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1. Introduction

Mass transport processes in the food industry are mostly based on the diffusion of soluble
products out of food tissue. The main barrier for the diffusion is the biological membrane
separating the inner cellular material from the outside. A rupture of the membrane results in
an enhanced diffusion rate resulting in a higher yield of the product located in the cell. Most
methods used for disintegration of cellular material are mechanical, chemical or thermal based
treatments. A new promising technique for cell rupture is the application of pulsed electric
fields (PEF). The product is treated with pulses of microseconds at a high electric field
strength. The electric field affects the cell membrane of the biological tissue in order to increase
the permeability resulting in pore formation. Pore formation facilitates the diffusion process.
Moderate PEF settings are used to achieve a disintegration of the cellular material. Some
researchers define a moderate PEF treatment by applying a field strength of 0,5 to 1,0 kV/cm
and treatment times in a range of 100 and 10.000 us. The same effects were obtained by other
researchers using electric field strengths of 1 to 10 kV/cm and shorter treatment times in the
range of 5 to 100 pus (Schilling et al., 2007; Corrales et al., 2008; Lépez et al., 2009).

It has been reported that PEF induces an increase of the mass transfer process resulting in a
higher extraction of different intracellular materials, such as sucrose from sugar beet, betalains
from red beetroot or polyphenols from grapes during the wine production. An increase in the
extraction yield of juices from different fruits and vegetables has also been noted. The drying
process can also be improved by PEF application. The reduction in the drying time yields a
better end product quality. For example an accelerated osmotic dehydration and drying was
reported for different fruits and vegetables, such as potatoes and pepper. An improvement of
the distillation processes by PEF, for example distillation of rose oil was also reported.

The following chapter describes in detail the effect of PEF on the mass transfer and the
related application fields.

2. Principle of action of cell disintegration using PEF technology

The application of PEF using short pulses of a high voltage affects the membrane of a cell
resulting in a permeabilisation of the biological membranes.
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The membrane acts as a semi permeable barrier for the intra- and extracellular transport of
ions and macromolecules. The membrane can be considered as a capacitor filled with dielectric
material of low electrical conductance and a dielectric constant in the range of 2 (Castro et al.,
1993; Barbosa-Cénovas et al., 1999). The accumulation of the free charges in- and outside the
cell leads to the formation of a concentration gradient, which is called trans membrane
potential. The resulting voltage varied in a range from 20 to 50 mV (Wilhelm et al., 1993).

The exposure of the cell to an electric field with a specific intensity causes a movement of the
charges along the electric field lines, which results in an induction of an additional potential.
The trans membrane potential increased due to the electric field up to a value of 1 V
(Zimmermann et al., 1976; Weaver 2000). The action of polarizing the cell is illustrated in
Fig. 1.

+

Fig. 1. Induction of cell polarization caused by PEF application (adapted from (Dimitrov
1995))

The polarization of the membrane is related to an increase of conductivity of the membrane
in the range of more than 1 S/cm? (Dimitrov 1984; Tsong 1991; Wilhelm et al., 1993). Due to
this increase the resistance of the membrane decreases and results in dramatic change in
permeability for potassium and sodium (Pliquett et al., 2007). The higher permeability leads
to a dielectric breakdown of the cell, which occurs at different electric potentials depending
on the electrical pulse duration (Dimitrov 1984).

Due to the polarization of the membrane, which is related to the movement of free charges,
forms electro compressive forces causing the local dielectric rupture of the membrane.
Dielectric rupture is the formation of pores and a drastic increase of permeability, which can
be termed as dielectric breakdown (Zimmermann et al., 1976). This electro mechanical
process is still the most accepted explanation for describing the effect of applying an
external electric field on biological cells. Other theories describe the membrane as a
viscoelastic model with fluctuating surfaces. The external applied electric field induces
reorientation and deterioration of the membrane molecules resulting in pore formation and
also the expansion of the pores leading to mechanical breakdown of the membrane
(Dimitrov 1984).

The electric breakdown occurs if the applied electrical potential exceeds a critical value,
which is termed the critical potential. Temperature, cell size and shape as well as medium
and process conditions are influencing factors for the critical potential. The pulse duration
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as a process condition leads to a lower critical potential if long pulse durations are applied
(Dimitrov 1984).

The induced pore formation by the external electric field leads to an increase of the
permeability of the membrane. Due to the intensity of the pulses reversible and irreversible
pores can be formed. Reversible pores are formed, applying less energy than the critical
potential. Using that intensity of the electric pulses stress reactions in plant cells can be
induced and the production of secondary metabolites can be stimulated (Schilling et al.,
2007). If the intensity of the electric pulses exceeds the critical potential irreversible pores are
formed, which causes lethal cell damages. This potential can be applied to inactivate
pathogen and non-pathogenic microorganisms or to facilitate the mass transfer and to
improve the diffusion of intra- and extracellular liquids. The result of a facilitated mass
transfer and improved diffusion is a facilitated distillation process due to the disintegration
of cellular material by PEF (Dobreva et al., 2010).

Consequently applying PEF using intensities higher than the critical value two different
effects can be observed. On the one hand inactivation of microorganisms (Heinz et al.,
2001; Toepfl et al., 2007) and on the other hand the cell disintegration (Angersbach&Heinz
1997; Angersbach et al., 2000). The difference between these two effects is the applied
intensity of the electric field and the specific energy, which represents two of the main
process parameters of a PEF treatment. The electric field strength is defined as the electric
potential difference (U) for two given electrodes in space divided by the distance (d)
between them, separated by a non-conductive material (Zhang et al., 1995). The specific
energy describes the intensity of the treatment with high intensity pulses and is expressed
in kJ/kg. Because of the small size of the microorganisms and the composition of their

membranes, a high energy input is required for a successful inactivation (Glaser et al.,
1988).

