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Osmotic dehydration kinetics of fresh and frozen blueberries considering volume
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Abstract

Osmotic dehydration is a nonthermal processing technology, that is limited in blueberries because of the osmotic agent,
temperature and efficiency. This study was to prepare a novel ternary solution considering low-sugar, low-salt and low-viscosity
requirements and to dehydrate blueberries at 20 °C. The mass transfer kinetics of fresh and frozen blueberries were explored
in ternary solution considering the volume shrinkage of blueberries. The results showed that the 40%/50% xylitol solution had
the lowest viscosity in polyols at 20 °C. The addition of 5%/10% CaCl, had no significant effect on the viscosity of the ternary
solution. Frozen blueberries had higher OD efficiency and less equilibrium time than fresh blueberries at 600 rpm vibration speed
and 50%xylitol/10%CaCl, concentration. There was competition between xylitol and CaCl, transfer at shorter dehydration times
for fresh blueberries, which was not significant in frozen blueberries and with longer times. Considering volume shrinkage of
the blueberries, the effective diffusion coefficient of water and solute was calculated. The vibration speed had a significant effect
on the effective diffusion coefficient, which governed the mass transfer efficiencies of the blueberries in the ternary solution.

Keywords: blueberries; osmotic dehydration; xylitol; calcium chloride; effective diffusion coefficient.

Practical Application: A low-sugar, low-salt and low-viscosity ternary solution is explored to dehydrate fresh and frozen
blueberries at 20 °C. Mass transfer kinetics are explored for fresh and frozen blueberries in this ternary solution at 20°C.
More accurate effective diffusion coefficients for water, xylitol and CaCl, are calculated considering the volume shrinkage of the
blueberries. The effects of vibration speed and solute concentration on the effective diffusion coeflicients of water and xylitol

are clarified.

1 Introduction

Osmotic dehydration (OD) is a nonthermal technology
for preserving and processing fruit (Junqueira et al., 2021;
Dermesonlouoglou & Giannakourou, 2018; Kowalska et al., 2017).
This method can extend the shelflife of blueberries and produce
intermediate-moisture products with better stability (Grajales-
Lagunesetal.,, 2019; Yuetal., 2016). The further development of
OD in blueberries is hindered by osmotic agents and efficiency
(Yu et al,, 2016; Ciurzynska et al., 2016; Kucner et al., 2013;
Ketata et al., 2013). Sucrose is one of the most commonly used
osmotic agents in the OD of blueberries (Yadav & Singh, 2014;
Vega-Galvez et al.,, 2012). However, the use of sucrose to dehydrate
fruits will increase the sugar content and the calorific value of the
final products, which are important because glycemic index and
calorific intake are dietary concerns among consumers, particularly
those who are diabetics (Shi et al., 2017). In recent studies, many
researchers have tried a variety of low sugar solutions, including
polyols and low-sugar fruit juice, to reduce the calorie content and
glycemic index of dehydrated products (Cichowska et al., 2018;
Akharume et al., 2016). The high viscosities of sucrose, polyols
and low-sugar fruit juice solution limits their applications in
the OD of blueberries at low temperature (<25 °C), and many
physicals methods, such as vibration and stirring, cannot improve
the efficiency (Dimakopoulou-Papazoglou & Katsanidis, 2019;

Telis et al., 2004; Tonon et al., 2007). Higher temperature can
improve the OD efliciency, but high temperature is harmful to the
anthocyanins and phenols in blueberries (Allan-Wojtas et al., 2001;
YuY etal,, 2017). Anthocyanins are antioxidants and important
solutes in a healthier product (Grajales-Lagunes et al., 2019).
To improve the efficiency of OD for blueberries, the use of a
ternary solution can increase the osmotic pressure gradient
of the solution without reaching the saturation limit of the
OD solute (Dimakopoulou-Papazoglou & Katsanidis, 2019;
Telis et al., 2004; Derossi et al., 2015). Sodium chloride (NaCl)
is a common OD solute in ternary solutions (Telis et al., 2004;
Tonon et al., 2007; Derossi et al., 2015). However, excessive
intake of sodium in the human-body can cause high blood
pressure and cardiovascular disease (Rodrigues et al., 2016;
Silva et al., 2014). In studies of the OD of fruits and vegetables,
calcium chloride (CaCl,) is a new salt substitute (Silva et al., 2014;
Jesus Junqueira et al., 2017). Compared with NaCl, CaCl, has
lower effects on the physio-chemical and sensory properties
of dehydrated products and can also avoid the negative effects
of NaCl (Jesus Junqueira et al., 2017). In addition, the skin of
blueberries is a determinant factor that hinders mass transfer
during the OD process (Kucner et al., 2013; Ketata et al., 2013).
Freezing treatment is a low-cost and ordinary processing technology
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for perishable blueberries, and is also helpful for improving the
moisture impermeability of blueberry skin (Ketata et al., 2013).

