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ABSTRACT

Traditional methods of food preservation such as freezing, freeze drying (lyophilization), vacuum drying,
convection drying are often supplemented by new technologies that enable obtaining of high quality products.
Osmotic dehydration is more and more often used during processing of fruits and vegetables. This method
allows maintaining good organoleptic and functional properties in the finished product. Obtaining the desired
degree of dehydration or saturation of the material with an osmoactive substance often requires elongation of
time or use of high temperatures. In recent years much attention was devoted to techniques aimed at increasing
the mass transfer between the dehydrated material and the hypertonic solution. The work reviews the literature
focused on methods of streamlining the process of osmotic dehydration which include the use of: ultrasound,
high hydrostatic pressure, vacuum osmotic dehydration and pulsed electric field.
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INTRODUCTION

Seasonality of plant materials causes a drive to-
wards development of an efficient method of their
preservation. Nearly all known methods of food pres-
ervation involve various transformations, thereby ob-
taining a product with its quality altered relative to the
starting material. Modern alternative food preserva-
tion technologies are primarily based on the concept of
“minimal processing”. Products with high nutritional
value and natural sensory characteristics, eliminat-
ing the use of preservatives are obtained in this way
[Rzaca et al. 2009].

Osmotic dehydration aims at extending life of food
by removing water without phase transition [Kowal-
ska and Lenart 2001, Matuska et al. 2006]. The pro-
cess is carried out by immersing the raw material in
a hypertonic solution (solution with high concentration
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of sugars, sodium chloride, sorbitol, glycerol, etc.)
[Chenlo et al. 2006, Moreira et al. 2007]. Osmotic de-
hydration is used for foods with a tissue structure, such
as shredded fruit and vegetables [Torreggiani 1993].

The method is based on the natural phenomenon of
osmosis through cell membranes of biological mate-
rial [Shi and Le Maguer 2002]. In the osmotic dehy-
dration the process of water flow to the outside of food
material takes place, and entering of substances dis-
solved in a hypertonic solution into the product. Since
the cell membrane is not perfectly selective, the sol-
utes present in cells (organic acids, sugars, minerals,
fragrances, and colorants) can pass with water into the
hypertonic solution [Derossi et al. 2008].

The osmotic dehydration process does not guar-
antee full microbiological stability of the product.
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Osmotic dehydration leads to lower water activity in
the product, between 0.95 and 0.90 and thus it belongs
to the class of intermediate moisture foods having
the water activity between 0.65 and 0.90 [Yadav and
Singh 2012].

Thus the dehydrated material requires further pres-
ervation. Osmotic dehydration is treated as a prelimi-
nary step prior to freezing [Marani et al. 2007], freeze-
drying [Garcia-Noguera et al. 2012, Ciurzynska and
Lenart 2010] vacuum drying [Rastogi and Raghavarao
1997], convection drying [Ramaswamy and Nsonzi
1998, Kowalski and Mierzwa 2013]. This technique
provides a number of benefits which include limit-
ing of adverse changes in taste, colour, loss of valu-
able nutrients, inhibition of enzymatic browning, and
a great reduction of cost of transport and energy. In the
case of convection drying, to evaporate 1 kg of water
5 MJ of energy is consumed, while in turn, remov-
ing 1 kg of water by osmo-convective drying requires
about 0.1-2.4 MJ [Kowalski et al. 2009]. As a result,
food preservation by the osmotic-convection method
allows for a 20-30% lower energy consumption when
compared with convection drying.

One of the basic pieces of information about the
process of osmotic dehydration is the course of its
kinetics. The most important process parameters are
time, temperature, and the type of the used osmoac-
tive substance [Saurel et al. 1994, Sereno et al. 2001].
Nieto and coworkers [2004] showed that the greatest
changes in water content occur during the first 2 hours
of osmotic dehydration. Similar results were obtained
by Kowalska and Gierada [2005] during osmotic de-
hydration of apples in a solution of sucrose and apple
juice concentrate. The greatest changes in water con-
tent were achieved in the initial period of dehydration,
up to about 45 minutes.

