
ORIGINAL ARTICLE

Modelling dehydration of apricot in a non-conventional
multi-component osmotic solution: effect on mass transfer
kinetics and quality characteristics

Efimia K. Dermesonlouoglou1 • Maria C. Giannakourou2

Revised: 7 February 2018 / Accepted: 3 July 2018 / Published online: 16 July 2018

� Association of Food Scientists & Technologists (India) 2018

Abstract The quality and preservation of fresh-cut fruits

can be improved by applying mild, non-thermal pre-treat-

ments, such as osmotic dehydration (OD). The aim was to

model the effect of OD on mass transfer and quality

preservation. Apricot pieces were immersed in multi-

component solutions comprising glycerol, erythritol, ste-

viol glucosides and mineral salts, at various time–temper-

ature conditions (25–45 �C for 3–240 min, wfruit/

wsolution = 1/5). Water loss (WL), solid gain (SG), water

activity (aw) as well as main quality indices (colour, tex-

ture) were measured during OD. OD apricot exhibited

higher quality retention (acceptable level of colour change,

increased firmness) suggesting that OD can be an effective

pre-processing step in the production of innovative prod-

ucts. A second degree polynomial model was developed,

describing the effect of processing conditions and glycerol

concentration on WL, SG, aw, colour and texture of

osmotically dehydrated apricots, and ANOVA was applied

to identify the factors that significantly affect the afore-

mentioned parameters.
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List of symbols

a0 Constant of the second degree polynomial model

ai Coefficients representing the linear effects of the

factors of the second degree polynomial model

aii Coefficients representing the interaction effects

of the factors of the second degree polynomial

model

a Red (positive)–green (negative)

a0 a at initial osmotic treatment time zero (0)

b Yellow (positive)–blue (positive)

b0 b at initial osmotic treatment time

aw Water activity

Cglycerol Glycerol concentration (% w/w)

Des Effective coefficient of solid diffusivity (m2/s)

Des,o1,2 Effective coefficient constant of solid diffusivity

(m2/s)

Dew Effective coefficient of water diffusivity (m2/s)

Dew,o1,2 Effective coefficient constant of water

diffusivity (m2/s)

Ea Activation energy (kJ/mol)

Fmax Maximum peak force (g)

L Lightness or whiteness (100 for white to 0 for

black)

L0 L at initial osmotic treatment time zero (0)

M0 Initial mass of fresh material (g)

m0 Dry mass of fresh material (g)

Mt Mass after time t of osmotic treatment (g)

mt Dry mass after time t of osmotic treatment (g)

M? Mass at equilibrium (g)

MR Diffused moisture ratio

OD Osmotic dehydration
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R Universal gas constant (8.314 kJ/mol K)

RSM Response surface methodology

r Average radius of apricot (m)

S0 Initial solid content of fresh material (g)

St Solid content after time t of osmotic treatment

(g)

S? Solid content at equilibrium (g)

SG Solid gain (g of total solids/g initial dry matter)

SR Diffused solid ratio

T Osmotic treatment temperature (�C)

T Temperature (K) of the Arrhenius equation

t Osmotic treatment time (min)

Xi Factor variables of the second degree

polynomial model

Y Response variables of the second degree

polynomial model

WL Water loss (g of water/g initial dry matter)

DE Total color change or difference

Subscripts

? At equilibrium

0 Initial (at time zero)

t At time t

Introduction

Osmotic dehydration (OD) involves immersing of a solid

food in a hypertonic solution to induce loss of water from

the food and solute transfer from the solution. Typically, it

is applied to plant origin materials, such as fruits and

vegetables that consist of tissues or cell organizations with

different characteristics and complexity. Water and solute

mass transfer strongly depend on the properties of the

osmotic solution (including type and concentration of

osmo-active solute and osmotic gradient), working pres-

sure–temperature and the structure of the solid food being

processed. To optimize the process and food product

quality, it is important to understand parameters affecting

mass transfer during osmotic dehydration (Ahmed et al.

2016; Delgado et al. 2017; Yadav and Singh 2014).