At present, studies on the OD of blueberries are mostly carried
out in binary sucrose solutions and at high temperatures (50°C,
60°C) (Ketata et al., 2013), and there are sparse scientific data on
the OD of blueberries in low-sugar, low-salt and low-viscosity
solutions at lower temperatures. The application of a low-viscosity
polyols/CaCl, ternary solution in the OD of blueberries has not
been reported. In a low-temperature environment, mechanical
stirring and vibration can be used to strengthen the OD diffusion
process and improve the OD efliciency. The mass transfer and
economic benefit can be enhanced with the improved efficiency
(Junqueira et al., 2021). It is not clear whether the mass transfer
is predominantly governed by a diffusion mechanism or by
the external resistance of the solution under the different
skin conditions of fresh and frozen blueberries. The effective
diffusion coefficient and dehydration equilibrium time are not
clear in the OD of blueberries in polyols/CaCl, ternary solution.
Furthermore, the effective diffusion coefficients of water and
solute during OD are mostly based on FicK’s second law without
considering the volume shrinkage of fruit (Ketata et al., 2013;
Song et al., 2020; Nsonzi & Ramaswamy, 1998). However, an
accurate value of diffusion coefficients should be used by taking
into account volume shrinkage under different OD processing
conditions (Junqueira et al., 2017).

This study aimed to create a low-sugar, low-salt and low-
viscosity OD solution and to investigate the effects of the ternary
solution on the OD kinetics of the fresh and frozen blueberries
at the temperature of 20 °C by (1) preparing the ternary OD
solution(polyols/CaCl,/water) according to the viscosity and
temperature of the solution (2) determining the equilibrium times
and volume shrinkage levels of fresh and frozen blueberries in this
ternary OD solution (3) modeling the mass transfer processes of
water and solute to determine the effective diffusion coefficient
while considering volume shrinkage; and (4) investigating the
effects of vibration speed and solution concentration on the OD
kinetics of blueberries.

2 Materials and Methods

2.1 Blueberries and osmotic dehydration treatment

Fresh blueberries (V. corymbosum L.) were purchased
from the local fruit wholesale market and were stored in the
refrigerator at 4°C. After individual quick freezing treatment
(-80 °C), frozen blueberries were stored at -18°C in a freezer.
Prior to the experiment, frozen blueberries were thawed at room
temperature (20 °C) for 2 h and were blotted dry to remove
surface water.

Polyols, sucrose and CaCl, (analytical reagent grade) were
purchased from the local chemicals market and distilled water
was used to prepare the solutions. The viscosities of the solutions
were determined by Thermo fisher HAAKE (Viscotester 550,
Thermo fisher Scientific, Inc., IA, USA). In the OD experiment,
20 g of blueberries was immersed in an Erlenmeyer flask (with
a rubber stopper) containing 200 mL of xylitol/CaCl, solution,
with a 1:10 ratio of blueberries to solution. In OD processes,
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the processing time is usually lower than the time required to
reach the complete equilibrium of the product with the solution
(Monnerat etal., 2010). To reach OD equilibrium, the fresh and
frozen blueberries were subjected to OD processing for 30 h.
Sampling was performed at 1 h intervals of 0-10 h and at 2 h
intervals of 10-30 h. In the experiments, the blueberries were
removed from the solution, rinsed quickly with water, blotted
dry to remove surface water, and then weighed to determine
the water content, xylitol gain and CaCl, gain of the blueberries.
In the process of OD, mechanical stirring and vibration of the
solution could decrease the external resistance of the boundary
layer of diffusion (Dimakopoulou-Papazoglou & Katsanidis, 2016).
Thermostatic vibration equipment (600 rpm), a thermostatic
water bath and an air conditioning system were used to reinforce
the OD process of fresh and frozen blueberries at a controlled
temperature (20 °C), because mechanical stirring destroyed the
blueberries in the preliminary experiment.