For a microbiological inactivation of different vegetative microorganisms, which has been
widely demonstrated by various researchers (Alvarez et al., 2000; Toepfl et al., 2007) an
electric field strength of 15 to 20 kV/cm and a specific energy of 40 to 1000 kJ/kg is
required. In contrast for a disintegration of cellular material lower values for electric field
strength (range of 0,7 to 3 kV/cm) and a specific energy (range of 1 to 20 kJ/kg) is required
(Corrales et al., 2008). The comparison of the values shows less energy is required for cell
disintegration.

3. Determination of cell disintegration index

The application of PEF induces a polarization of the cellular membrane resulting in an
increased trans membrane potential. The increase leads to a rapid electrical breakdown and to
local structural changes in the membrane. The result of the applied external electric field is the
formation of pores related to an increase of permeability of the membrane. A permeabilisation
influences the diffusion processes, for example increasing the extraction yield and shortening
the distillation time. To make the best use of the permeabilisation, a maximum of cell
disintegration is required. But it has to be noted that cell permeabilisation by PEF leads to a
softer structure. An optimum for the PEF settings (process parameters) has to be defined as for
some liquid solid separation techniques a too soft texture may be limiting. Up to now different
methods are available to measure the permeability of membranes. Microscopic methods can be
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used when the analysed tissue was stained. It is also possible to measure the content of the
extracted material (sugar, ions) (Angersbach&Heinz 1997). Mostly these two methods are not
exact enough to determine the disintegration of biological membranes. A better method for
determining the cell disintegration is the electrical method based on measuring the frequency
dependent conductivity.

An external electric field induces a polarization of the membranes. A result of the polarization
is an increase of the membrane current and a simultaneously decrease of the resistance of the
membrane, which corresponds to an increase of the conductivity (Angersbach et al., 2000). The
increase of the conductivity up to 5 mS in less than 5 us (Angersbach et al., 2000) can be
measured and be set in relation to the conductivity of intact membrane. Consequently
analyzing the frequency dependent conductivity offers the possibility to estimate the amount
of intact cellular material. The relation of the conductivity of the intact and the disintegrated
cells is termed as the cell disintegration index Z. The cell disintegration index allows an exact
definition of the amount of ruptured cellular material. If there is no difference between the
conductivity of the untreated and PEF treated cell membrane, the Z, value is 0 and the cell can
be defined as an intact cell. In contrast to that a Z, value of 1 indicates the maximum of cell
disintegration due to the PEF treatment (Angersbach&Heinz 1997).

The frequency dependent conductivity allows a detection of product properties. Fig. 2.
illustrates an example of conductivity of various treated and untreated tissues at different
frequencies.
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Fig. 2. Measured conductivity at different frequencies (Knorr&Angersbach 1998)

As it can be seen in Fig. 2. the conductivity changes with increasing frequency. At low
frequency ranges the conductivity of PEF treated cell material and intact tissue is different,
because of the capacitive properties of intact tissue. The highest value for conductivity
relates to mechanically ruptured cells. From the graph it can also be seen that as the
frequency increases, the conductivity of all cellular material reaches the same conductivity
value. The reason being the relationship between conductivity and the frequency. At high
frequency ranges (5-10 MHz) the cell membranes, whether damaged or not, are not resistant
to the electric current (Angersbach&Heinz 1997; Knorr&Angersbach 1998).
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Besides the relation between the conductivity and the frequency, the Fig. 2. also displays the
impact of pulse number on the effect of the permeabilisation of cellular material. A higher
number of applied pulses leads to a higher conductivity, which shows a higher
permeabilisation of the membrane (Knorr&Angersbach 1998). Not only does the number of
pulses affect the efficiency of the PEF treatment, the applied electric field strength amplitude
also plays a part. Higher electric field strength causes a more rapid dynamics of pore
formation and a faster initiation of conductive channels (Angersbach et al., 2000). To compare
the relation between number of pulses and electric field strength; typically a lower number of
pulses is necessary to reach a high disintegration of cellular material when high electric field
strength is applied (Knorr&Angersbach 1998; Angersbach et al., 2000). The effect of the electric
field strength in relation to the permeability of the membrane is illustrated in Fig. 3.
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Fig. 3. Relation between the electric field strength amplitude and the relative permeability
(Angersbach et al.,2000)

Using low field strength amplitudes no significant differences between the samples were
observed, because the electric field strength did not reach the critical value and no electrical
breakdown is induced. This phenomenon occurs if the applied field strength is higher than
the critical field strength. With increasing electric field strength the relative permeability of
the membrane increases up to the maximum, where all cells are disintegrated.

Fig. 3. also displays the dependence of the applied electric field amplitude to the type of
product. Four different tissue types (potato-, apple- and fish tissue and potato cell culture)
were tested and different values of electric field strength were necessary for a disintegration
of these tissues. The reason for this is based on dependence of the membrane to rupture on
the trans membrane voltage and the cell size distribution (Angersbach et al., 2000).

By measuring the conductivity the optimum electric field strength can be determined. The
aim is to reach a maximum cell disintegration. Lebovka et al. 2002 (Lebovka et al., 2002)
detected an electric field strength of 400 V/cm for maximum of cell disintegration of apple-,
carrot and potato tissue. Comparing these tissues treated with 400 V/cm different treatment
times are necessary to reach a high cell disintegration. Apple tissue required the highest
treatment time and consequently the highest energy consumption in contrast to potato,
which has the lowest energy consumption (Lebovka et al., 2002).