Along with the increase in temperature the viscos-
ity of the environment decreases, increases the chemi-
cal reaction rate, physicochemical changes occur, and
thus the processes of osmosis and diffusion intensify.
At the same time higher temperature causes a loss of
nutrients, changes in the structure, destroying of cell
membranes, the loss of selectivity and increase in the
amount of osmotic substances penetrating into the
interior of the tissue [Nieto et al. 2004]. When car-
rying out the process according to the high tempera-
ture — short time principle, the obtained effect comes

342

not only from dehydration and penetration of osmotic
substance, but also from the inactivating impact of the
process on enzymes [Lenart 1990].

Osmotic dehydration process using different os-
motic substances proceeds differently depending on
their molecular weight. Marani et al. [2007] have
shown that at the same concentrations the low-molec-
ular substances cause greater penetration of the osmo-
active substance inside and a smaller effect of water
removal. During osmotic dehydration of kiwi fruit,
peach and strawberry, a significantly higher mass gain
was observed when using glucose when compared
with sugars of a higher molecular weight. Similar
conclusions were reached by Pekostawska and Lenart
[2009] during osmotic dehydration of pumpkin, where
the losses of water from the dehydrated material were
higher when glucose solution was used for dewatering
than when starch syrup solution was used.

The performed research shows that the type of
used osmoactive substance has a significant effect on
the sensory qualities of the finished product. Konopac-
ka et al. [2009] demonstrated that the use of sucrose,
inverted sugar, or deacidified apple concentrate causes
a higher evaluation of the sweet taste of dehydrated
cherries, blackcurrant and apples than when non-dea-
cidified concentrated fruit juice was used. According
to the same authors polyols, such as galactosorbitol
(lactose hydrolysate with gal-sorbitol) and sorbitol,
are not suitable for osmotic dehydration due to the de-
terioration of the sensory quality of dehydrated prod-
ucts according to consumer evaluation.

The skin layer of the raw material is a barrier for
water and the osmoactive substance [Lewicki and Le-
nart 2006]. To shorten the time of osmotic dehydration
and avoid the use of high temperatures in recent years
new development trends are seen, including measures
aiming at acceleration of mass transfer during osmotic
dehydration. This work is a review of literature on
modern methods of pre-treatment before osmotic de-
hydration, allowing to increase the permeability of the
skin layer of the material. The most popular pretreat-
ment methods include non-thermal treatments that im-
prove the mass transfer conditions and do not cause
adverse changes in the product such as colour change
or irreversible degradation of biologically active com-
pounds. These include: the use of ultrasound, high
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hydrostatic pressure, vacuum osmotic dehydration and
pulsed electric field [Rastogi et al. 2002, Knorr 2003].

ULTRASOUND

Ultrasonic techniques have long been used in the
food industry both in food analysis and in food pro-
cessing and preservation. One can also use them in
order to increase the level of safety of food products.
In food technology primarily utilized is the ability of
ultrasonic waves with high power and low frequency
(20-100 kHz) to induce a cavitation effect, which af-
fects the physicochemical and biochemical properties
of the material, in particular the disintegration of the
cell structures [Kapturowska et al. 2011, Dolatowski
et al. 2007]. The action of acoustic waves (ultrasound)
on plant tissue causes a number of contractions, lead-
ing to the removal of water and gives an effect similar
to “squeezing” of a sponge. This procedure contrib-
utes to the formation of microscopic canals and im-
proves the capillary flow of osmotic solution to the
intercellular spaces of the dewatered material [Deng
and Zhao 2008]. In recent years, many studies have
been presented, using the sonication effect for osmotic
dehydration as an alternative enabling the execution
of the process at lower temperatures [Fernandes and
Rodrigues 2007].

Nowacka et al. [2014] confirmed in their study that
the initial exposure of the kiwi fruit to ultrasound of
frequency of 35 kHz for 30 min causes a mass gain
of 45% compared to trials not subject to sonication
process. The authors observed a clear change in the
structure of tissues, which was associated with an in-
crease in the average cross-sectional area. Simal et al.
[1998] carried out osmotic dehydration of apples in
70°Brix sucrose solution at 40, 50, 60 and 70°C, sup-
porting the process with ultrasounds of 50 kHz fre-
quency. The obtained results confirmed the significant
impact of sonication on the level of penetration of
osmoactive substance into the fruit. The gain in dry
matter ranged from 23% at 40°C to 11% in 70°C af-
ter 3 h of dehydration. Water loss from the material
increased by 14-27% compared to control, regardless
of the temperature. Xin et al. [2013] have shown that
the use of ultrasound allows to shorten the time of os-
motic dehydration of broccoli from 120 to 30 minutes.
Additionally, ultrasound-assisted osmotic dehydration
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minimizes the loss of L-ascorbic acid (retention:
79.7-84.4% compared to 63.4-72.3% in undehydrated
frozen broccoli samples) and improved colour reten-
tion and firmness during refrigerated storage at —25°C
for 6 months.