2.2 Kinetics research on the OD of blueberries in ternary
solution

In this research, the analytical solution of Fick’s second
law was used to determine the effective diffusion coefficients
of water, xylitol and CaCl, for blueberries in ternary solutions.
To calculate effective diffusion coefficient of the blueberries,
water ratio and solid ratio (WR and SR) were calculated by
normalizing the water (solute) content of the time ¢ interval with
the initial water content and modeled by analytical solution of
FicK’s second law (Equations 1-3).

2 2
wr - Mic —Mec, 8 i ) exp —3600D,,,., (2n+1) 7°t )
MOC()_Mece 71'2 n:0(2n+1)2 V2
SR el — M, —M,s, :1_% > 1 Sexp
M s, = Msy 77 n=0(2n+1)
~3600D, 0 (2n+ 1) 7°t )
) r2
SR = MeSe =Mys =1—% > 1 >exp
M s, —Mysy 7" n=0(2n+1)
2 2
[—36000Cac,2(2n+1) P t] 3)
2
r

where: ¢ is the water content of blueberries in OD at time ¢
(%); c, is the water content of blueberries in OD at equilibrium
time (%); s, is the xylitol or CaCl, gain of blueberries in OD at
time ¢ (%); s, is the xylitol or CaCl, gain of blueberries in OD
at equilibrium time (%); M, is the mass of blueberries at the
initial time(g); M, is the mass of blueberries at time ¢ (g); M,
is the mass of blueberries at equilibrium time (g); D, D, .,
and D__, are the effective diffusion coefficient (10'°m?/s); r is
the average radius of blueberries (m); and 7 is the calculation
factor of diffusion coeficient nonlinear regression equation, #=8.

Without considering any volume shrinkage of the blueberries, r
is an average constant (r=6.94 mm for fresh blueberries, 7=5.91 mm
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for frozen blueberries) which was measured with 50 samples.
Taking into account volume shrinkage, the effective radius of
blueberries was determined by Equation 4 (Omobuwajo etal., 1999).
An electronic caliper was used to measure g, b and ¢ before and
after the freezing and OD treatment (Figure 1b). Taking into
account the radius shrinkage, effective diffusion coefficients
were calculated based on the adjusted radius.

B ( ab. C)l/ 3
o= 4
where: r_is the effective radius of blueberries. a is the maximum
diameter(mm), b is the intermediate diameter (mm) and c is
the minimum diameter (mm) of the blueberries (Figure 1.(b)).

The water content of blueberries was determined by a weight
measurement according to the AACC 83 method 44-15A.
The xylitol content was determined by HPLC (Agilent 1100,
Agilent Technologies, Inc., California, USA) (Chen etal., 2013).
The CaCl, content of blueberries was determined by the atomic
absorption method (PerkinElmer AA700, PerkinElmer, Inc.,
Massachusetts, USA) and direct titration using AgNO, (Renato
D etal., 2017).

The nonlinear estimation program Prism version 6.01
(GraphPad Software Inc., San Diego, CA, USA) was used to
calculate the effective diffusion coefficients of water, xylitol and
CaCl,. The analysis of the significant differences in water content,
xylitol and CaCl, gain were performed by a 95% significance
level analysis and a Tukey’s test.

2.3 Experimental design of solution concentration and vibration
speed on the effective diffusion coefficient of blueberries

The regression analysis of the effects of the diffusion
coeflicients for the fresh and frozen blueberries against different
solution concentrations and vibration speeds was presented by a

rotatable central composite design with a total of 17 experiments
and three independent variables: CaCl, concentration (5-10%),
xylitol concentration (40-50%) and vibration speed (0-600 rpm).
The response variable Y (D, D_, .and D_ ) listed in

water xylitol’ CaCl2
Equation 5 was fitted to the data in terms of three independent
process variables (CaCl, concentration, xylitol concentration

and vibration speed).

