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Abstract Recent demands from consumers for fresh-like

quality foods with less and/or no artificial additives have

introduced innovative processing technologies. These

technologies due to their potential for food processing with

preservation of important properties may cause to intro-

duce new products in the market, to improve the compet-

itiveness of the food, to eliminate the use of some artificial

food additives, and to reduce energy cost. Pulsed electric

fields for microbial and enzyme inactivation, shelf-life

extension, moderate electric fields for yield and extraction,

and ohmic heating are among these novel technologies that

are based on the application of electric current on food

materials. It has been well established that these technol-

ogies can successfully be applied to different food prod-

ucts. Among all, fruit juices have special importance due to

the suitability of their physical properties to be processed

by the electrotechnologies. This article covers the funda-

mentals of these technologies, their current use, research

activities, and trends.

Keywords PEF � MEF � Ohmic heating � Fruit juices �
Food quality

Introduction

The adverse effect on food products by heating processes

on physical, nutritional, and sensory properties has lead to

explore in-depth alternative technologies, among them,

those based on electrical based methods. Pulsed electric

fields (PEF), moderate electric fields (MEF), and ohmic

heating applications are among these new methods that can

be used for improving the product quality in food pro-

cessing and also for yield improvement.

The bactericidal effects of direct and alternating elec-

trical current have been investigated as early as at the end

of the nineteenth century [98]. The applicability of PEF to

successfully achieve membrane permeabilization in plant,

animal, or microbial cells have been shown in batch as well

as in continuous operation, but research work was mainly

conducted in a laboratory scale. Knowledge has been

obtained regarding key processing parameters and impact

of the treatment on microbial and plant cells; however,

unfortunately no application in an industrial size could be

achieved until 2006 [129].

All living cells contain cell membranes. These mem-

branes are comprised of lipids (fatty molecules) and pro-

teins [4]. Prokaryotes have an additional layer outside the

membrane known as the cell wall. At low frequencies

(50–60 Hz) and high field strengths most commonly

associated with electrical current, the naturally porous cell

walls can allow the cell membrane to build up charges,

forming disruptive pores [29]. Electroporation occurs

because the cell membrane has a specific dielectric

G. A. Evrendilek (&)

Department of Food Engineering, Faculty of Engineering

and Architecture, Abant Izzet Baysal University, 14280 Golkoy

Bolu, Turkey

e-mail: gevrendilek@ibu.edu.tr; gevrendilek@yahoo.com

T. Baysal � F. Icier � H. Bozkurt

Department of Food Engineering, Faculty of Engineering,

Ege University, 35100 Bornova, Izmir, Turkey

H. Yildiz

Department of Food Engineering, Faculty of Engineering, Celal

Bayar University, Muradiye, Manisa, Turkey

A. Demirdoven

Department of Food Engineering, Faculty of Engineering and
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strength, which can be exceeded by the electric field. The

dielectric strength of a cell membrane is related to the

amount of lipids (acting as an insulator) present in

the membrane itself. The pores formed can vary in size

depending on the electric field strength and can reseal after

a short period of time. Excessive exposure causes cell

death due to the leakage of intracellular components

through the pores [69]. Therefore, electroporation is highly

damaging the cells and would enhance the lethal effects of

the self-generated heat [8].

In addition to microbial inactivation by electroporation,

studies involving electrotechnologies of different food

products also included preservation of nutritional and sen-

sory properties, enzyme inactivation, enhancement of juice

yield, and shelf-life extension. Among all other food prod-

ucts, fruit juices have special importance for processing by

electrotechnologies. Information related to the application of

electrotechnologies on fruit and fruit juices are reported in

different studies. Recent applications and future needs on

fruits and fruit juices are summarized in this study.

Pulsed Electric Fields

Inactivation Mechanism and Modeling

When the food sample having electrical conductivity prop-

erties was placed between a high voltage and a grounded

electrode, the resulting electrical field can be calculated by

Laplace equation (r2u = 0, where u denotes the electrical

potential) [132, 158]. From the Laplace equation, the

potential difference (ruM) for the biological cells with

spherical shape and a radius (R) can be estimated by applied

external electric field (E). A formula derived from Maxwell

equation in ellipsoidal coordinates with several simplified

assumptions provided the local membrane potential differ-

ence at the distance AF from the center in direction of the

external electric field. According the formula, the potential

difference can be expressed as [131]:

ruM ¼ �f Að ÞAFE ð1Þ

The shape factor in the equation is explained as a function

of three semi-axis (A1, A2, A3) of elliptical cells:

f ðAÞ ¼ 2

2� A1A2A3

R1

0

1
.

sþ A2
Fð Þ
P3

n¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
sþ A2

n

p� �� �
ds

ð2Þ

where u is electrical potential (V), M is membrane, f(A) is

shape factor, AF is length of semi-axis in field direction

(m), E is electric field strength (kV/cm) and A is the length

of semi-axis of ellipsoid (m).