New aspects of scientific research include the use of

multi component osmotic solutions, consisting of alterna-

tive solutes, such as alternative carbohydrates, emulsions,

and the combined use of osmotic dehydration and edible

coating (Katsoufi et al. 2017; Rodriguez et al. 2016; Sal-

azar-López et al. 2015). Replacement of conventional

osmotic agents (the most common osmotic agent being

sucrose) with polyhydric alcohols has the potential to

improve texture and overall quality (e.g. of the dried fruit)

and especially to maintain its moistness (Assis et al. 2017;

Mendonça et al. 2017). The use of glycerol as an osmotic

agent for a variety of food matrices (e.g. cantaloupe,

chestnut, litchi, mandarin, papaya) has been reported.

Glycerol has led to browning reaction rate decrease and

overall quality improvement (Thalerngnawachart and

Duangmal 2016).

In order to describe and identify the main factors

influencing processes, such as the OD dehydration,

response surface methodology (RSM) has been often pro-

posed in recent literature. RSM is a statistical tool, used in

many cases for the optimization of a process when the

independent variables have a combined effect on the

desired response (Chiu et al. 2017; Jain et al. 2011; Yadav

et al. 2012; Roopa et al. 2014).

Apricot (Prunus armeniaca L.) is one of the most widely

grown stone fruits of economic and nutritional interest that

is consumed fresh, dried or processed (frozen and canned,

in cubes or other forms). The marketing of minimally

processed apricots ready for consumption is limited by a

short postharvest shelf-life and rapid deterioration of their

components due to tissue damage as a result of wash-

ing/cutting/dicing and ensuing enzyme activity and

microbial growth (Ella Missang et al. 2011). Apricot is

prone to browning as a result of the enzymatic oxidation of

polyphenols in the presence of oxygen by polyphenoloxi-

dase and loss of texture due to water loss and osmotic

changes that cause a decrease in turgor and crispiness

(Toivonen and Brummell 2008). Consequently, a mini-

mally processed and more fresh-like apricot raw material

with extended shelf life could have high commercial

interest (Raj et al. 2015).

The objective of this work was to study the effect of

osmotic dehydration using a non-conventional multi-com-

ponent OD solution on mass transfer phenomena and

important quality attributes’ change of apricot. During OD

processing, glycerol concentration, time and temperature

effect was investigated and a polynomial model was pro-

posed to describe the main effects of the procedure on mass

transfer (WL, SG), water activity (aw) and quality (colour,

texture) as a function of the factor process variables (os-

motic solution concentration, osmotic dehydration time and

temperature).

Materials and methods

Raw materials

Apricots were selected according to size (uniform size for

all apricots) and maturity level (semi-ripened apricots to

ensure firm texture), washed, dried, cut in spheres (of

average diameter 10 mm), blanched at 80 �C for 30 s and

rapidly chilled.
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Osmotic dehydration (OD)

Apricot pieces were osmotically treated in multi-component

aqueous solutions containing non-conventional osmotic

agents as follows: glycerol (40–60% w/w), erythritol (12.5%

w/w), sodium chloride (3.5% w/w), calcium chloride (1.5%

w/w), steviol glucosides (1.25% w/w) and Citrox� (0.20%

w/w). The aim was to develop a novel osmo-dehydrated

apricot product of reduced aw and improved quality. Glyc-

erol was used as the main osmotic agent to lower aw. Ery-

thritol provided sweetness and enhanced the texture of the

final product (Moon et al. 2010). Sodium chloride increased

mass transfer rates improving also the sensory characteristics

of the final product. Calcium chloride was used in order to

minimize tissue damage. Citrox�, a natural product con-

sisting of plant origin ingredients (citrus green extract

combined with citric acid and polyphenols), was chosen for

its anti-microbial activity (Tsiraki and Savvaidis 2016).

Finally, steviol glucosides (with established low calorie, low

glycemic index, high-potency sweetener with antioxidant,

antimicrobial, antifungal and anticarcinogenic effects) were

added into the OD solution to improve the sensory as well as

the functional characteristics of the final product (Lemus-

Mondaca et al. 2012).

OD treatment was conducted at mild temperatures 25,

35 and 45 �C for a time period up to 240 min and using

glycerol concentrations of 40, 50 and 60% w/w to assess

the effect of the aforementioned OD processing conditions,

on mass transfer and quality changes. The solution to food

sample ratio was 5:1 (w/w).

Analysis of physicochemical properties

Water content was determined by drying at 110 �C for 24 h

(WTB BINDER 7200E53, Germany). Water activity (aw) was

monitored during the process using a dew point water activity

meter (Aqua LAB 4TEV, Decagon Devices, Inc., USA).