2 2 2
Y =By + Bix;+ Boxy + Paxz + Bryxi + Bosxs + Py3x3 +

Bioxpxy + Br3xixz + Br3xyxs

®)

where: Y is the response variable (D__ , nylitol and D ..);
B, is the equation regression coefficient; and x_is the coded
independent variable(CaCl, concentration, xylitol concentration

and vibration speed).

Analysis of variance (ANOVA), determination of the
regression coeflicients, testing for the lack of fit and the generation
of three-dimensional graphs were performed using Design
Expert (version 8.0.5, State-Ease Inc., Minneapolis, MN, USA).

3 Results and discussion

3.1 Determination of the components and parameters of the
ternary solution

To compare the characteristics of polyols, xylitol, sorbitol,
erythritol, mannitol and maltitol were assessed and measured
for viscosity, molecular weight and solubility. To ensure
sufficient osmotic pressure in the OD process, 40% and 50%
mass concentration percentages of polyols and sucrose were
selected. Solution crystallization phenomena were found for
mannitol at both 10°C and 20°C. The solubility of mannitol is
17 g/100gH, O at 20°C, which means that mannitol cannot be
used to prepare ternary solutions at 40% concentration and

(b)

Figure 1. Experimental devices for OD of blueberries and the measurement of the effective radius of blueberries. (a) thermostatic vibration
equipment; (b) measurement of the effective radius for blueberries with an electronic caliper.
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at 20°C. At temperatures of 10°C and 20°C, xylitol (solubility:
170 g/100 gH,0),sorbitol(220 g/100 gH,O),maltitol(150 g/100 gH.O),
sucrose (204 g/100 gH,O), erythritol (50 g/100 gH O) and
calcium chloride (74.5 g/100 gH,O) were in completely dissolved
states in the solutions. The viscosities of the abovementioned
polyols, sucrose and calcium chloride(5% and 10%) at 10°C
and 20°C were measured, and the results are listed in Table 1.
As shown in Table 1, the viscosities was decreased with increasing
temperature (p<0.05). At 20°C, the viscosity of sorbitol was
approximately 26.22 mPa-s, which was much higher than those of
sucrose(6.17 mPa-s), xylitol(4.18 mPa-s), erythritol (4.78 mPa-s)
and maltitol(4.27 mPa-s), and the viscosity of xylitol in the polyols
was the lowest. The molecular weight of xylitol is 152 g/mol,
which is much lower than those of maltitol (344 g/mol) and
sucrose (342 g/mol). A lower molecular weight could increase
the osmotic pressure of the ternary solution. The molecular
weight of erythritol (122 g/mol) is lower than that of xylitol,
but the solubility of erythritol is 50% at 20°C, which makes it
difficult to prepare a higher concentration ternary solution.
Therefore, xylitol was selected to prepare ternary solutions,
and 40%/5%, 40%/10%, 50%/5%, and 50%/10% xylitol/CaCl2
solutions were prepared. The viscosities of 45%, 50%, 55% and
60% xylitol solutions and the viscosities of the abovementioned
ternary solutions were measured, which are also listed in Table 1.
The addition of 5% or 10% CaCl, in xylitol solution had little
effect on the viscosity in ternary xylitol/CaCl, solution (p>0.05),
compared to the viscosity of the 40%/50% binary xylitol. This could
be attributed to the viscosity of the CaCl, solution at 20°C being
low (Table 1), and the effects on the viscosities of the ternary
solution were not significant. In addition, the viscosities of the
ternary solution were affected by the solute-solute and solute-

Table 1. Concentrations and viscosities of the different solutions.

solvent interaction strengths and dissociation or association
states. Compared to the viscosities of the 45%, 50%, 55% and 60%
binary xylitol solutions, the viscosities of the ternary solutions
were lower with the addition of 5% or 10% CaCl, in 40%, 50%
xylitol solutions respectively(p<0.05). CaCl, in ternary solution
increased the driving force under saturation concentration of
xylitol at 20°C, leading to higher water mass transfer efficiency.
According to the experimental results, xylitol/CaCl, solution
(40% and 50% xylitol solution adding 5% or 10% CaCl,) was
selected to substitute the sucrose solution for OD of the fresh
and frozen blueberries.