It is reported that [158] if applied electric field strength

is 1 V above the membrane potential (ruM), the rapid

electrical breakdown and local conformational changes

occur at the lipid bilayer structure [131]. If the membrane

thickness is considered as 5 nm, the critical electric fields

that must be overcome for electrical breakdown formation

is (Ecric) 2,000 kV/cm [131].

In addition to inactivation mechanism, microbial inacti-

vation kinetics is also studied extensively. Different mathe-

matical models have been proposed to explain the decrease

in the microbial number as a function of applied electric field

strength or treatment. The simplest approach at sufficiently

high electric field strength for microbial inactivation was

first-order kinetics. When semi-log inactivation data were

plotted against electric field strengths of treatment time, the

resulting graph would be a straight line. The survival fraction

(S) is defined as the ratio between the number of survivors

and the number of initial microorganism (N/N0). According

to first-order kinetics, the model has the following form:

S ¼ e�kt ð3Þ

where S is the survivor fraction, k is the kinetic constant

that depends on the intensity of the electric field, and t is

the treatment time [23, 116].

However, inactivation curves explained above are not

usually linear; therefore, different kinetic models have

been proposed. A model known as Hülsheger’s model [54]

provides a linear relationship between the logarithm of

survivor microorganisms and the logarithm of treatment

time for a given electric field intensity, and a linear rela-

tionship between the logarithm of survivor microorganisms

and the electric field intensity for a given treatment time.

The model is expressed as:

S ¼ t

tc

� ��ðE�EcÞ=k

ð4Þ

where S is the survivor fraction, t is the treatment time, tc is

the critical treatment time, E is the electric field intensity,

Ec is the critical electric field and k is a constant. The

parameters Ec, tc, and k are proposed to be dependent on

the microorganism when limits on experimental conditions

are observed [54, 116]. Although the model defined a linear

relationship between the logarithm of survival fraction and

logarithm of treatment time at any given electric field

intensity or linear relationship between logarithm of

survival fraction and logarithm of electric field intensity

at any given treatment time, it can have deviations from the

linearity. The limitations posed by this model promoted

searching for alternative ones capable of better predicting

microbial inactivation. Model proposed by Peleg [93]

based on Fermi’s equation was used to explain microbial

inactivation:
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SðVÞ ¼ 1

1þ expððV � VcÞ=aÞ : ð5Þ

According to this model, S is the survivor fraction, V is

the electric field strength, Vc is a critical level of V where

the survivor fraction is 0.5, and a is a parameter related to

the steepness of the curve around Vc [93, 116].

With recent attempt to explain microbial inactivation

kinetics better, studies more focused on Weibull distribu-

tion model. In this approach, it is accepted that microbial

inactivation kinetics does not fit the normal distribution,

and it is addressed that Weibull is more appropriate to

explain the inactivation data [94]. The formula is given by:

log10ðSÞ ¼ �
t

a

� �b

; ð6Þ

where S is survival fraction (N/N0) at a treatment time (t) or

electric field strength (k), a (ls) and b are scale and shape

parameters, respectively. The b factor interprets the shape

of the survival curve; thus, when b \ 1, the survival curve

is concave; when b [ 1, the survival curve is convex; and

when b = 1, the survival curve is a straight line.

Our findings regarding the inactivation of different

microorganisms as a function of electric field strength and

treatment time also fit log logistic model expressed as:

log10ðSÞ ¼
1

1þ ðvþ aÞ�b
ð7Þ

where S is survival fraction (N/N0) at a treatment time or

electric field strength (v), (a[ 0) and (b[ 0) are scale and

shape parameters, respectively.

In order to compare the different models, the root mean

squared error (RMSE) is used. The smaller the RMSE

values, the better the fit of the model to the data [94]

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðfitted� observedÞ2

n� p

s

; ð8Þ

where n is the number of observations and p is the number

of parameters to be estimated. The accuracy factor

parameter (Af) described by Ross [112] is defined by the

following expression

Af ¼ 10

P
logðpredicted=observedÞ½ �

n ; ð9Þ

where n is the number of observations used to make

the calculations. The predicted/observed ratio refers to the

relationship between the survival fraction fitted by

the model and the one obtained experimentally. The larger

the Af, the less accurate the average estimate, while Af

value of 1 indicates that the model produces a perfect fit for

the data [96].