Mass transfer calculations

Mass transfer parameters were calculated in terms of water

loss (WL) and solid gain (SG) according to the following

equations (Eqs. 1, 2)

WL ¼ M0 � m0ð Þ � M � mð Þ
m0

ð1Þ

SG ¼ m� m0ð Þ
m0

ð2Þ

where M0 is the initial mass of fresh material, Mt is the

mass after time t of osmotic treatment, mt is the dry mass of

apricot after time t of osmotic treatment and m0 is the dry

mass of fresh material.

The average effective coefficients of water and solute

diffusivity were calculated by fitting the experimental data

for OD times to the following analytical solutions based on

Fick’s second law for diffusion from a food sample of

spherical shape, after suitable assumptions and boundary

conditions (Eqs. 3, 4)

MR ¼ Mt �M1ð Þ
M0 �M1ð Þ ¼

X1

n¼0

6

n2p2

� �
exp

Dewp2

r2
n2t

� �
ð3Þ

SR ¼ S� S1ð Þ
S0 � S1ð Þ ¼

X1

n¼0

6

n2p2

� �
exp

Desp2

r2
n2t

� �
ð4Þ

where MR and SR are the diffused moisture and solute

ratio, respectively, M and S are the moisture and solute

content, the subscripts 0, t and ? represent the relevant

values at time 0, t and at equilibrium, Dew and Des (m2/s)

are the effective coefficients of water and solute diffusivity,

respectively, r (m) is the average radius of apricot. The

effective diffusivities, Dew/es, were determined from the

slope (Dew/es * p2/r2) of the plot of ln (MR) or ln (SR)

against time, t, respectively.

The effect of temperature on Dew/es was then expressed

using an Arrhenius-type relationship (Eq. 5) (Amami et al.

2008).

Dew=es ¼ Dew=es;o1 exp
Ea

RT

� �
ð5Þ

The effect of glycerol concentration on Dew/es was

expressed using the following equation (Eq. 6).

Dew=es ¼ Dew=es;o2 exp kew=esCglycerol

� �
ð6Þ

where Dew/es,o1,2 are the effective coefficient constants of

water/solid diffusivity (m2/s).

Colour and texture

Instrumentally measured apricot colour (CIELab values,

CR-200 Chromameter�, Minolta Co., Japan) was expressed

by the value for total color change DE according to Eq. (7).

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L� L0ð Þ2þ a� a0ð Þ2þ b� b0ð Þ2

q
ð7Þ

where L0, a0, b0 are the initial values of colour parameters

(at time zero).

Texture analysis was conducted by means of a texture

analyzer (TA-XT2i of Stable Micro Systems, England).

The test was performed on a non-lubricated flat platform

using a knife probe with which samples are cut at a fixed

rate and depth (1/3 of the initial). The maximum peak force

(Fmax, g) was the mechanical parameter considered, and it

was reported as hardness. Measurements (8–10 samples)

were made in triplicate.
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Determination of factor interactions during osmotic

pre-treatment

A second degree polynomial model (Eq. 8) was chosen for

the description of the response variables Y (WL, SG, aw,

colour/DE, texture/hardness) as a function of the factor

variables Xi [Cglycerol, T and t] (Terkmane et al. 2016).

Y ¼ a0 þ
X

aiXi þ
X

aiiX
2
I þ

X
aijXiXj ð8Þ

where a0 the constant, ai represents the linear, aii the

quadratic and aij the interaction effects of the factors. From

the experimental results, model coefficients were calcu-

lated by non-linear regression using SYSTAT 12� Soft-

ware, UK. The variables present in linear terms represent

the coordinates of the maximum value predicted, those in

quadratic terms represent the surface curvature, and the bi-

factorial cross products represent the directions of the axes

of the geometric figure obtained by sectioning the surface

area (Terkmane et al. 2016).

Results and discussion

Mass transfer kinetics

In Fig. 1, water loss and solid gain (Eqs. 1, 2) occurring

during osmotic dehydration of apricot pieces at the

experimental conditions studied are presented. It can be

observed that both water loss and solid gain highly depend

on process conditions. Higher glycerol concentration (from

40 to 60% w/w) and temperature (from 25 to 45 �C)

enhanced the rates of WL and SG during OD. Ispir and

Togrul (2009) also reported that temperature (25–45 �C)

and concentration (sucrose: 40–70% w/w) increase of

osmotic medium caused increased water loss and solid gain

during osmotic dehydration of apricot.