3.2 Water content, xylitol gain and CaCl2 gain of blueberries
in the OD process

3.2.1 Water contents of the fresh and frozen blueberries

The water contents obtained at different times for OD
of the fresh and frozen blueberries are shown in Figure-2.
Freezing treatment, solution concentration and OD time had
significant effects (p<0.05) on the water content. There were
great differences in the OD time used to reach water equilibrium
for the fresh and frozen blueberries. After 30 h OD processing,
the fresh blueberries took approximately 22h (p<0.05) to
reach equilibrium, whereas frozen blueberries took only 16 h
(p<0.05), approximately 30% less time (50% xylitol/10% CaCl,).
Regarding fresh blueberries, the OD equilibrium time decreased
by approximately 2h with different CaCl, concentrations (5%
to 10%) under the same xylitol concentration conditions.
A higher CaCl, concentration increased the osmotic pressure
of the saturated concentration of the solution, resulting in a

polyols,CaCl, and Ternary solutions

. . . ) . . . Xylitol Xylitol
Xylitol Sobitol  Erythritol Mannitol — Maltitol ~ Sucrose CaCl, Xylitol Xylitol /CaCl, /CaCl,
T Concentration(%)
40%/ 40%/
(°C) 40% 40% 40% 40% 40% 40% 5% 45% 50%
5% 10%
Viscosity(mPa-s)
10 7.26 29.28 8.04 . 8.55 9.23 1.42 9.45 13.82 7.33 7.48
+0.28 +0.33 +0.52 +0.40 +0.24 +0.22 +0.27 +0.21 +0.58 +0.34
20 4.28 26.22 4.78 - 4.27 6.17 1.11 6.54 10.51 4.52 4.63
+0.31 +0.20 +0.33 +0.29 +0.35 +0.28 +0.36 +0.47 +0.42 +0.37
polyols,CaCl, and Ternary solutions
. ) ) ) . . ) Xylitol Xylitol
Xylitol Sobitol  Erythritol Mannitol ~ Maltitol ~ Sucrose CaCl, Xylitol Xylitol /CaCl, /CaCl,
T Concentration(%)
50%/ 50%/
(°C) 50% 50% 50% 50% 50% 50% 10% 55% 60%
5% 10%
Viscosity(mPa-s)
10 13.82 60.21 14.63 - 16.34 25.39 1.58 17.91 28.23 13.97 14.28
+0.53 +0.45 +0.34 +0.21 +0.31 +0.25 +0.53 +0.28 +0.36 +0.52
20 10.51 54.15 10.55 - 13.82 15.54 1.27 14.95 20.63 10.74 11.63
+0.29 +0.33 +0.37 +0.35 +0.25 +0.33 +0.32 +0.42 +0.33 +0.38
T: Temperature; **: Solution crystallization.
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shorter osmotic dehydration equilibrium time and a higher
dehydration efficiency (Sacchetti et al., 2001). Regarding frozen
blueberries, the water equilibrium time changed by 4 h with
different xylitol concentrations (40% to 50%) under the same
CaCl, concentration conditions, which was not statistically
significant (p>0.05) with different CaCl, concentrations (5%
to 10%) under the same xylitol concentration conditions.

The water contents decreased with higher xylitol and CaCl,
concentrations (p<0.05) in both the fresh and frozen blueberries.
Reductions in water content with time were also observed for
both fresh and frozen blueberries. Figure 2 shows that the
maximum reduction in water content (50% xylitol/10%CaCl,)
decreased by 8% of the initial water content after 26 h of OD
for fresh blueberries and 12% of the initial water content for
frozen blueberries at the same time (50% xylitol/10% CaCl,),
an approximately 30% higher efliciency. A comparison of the
water contents of the fresh and frozen blueberries showed
that the freezing treatment significantly decreased the water
contents of blueberries at all the same solution concentrations
atless than 26 h of OD. The rapid reduction in the water content
of frozen blueberries could be attributed to outer cuticle and
structural changes of blueberries that resulted from the freezing
treatment. Freezing treatment caused the fresh blueberries to
develop fractures on their surface and in their internal tissues
(Ketata et al., 2013).