The basic principle of PEF is based on the application of

high-intensity short-duration pulses to food samples

carrying ions that transmit the electric current through the

food [54, 113, 152, 153]. Therefore, PEF mostly applied to

the food samples that can conduct the electricity. Foods

processed by PEF should have certain levels of ions that

deliver conductivity of foods. Another requirement for

food samples to be processed by PEF is viscosity. Espe-

cially for the continuous PEF system, food should be

pumped through the system by a certain flow rate during

the PEF processing. Sometimes application of moderate

heat in combination with PEF was applied to food product

to help pumping it through the PEF fluid handling system.

Inactivation mechanism of PEF on microorganisms is

based on changes or disruption in the cell membrane and

electrochemical instability [31]. Applied electric current

causes membrane instability due to membrane compression

and pore formation [133]. Microbial inactivation by PEF is

affected by several factors such as microbial factors, food

factors and factors that depend on electric application.

Microbial factors include cell size, cell shape, cell wall

construction, growth stage of microorganisms, and initial

cell count [55]. Factors related to PEF-processed food

include acidity, conductivity, viscosity, particle size, and

composition (fat, protein, carbohydrate, mineral, and water

content). The PEF-processing variables are number of

pulses, magnitude of applied electric field strength, fre-

quency, pulse width, and treatment time [10].

Although there are different food products such as

soups, yogurt drink, plain milk (2%, 1% and nonfat),

chocolate milk, rice pudding, beer and liquid egg, PEF

studies mostly focused on processing of orange, apple,

cranberry, tomato, melon, watermelon, and orange–carrot

juice mixtures for microbial inactivation (Table 1), pres-

ervation of chemical, physical, nutritional, and sensory

properties and shelf-life extension [18, 33, 36, 39, 51, 53,

79, 80, 87, 102, 107, 124, 130, 134, 152, 154, 155, 157] as

well as enzyme inactivation (Table 2) [24, 52, 135, 136,

142].

PEF Processing of Different Fruit Juices

Orange juice is one of the most studied fruit juice by PEF.

In a study performed to determine the effects of PEF

(35 kV/cm for 59 ls) with heat treatment (94.6 �C for

30 s) on the quality of orange juice, it was revealed that

PEF treatment provided greater amounts of vitamin C

retention and better flavor than heat pasteurization during

storage at 4 �C (p \ 0.05). Moreover, PEF treatment

caused lower browning index, higher whiteness (L) and

higher hue angle values during storage at 4 �C (p \ 0.05).

�Brix and pH values were not significantly affected by both

PEF and heat treatment (p [ 0.05) [127]. PEF treatment of

squeezed citrus juices (grapefruit, lemon, orange, tanger-

ine) with pH, �Brix, electric conductivity, viscosity,
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nonenzymatic browning index (NEBI), hydroxymethyl-

furfurol (HMF), color, organic acid content, and volatile

flavor compound measurements showed no significant

changes between control and PEF-treated samples [34].

Blended orange–carrot juice mixture processing by PEF

(25 kV/cm and 280 ls, and 25 kV/cm and 330 ls) and

conventional high temperature short time (HTST 98 �C,

21 s) revealed that even though heat process provided more

microbial inactivation, PEF preserved the important quality

properties of the juice better [96]. The degradation kinetics

of ascorbic acid and shelf-life studies of orange–carrot

juice stored at 2 and 10 �C resulted in lower ascorbic acid

degradation by PEF with shelf-life extension of 50 days at

2 �C [132]. Commercial-scale PEF treatment of orange

juice at 40 kV/cm for 97 ls compared with thermal treat-

ment at 90 �C for 90 s for microbial inactivation and

quality parameters showed that retention of important

quality parameters were higher with PEF than that with

heat treatment [85]. Changes in the color values were less

affected by PEF. There was no significant change in HMF

content of the juice pasteurized or treated by PEF com-

pared to untreated orange juice [30].