The experimental data presented in Fig. 1 were fitted to

analytical solutions of Eqs. (3) and (4). The effective dif-

fusion coefficients of water values (Dew, * 10-9 m2/s) were

calculated as: 0.281 (25 �C), 0.551 (35 �C), 1.000 (45 �C)

for 40% glycerol concentration, 0.317 (25 �C), 0.797

(35 �C), 1.330 (45 �C) for 50% glycerol concentration,

0.461 (25 �C), 1.152 (35 �C), 2.000 (45 �C) for 60%

glycerol concentration. Respective effective diffusion

coefficients of solids values (Des, * 10-9 m2/s) were: 0.279

(25 �C), 0.384 (35 �C), 1.000 (45 �C) for 40% glycerol

concentration, 0.367 (25 �C), 0.657 (35 �C), 1.679 (45 �C)

for 50% glycerol concentration, 0.442 (25 �C), 0.799

(35 �C), 2.100 (45 �C) for 60% glycerol concentration.

These values of Dew and Des agree with published work (e.g.

Dermesonluoglu et al. 2016; Mercali et al. 2011). Effective

diffusivities for both water and solids increased with the

increase of temperature and glycerol concentration, which

is in agreement with the findings of Toğrul and Ispir (2008),

Ispir and Togrul (2009), Mercali et al. (2011), da Silva et al.

Fig. 1 a Water loss (WL, g water/g i.d.m.) and b solid gain (SG, g solids/g i.d.m.) during osmotic dehydration of apricot cuts at T 25 �C (index

1), 35 �C (index 2) and 45 �C (index 3) (average of three experimental values)
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(2014). The activation energy Ea for diffusion (Eq. 5)

during OD ranged from 50.06 (40% w/w) to 58.01 (60%

w/w) kJ/mol for water loss and from 50.67 (40% w/w) to

60.63 kJ/mol (60% w/w) for solids gain showing similar

temperature effect on water and solids diffusion. The effect

of glycerol concentration on both water and solids diffusion

was adequately expressed by an exponential increase, as

shown by the R2 values obtained ([ 0.975), (Eq. 6). The

results were similar for the lower temperatures of 25 and

35 �C (Dew/es,o2 * 0.110 * 10-9 m2/s); the effect of glyc-

erol concentration was significant for the highest tempera-

ture of 45 �C (Dew/es,o2 * 0.220 * 10-9 m2/s).

Water activity

Water activity was substantially lowered with OD time, as

well as with the increase of OD temperature and glycerol

concentration. At the end of osmotic dehydration aw values

were 0.8989 (25 �C–240 min), 0.8969 (35 �C–180 min)

and 0.8939 (45 �C–120 min) (50% w/w glycerol concen-

tration), when the initial aw value of the fresh-cut apricot

was measured at 0.9756 ± 0.0012. The respective aw val-

ues were: 0.9131 (25 �C–240 min), 0.9073 (35 �C–

180 min) and 0.9045 (45 �C–120 min) (40% w/w glycerol

concentration), and 0.8886 (25 �C–240 min), 0.8849

(35 �C–180 min) and 0.8847 (45 �C–120 min) (60% w/w

glycerol concentration) (Supplementary Fig. 1). The mass

transfer achieved by the removal of water and the solute

uptake (glycerol effect) into the apricot tissue during OD

reduced aw leading to a stable product without comprising

sensory quality suitable for further processing. Tempera-

ture and glycerol concentration increase promoted aw

decrease (Assis et al. 2017).

Colour

Carotenoids are responsible for the apricot colour and its

change plays a key role in the degradation of total quality

and sensory acceptance of fresh cut tissue. The main

colour pigment of apricot is all-trans-b-carotene

accounting for[ 50% of the total carotenoid content

(Fratianni et al. 2016). Being highly unsaturated, car-

otenoids are expected to undergo degradation and iso-

merization depending on factors such as food matrix, pH,

heat, oxygen, and presence of other antioxidants (Peni-

caud et al. 2011). Thermal treatments induce losses, and

lead to structural modifications such as cis-isomerization

(Fratianni et al. 2016).