3.2.2 Xylitol and CaCl2 gains of fresh and frozen blueberries

The results regarding the xylitol and CaCl, gains of the
fresh and frozen blueberries during the OD process in different
xylitol/CaCl, solutions are presented in Figure 3 and Figure 4.
There was a greater xylitol gain in the frozen blueberries than in
the fresh blueberries at the same concentration (p<0.05). Xylitol
gain increased with higher xylitol concentrations (p<0.05) for

e 40%Xylitol/ 5%CaCl2 ===  50%Xylitol/ 5%CaCl2

we - 40%Xylitol/10%CaCl2 50%Xylitol/10%CaCl2

86
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.g 82 dkk ns
§ | **:!:—| ns
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] 4]
S 78 3 |_—|
;g 76
=
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72

1234567 8 91012141618202224262830
time[h]

(a)

both the fresh and frozen blueberries. As shown in Figure 3a,
the greatest xylitol gain was found in the fresh blueberries
dehydrated for 26 h in 50% xylitol/10% CaCl, solution, and the
highest xylitol gain was 4.02%. Within 12h of OD processing,
for 50% xylitol/10% CaCl, the xylitol gain was 2.725%, and
for 50% xylitol/5% CaCl,, the xylitol gain was 2.95%. For 40%
xylitol/10% CaCl,, the xylitol gain was 2.46%, and for 40%
xylitol/5% CaCl,, the xylitol gain was 2.62%. Within 12h of
OD processing, the increase of 5% CaCl, solution tended to
restrict the xylitol gain for the 40% and 50% xylitol solutions.
The restriction of calcium on xylitol gain in the fresh blueberries
could be attributed to the cell membrane shrinkage caused by
higher calcium concentrations restricting the mass transfer
of the larger xyliotl molecules (152g/mol). This phenomenon
could also be attributed to the interaction between calcium and
pectin-methylesterase (PME) (Costa et al., 2011). The presence
of the outer epidermal wax on fresh blueberries inhibited the
activity of PME (Silva et al., 2014), but the outer epidermal wax
was destroyed by the long term OD process. PME could interact
with calcium (Haiyan et al., 2014), reinforce the cell walls, and
restrict the larger xylitol molecules. However, according to
Figure 3a, a longer OD processing time (12-30 h) provided a
higher xylitol gain with higher CaCl, concentrations. This could
be attributed to the fact that longer processing time could damage
the skin and tissue of blueberries and increase the xylitol gain
in blueberries. As shown in Figure 3b, the freezing treatment
tended to increase the xylitol gain. There were no restrictions
of calcium on xylitol gain in the frozen blueberries (p<0.05),
which could be attributed to the damaging action of the freezing
treatment on the outer epidermal wax and the structure of the
blueberries. A longer OD processing time could also damage
the structure and skin of blueberries and increase the xylitol
gain for frozen blueberries.

e 40%Xylitol/ 5%CaCl2 ===  50%Xylitol/ 5%CaCl2
mes 40%Xylitol/10%CaCl2 50%Xylitol/10%CaCl2

84 :
Frozen blueberries

§ 82 ko s
X 80 | |
St E2 2 ns
b=
g 7 ol i |
= f
S 7
g 74 ' '
15
=

72

70

1234567 8 91012141618202224262830
time[h]

(b)

Figure 2. Water contents (%) of the fresh and frozen blueberries during OD in different xylitol/CaCl2 solutions at different times. (a) fresh

blueberries; (b) frozen blueberries. (***: p<0.05, ns: not significant).
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Figure 3. Xylitol gains (%, wb) of the fresh and frozen blueberries during OD in different xylitol/CaCl, solutions at different times. (a) fresh

blueberries; (b) frozen blueberries. (***:p<0.05, ns: not significant).
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Figure 4. CaCl, gains(%,wb) of fresh and frozen blueberries during OD in different xylitol/CaCl, solutions at different times. (a) fresh blueberries;

(b) frozen blueberries. (***:p<0.05; ns: not significant).