In conclusion, by measuring the conductivity changes induced by PEF treatment it is
possible to determine the amount of disintegrated cells.
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4. Influence of PEF on mass transfer

The application of pulsed electric fields allows a disintegration of cellular material. The
result of disintegrated cells is an improved mass transfer, which affects the following
processes:

- Dehydration/Freezing
- Extraction
- Distillation

The drying process can be described as a preservation method removing water from food.
Water removal, lowers the water activity and increases the shelf life of the products. It can
be used as a pre-treatment to improve nutritional, organoleptic and functional properties of
the food products (Torreggiani 1993). An important parameter for the drying process is the
mass transfer of water. A high mass transfer rate results in a better quality of dried product
due to the shortening of the drying time and a reduction in the drying temperature. The
drying process can be regarded as a complex process step including momentum, heat and
mass transfer. The moisture in food can be classified in two main groups. First the
“immobilized” water, which is retained in fine capillaries and is adsorbed at the surface, and
second the “free” water, which retains in voids in foods. The drying process is based on the
equilibrium of moisture content. The food looses or gains moisture over a period of time to
attain a new equilibrium status (Sharma et al., 2000). For drying of heat sensitive products
the osmotic dehydration (OD) can be used as a pre-treatment in order to reduce the drying
time. Other pre-treatments, like microwave or conventional thermal heating, lead to a
thermal destruction of the nutrients and organoleptic quality of the food (Ade-Omowaye et
al., 2001).

For this process, food is placed in an osmotic solution resulting in the formation of a water
and a solubility gradient across the cell membrane. The cell membrane separates cell
content, mostly water, and the osmotic solution. Consequently two fluxes are formed; the
water out of the cell and the osmotic solution into the cell. This flux is a mass transfer
process and is a function of the difference in chemical potential. Because of the composition
of the cell membrane and the better permeability to water, more water is removed from the
cell than less solute goes into the cell. The following Figure (Fig. 4.) represents the flux of
water and solute in and out the cell (Torreggiani 1993; Sharma et al., 2000).

The OD process depends on different parameters, like concentration of osmotic solution,
contact time and process temperature as well as the exposed surface area. The most
widespread problem is the simultaneous solute transfer in the food countercurrent to the
water flow. This influences the product quality in a negative way resulting in a candy or
salty taste of the product, as well as an altered sugar-to-acid ratio. Different kinds of osmotic
solutions can be used. The choice depends on parameters, like organoleptic quality,
preservative effect and the product taste. Mostly a sucrose solution is used, because it is
very effective and convenient. But because of the sweetness the application is limited to
vegetables and fruits. The second most used substance for osmotic solutions is sodium
chloride.

In comparison to convection drying the OD process uses less energy, because a lower
temperature can be used. Due to the reduced temperature, less heat damage is found on the
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Fig. 4. Mass transfer during OD process (Torreggiani 1993)

product and the high concentration of the osmotic solution prevents discoloration
(Torreggiani 1993).

As the OD process is directly dependent on the mass transfer, a PEF treatment can enhance
OD. The first time facilitated mass transfer during OD using PEF was reported by Rastogi et
al. (Rastogi et al., 1999). Because of the structural changes of the cell membrane due to PEF
application, the mass transfer is facilitated (Ade-Omowaye et al., 2001). Consequently a
facilitated, fast exit of the water in the osmotic solution is possible, but no solid uptake,
because of the selective permeabilisation of the cell membrane (Taiwo et al., 2003). Using
PEF before the OD process the drying time can be significantly reduced and a better
structural food quality can be obtained.

Different product types were treated with PEF before OD. For example, the pre-treatment of
red pepper with PEF shows a facilitated moisture removal and an improvement of the
quality of the dried products. Using OD in combination with PEF a preserved color quality
of the red pepper could be obtained (Ade-Omowaye 2003). Carrots can also be pre treated
with PEF resulting in an increased diffusion coefficient and a reduction of the OD time from
4 h to 2 h (Rastogi et al., 1999). The PEF induced enhanced mass transfer depends on the
electric field strength and the applied number of pulses (Rastogi et al., 1999). The same
reduction in OD was reported (Rastogi et al., 1999; Amami et al., 2007a; Amami et al., 2007b)
for the treatment of apple tissue (Amami et al., 2006).

In addition to drying process the freezing process can be regarded as a mass transport
dependent preservation method. Suitable products for this type of treatment are fruits
(strawberries and raspberries), vegetables (peas, green beans) as well as fish and meat
products (Sharma et al., 2000). The process is based on a decrease of temperature under the
freezing point and combines the effect of low temperature with the conversion of water into
ice (Delgado&Sun 2001). The advantage of the freezing process is the reduced chemical
reactions and the delay of cellular metabolic reactions (Delgado&Sun 2001).

In general the freezing process can be separated into three main phases. The first phase is
called the pre-cooling or chilling phase, where the product is cooled down to the freezing
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point. During the second phase (phase change period) most of the water in the product
crystalizes. The final end temperature is reached during the last phase termed as the
tempering phase (Delgado&Sun 2001).

