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INTRODUCTION

ABSTRACT

Stone fruits (plums, peaches, nectarines, cherries and apricots) are widely con-
sumed fresh or processed. Osmotic dehydration — immersion of food pieces in
hypertonic solutions — is often used as a pretreatment to further conservation pro-
cedures for these fruits. Usually, it is characterized determining the variation with
time of water loss and solution solids gain. Both variables depend on food size,
shape, structure and process conditions, and there are no general correlations for
their variation.

As an alternative, it is important to develop relations between water and soluble
solids content independent of product characteristics and process conditions.

In this work, we developed experimental values of relevant variables for stone
fruits dehydrated in glucose or sorbitol and included them in linear correlations
between water content and soluble solids for different stone fruits dehydrated in
sugar or polyalcohol solutions and in a general linear correlation that allows to
characterize both properties with only one rapid determination (of any of both).

PRACTICAL APPLICATIONS

Linear correlations for the variation of soluble solids content as a function of
water content during osmotic dehydration were generalized to a unique linear
regression equation independent of type of fruit and/or solute and valid for any
process condition, which allows to characterize both properties with only one
rapid determination (of any of both). This correlation can be easily used under
process conditions to monitor the advance of osmotic dehydration of fruits.

limited; so many research deal with treatments to prolong
it. Among these, combined preservation methods that

Fruits are considered as “healthy foods” due to their natural
origin and their content in vitamins, fibers and other nutri-
ents. Many of them have attractive appearance and desirable
flavor and taste, which favor their consumption. Each time
new methods for fruit processing are developed to prolong
their shelf life or for their use as snacks or for their inclusion
as ingredients in ice creams, yogurts, breakfast mixtures,
pastry, jams, etc.

In particular, stone fruits (plums, peaches, nectarines,
cherries and apricots) are widely consumed fresh or pro-
cessed due to their nutritional value and desirable taste.
Shelf life of these fresh fruits — even under refrigeration — is
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include a stage — normally the first — of osmotic dehydra-
tion (OD) are of interest due to the advantages of OD as a
partial dehydration method.

In OD, fruits or vegetables — whole, peeled or portioned —
are immersed in sugar/sugar-salt/alcohol concentrated
aqueous solutions, where both partial dehydration of the
tissues and solids uptake occur. Sometimes meats and fishes
are also pretreated in solutions containing salts and flavor
components. The driving forces for the mass transfer are the
differences in chemical potentials of water and solutes
between the food tissue and the dehydrating solution
(Agnelli et al. 2005). Water removal is carried out in the
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liquid phase — without phase change— and at almost
ambient temperatures, which lowers energy use and the
occurrence of most chemical or physical degradation pro-
cesses normally involved in hot-air drying. During subse-
quent processing, energy requirements decrease due to the
lower water content (WC) of the product.

This process is used to broaden the availability period of
fruits and vegetables and — in some cases — to enhance the
soluble solids content (SS) in the final product as a pre-
treatment prior to air or microwave drying, refrigeration,
freezing, preparing of candies and jams or frying
(Torregiani 1993). A further use is in the development of
minimally processed products, helping to prolong their
shelf life through a slight reduction in water activity and
improving the microbiological stability, without changing
considerably the quality characteristics of fresh fruit (Torres
et al. 2008). The interest in OD prior to further processing
is also due to the enhanced nutritional and sensory proper-
ties of the final products. OD, carried out at low or moder-
ate temperatures, protects thermosensitive compounds such
as flavors, pigments and vitamins. Furthermore, as it pre-
vents food from getting in contact with air, oxidation reac-
tions and loss of volatile compounds are limited
(Raoult-Wack 1994).