Figure 4 shows the calcium gains of the fresh and frozen
blueberries during the OD process in different xylitol/CaCl,
solutions. There was little difference between the calcium gains
of the fresh and frozen blueberries (p>0.05). The calcium gain
increased with increasing xylitol/CaCl, solution and processing
time. The highest calcium gain was obtained by 18 h of OD
processing in 50% xylitol/10% CaCl, solution for the frozen
blueberries and was approximately 0.07%. These results were
similar to the calcium gain obtained from the OD of pineapple
(Silva et al., 2014), which was OD in 50% sucrose and 4% CaCl,
solutions at 27 °C.

Food Sci. Technol, Campinas, 41(3): 790-798, July-Sep 2021

3.3 Effective diffusion coefficients of the fresh and frozen
blueberries

3.3.1 Determination of the effective diffusion coefficient of the
blueberries in xylitol/CaCl2 solution

After the 30 h OD process, the volume shrinkage levels were
in the ranges of 6-8% for the fresh blueberries and 10-13% for
the frozen blueberries, as summarized in Table 2. According to
Equations 1-3 and the experimental data, effective diffusion
coefficients were calculated for water, xylitol and CaCl, at different
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Table 2. Effective diffusion coefficients of water (D . nymol and D, ,) for the fresh and frozen blueberries.

Osmotic Fresh blueberries

solution Volume — Due R? —D"L R? Do R

shrinkage (10"°m?/s) (10"°m?/s) (10"°m?/s)

40%Xylitol

oayTo 6.19% 3.945 0.948 1.386 0.934 0.206 0.980
/5%CaCl,
40%Xylitol

poyro 6.96% 4331 0.925 1265 0.993 0.218 0.969
/10%CaCl,
50%Xylitol

onyo 7.53% 4.896 0.965 1.403 0.995 0.228 0.962
/S%CaCl2
509%Xylitol

oayo 7.72% 5.007 0.978 1.538 0.988 0.663 0.982
/10%CaCl,
Osmotic Frozen blueberries

soluti()n VOlume # RZ —DXYI“OI— RZ DCaClZ Rz

shrinkage (10"°m?/s) (10"°m?/s) (10"°m?/s)

40%Xylitol

it 10.58% 16.58 0.976 1.733 0.984 1238 0.971
/5%CaCl,
40%Xylitol

poyio 11.33% 24.06 0.988 2.154 0.979 1.799 0.968
/10%CaCl,
50%Xylitol

oayro 12.30% 23.59 0.989 2316 0.990 1.888 0.965
/S%CaCl2
50%Xylitol

oayro 12.66% 25.63 0.993 2412 0.989 1.778 0.926
/10%CaCl,

concentrations considering volume shrinkage (Table 2). Table 2
also includes the values of the determination coefficient R
According to the analysis results, the majority of the R* values
were higher than 0.9.

The effective diffusion coefficients of water (D, ) were
in the ranges of 3.945x10"° to 5.007x10'° m?*/s for the fresh
blueberries and 16.58x10° to 25.63x10°m?*/s for the frozen
blueberries under different concentrations considering volume
shrinkage. These results for fresh blueberries were smaller than
the diffusion coeflicient data (5.104x10°m?/s) obtained for fresh
blueberries from other researchers (Nsonzi & Ramaswamy,
1998), who performed OD in 60 Brix sucrose solutions (60°C).
This kind of difference could be attributed to the OD temperature
difference. A higher temperature was attributed to a higher mass
transfer efficiency and a larger effective diffusion coefficient.
Moreover, the diffusion coefficients reported in other studies
did not consider the volume shrinkage. In related research,
effective diffusion coefficients considering the volume shrinkage
of the OD product were smaller than those without considering
volume shrinkage (Zecchi & Gerla, 2019). Regarding the frozen
blueberries, D greatly increased with the freezing treatment,
which could be related to the destruction of the blueberries’
epicuticular wax by the freezing treatment at all solution
concentrations. Similar increases could also be found in the

results of nyhml and D .