The time, which is required to lower the temperature, is called the freezing time. This time
can be predicted with mathematic modeling. Therefore the heat and mass transfer
phenomena has to be considered. Two possible models to describe the freezing process are
the heat transfer model and coupled heat and mass transfer model. The application of PEF
improves the mass transfer. The pre-treatment of potato (Jalté et al., 2009) for example
induces a higher freezing rate with a shorter freezing time. Due to PEF treatment the cell
membrane gets porous with the result of an enhanced diffusion mass exchange of
extracellular and intracellular water as well as a reduced freezing time. Using PEF as a
pretreatment can achieve a better quality of the frozen food as smaller ice molecules are also
formed. The improved quality can be seen in Fig. 5. The structure and form of the PEF pre-
treated potato was much better in comparison to the untreated ones.

Untreated PEF pretreated

Fig. 5. Pre-treatment of potato discs in comparison to untreated discs after freezing (Jalté et
al., 2009)

Besides drying and freezing, PEF treatment influences the extraction process. In general,
extraction is a separation process separating a substance from a matrix. Two main extraction
processes are liquid-liquid extraction and solid-liquid extraction. In the following the soli-
liquid extraction is described in detail as well as the impact of PEF on the solid-liquid
expression.

The aim of a solid-liquid extraction is the separation of the desired extract located in the
solid by using a solvent in which the extract is soluble. Mostly, the extract is located in the
pore or cell structure of the solid. This technique has been used a long time for the extraction
of plant oils, for example sucrose from sugar beet or tanning- or color extracts. Today the
solid-liquid extraction is mostly used for (Bouzrara&Vorobiev 2003)

- Extraction of fruit juices and vegetable oils

- Production of wine

- Dewatering of fibrous materials (sugar beet)
- Dehydration of organic wastes

The principle of an extraction process is based on the diffusion characteristics of the solid
and the solubility of the extract. The solvent is added to the solid and during the extraction
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the extract diffuses from the solid in the solvent. This mass transport from the solid in the
solvent follows the diffusion law. After this process a mechanical separation of the solid and
liquid is required as well as a separation of the extract and the extraction agent. A facilitated
extraction can be reached by chopping or mashing the solid with the result of an increased
surface area and shorter capillary ways. Another possibility to increase the extraction
velocity is an increase of the concentration gradient. This can be achieved by using a high
volume of solvent (Vauck&Mueller 2000).

As described before the principle of the extraction process is based on the mass transfer of
the extract from the solid in solvent. The extract is mostly located in cells, which are
surrounded by membranes. Consequently, the amount of compounds released to the
solvent depends on the degree of the damaged cellular material. The effect of PEF can be
defined as electroporation resulting in a disintegration of cellular material and an improved
mass transfer. Regarding the extraction process a facilitated extraction is possible using PEF
as a pre-treatment, because the extract can easily diffuse into the solvent. There is no force
required to open the cellular material. Using PEF as a pre-treatment, the extraction time can
be reduced. The extraction yield can be increased and important quality ingredients can be
easily extracted.

PEF can be used for an improved extraction process in different application fields. One
example is the extraction of calcium from bones (Yin&He 2008). There are different methods
used for the extraction of calcium from bones, for example boiling or microwave treatment,
often leads to negative effects on the product and the extracted concentration is low. Using

PEF, the temperature can be reduced and the calcium concentration increased (Yin&He
2008).

Another example for a solid-liquid expression assisted by PEF treatment is sugar beet. Using
PEF as a pre-treatment the extraction time and temperature can be lowered (Lopez et al.,
2009) as well as a higher sucrose yield can be obtained (Eshtiaghi&Knorr 2002; EI-
Belghiti&Vorobiev 2004) resulting in more efficient sugar production with lower energy
requirements (Lebovka et al., 2007; Loginova et al., 2011). Due to the lower extraction
temperature the PEF process offers the possibility to improve the extraction of colorants
from red beet root in order to increase the extraction yield and a better stability of the
colorants (Fincan et al., 2004; Loginova et al., 2011). An increased juice yield plays an
important role in juice industry. In general mechanical, enzymatic or temperature based
methods were used to rupture the apple cells for a facilitated extracting, but mostly they
lead to a degradation of important juice components as well as a high energy consumption
(Toepfl 2006). A PEF treatment of the apples increases the yield from 1,7 to 7,7 % in
comparison to an enzymatic treatment (4,2 %) (Schilling et al., 2007) and reduces the energy
consumption. Additional the pomace can be used after the treatment for pectin extraction.

Another process limited by mass transfer is the distillation process. In this process a high
temperature is applied to the product for a defined time in order to separate two
components with different boiling points. The high temperature denatures the cellular
material and facilitates the extraction of the product. The high heat load degrades the heat
sensitive ingredients minimizing the quality of the product. The membrane of the cells
represents a semipermeable barrier through which the desired extract cannot diffuse
because of the size. After the cells are ruptured the extract can easily diffuse along the
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concentration gradient. To rupture the cells, PEF can be used. Using PEF a disintegration of
the cells could be observed at moderate temperatures. Consequently, the heat load could be
minimized and no change of quality of the extract could be detected. In addition to that, the
extraction yield could also be increased. In summary, the result of using pulsed electric
fields instead of high temperature treatment is a reduced temperature and distillation time.
A possible application being the treatment of roses to gain a higher yield of rose oil while
reducing the distillation time (Dobreva et al., 2010).

5. Application
5.1 Extraction

A facilitated extraction of valuable components, like sucrose from sugar beet, red colorants
from red beet roots and polyphenols from wine as well as juice from fruits, can be achieved
by using PEF as a pre treatment.