Literature presents numberless papers on experimental
data of OD of fruits and vegetables. This is due to the wide
variety of raw food materials, with their different composi-
tions and structures, sizes and shapes of pieces, and of
operating conditions during OD (composition, tempera-
ture and agitation of dehydrating solution, contact time),
continuous or batch processes, one-use or reused osmotic
solutions, etc., that determined the need for extensive
experimental work to characterize each case (food, piece,
solution, operating conditions). Most of these papers
compare their results against data from the literature for
similar food systems, but normally processed under differ-
ent operation conditions, and in no case general correla-
tions are given for the variation of process variables during
OD (Floury et al. 2008). In this regard, it is very important
to try to develop general relations between those food vari-
ables relevant to the OD process (WC and SS, weight
reduction [WR], water loss [WL] and soluble solids gain
[SG]), independent of product characteristics and process
conditions. These correlations would be valuable for
process design and operation, allowing to obtain OD prod-
ucts with targeted compositions, which could be deter-
mined by rapid and simple physical control tests (like
weight change or SS).

Numerous recent research on stone fruits studied the
application of the OD process to plums (Tarhan 2007;
Rodriguez et al. 2010), apricots (Riva et al. 2005; Ispir and
Togrul 2009), nectarines (Araujo 2004; Rodriguez et al.
2013), cherries (Yu 1998; Konopacka etal. 2009) and
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peaches (Mota 2005; Singh Yadav et al. 2012), among many
others; but none of them dealt with the determination of
relations between WC and SS, not even with general ratios
between WL, SG and process conditions. Most of the studies
used sucrose as dehydrating solute and there is much less
research on other sugars or polyalcohols as alternative dehy-
drating solutes.

Therefore, the objectives of this work were to:
(1) Gather all the available information about WL, WC, SG
and SS for nectarines, peaches, plums, cherries and apricots
dehydrated in sugar or polyalcohol solutions;
(2) Determine WL, WC, SG and SS for nectarines, peaches
and plums, dehydrated in glucose or polyalcohol solutions;
(3) Try to develop general correlations between WL and
SG and/or between WC and SS for nectarines, peaches,
plums, cherries and apricots dehydrated in any type
of osmotic solution, which are simple and useful for
technological purposes.

MATERIALS AND METHODS

Osmotic Dehydration

As most of the literature data referred to dehydration of
stone fruits in sucrose solutions, glucose was chosen as char-
acteristic of low molecular weight sugars and sorbitol as a
typical polyalcohol. It was intended to determine if the rela-
tions SS versus WC for the different solutes (glucose,
sucrose and sorbitol) followed similar or diverse trends.

Nectarines cv. August Red, plums cv. Larry-Ann and
peaches cv. O’'Henry had been harvested from the Experi-
mental Farm at the Facultad de Agronomia of UNICEN,
located in the city of Azul, Buenos Aires (Argentina), and
immediately refrigerated at 5C. Dehydrations were per-
formed the next day after slicing the fruits to 2 mm samples.
These very thin samples intended to have very large area/
volume ratio so as to get final products with uniform com-
position that secure lower dispersion in experimental data.
These samples were introduced in flasks with the osmotic
solution (glucose at 60% or sorbitol at 60%) and shaken at
constant temperature of 35C for the scheduled periods (0.5,
1, 2,4, 6,8 h) in a thermostatic bath FERCA, model TT 400
with linear stirring (100 cycles per minute). The ratio of
product to solution was always less than 1/20. The tests were
performed in triplicate.

WC of fresh and osmodehydrated samples was deter-
mined by drying in a vacuum oven (model OVA031 XX1.5,
Gallenkamp, UK.) at 70+2C until a constant weight
was reached. SS was measured in an Abbe refractometer
(No. A77341, Bellingham & Stanley Ltd, U.K.) and read in
°Brix. All the measurements were performed at 25C and in
duplicate.