Osmotic dehydration is a process that allows to
introduce into the dewatered material bioactive ingre-
dients (e.g. vitamins) or texture forming compounds,
which enter into the tissue along with the compo-
nents of a hypertonic solution. Bellary et al. [2011]
conducted studies on the assessment of possibility of
saturation of coconut slices with curcuminoids during
osmotic dehydration assisted with acoustic waves of
a frequency of 35 kHz. HPLC analysis confirmed that
all of curcuminoids migrated from the hypertonic so-
lution into the dewatered material. The authors found
that the application of ultrasound caused an improve-
ment of dry mass gain, loss of water, and the amount
of bioactive compounds introduced with the hyper-
tonic solution.

Numerous works are devoted to studies of the im-
pact of ultrasound before osmo-convection drying. Ol-
iveira et al. [2011] conducted a drying of Malay apples,
which were initially dehydrated in 25°Brix sucrose so-
lution using ultrasound at a frequency of 25 kHz. It has
been found that the use of sonification helped to short-
en the drying time by 28.1% compared to the sample
dehydrated without the use of acoustic waves.

It has been reported that an important issue is the
appropriate choice of parameters of ultrasonic treat-
ment. During sonication thermal energy is released,
which could cause local heating of the tissue, which
is associated with the effect of cavitation which may
depend on the used sequence, time, power, and fre-
quency of pulses [Nowacka et al. 2014].

Shamaei et al. [2011] compared the effect of ultra-
sound of low (35 kHz) and high frequency (130 kHz)
during osmotic dehydration of cranberries. The results
showed that the use of acoustic waves with a lower in-
tensity is more preferable from the viewpoint of main-
taining the firmness and colour of skin of the dewa-
tered material. The use of higher frequency ultrasound
caused numerous cracks and damage to the structure,
while the use of more gentle conditions resulted in the
formation of a low number of microchannels.

Research conducted by Kek et al. [2013] aimed
at comparing of ways of conducting of ultrasonic
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treatment during osmotic dehydration of guway. In
a first embodiment the ultrasonic wave generating
probe was immersed directly into the solution with the
material, in the second the dehydrated sample placed
in a plastic container was immersed in an ultrasonic
bath. Indirect sonication with the ultrasonic bath at
1.75 kW and 60 min of immersion time in 70°Brix
osmotic solution contributed to the highest water loss
of 0.34 g water/g, solid gain of 0.089 g solid/g, and
acceptable change of total colour. When ultrasound
was used as pre-treatment in osmotic solutions for
a hot-air drying process, it decreased the drying time
by 17-33%.

High Hydrostatic Pressure (HHP)

High Pressure Processing (abbreviated HHP) is ap-
plied on an industrial scale in many countries mainly
in order to extend the shelf life of food as a result of
reducing the number of microorganisms or enzyme
activity. It can also be used to modify the functional
properties of individual components of the raw mate-
rial and the finished product, thereby creating new rhe-
ological, primarily textual properties [Pietrzak 2010].
According to literature, subjecting of food subjected to
the initial impact of a high hydrostatic pressure causes
cell disruption. The indicator of cell disintegration
after treatment of the material with a high pressure
increases with time. Most often, the pressure in the

Osmotic Solution Cellular Material

Gas <¢

Water with natural solutes

Osmotic solutes

Fig. 1. Mass transfer pattern when a cellular material is im-
mersed in osmotic solution [Shi and Le Maguer 2002]
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range of 100 to 800 MPa is used, causing a permabili-
zation of the cellular structure. This phenomenon can
be used to enhance mass transfer during osmotic de-
hydration [Rastogi et al. 1994, Nufiez-Mancilla et al.
2011]. Verma et al. [2014] showed that pretreatment of
the material using high pressure technology allows for
acceleration of mass transfer during osmotic dehydra-
tion of banana slices. Under pressure occurs a break-
ing of the cell membrane integrity, making cells more
permeable. A confirmation of the authors’ hypothesis
were pictures taken using a scanning electron micro-
scope. Similar conclusions were reached by Taiwo
et al. [2003 a] for osmotic dehydrating of strawberry
fruit pretreated with a pressure of 200 MPa for 5 min,
the water loss in the samples under vacuum for 2 h was
8-73% greater than for those at atmospheric pressure
for 4 h.