In a study conducted to determine the effect of different

processing methods including high pressure, PEF, low

pasteurization (LPT), high pasteurization (HPT), HPT plus

freezing (HPT ? F), and freezing (F) on bioactive com-

pounds (vitamin C, carotenoids, and flavanones) and DPPH

radical scavenging capacity (RSC) of orange juice, PEF

treatment did not modify individual or total carotenoid

content and did not modify flavanone content [117]. The

combination of PEF (4-ls-wide bipolar pulse, 35 kV/cm

electric field strength, and 1,200 pps frequency) and HTST

(90 �C for 30 s) on processing of apple juice revealed that

these measured variables were less affected by the PEF

treatment than by the thermal pasteurization [1]. When the

effect of PEF and HSTS was compared to each other for

the changes in pH and color, it was presented that pH was

preserved better with PEF than HTST [28]. Changes in

color, pH, acidity, and soluble solids of apple juice samples

were compared with ultra-high temperature (UHT; 115,

125 and 135 �C for 3 and 5 s) and PEF (between 33 and

42 kV/cm with frequencies of 150, 200, 250, and 300 pps),

and it was found that measured characteristics were all less

affected by PEF than by UHT when compared with the

untreated juice [118].

In order to determine the effect of PEF alone and in

combination with cinnamon essential oil on the physical

properties of apple juice, PEF processing at 0, 17, 20, 23,

27, and 30 kV/cm electric field strengths and cinnamon

essential oil at 0, 10, and 20 lL/mL concentrations was

applied. PEF application alone did not cause any changes

in physical properties (p [ 0.05). Depending on cinnamon

essential oil concentration, some physical propertiesT
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changed, but inactivation of E. coli O157:H7 increased

with added cinnamon essential oil and electric field

strength (Table 3).

Processing of sour cherry juice, apricot, and peach

nectars by different electric field strengths (0, 17, 20, 23,

27, and 30 kV/cm) and different treatment times (0, 66,

105, 131, 156, and 210 ls) caused no significant difference

in pH, TA, �Brix, conductivity, color (L*, a* and b*),

NEBI, metal ion concentration, ascorbic acid, and

beta-carotene retention as well as in the metal ion con-

centrations (p [ 0.05) [5–7].

The effects of PEF (pulse polarity, pulse width, and

frequency) on oxidative enzymes and color of fresh carrot

juice were studied by response surface methodology

(RSM). There was a linear relationship between electrical

conductivity and temperature of the carrot juice. The color

coordinates did not change significantly [103]. PEF pro-

cessing of formulated carrot juice–based beverage

Table 2 Overview of the inactivation of enzymes in fruit juices by PEF treatment

Enzyme Medium PEF system PEF treatment condition Reduction (%) Source

PFO Apple

juice

Bench scale, rectangular shape bipolar pulse,

0.65 cm gap distance

38.5 kV/cm and 300 pps

combined with 50 �C

70% Sanchez-Vega

et al. [118]

POD, PPO Apple

juice

P1:Bench scale

P2: Pilot plant scale

P1: 60 �C ? PEF (30 kV/

cm,100 kJ/kg)

P2: 40 �C ? PEF

P1: 100% for

POD and

PPO

P2: 48% for

PPO

Schilling et al.

[123]

PME Orange

juice

Pilot plant scale system, co-field flow tubular

PEF treatment chamber, stainless steel tubular

electrode, electrode gap: 1.0 cm

35 kV/cm, 59 ls of

treatment time, 1.4 ls of

pulse width, 600 pps,

98 L/h

88% Yeom et al.
[144]

PME Orange

juice

Co-field flow tubular PEF treatment chamber,

stainless steel electrode, electrode gap: 0.2 cm

20–35 kV/cm, 2.0 or 2.2 of

pulse width, 700 pps, 0.42,

0.31 mL/s

90% Yeom et al.

[143]

Pectin methyl

esterase

(PME)

Tomato

juice

Gene electroporator (Bio-Rad Laboratories) 24 kV/cm, 800 ls of

treatment time, exponential

decay

93.8% Giner et al.

[47]

PG

PME

Tomato

juice

Circular treatment chamber, square, exponential

decay or bipolar shape

40 pulses of 87 kV/cm at

50 �C

No

inactivation

for PG

55% for PME

Nguyen and

Mittal [90]

Lipoxygenase Tomato

juice

Commercial-scale system, co-field flow tubular

PEF treatment chamber, boron carbite tubular

electrodes, electrode gap: 1.27 cm

40 kV/cm, 57 ls of

treatment time, 2 ls of

pulse width, 1,000 pps,

500 L/h

54% Min and Zhang

[82]