Journal of Food Process Engineering e (2014) ee—ee © 2014 Wiley Periodicals, Inc.
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TABLE 1. EXPERIMENTAL DATA OF WC AND SS FOR NECTARINES, PEACHES AND PLUMS DEHYDRATED IN GLUCOSE OR SORBITOL SOLUTIONS

DURING 480 MIN

Fruit Nectarines Peaches Plums

Solute Glucose Sorbitol Glucose Sorbitol Glucose Sorbitol

Time (min) ~ WC (%)  SS(%) WC (%) SS(%) WC (%) SS(%) WC(%) SS(%) WC (%) SS(%) WC(%) SS(%)
0 87.66 10.13 87.66 10.13 85.16 13.10 85.16 13.10 86.21 10.83 86.21 10.83
30 79.45 20.47 70.59 27.70 79.63 19.15 73.43 21.87 80.33 15.90 66.89 30.63
60 71.51 25.23 62.45 31.23 74.26 28.40 68.85 28.70 72.68 17.60 56.87 36.10
120 65.82 27.70 54.32 37.63 71.01 27.97 53.90 39.33 71.49 20.03 50.71 47.73
240 61.24 35.17 46.21 45.27 63.67 30.30 4417 42.57 59.66 30.97 41.38 52.97
360 54.96 41.83 41.66 52.80 52.35 36.80 42.43 51.67 57.57 35.67 38.97 57.15
480 51.18 46.03 40.64 56.67 46.95 40.30 42.19 56.50 47.16 45.90 38.68 58.80

SS, soluble solids content; WC, water content.

Prediction Equations

SS as a Function of WC. In recent works (Tocci and
Mascheroni 2008; Rodriguez and Mascheroni 2012), linear
relationships were determined between WC and SS for
samples of diverse shapes and sizes of different fruits dehy-
drated in sucrose, glucose or sorbitol solutions of various

concentrations and temperatures, suggesting that this rela-
tionship is inherent to the food and solute type and inde-
pendent of the characteristics of food (shape, size) and
process conditions (solution temperature, concentration,
mixing).

Moreover, as variations induced by food or solute type
were minor, they could include all the analyzed data in an
only linear regression equation — independent of food and
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solute type — with very high regression coefficient degrees, but no general correlation was developed (Floury

(Rodriguez and Mascheroni 2012).

RESULTS AND DISCUSSION

Experimental Data of SS versus WC

Table 1 presents the experimental data — obtained as
described in Materials and Methods — of SS versus WC for
nectarines, peaches and plums dehydrated in sorbitol or
glucose solutions. Each datum is the average of three deter-
minations. These data will be analyzed in the context of the
following section.

Relations between Process Variables

Most of the published research on OD relates the variation
of WL and SG (and sometimes their combined effect, WR)
with time ¢ through tables, figures or numerical calcula-
tions. Few other works deal with physical properties related
to mass transfer (Sereno 2000; Rodriguez and Mascheroni
2012). Only one research could find a linear relationship
between WL and SG at low and intermediate dehydration

et al. 2008).

In the case of numerical relations, two broad scopes are
used:

(1) Simple regressions (linear, polynomial, logarithmic,
potential, etc.) or partially theoretical simplified models like
those of Magee, Azuara or Panagiotou (Magee et al. 1983;
Panagiotou ef al. 1998). All of them give results specific to
the product (type of fruit, shape, size, pretreatments,
peeling) and working conditions (type of solute, concentra-
tion, temperature and stirring of the osmotic solution) as
both, WL and SG, are in fact surface- and time-integrated
mass transfer rates that depend on all the cited characteris-
tics. So, no general correlations can be arrived to. All the
comparisons given in most research works are not valid,
because even if belonging to same foods and solutes, as is
later discussed in Figs. 1, 2 and 3, they correspond to differ-
ent pretreatments, food shapes or sizes, solution concentra-
tions or temperatures, diverse modes of stirring (or no
stirring at all), etc. With what — statistically — data from
diverse research correspond to different universes and
cannot be compared.

