sity (St3©-v > St20-v > Sti-v). Internal stresses were formed between the layers and greater
deformation of the initial shape was observed in the control sample compared to the OD
samples (Supplementary Table S2). More uniform drying of surfaces Fu), Fe, and Fi) was
achieved in apricot halves pretreated with OD due to the presence of osmotic agent
molecules in the tissue, in the order as follows SGq) > SGe) > SGe) (Figure 8b). At the be-
ginning of drying of OD samples, the halves that were smaller in size provided a shorter
path for the diffusion of water molecules, which also affected the formation of a homo-
geneous moisture field inside the half. Consequently, the tissue temperature at a depth of
5 mm increased more slowly in the samples treated with OD compared to the control
sample (Figure 7). The same results of temperature measuring were reported by the au-
thors for drying apricots [22] and banana slices [53]. Over drying of surface layers was
less pronounced in OD samples. The lower temperature of the material is a consequence
of the heat consumption to break the newly formed bonds between the dry matter, os-
motic agent, and moisture in the apricot tissue. This forms the moisture bound by ad-
sorption whose higher share reduces the value of water activity [54].

Some semi-theoretical drying models that have been commonly used to describe the
slow drying time in the literature are Newton, the Henderson and Pabis, the logarithmic,
the Page model, and others (Table 1). These models are generally derived by simplifying
general series solutions of Fick’s second law and considering a direct relationship be-
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tween the average water content and drying time [55-58]. They neglect the fundamentals
of the drying process and their parameters have no physical meaning. The logarithmic
model gives the highest values of R? and lowest of x2, RMSE, and CRV (Table 5 and
Supplementary file Table S3). It is also observed that the consistency of fitting the drying
data into the model is very good for all of the experimental drying air conditions. Thus,
the model can be assumed to represent the drying behavior of fresh and osmotical-
ly-treated apricot halves. The logarithmic model also describes the air drying curve of
whole apricot [22] with a correlation coefficient of 0.991.

Within the scope of applied pretreatments, temperature, and drying air velocity, the
calculated effective diffusion coefficient (Detf) includes water diffusion in the tissue and
external convective moisture transfer. The values obtained for all pretreatments, tem-
peratures, and air velocities are given in Table 7. As the air temperature and velocity in-
creased, the value of the effective diffusivity of water also increased. Osmotic pretreat-
ment influences the reduction of the effective diffusion coefficient. The calculated effec-
tive water diffusion coefficients are in the range of the values reported by other authors.
The diffusion coefficient for apricot halves dried with hot air at temperatures of 30-90 °C
was 2.7 x 10-10-10.2 x 10-1© m?/s [44], for apricot halves without OD it was 1.47 x 10-°-6.56 x
10 m?/s, for whole apricot fruit, at 50-80 °C, it was 4.76 x 10--8.32 x 10 m?/s [22].

The calculated activation energy values (Ea) (Table 8) indicate the sensitivity of the
effective water diffusion coefficient to the selected air temperature range. Increased air
velocity caused the value of Ea to increase as well. Osmotic pretreatment lowered the
value of Ea, which may be an indication that the solute in the cells bound to water mole-
cules, so energy is then needed to break these bonds. The Ea values obtained in this study
are in the range of values obtained by other authors for HAD fruit 20.0-46.278 kJ/mol
[22,44,57].

5. Conclusions

The kinetics of osmotic drying of apricot halves, water loss, and solid gain, are de-
scribed using the Peleg model with satisfactory accuracy. The most favorable ratio of
water loss and solid gain is with the osmotic agent temperature of 40 °C in the concen-
tration of 50%. Cutting the apricot fruit in half disturbs its cellular structure and the
shrinkage is then most evident in thickness and less in length. Higher parameters of the
osmotic drying process intensify the mass transfer. The kinetics of hot air drying was
described using the logarithmic model that approximated the experimental data over the
entire time range with satisfactory accuracy. The model proved to be useful for predict-
ing the kinetics of hot air drying of the apricot halves both for those which had the os-
motic pretreatment and for those that did not.

Osmotic pretreatment slows down the kinetics of convective drying, reduces the
water diffusion coefficient and activation energy. Osmotically-treated apricot halves
shrank less in volume, length, thickness, and width than the control sample, which re-
sulted in a better quality of the final product. The most favorable combinations of pa-
rameters of osmotic dehydration and hot air drying are: the temperature of 40 °C and
50% concentration of the osmotic agent, the temperature of 60 °C and air velocity of 1.0
m/s. Future research should focus on the energy consumption in hot air drying technol-
ogy and comparison between the apricot halves with and without the osmotic pretreat-
ment.

Supplementary Materials: The following are available online at
www.mdpi.com/2227-9717/9/2/202/s1, Figure S1. Drying curves of the apricot halves during the
osmotic dehydration process, Figure S2. Shrinkage of apricot halves (Sv) during the osmotic de-
hydration process, Figure S3. Drying curves of hot air drying apricot halves for air velocity 1.0 m/s,
Figure S4. Drying curves of hot air drying apricot halves for air velocity 1.5 m/s, Table S1. Mean
values of shrinkage for osmotic dehydrated samples after 180 min of process, Table S2. Mean val-
ues of shrinkage for hot air dried samples after 1380 min of process, Table S3. Statistical analysis of
models used to describe the kinetics of hot air drying of fresh (control) and osmotically-pretreated
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apricot halves, Table S4. The coefficients of Newton model used to describe the kinetics of hot air
drying of fresh (control) and osmotically-pretreated apricot halves, Table S5. The coefficients of
Page model used to describe the kinetics of hot air drying of fresh (control) and osmotical-
ly-pretreated apricot halves, Table S6. The coefficients of Modified Page model used to describe the
kinetics of hot air drying of fresh (control) and osmotically-pretreated apricot halves, Table S7. The
coefficients of Henderson and Pabis model used to describe the kinetics of hot air drying of fresh
(control) and osmotically-pretreated apricot halves, Table S8. The coefficients of Modified Hen-
derson and Pabis model used to describe the kinetics of hot air drying of fresh (control) and os-
motically-pretreated apricot halves, Table S9. The coefficients of Verma model used to describe the
kinetics of hot air drying of fresh (control) and osmotically pretreated apricot halves, Table 510. The
coefficients of Two Term model used to describe the kinetics of hot air drying of fresh (control) and
osmotically-pretreated apricot halves, Table S11. The coefficients of Two Term Exponantial model
used to describe the kinetics of hot air drying of fresh (control) and osmotically-pretreated apricot
halves, Table S12. The coefficients of Diffusion Approach model used to describe the kinetics of hot
air drying of fresh (control) and osmotically-pretreated apricot halves.
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