The traditional sucrose extraction process is a thermal one treating the cossettes at 70 to
75 °C for 1 to 1,5 h. The heating process permits a denaturation of the sugar beet cells and
facilitates the sugar extraction. This process uses a significant amount of energy and water
and assists the growth of spoilage microorganisms. Lopez et al. (Lépez et al., 2009) studied
the influence of PEF on the extraction yield dependent on the electric field strength and
pulse number as well as temperature. As a result applying 20 pulses with a field strength of
7 kV/cm allows a temperature reduction from 70 °C to 40 °C in a 60 min extraction process
with yield of 80 %. The related thermal energy consumption is lowered by more than 50 %.
In addition the extraction is dependant on the field strength, specific energy as well as
temperature and independent from pulse shape and pulse duration (Lopez et al., 2009).
Agitation during extraction leads to an increase of the sucrose yield (El-Belghiti&Vorobiev
2004). In this study the sugar beets were treated with 0,9 kV/cm and 250 pulses in a
cylindrical batch treatment chamber. For an extraction yield of 30 %, an extraction time of
120 min with 100 rpm agitation is required in comparison to 500 min extraction time
without agitation. The sugar extraction process assisted by PEF can be improved by
additional agitation, as well as by applying pressure. Using a pressure of 30 MPa during the
extraction process the extraction yield can be increased by 20 % (Eshtiaghi&Knorr 2002).

Besides the yield of the PEF assisted extraction process, the quality of the sucrose was
analysed. The treatment of sugar beets with an electric field strength of 0,6 kV/cm and 500
pulses with a pulse duration of 100 ps at 30 °C leads to comparable results of thermal
process at 70 °C (Loginova et al., 2011).

The thermal treatment at 70 °C leads to a sucrose content of 14 % and a purity of more than
90 %. Equal values have been reached using a PEF treatment at 30 °C. The energy
consumption required by PEF treatment is 5,4 kWh/t versus 46,7 kWh/t for the thermal
treatment. In conclusion, the application of PEF lowers the energy consumption without
influencing the sucrose content or the purity of the extracted sucrose solution (Loginova et
al., 2011). Increasing the temperature of the PEF treatment leads to a reduction of the
required electric field strength without decreasing the important quality parameters.
Another study of Loginova et al. (Loginova et al., 2011) shows an increased sucrose content
and °Brix values of extracted product assisted by PEF in a parallel stainless steel electrode
with a gap of 7 cm applying 0,6 kV/cm at 50 °C. The end result is a higher purity and
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Fig. 6. Influence of temperature and PEF on the sucrose concentration and the purity of the
sucrose solution (Loginova et al., 2011)

improved filter capability of the product in comparison to the thermally treated product at
70 °C.

The thermal treatment is dependent on the holding time (equal with treatment time for the
extraction process) and aiming on an almost complete thermo-break. The application of PEF
reduces the treatment time resulting in a high cell disintegration index of approximately
0,95 in several milliseconds in contrast to a cell disintegration index of 0,85 in more than
100 s for a thermal treatment. A higher cell disintegration index can be reached by using a
higher electric field strength (Lebovka et al, 2007). The researchers Eshtiaghi et al.
(Eshtiaghi&Knorr 2002) indicated a cell disintegration index of approximately 0,7 by
treating the slices with an electric field strength of 2,4 kV/cm and 20 pulses at 20 °C. The
same cell disintegration index can be achieved by a heat treatment at 72 °C for 15 min.

In addition to the extraction of sucrose from sugar beet the extraction of industry relevant
colorants from red beet roots can be improved. Red beet concentrate can be used as a food
additive to color food. Betalains are the major colorants, and are composed of the red -violet
substance betacyanin and the yellow-orange betaxanthin. The main function of betalains
beside the color, is antiviral and antimicrobial activity (Azeredo 2009). Most extraction
processes contains a thermal treatment leading to a lower extraction yield and high color
degradation, because of the sensitivity of the betalains towards high temperature. For
example a thermal treatment at 30 °C for 5 h leads to a degradation of 20 % of the betalains.
In comparison an extraction at 80 °C for 1 h results in a complete degradation of the
betalains (Loginova et al., 2011). The extraction assisted by PEF lowers the temperature
without decreasing the extraction yield and destruction of the color (Fincan et al., 2004;
Loginova et al., 2011). The same extraction rate can be achieved using a pre-treatment with
PEF at 30 °C of the red beet using a field strength of 1,5kV/cm and 20 pulses with a
duration of 100 us in comparison to a thermal treatment at 80 °C for 40 min and in addition
with less color degradation (Loginova et al., 2011).

Another main product function is the solid-liquid juice extraction process assisted by PEF.
The effects of PEF on the extraction of apple juice will be described. The left side of the
Fig. 7. below shows a current process for apple juice extraction.
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The current extraction process contains an enzymatic treatment to rupture the apple cells.
This step can be replaced by a PEF treatment (see right side of Fig. 7.) in order to increase
the extraction yield without a destruction of the juice quality (Bazhal&Vorobiev 2000; Bazhal
et al.,, 2001; Toepfl&Heinz 2011). The extraction yield can be increased to 1,7-7,7 % using
field strengths of 1 and 5kV/cm and 1 to 30 kJ/kg using a decanter centrifuge. In
comparison, an increased extraction yield of 4,2 % can be achieved using enzyme treatment
(Schilling et al., 2007). For the enzymatic treatment the apples were treated with a pectolytic
enzyme for 1 h at 30 °C, the pectin is degraded using an enzymatic treatment for increasing
the extraction yield. After the PEF treatment, native pectin can be produced from the
pomace. An increase of the nutrient content of the juice was not observed (Schilling et al.,
2007). Grimi et al. (Grimi et al.,, 2011) studied the extraction yield, clarity, polyphenol
content and the antioxidant activity of the pre-treated apples. Additionally they differ
between the treatment of whole apples and sliced apples. Treatment of sliced apples with a
field strength of 0,4 kV/cm and a treatment time of 0,1 s, resulted in a higher extraction
yield than the treatment of whole apples using the same conditions. The cell disintegration
index, clarity of the juice, polyphenol content and the antioxidant activity showed no
difference between the two different apple type treatments.