Journal of Food Process Engineering e (2014) ee—ee © 2014 Wiley Periodicals, Inc.
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(2) Theoretically based transport phenomena models
that range from simplified scopes that assume regular
geometries and constant properties and parameters, arriv-
ing at the analytical solution of Crank’s model, to more
involved models that can consider — according to their par-
ticular development — the true geometry of the piece,
shrinkage and/or variable diffusion coefficients and, some-
times, they account for certain influence of food tissues
structure (Spiazzi and Mascheroni 1997; Rodriguez et al.
2013). These methods provide much more complete infor-
mation, including predicted water and solutes concentra-
tion profiles. Variation of WL and SG with time can be
easily derived. But, again, the results are specific to the
process studied. The clear advantage of these methods is
that — with the adequate input of product characteristics
and properties and operation characteristics — they can
simulate any dehydration test.

When choosing any of the cited prediction methods, the
fact that WL and SG are food, solution and working condi-
tions dependent prevents the possibility of generalizing
their results. As a brief verification of this assertion, we
present Tables 2, 3 and 4 and Figs. 1, 2 and 3. All of them

Journal of Food Process Engineering ee (2014) ee—ee © 2014 Wiley Periodicals, Inc.

refer to experimental data of WL and SG of stone fruits
dehydrated in sucrose solutions. Table 2 and Fig. 1 relate to
plums, Table 3 and Fig. 2 belong to apricots, and the last
ones to peaches. Tables give details of the OD conditions
and figure the related experimental results.

As can be seen from these figures, even with same fruits
and solutes, but with possible differences in sample pre-
treatment, shape and/or size and solution temperature
and/or concentration and/or stirring, experimental data are
completely diverse. Results cannot be compared. No general
prediction equation can be obtained.

Based on these limitations, we intended to widen the
scope of this work searching in the literature for experimen-
tal data of SS versus WC in OD of stone fruits and included
all of them, together with the data determined in this
research, in individual linear regressions for each fruit and
solute, individual general regressions for each fruit — includ-
ing all dehydrating solutes tested for that fruit — and a
general linear correlation using all the available data for
stone fruits (305 experimental points).

In the case of nectarines, the additional data were taken
also for glucose and sorbitol as solutes (Rodriguez et al.
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TABLE 2. DATA FROM LITERATURE FOR THE OSMOTIC DEHYDRATION CONDITIONS OF PLUMS IN SUCROSE SOLUTIONS

Fruit characteristics Pretreatment Solution temperature  Solution concentration  Solution stirring  Reference

Whole NaOH Ambient Dry sugar None Ibitwar et al. (2008)

(cv. Kala Amritsari)

1/8 portions, unpeeled NaOH 40C 40°Brix None Gori et al. (2009)

(cv. President)

1/8 portions, unpeeled Water (60C) 40C 40°Brix None Gori et al. (2009)

(cv. President)

1/8 portions, unpeeled Water (ambient temperature) 40C 40°Brix None Gori et al. (2009)

(cv. President)

Whole, peeled NaOH 50C 70°Brix NA Sharma and Lal Kaushal

(1999)

NA, not applicable.

2010). For peaches, additional data were all for sucrose as
dehydrating agent (Tocci and Mascheroni 1998; Mota
2005). For plums, data from literature were for plums cv.
President dehydrated in sucrose or glucose solutions after
different pretreatments (Rodriguez et al. 2010), dehydrated
in sucrose solutions (Gori etal. 2009) and in sucrose or
honey (Veloso et al. 2013). For apricots, experimental data
belonged to dehydration with sucrose solution (Araujo
2004) or with sucrose or sorbitol solutions (Riva et al.
2005). For cherries, data were taken for nine cultivars of
organic sweet cherries dehydrated in sucrose solution
(Gobbi et al. 2006).

Figure 4a—e presents the experimental data for each fruit.
For nectarines (a), peaches (b) and plums (c), different
solutes were used. In these cases, the figure presents the

linear regression for each solute and a general linear correla-
tion for all data of the same fruit. For apricots (d), almost all
data belonged to sucrose (only two points were for
sorbitol), and in cherries (e) only sucrose was used as solute.

It can be seen that in all cases of individual solutes, high
correlation coefficients were obtained, somewhat lower
when using glucose, independent of the species of fruit or
chemical composition of solution.