An important issue from a methodological point
of view is the appropriate selection of conditions of
material processing using high pressure technology.
Rastogi and Niranjan [1998] confirmed the significant
influence of different pressures on the kinetics of os-
motic dehydration of pineapple (Fig. 2). It has been
found that the use of higher pressures resulted in in-
creased mass gains and losses of water in the material.
Using a pressure of 700 MPa, a mass gain of pineapple
dehydrated for 180 minutes was approximately 30%
greater in relation to dehydration at 100 MPa. In other
research Rastogi et al. [2000] have shown that the use
of higher osmotic pressure during the dehydration of
pineapple results in higher permabilization of cells.
The Zp (cell disintegration index) values of the un-
treated sample did not change with time and remained
zero. The Zp values of the center layer after 5 h, for the
control and sample treated at 200 MPa were 0.18 and
0.28, respectively. In case of samples treated at 400
MPa, the Zp values were 0.82.

Sopanangkul et al. [2002] performed osmotic de-
hydration of potato cylinders; the material was earlier
prepared for dehydration using different pressure con-
ditions (200 to 500 MPa). Studies have shown that the
use of pressures above 400 MPa leads to gelation of
starch and thus hinders diffusion of water and osmo-
active substance. Literature data shows that osmotic
dehydration conducted under conditions of elevated
pressure may affect the nutrient content and quality of
the dehydrated material. Nufiez-Mancilla et al. [2014]
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Fig. 2. Moisture and solid content with time during osmotic
dehydration of pineapple [Rastogi and Niranjan 1998]

conducted osmotic dehydration of strawberries under
a pressure of 100-500 MPa for 10 min. The highest
total polyphenols retention was found when using 100
MPa (78% and 96%, respectively). At higher pressure
(200-500 MPa) total polyphenols retention was lower
(from 93% to 72%). The content of flavonoids in fruits
was similar when 200-400 MPa were applied (reten-
tion from 77 to 64%).

In other studies, Nufez-Mancilla et al. [2013]
showed that the negative effect of high pressure may
be acceleration of non-enzymatic browning reactions.
The pressures 300, 400 and 500 MPa present the high-
est browning when compared to 200 and 300 MPa
during osmotic dehydration of strawberries.
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Pulsed Vacuum Osmotic Dehydration (PVOD)

Vacuum impregnation is becoming widely used
in the food industry. Most commonly it is used for
materials of animal origin and fruits. This method is
considered to be a useful technique for the rapid intro-
duction of external fluids into the porous structure of
plant and animal tissues in a controlled manner [Fito
and Chiralt 1994].

In literature there are numerous reports on the ap-
plication of negative pressure during osmotic dehydra-
tion. The use of a VOD (vacuum osmotic dehydration)
initial process for different periods of time, followed
by the application of OD (osmotic dehydration) is
called a pulsed vacuum osmotic dehydration (PVOD)
process [Tapia et al. 1999]. PVOD has been reported
the osmotic dehydration of apples [Paes et al. 2007,
Moreno et al. 2011] pineapples [Lombard et al. 2008],
guavas [Panades et al. 2008, Pino et al. 2008], mangoes
[Giraldo et al. 2003]. Vacuum is applied during short
periods of time that last from 10 to 20 min and then is
released, giving place to PVOD-OD cycles, which, in
conjunction with osmotic gradients, produce compres-
sion and relaxation of the viscoelastic food matrix, thus
favoring OD [Santacruz-Vazquez et al. 2008]. Accord-
ing to literature negative pressure leads to the release
of the internal gas or liquid trapped in the pores to the
surrounding solution, which is the effect of operation
of hydrostatic mechanisms [Mujica-Paz et al. 2003 a].