3.3.2 Effects of solution concentration and vibration speed on
the effective diffusion coefficients of blueberries

The effects of solution concentration and vibration speed
on the effective diffusion coeflicients of the blueberries were
determined. The results including significant regression, no

796

D

Table 3. Coded second-order regression coefficients for D ol

water’

and D, of fresh and frozen blueberries.
Fresh blueberries Frozen blueberries
Coeflicients D
water xylitol water xylitol
[30 4.02 1.37 22.28 2.53
[31 0.20 0.14 0.91 0.068
ﬁz 0.4 0.13 1.25 0.089
Bs 0.82 0.56 3.61 0.37
B, Ns Ns 122 -0.1
B,, Ns Ns Ns Ns
B, Ns 0.12 -153 0.072
B, Ns Ns Ns Ns
B, -0.20 0.081 Ns Ns
B,, Ns 0.072 Ns Ns
R? 0.9646 0.9781 0.9538 0.9741
F 49.40 80.23 16.05 29.20
p-Value <0.0001 <0.005 <0.0007 <0.0001

Ns: Not significant.

lack of fit and satisfactory R? values are presented in Table 3.
The model was not significant for D, for either the fresh or
frozen blueberries. According to Table 3, both xylitol and CaCl,
concentrations showed significant effects (p<0.05) on D and
D, for the fresh and frozen blueberries. Vibration speed
showed the largest significant effects (p<0.05)on D, _and D . |
in the fresh and frozen blueberries. Neither of the interactive
variables showed a significant effect on the D, _and D_  of

; xylitol
the frozen blueberries.

Regarding D of the fresh blueberries, calcium ions can
cause structural changes in the membranes of fruit, leading to an
increase in their permeability (Junqueira et al., 2017). Moreover,
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the CaCl, in the ternary solution increased the driving force
under a saturation concentration of xylitol at 20 °C, leading to
a higher water mass transfer efficiency. A higher vibration speed
further decreased the external resistance of the ternary solution
on the blueberry-solution surface.

The D_,, , of the fresh blueberries was also affected by the
solute concentration. The increase in CaCl, concentration led to
anincreaseinthe D  atthe initial time, and further addition of
CaCl, showed a marginally positive effecton the D_ . This effect
could also be explained by the formation of a solid barrier at
the fruit surface (Silva et al., 2014; Haiyan et al., 2014), which
could make the xylitol transfer more difficult at higher CaCl,
concentrations. The D, of the fresh blueberries increased
greatly with increasing vibration speed.

The D, of frozen blueberries increased with increasing
CaCl, and xylitol concentrations. This increase could be
attributed to some structural changes in blueberries that
occur due to the freezing treatment, which increased the
permeability of the water and xylitol transfers. The D
increased significantly with increasing vibration speed. The
vibration speed had a more significant effect on the D of
the frozen blueberries than on that of the fresh blueberries.
The D, , of the frozen blueberries increased greatly with
increasing vibration speed, which was similar to the effect
of vibration speed on the fresh blueberries. At 20°C, the
mass transfer between the blueberries and xylitol/CaCl,
solution was probably governed by the external resistance
of the solution viscosity and the blueberry skins. Vibration
and freezing treatment could improve the efficiency of OD

in xylitol/CaCl, solution at low temperature.

4 Conclusions

Xylitol and CaCl, were valuable components of the novel
ternary solution considering low-viscosity, low-sugar and
low-salt requirements. At the same vibration speed (600 rpm),
the mass transfer of fresh and frozen blueberries was affected
by the diffusion mechanism of the ternary solution at 20 °C.
The frozen blueberries had an increased OD efliciency compared
with the fresh blueberries in different xylitol/CaCl, solutions.
There was competition between xylitol and CaCl, transfer
at a shorter OD time (12 h) for fresh blueberries, which was
not significant in OD of the frozen blueberries at longer OD
processing times (12 h-30 h). Considering volume shrinkage and
low temperature, the effective diffusion coefficient of water was
smaller than the those reported by other researchers for fresh
blueberries. The vibration speed was the most important factor
influencing the effective diffusion coefficient, which governed
the mass transfer efficiency of the fresh and frozen blueberries
in the ternary solution.
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