The studies of Grimi et al. (Grimi et al., 2011) show an increase of the polyphenol content in
apple juice in comparison to the non PEF treated sample. Similar results were reported by
Puertolas et al. and Corrales et al. (Corrales et al., 2008; Puertolas et al., 2010) studying the
extraction of polyphenols from red wine grapes. The polyphenols are the most important
components for the color and the quality of the red wine. A rupture of the grape skin, where
the polyphenols are located, leads to a release of the polyphenols resulting in a facilitated
extraction. A PEF induced cell disintegration using an electric field strength of 3 kV/cm and
10 kJ/kg results in an increase of the phenolic compounds as well as a higher antioxidant
content (7841 umolTE g'DM in comparison to 187 pmolTE g'DM thermal treatment at
70 °C for 1 h) (Corrales et al., 2008).
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The oil extraction process also contains a solid-liquid extraction step, which can be
improved by PEF application. Guderjan et al. (Guderjan et al., 2005) studied the effect of PEF
on the oil yield of maize and olives. Pulsing the maize with an electric field strength of
0,6 kV/cm and a specific energy of 0,62 kJ/kg at 20 °C yields an extraction of 43,7 % in
comparison to a yield of 23,2 % of the untreated maize. The same effect of increased
extraction yield is observed when treating olives with 1,3 kV/cm and 100 pulses. An
increase of 7,4% with PEF in contrast to an increase of 5,3 % for a heat treatment (50 °C for
30 min) was determined (Guderjan et al., 2005). Beside olive and maize, rape seed can be
treated to enhance the extraction yield and the quality of the oil. In that case, an improved
oil yield was observed as well as an increase of the polyphenol-, phytosterol and tocopherol
content. The rape seeds were pulsed with field strength of 7kV/cm and 120 pulses
(Guderjan et al., 2007).

5.2 Distillation

Distillation is a separation process, where the product is exposed to a defined temperature
for a specific time. Because of the different boiling point of the components, a separation of
these substances is possible.

The traditional rose oil distillation process is characterized by exposing a product to a
high temperature for a defined time. The temperature causes a denaturation of the cell
membrane and substances diffuse out of the cells. Due to the temperature sensitivity of
the rose oil during the distillation process, the critical threshold should not be exceeded as
the quality of the rose oil will be reduced. A lower temperature results in reduced
disintegration of the rose cells and in a low extraction yield. To improve the rupture of the
cell membrane, the cells can be exposed to pulsed electric fields. The electric field induces
a polarization with a resulting breakdown of the cell membrane and an increased
permeability. The process can be used for the rose oil production. Dobreva et al. (Dobreva
et al., 2010) studied different PEF treatment conditions varying the specific energy and
different distillation times. The aim was to detect the influence of PEF on the extraction
yield and distillation time.

The PEF treatment was performed in parallel treatment chamber with a gap of 5 cm. The
white oil-bearing roses (Rosa alba L.) were pulsed with an electric field strength of 4 kV/cm
and a specific energy of 10 and 20 kJ/kg at room temperature. The distillation time using
high temperature for cell rupture was 2,5 h. For the analysis the oil yield was determined
after 0,5, 1, 1,5 and 2,5 h (Fig. 8.).

After a distillation time of 1 h equivalent oil yields for the PEF and control samples were
found. An increase of energy input from 10 to 20 kJ/kg causes an increase of oil yield of
20 %. Treating the roses with a specific energy of 10 kJ/kg, the yield was increased by 35 %
compared to the control. In conclusion, using PEF as a pre-treatment the distillation time can
be reduced resulting in lower energy consumption and a higher productivity of the
distillation process. A higher yield can be achieved by treating the roses with PEF and a
specific energy of 10 k] /kg and a distillation time of 2,5 h.

Besides the improvement of yield and the distillation time, the quality of the oil analysis also
showed no undesirable changes of any of the essential components in comparison to the
reference extraction method.
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Fig. 8. Oil yield after a PEF pre-treatment of the roses in comparison to untreated after
different distillation times (Dobreva et al., 2010)

5.3 Drying/Freezing

Drying is regarded to be an important preservation step. Temperature, relative humidity and
time are the most important processing paramters. The drying process can be separated into
three main parts. The first describes the evaporation from free surface, which is mostly
influenced by heat and mass transfer. The second part includes the liquid flow from the
capillaries and the third the diffusion of liquid or vapour (Sharma et al., 2000). The mass
transfer, which is important for the first step of drying, is determined by the structure of the
cellular material. By influencing the structure for example a disintegration of the cells, a
facilitated mass transfer can be obtained. A cell disintegration of biological cell membranes can
be induced by exposing the material to an electric field. The application of pulsed electric fields
induces structural changes that leads to a rapid cellular breakdown and an increased
permeability resulting in an enhanced mass transfer. The idea to use the PEF process in order
to facilitate the drying process is described by several researchers and food products.