The most important advantage of PVOD is the ac-
celeration of mass exchange and shortening the OD
time. In order to develop conditions for PVOD one
must take into account the following process param-
eters: the level of pressure and time of its action, the
type and concentration of the used osmotic agent,
the porosity and the geometrical shape of the sample
[Chafer et al. 2003, Corréa et al. 2010].

Ferrari et al. [2011] studied the vacuum dehydration
(0.01 MPa, 40, 50, 60°Brix sucrose solutions) of melon
cubes. The use of lower-viscosity solutions combined
with the action of vacuum pulse at the beginning of
process promoted greater solid uptake, which de-
creased as solution concentration increased. Escriche
et al. [2000] in their experiments showed that PVOD
(50 mbar, time 15 min) of kiwifruit with concentrated
grape juice (63°Brix) led to an increase of the diffu-
sion coefficient by 20% when compared with 65°Brix
sucrose solution used under the same condition.
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Viana et al. [2013] confirmed that the structure of
the material is of vital importance during the POVD.
The method has proven to be ineffective in the case of
fodder palm, which is not a porous structure and the
texture is quite hard.

Borquez et al. [2010] showed that in osmotic dewa-
tering of raspberry fruit using a pressure of 1.33 MPa
for a period of 8 min the water loss was approximately
3-4 times higher than the massgain. By impregnation
with a solution of sucrose the mechanical resistance,
color and flavor of fruits have been improved. Mujica-
Paz et al. [2003 b] studied the effect of different pres-
sure conditions on the water content in the material.
They found that the higher the vacuum, the lower the
volume of liquid in the sample. Applying a pressure
below 0.04 MPa removed practically all of the aque-
ous phase from the pores of the tissue structure.

Matusek et al. [2008] showed that a 5 min treat-
ment of apples with oligofructose (oligofructose
content: 93.2% glucose + fructose — sucrose 6.8%)
at a pressure of 700 mbar results in a reduction of
moisture by approximately 12% when compared to
samples dehydrated without pressure. The results of
treatment of the material with vacuum led to a higher
fructo-oligosaccharide impregnation level.

Use of PVOD improved the ability to introduce
beta-caroten into apple slices using a solution of su-
crose. The PVOD treated samples (0.013 MPa during
10 min, followed by a 50-minute relaxation period at
atmospheric pressure) shown an increase of this com-
pound by 6 mg B-carotene/g dry solids after 50 min-
utes of dehydration while in samples osmotically de-
hydrated for 10 it was up to 4.16 mg B-carotene/g dry
solids [Santacruz-Vazquez et al. 2008].

Pulsed Electric Field (PEF)

The essence of the use of electric waves of high volt-
age amplitude is the plasmolysis induced by the electric
field (electroplasmolysis). Currently, the most popular
and widely accepted explanation for this phenomenon is
the electroporation of cell membrane, meaning the for-
mation or growth of the native, existing membrane pores.
The destruction of the natural structure of cell mem-
brane (perforation) facilitates the process of diffusion of
water and compounds dissolved in it. This reduces the
mass flow resistance and causes the acceleration of os-
motic dehydration [Wiktor and Witrowa-Rajchert 2012].

346

Wiktor et al. [2014] showed that the use of PEF for
pretreatment before osmotic dehydration of apples re-
sults in increased losses of water compared to control.
In these studies, in the case of penetration of osmoac-
tive substance the method has not been effective. The
most optimum conditions were the cases of PEF treat-
ment of the material as a function of the electric field
intensity up to 5 kV/ecm and 10 pulses. Amami and
Vorobiev [2005] confirmed that water loss and pen-
etration of the osmoactive substance during osmotic
dehydration of apples increases with increasing elec-
tric field strength and the number of pulses. When the
number of pulses was varied from 100 (energy input:
2.3 kJ/kg) to 750 (energy input: 13.5 kJ/kg). Evalua-
tion of the impact of the pretreatment using electric
waves of high voltage amplitude was made by Amami
et al. [2007] during the osmotic dehydration of carrots.
This method helped to increase the mass transfer. Wa-
ter loss from the dehydrated material increased by up
to 42% after 2 hours compared to samples not treated
with the electric field.