L, a and b values of fresh cut and osmotically dehy-

drated apricot presented statistically significant differences

(p[ 0.05). The initial L, a and b colour parameters for

fresh-cut apricot were 57.09 ± 1.33, 6.44 ± 1.38 and

40.61 ± 2.89, respectively. At the end of the osmotic

dehydration, the corresponding values for L, a and b val-

ues were: 25 �C–240 min: 53.54 ± 3.04, 13.52 ± 1.28,

47.02 ± 2.55, 35 �C–180 min: 53.05 ± 4.57, 13.21 ±

1.95, 48.46 ± 0.71, 45 �C–120 min: 52.83 ± 2.39,

13.96 ± 1.49, 48.04 ± 3.99. It was concluded that osmotic

dehydration modified the colour of apricot leading to lower

L values (decreased lightness or whiteness) and higher a

(increase of red) and b (increase of yellow) values senso-

rially perceived as light brown colour. On the other hand, a

and b increase, and no L change of osmo-dehydrated

apricots, as a function of processing time (sucrose, maltose

or sorbitol syrups at 65% w/w, with ascorbic acid and

sodium chloride addition) was reported by Forni et al.

(1997). Total colour change of osmotically dehydrated

apricot cuts expressed by DE (Eq. 5), increased immedi-

ately after OD application (from initial times) and during

progress ([ 3 up to 17 at the end of OD processing) as

presented in Fig. 2a. Colour change observed during

osmotic dehydration could be due to liquid phase compo-

sition and shrinkage induced by OD (Heredia et al. 2010).

Combined processes of osmotic dehydration and air-drying

or freezing have been reported to obtain intermediate

moisture apricot ingredients with natural colour, without

the addition of commonly used sulphur dioxide (Riva et al.

2005).

Texture

A major problem encountered in the processing of apricots

(referred as instantaneous pressure softening), is their high

sensitivity to textural damage. Hence, it is a challenge for

food technology to develop techniques to improve the

integrity of this fruit tissue and to limit the texture losses

during processing.

In Fig. 2b, hardness (Fmax) values of osmotically

dehydrated apricot cuts are illustrated. Hardness increased

with time and temperature of osmotic dehydration

(p[ 0.05) and glycerol concentration in the osmotic

solution (p[ 0.05). The values up to 600 g were charac-

terized as ‘‘acceptable and desirable’’ according to sensory

analysis conducted (data not shown). All OD treated apri-

cot samples presented increased hardness compared to

fresh ones showing that one of the main goals of the

application of the osmotic dehydration had been achieved.

The application of OD induces a greater firmness by

replacing the osmotic solution in pores due to air loss, thus,

obtaining, a more compact and less deformed tissue

(Moreno et al. 2012). In the presence of calcium, the free

carboxyl groups on different pectin chains can be cross-

linked, resulting in a network of pectin chains and gel

formation, which improves the plant tissue firmness (Liu

et al. 2017). Moreover, it has been reported that when a

treatment for aw reduction is applied changes of texture in
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tissue are more dependent on physical and chemical

changes due to the transformation of protopectin to soluble

pectin and to a sugar diffusion in intercellular spaces,

which causes a loss of turgor and ion movement form the

cell wall to the media (Moreno et al. 2012).

Determination of factor interactions during osmotic

pre-treatment

The coefficients obtained from the second degree polyno-

mial model (Eq. 8), indicating the effect of processing

time, OD temperature and glycerol concentration on WL,

SG, aw, texture/hardness and colour/DE-value of osmoti-

cally dehydrated apricots are presented in Table 1. In

general, a positive value of the equation coefficient repre-

sents an effect which promotes the response, and a negative

value indicates an inverse relationship between the factor

and response. The quality of these models and their pre-

dictive power are closely dependent on the coefficients of

variance (Terkmane et al. 2016). Glycerol concentration

and temperature have a negative effect on WL showing a

synergistic action (positive interaction coefficient). OD

time duration has a positive effect on WL, accompanied by

a synergistic action with temperature and antagonistic with

glycerol concentration. Temperature was the prevailing

factor affecting WL. Temperature and time duration have a

positive linear effect on SG acting synergistically. Glycerol

concentration shows negative effect on SG having syner-

gistic action with temperature and antagonistic action with

time duration. Temperature is also the prevailing factor

affecting SG. Glycerol concentration and temperature have

positive effect on aw acting antagonistically. Time duration

has a negative effect acting antagonistically with glycerol

concentration as well as temperature. The highest effect on

hardness values is that of glycerol concentration (positive

effect) acting antagonistically with temperature and syn-

ergistically with time duration. Temperature and time

duration have lower negative and positive effects on

hardness, respectively, with synergistic effect. Temperature

has the highest positive effect on colour followed by a

negative glycerol concentration effect with synergistic

action. It is worthy noticing that in almost all factors

studied, the largest effect had the linear terms of glycerol

concentration (X1) and temperature (X2), followed by the

quadratic term of temperature (X2
2), confirming the prin-

cipal effect of this parameter on the results of the osmotic

process.