One product example using PEF as a pre-treatment before drying is red pepper. Ade-
Omowaye et al. (Ade-Omowaye et al., 2000) investigated an increased water loss using the
PEF process. For drying, a fluidized bed was used with a temperature of 60 °C for 6 h. The
researchers examined the influence of the electric field strength and pulse number on the
efficiency of the drying process. After 1,5 h drying the moisture content of the untreated red
pepper sample was 2,06 kg/kg, of the sample treated with 1 kV/cm it was 1,45 kg/kg and
the moisture content of the red pepper sample treated with 2 kV/cm it was 1,09 kg/kg. That
corresponds to a decrease of moisture of 47 % at the same drying time. In summary an
increasing electric field strength leads to a higher reduction of moisture content. In
comparison to that shows the pulse number not that high influence so that a high pulse
number has only a minimal effect on the electro permeabilisation (Ade-Omowaye et al.,
2003). The same effect is reported by Knorr 1998 (Knorr&Angersbach 1998). Regarding the
distillation time, after 3 h drying the drying rate was not higher as compared to the rate at
1,5 h. The reason for that is based on the fact, that nearly all water was evaporated at that
time and the driving force was reduced.
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Besides the use of PEF as a pre-treatment for red pepper, reports have shown that it can be
used for treating carrots in order to increase the drying efficiency. Amami et al. (Amami et
al., 2007a; Amami et al., 2007b) treated the sliced carrots with an electric field strength of
0,6 kV/cm and a specific energy of 19 kJ/kg as well as a pulse duration of 100 us. After the
PEF treatment different osmotic dehydration trials were performed to evaluate the influence
of salt and sucrose concentration as well as the additional effect of a centrifugal instead of a
static osmotic dehydration process. The water loss and °Brix of the solution was determined
after defined time periods. For the OD process the ratio of carrots to solution was 1:3 and the
duration was 240 min at 20 °C. The water loss of the untreated carrots after 2 h static OD
process was 42 %. A pre-treatment of the carrots with PEF induces a water loss of 38 % and
a sugar concentration of 45 °Brix. Consequently, the PEF treatment positively affects the
mass transfer process. Besides the analysis of the effect of PEF on the water loss, the effect of
the addition of sucrose and additional salt concentration was determined. As the sugar
concentration is increased, the water loss was also increased. The addition of salt (NaCl) to
the sucrose solution leads to different water loss values. An overview of the results is shown
in Table. 1.

Composition of the OD solution water loss [%] water loss [%]
[%salt/ %sucrose] untreated PEF treated
0% /65% 48,5 50
5% /60% 50,9 54,6
15% /50% 54,5 58,8

Table 1. Water loss of untreated and PEF treated (0,6 kV/cm, 19 kJ/kg) carrots slices using
different salt concentrations for the osmotic solution in a OD process after 4 h (summarized
from (Amami et al., 2007b))

By increasing the salt concentration a higher water loss can be obtained and the water loss
can be improved even more by using PEF as a pre-treatment. A higher salt concentration
leads to a higher diffusion gradient and combining a higher salt concentration with a PEF
process, which induces an improved mass transfer, leads to a better diffusion with regard to
the dehydration process. The addition of NaCl lowers the water activity, which increases the
driving force for the drying process. Using a centrifugal OD process the water loss of the
untreated carrot slices can be increased from 48,5 %, 50,9 % and 54,5 % in 0% /65%, 5% /60%
and 15%/50% to 56,5 %, 58,1 % and 61,9 %. As a result, centrifugation leads to an improved
OD. The best result for an OD can be reached using PEF, a salt/sucrose solution as osmotic
solution and centrifugation. The temperature influence was also evaluated with the result of
an improved OD using 40 °C in comparison to 20 °C (Amami et al., 2007a; Amami et al.,
2007b). Similar results could be obtained using the PEF pre-treatment of apples. The mass
transfer of apples is increased by the PEF treatment (Chalermchat et al., 2010) and the
kinetics of water and solute transfer were accelerated during the convective and diffusion
stages of OD process (Amami et al., 2006). Also the treatment of strawberries with PEF leads
to an improvement of the OD process. Taiwo et al. (Taiwo et al., 2003) treated strawberries
placed in tap water in a parallel stainless steel electrode with a gap of 3 cm, 5 pulses with a
duration of 350 ps were applied to the product using an electric field strength of 1,2 kV/cm
and 100 J/pulse. For the OD different osmotic solutions were tested to find out the best
solution with the highest efficiency (Fig. 9.).
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Fig. 9. Extent of water loss from PEF pre-treated strawberries during OD process in different

osmotic solutions (Taiwo et al., 2003)

From the above examples it can be said that pre-treatment with PEF increases mass transfer
during the OD. When considering different osmotic solutions containing glucose, sucrose or
salt/sucrose results show that the salt/sucrose solution shows the best result regarding the
water loss.

In addition to PEF treatment of carrots in order to improve the OD, potatoes can also be
regarded as suitable products for a PEF pre-treatment. The application of PEF on potatoes
with an electric field strength of 1,5 kV/cm induces an enhanced drying process, because
of the disintegration of the potato cells induced by PEF. The comparison of a freeze dried
potato without PEF and a PEF freeze dried potato shows less structure damage (Lebovka
et al., 2007). Besides the structure also the diffusion characteristics in potatoes can be
improved using PEF. For example a PEF treatment using 1,5 kV/cm and 20 applied pulses
leads to a release of glucose and fructose, which are precursors for Maillard reaction, and
a facilitated uptake of sodium chloride (Janositz et al., 2010). A reduced browning and
acrylamide formation has been reported (Lindgren et al., 2002). A comparison of the
treatment of potatoes and apples shows different diffusion coefficients during OD for
these two different food products. The treatment of apples showed an increase of
diffusion coefficient. The treatment of potatoes by PEF showed that the diffusion
coefficient could be improved. The reason for this difference is based on the
morphological structure of potato and apple. The tissue of potato is more tightly packed
in contrast to the apple tissue (Arevalo et al., 2004).