In particular, for fruits where data were obtained for
more than one type of solute, the generalized linear regres-
sions showed very high correlation coefficients R* (0.9856
for nectarines with two different solutes; 0.9415 for peaches
with three solutes; and 0.9560 for plums also with three
solutes) and of the same order of those of the individual
solutes.

TABLE 3. DATA FROM LITERATURE FOR THE OSMOTIC DEHYDRATION CONDITIONS OF APRICOTS IN SUCROSE SOLUTIONS

Fruit characteristics Pretreatment Solution temperature Solution concentration Solution stirring Reference

Slices, 1 cm None 25C 70°Brix Yes Giangiacomo et al. (1987)
(cv. Reale)

Cubes, 14 mm None 25C 60°Brix Yes Riva et al. (2005)

(cv. Tonda di Castigliole)

Cubes, 10 mm None 25C 65°Brix Yes Forni et al. (1997)

(cv. Tonda di Castigliole)

Slices, 1 cm None 50C 50°Brix NA Khoyi and Hesari (2007)
(cv. Nasiry)

NA, not applicable.

TABLE 4. DATA FROM LITERATURE FOR THE OSMOTIC DEHYDRATION CONDITIONS OF PEACHES IN SUCROSE SOLUTIONS

Fruit characteristics Pretreatment Solution temperature Solution concentration  Solution stirring  Reference

Halves NaOH; blanched 45C 60°Brix Yes Mota (2005)

(cv. Biuti)

Slices, 1 cm Water 60°C 22C 60°Brix NA Sahari et al. (2006)
(cv. Red Haven)

1/6 longitudinal pieces NaOH; blanched 45C 65°Brix Yes Germer et al. (2007)

(cv. Diamante, Aurora, Regis, Douradao)

NA, not applicable.

6 Journal of Food Process Engineering e (2014) ee—ee © 2014 Wiley Periodicals, Inc.
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Finally, Fig. 4f presents the generalized linear regression SS =—0.8865 WC + 89.07

for the five stone fruits considered and all the solutes based
on the whole data set with a total of 305 experimental
points. The prediction equation obtained is

Journal of Food Process Engineering ee (2014) ee—ee © 2014 Wiley Periodicals, Inc.

Its correlation coefficient R* is 0.9307, showing that all
the data can be clearly included in an only one linear
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correlation, even considering several low-quality experi-
mental data (as those whose amount of water plus SS was as
low as 86.74% or as high as 103.52%). If these data are
excluded (only eight pairs of “outsiders”), the new correla-
tion that is given in Fig. 5 is

SS=-0.9221 WC+89.07 R* =0.9458

This by no way means that the fruit type (its structure
and composition) and the solute type (molecular weight,
molecule size and shape, and its interactions with water and
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FIG. 5. EXPERIMENTAL DATA AND LINEAR
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other solutes and with the fruit tissues) have no importance
) P REFERENCES

in the ratio between WL and SG, but that the existing differ-
ences are in the order of the total experimental errors, fun-
damentally of the accuracy of the determination of water
and solute contents. When one works with different solutes
for the same fruit as for nectarines, peaches and plums,
slight differences can be determined for the linear regres-
sions for each solute, as seen in Fig. 4, which is a proof of
the differences in the SS versus WC ratio, induced by the
diverse solutes.

CONCLUSIONS

No general predicting equations can be developed to relate
weight loss or SG between them or with time during OD,
even for a same type of fruit and dehydrating solute, but
with different sample shapes, sizes or solute concentrations,
temperatures or stirring.

On the contrary, linear correlations for the variation of
SS as a function of WC can be obtained, which can be
generalized to a unique linear regression equation indepen-
dent of type of fruit and/or solute and valid for any process
condition.

Consequently, WC and SS can be immediately related
during any OD process by determining only one of both
properties. This relationship has important practical impli-
cations because it can be used to monitor the advance of
any OD process with a rapid test of SS (°Brix).
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