Once polynomial equations’ coefficients have been

calculated and the model has been constructed, analysis of

variance (ANOVA) can then be applied to assess how well

the model represents the data. In order to be able to use

ANOVA statistical tool, the normality of the data was

checked using a plot of the residuals versus the predicted

values. It was shown that the residuals were scattered

Fig. 2 a Colour (DE-value) and b hardness (Fmax) of apricot cuts during osmotic dehydration at T 25 �C (index 1), 35 �C (index 2) and 45 �C
(index 3) (average of three experimental values)
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randomly around zero with no outliers or unexpected errors

(Li et al. 2014), thereby indicating that all results were

within the range required to validate the model (graph not

shown). Assessing ANOVA results, the associated p value

is used as an indicator of statistical significance. According

to the low values of the probability factor (p\ 0.05)

obtained, the models are considered statically significant.

Therefore, the fitted models significantly (p\ 0.05) rep-

resented the data for all response factors studied (Mune

Mune and Minka 2017). Another important criterion for the

goodness of fit is the coefficient of correlation (R2 (adj.));

the high values estimated for all parameters suggested that

the models are appropriate. Additionally, plots of observed

(experimental) versus predicted values showed an accept-

able level of agreement (R2[ 0.8, Supplementary Fig. 2).

From the above, it can be concluded that the quadratic

models adequately represented the data and could be used

to describe the design space.

As far as the contribution of each factor (linear, quad-

ratic, interaction) is concerned, ANOVA was used to

identify which factors are significant (Table 1), if a confi-

dence level of 95% is considered.

The RSM was employed to study the effect of the main

OD process parameters on mass transfer phenomena. For

this purpose, the three dimensional response surface graphs

were drawn to illustrate the combined effects of the inde-

pendent variables and contour plots were generated for

each of the fitted models as a function of two variables,

while keeping the third variable constant (at the central

value). Figure 3 shows the effect of treatment time and

temperature (while keeping glycerol concentration con-

stant) on WL, SG, water activity, texture and colour. At the

beginning of the OD process, due to the high osmotic

concentration gradient between the OD solution and the

fresh sample, the rate of water removal and solid gain was

high. As basic principles of osmotic dehydration describe,

most indices (WL, SG, aw, colour) reach a plateau after

approximately 120 min. Solute impregnation (SG increase)

into the surface layers of the product reduces the osmotic

driving force between the product and osmotic solution,

impeding further mass exchange and lowering substantially

WL rates. Temperature seems to have an almost linear

effect on WL, SG and hardness, results that agree with the

expected trend for mass exchange phenomena. Increasing

temperature with processing time rises up both WL and SG

rapidly. It is worthy noticing that higher process tempera-

tures seem to promote mass transfer phenomena, reducing

the time required to reach the equilibrium concentrations.

On the other hand, at short processing times, increasing

temperature favours WL more than SG, a phenomenon that

could be attributed to a different degree of diffusion

between water and solutes as related to their molar masses

(Eren and Kaymak-Ertekin 2007).

The same trends regarding the effect on WL and SG are

observed in Fig. 4, which shows the positive effect of

glycerol concentration and treatment time (while keeping

Table 1 Water loss (WL), solid

gain (SG), water activity (aw),

texture (Fmax) and colour(DE)

factor effectsa obtained from the

second degree polynomial

model for apricot cuts pre-

treated with different osmotic

solutions

Coefficient Factor effects

WL (g w./g. i.d.m.) SG (g s./g. i.d.m.) aw Hardness (g) Colour (DE)