Using PEF as a pre-treatment the drying and freezing rate can be improved. With increasing
cell disintegration the freezing rates increased. Regarding the freezing process cellular water
flows easily out of the cell and ice nucleation outside the cell starts. SEM pictures show the
impact of PEF on the freezing process (Jalté et al., 2009).

The untreated potato cells show perturbation of the original polyhedral arrangement of the
cells and also disrupted cell walls. The structure of PEF treated potato indicates a structural
damage in order to a partial destruction of the polyhedral shape. Fig. 10. (right) shows
voids, which can be explained by the formation of ice crystals outside the cell (Jalté et al.,
2009).
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Fig. 10. Cellular structure of a untreated (a
thaw process (Jalté et al., 2009)

5.4 Process and equipment design

Most of the PEF applications described as a pre-treatment in order to increase the extraction
yield, to decrease the distillation time and/or process temperature, were performed with
discontinuous PEF systems using a parallel or cylindrical electrode configurations for the
treatment chambers. A parallel electrode configuration of the treatment chamber allows a
homogenous electric field distribution. All tests with the different food types and systems
were performed on a lab-scale. Toepfl et al. (Toepfl&Heinz 2011) studied a scale up from
pilot plant to production scale for the apple juice production. They showed nearly the same
increase of juice yield compared to the lab scale trials without influencing the taste or
nutritional content. An increase of total acids, glucose, fructose and saccharose as well as
total polyphenols was observed. Because of the high quality of the juice and the accordance
of all quality parameters within the Europrean Code of Practice for Fruit Juices (AIJN 1996),
the production including the PEF process step is equal to the common used process without
PEF (Schilling et al., 2007; Toepfl&Heinz 2011).

A continuous treatment up to an industrial scale has been realized by DIL. At the moment
three different systems are available for laboratory scale, semi-industrial scale and industrial
scale. The 5 kW system has a maximum voltage of 30 kV and maximum current of 200 A.
The pipe diameter ranges from 10 to 30 mm. Due to the small pipe diameter it is not possible
to treat tubers or whole fruits. An increased pipe diameter can be used in 30 kW systems
with a maximum voltage of 30 kV and a maximum current of 700 A. The pipe diameter can
be increased up to 100 mm and for the application cell disintegration the capacity is
10.000 kg/h. A further increase of capacity up to 50.000 kg/h can be realized using the
80 kW systems with a maximum voltage of 60 kV and a maximum current of 5.000 A. The
pipe diameter of these systems is in range of 200 mm, as an alternative belt type chambers
can be used. At a belt width of 1 m the processing capacity can be up to 50.000 kg/h.

The 30 kW system and the belt system and a PEF system with a pipe diameter of 50 mm are
shown in Fig. 11.

The PEF treatment consumes less energy compared to for example thermal treatments. For
the treatment of sliced apples, the energy consumption is 12,5 0,5 kJ/kg and for whole
apples 7,9+0,4 k] /kg (Grimi et al., 2011). The typical energy requirement is in a range of
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Fig. 11. (a) 30 kW belt system for the treatment of tubers or whole fruits, (b) PEF system with
a pipe diameter of 50 mm

3 kWh/ton for a complete tissue disintegration. Compared to other cell disruption methods
(mechanical: 20-40 kJ/kg; enzymatic: 60-100 k] /kg; heating, freezing/thawing: >100 kJ/kg)
the energy consumption is very low (Toepfl 2006). For tissue softening, where a lower extent
of cell disintegration is required, the typical specific energy input for a PEF treatment is in a
range of 1 kJ/kg. The same effect can be observed during the sugar extraction process. More
than 50 % of the thermal energy can be saved using a PEF treatment (temperature: 40 °C)
instead of a thermal treatment (70 °C) in 60 min extraction process with a yield of 80 %
(Lopez et al., 2009).

In conclusion the application of PEF offers the possibility to decrease the energy
consumption and a continuous scale up is possible.

6. Conclusion

Food processing is a wide field containing many different process steps and techniques
based on the principles of process engineering. The industry is searching for new and
innovative techniques to improve the quality of the food and to introduce new products
with a simultaneous cost reduction. One of the most promising new novel food processing
techniques is the application of pulsed electric fields (PEF). This non-thermal treatment is
based on the application of pulses with a certain voltage and short duration times (us) to the
product located between two electrodes. The product is located between the electrodes and
is exposed to the electric field. The cells and the microorganisms in the product are affected
by PEF. Membranes of the cells are destroyed.

For some food processing steps, especially extraction, dehydration and distillation, a
rupture of the tissue is required. Many different cell rupturing techniques are available
based on mechanical, chemical or thermal treatments, but they often induce a quality loss of
the product or the rupture is not sufficient resulting in a low product yield. Using PEF a
more efficient rupture of the cells can be achieved. PEF leads to a poration of the cell
membrane resulting in a facilitated diffusion out of the cell. The application field has a very
wide range such as the extraction yield of juices, oils, sugar and the reduction of drying time
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and distillation time. Industrial scale PEF systems are available and can be implemented in
the industry.

Other products as described in the chapter can be analysed as well. Many different studies
showed an increased extraction yield, cost reduction and improvement of product quality.
Consequently, the PEF process can be used for other product fields, like the extraction of
essential oils from plants. Besides products mentioned in that chapter, many other raw
materials are eligible for a PEF treatment.
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