Ade-Omowaye et al. [2003 a] observed an increase
in the conductivity of dehydrated tissue of red pep-
pers. The greatest changes were observed in the high
frequency range. The authors explain the phenomenon
through the cell membrane acting as an electrical in-
sulator, and that the current flow was mainly confined
to extracellular fluid in low frequencies. The use of
PEF increased the water loss by 11-25% and mass
gain by 2-5%. In another experiment, Ade-Omowaye
et al. [2003 b] have demonstrated that the retention
of vitamin C during osmotic dehydration of red pep-
pers was dependent on the number of applied pulses.
The highest retention was the characteristics of sam-
ples subjected to 1 pulse and the lowest were the ones
subjected to 20 pulses (retention amounted to 89.6 to
96.5% respectively). Taiwo et al. [2003 b] observed
that the use of higher field strengths caused a drop
in the amount of vitamin C during osmotic dehydra-
tion of apples. The vitamin C content in the samples
treated with 2 kV/cm was from 50 to 60% lower than
for samples treated with 0.5 and 1.0 kV/cm. Amami et
al. [2008] determined the effect of preliminary, PEF-
-assisted osmotic dehydration (E = 0.6 kV/cm) on the
course of convective drying of carrots. They found that
PEF pretreatment shortened the drying time (60°C) to
a moisture content of 0.1 g/g dw by about 20%, and
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the pulsed electric field assisted osmotic dehydration
reduced the drying time from 290 to 70 minutes. Ex-
posure time of the material to high temperature, thanks
to the combined pretreatment shortened by as much as
81% compared with the material subjected to no pre-
treatment [ Wiktor and Witrowa-Rajchert 2012].

SUMMARY

The use of high hydrostatic pressure, pulsed elec-
tric field of high voltage, ultrasound has a consider-
able application potential; is a very good alternative to
thermal methods.

Literature review presented in this paper confirms
that the mentioned methods of preliminary preparation
of fruit for osmotic dehydration have a significant ef-
fect on the kinetics of the process. The presented treat-
ments accelerate the rate of penetration of osmoac-
tive substances, as well as the removal of water from
the dehydrated material, which can shorten the time
of osmotic dehydration. Through the damage of the
skin layer of fruit and vegetables it is made possible to
introduce bioactive (e.g. vitamins) or texture forming
components into the raw material together with the so-
lution, which would enter into the tissue together with
the components of a hypertonic solution. However, the
knowledge contained in the available literature points
to the desirability of optimization and selection of rel-
evant parameters of the used processes individually to
each dehydrated material.
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METODY ZWIEKSZAJACE SZYBKOSC PRZENOSZENIA MASY PODCZAS ODWADNIANIA

OSMOTYCZNEGO ZYWNOSCI

STRESZCZENIE

Tradycyjne metody utrwalania zywnosci takie, jak zamrazanie, liofilizacja, suszenie prézniowe, suszenie
konwekcyjne czesto sa uzupetniane przez nowe technologie umozliwiajace wytwarzanie produktow o wy-
sokiej jakosci. Odwadnianie osmotyczne coraz czgsciej jest wykorzystywane podczas przetwarzania owo-
cow 1 warzyw. Metoda pozwala na zachowanie dobrych wlasciwosci organoleptycznych i funkcjonalnych
gotowego produktu. Uzyskanie pozadanego stopnia odwodnienia bagdz wysycenia substancjg osmoaktywng
materiatu wymaga dtugiego czasu lub stosowania wysokich temperatur. W ostatnich latach po§wigcono wiele
uwagi technikom majacym na celu zwigkszenie wymiany masy pomi¢dzy odwadnianym materialem a roz-
tworem hipertonicznym. W pracy zamieszczono przeglad literatury po$wieconej metodom usprawniajacym
przebieg odwadniania osmotycznego, do ktorych nalezg zastosowanie: ultradzwickow, wysokiego ciSnienia
hydrostatycznego, prézniowego odwadniania osmotycznego i pulsacyjnego pola elektrycznego.

Stowa kluczowe: odwadnianie osmotyczne, ultradzwieki, wysokie ci$nienie hydrostatyczne, prozniowe od-

wadnianie osmotyczne, pulsacyjne pole elektryczne
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