Constant a0 1.694 - 0.9917 0.9940* - 20.91 - 2.1920

Linear

a1 - 0.0174 - 0.02080 - 0.001781 14.55 - 0.3676

a2 - 0.1222 0.06635* 0.001948 - 12.36 0.8978*

a3 0.0251* 0.004168 - 0.000288 0.09404 0.02380*

Quadratic

a11 - 0.000018 0.000213 0.000015 0.004763 0.00298

a22 0.001827 - 0.000734* - 0.000031 0.39962* - 0.01445*

a33 - 0.000096* - 0.0000140* 0.000002* - 0.003760* - 0.00014*

Interaction

a12 0.001134 0.000254 - 0.000005 - 0.22999* 0.004621*

a23 0.000155 0.0000689 - 0.000005* 0.009315 0.000192*

a13 - 0.000015 - 0.0000708* - 0.000006 0.028432 0.000616

R2
raw

0.905 0.945 0.955 0.914 0.969

R2
Obs vs: Pred

0.938 0.882 0.904 0.806 0.936

p value \ 0.05 \ 0.05 \ 0.05 \ 0.05 \ 0.05

X1, % glycerol concentration; X2, temperature (�C); X3, time duration (min)

*p value\ 0.05. Values assigned an asterisk are statistically significant coefficients at a level of 95%
aY = a0 ? a1X1 ? a2X2 ? a3X3 ? a11X1

2 ? a22X2
2 ? a33X3

2 ? a12X1X2 ? a13X1X3 ? a23X2X3
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Fig. 3 Response surface and contour plots for a WL, b SG, c aw, d hardness (g) and e colour (DE) (at constant glycerol concentration Cglycerol:

50% w/w)

Fig. 4 Response surface and contour plots for a WL, b SG, c aw, d hardness (g) and e colour (DE) (at constant temperature T: 35 �C)
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temperature constant). On the other hand, glycerol con-

centration increase does not seem to have a significant

impact on aw decrease, whereas samples’ hardness

increases almost linearly with both factors increase. As

expected, colour loss is promoted by glycerol concentration

and treatment time increase.

Figure 5 shows the effect of glycerol concentration and

temperature (at a fixed time of 120 min) on WL, SG, water

activity, texture and colour. As expected, WL, SG and

colour change increase and aw decrease as glycerol con-

centration and temperature increase. The effect of tem-

perature is more evident at high glycerol concentrations,

which could be explained by the improved water transfer

characteristics on the product surface due to lower vis-

cosity of the osmotic medium. At all processing times (here

shown at 120 min of OD process), WL increases gradually

with glycerol concentration, whereas SG was more affected

at the higher temperatures. Hardness of apricot samples

seems to slightly decrease as glycerol concentration

increases, while temperature increase hinders tissue soft-

ening. RSM methodology is not only for optimizing pro-

cess conditions; it has been proved that the response

surface and contour plots could be practical tools for

optimization of water loss, solid gain, water activity

reduction, tissue softening and colour change during

osmotic dehydration of apricot. Moreover, RSM represents

a useful tool for determination of the most favourable

conditions to obtain desirable product attributes (Roopa

et al. 2014). Depending on the final product characteristics

and post-processing purposes (for example maximum WL

and minimum SG and aw for shelf life extension (Eren and

Kaymak-Ertekin 2007), SG optimization for solid enrich-

ment purposes in the case of candied products) the optimal

OD conditions (time, temperature, glycerol concentration)

could be obtained.

Conclusion

From this study, it was found that osmotic dehydration can

be considered an efficient method with respect to apricot

cuts’ quality retention, since it contributes to water removal

from the tissue without affecting its colour and texture,

which are the most important quality attributes of the fruit.

An interesting finding was the potential of using alternative

multi-component OD solutions to extend shelf life and

develop new, commercially available apricot products,

possibly consumed as a snack or as fresh like ingredients

for apricot containing food recipes or products. In order to

assess mass transfer phenomena, Fick’s second law of

Fig. 5 Response surface and contour plots for a WL, b SG, c aw, d hardness (g) and e colour (DE) (at constant time t: 120 min)
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diffusion and its analytical solution allowed for the reliable

estimation of diffusion coefficients. A second order poly-

nomial model was proven to adequately describe the effect

of the prevailing OD processing factors (temperature, time,

glycerol concentration). As demonstrated in this study,

mass transfer phenomena during osmotic dehydration are

strongly dependent on the process variables. This leads to

modified quality characteristics of the final product, so that

carefully designed products, with specific attributes, can be

achieved by selecting certain levels of process variables.
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