Lipoxygenase Tomato

juice

Co-field flow tubular PEF treatment chamber,

electrode gap: 0.292 cm

30 kV/cm, 60 ls of

treatment time, 3 ls of

pulse width, 1 mL/s, 50 �C

88.1% Min et al. [84]

Lipoxygenase Tomato

juice

Pilot plant scale, continuous, co-field flow, square

wave bipolar

40 kV/cm for 57 ls 53% Min et al. [86]

PPO

Lipoxygenase

Tomato

juice

Coaxial treatment chamber 24 kV/cm for 320 and

962 ls

69% for PPO

88% for

lipoxygenase

Luo et al. [75]

Peroxidase

(POD),

PME, PG

Tomato

juice

Bench scale, co-field flow treatment chamber,

square wave bipolar pulses

35 kV/cm, 1,500 ls 4 ls

pulses at 100 Hz

97% for POD

82% PME

12% PEG

Aguiló-Aguayo

et al. [2]

POD Carrot

juice

Continuous flow bench-scale PEF unit, co-field

flow treatment chamber with 0.29 cm gap

distance, square wave bipolar pulse

35 kV/cm for 1.000 ls

applying 6 ls pulse width

at 200 Hz

73% Quitão-

Teixeira et al.

[103]

PPO, POD White

grape

juice

Bench scale, co-field flow treatment chamber,

square wave bipolar pulses

25–35 kV/cm,

200–1,000 Hz, 1–5 ms

treatment time

100% for PPO

50% POD

Marselles-

Fontanet

et al. [78]
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containing freshly squeezed carrot juice, 70% deminera-

lised whey protein concentrate, oligofructose, sugar, and

citric acid reported that PEF processing did not cause any

significant change in physical properties and vitamin C

concentration (p [ 0.05) [3].

Combination of different hurdles such as moderately

high temperatures (\50 �C), antimicrobial compounds, and

PEF was tested for tomato juice processing. No reduction

was detected in vitamin C content due to the treatments

[90]. It was shown that PEF-processed juice retained more

ascorbic acid than thermally processed juices at 4 �C for

42 days, and no significant difference was observed in the

concentration of lycopene, �Brix, pH, or viscosity between

thermally and PEF-processed juices during the storage.

Sensory evaluations indicated that flavor and overall

acceptability of PEF-processed juice were preferred to

those of thermally processed juice (p \ 0.05) [87]. In

another study, it was explained that PEF-treated tomato

juice showed higher values of lightness than thermally

processed and untreated juice throughout storage time

(p \ 0.05) [2].

The pomegranate juice was processed with PEF pro-

cessing (0, 17, 23, and 30 kV/cm electric fields strengths)

at 5, 15, 25, and 35 �C, and it was found that the amount of

total phenolic substances (TPS), antioxidant capacity, and

total anthocyanin content decreased with increasing pro-

cessing temperature (Fig. 1). Especially, the amount of

microbial inactivation at 25 and 35 �C was significantly

lower than that at 5 and 15 �C (p \ 0.05) (Fig. 2) [38].

Changes in several physicochemical properties were

studied on the grape juice processed by thermal and PEF

treatments. No significant changes were noticed on physi-

cochemical properties; however, the concentration of lauric

acid diminished after PEF processing and the concentration

of some amino acids varied after both treatments [46].

Cranberry juice was processed by either PEF (20 kV/cm

and 40 kV/cm for 50 and 150 ls) or thermal treatment (at

90 �C for 90 s). Higher field strength and longer treatment

time reduced more viable microbial cells, and the overall

volatile profile of the juice was not affected by PEF

treatment, but it was affected by thermal treatment [65].

It can be concluded from the previous studies that

generally PEF treatment alone does not adversely affect the

physical, chemical, and sensory properties of fruit juices. In

most cases, PEF provides better sensory properties and

longer and/or equal shelf-life compared to heat processing.

However, temperature increase during PEF processing

must be monitored, because studies revealed that depend-

ing on the temperature increase, physical, chemical, and

sensory properties of food products can be adversely

affected.

Moderate Electric Fields (MEF)

Application of electric fields on biological materials has

gained popularity in food and bioproduct technology.

These applications, which are based on either the non-

thermal effects of electricity or the combined effects of

electrical and thermal phenomena, are described as MEF

treatment, to distinguish them from PEF treatment. MEF is

usually used for the processes that involve electric fields

less than or equal to 1,000 V/cm, which would be too low

to fall in the pulsed electric field (PEF) or electroporation

ranges, with or without heating effect. It is known that high

electric fields can cause either reversible or irreversible

rupture of cell membranes [15–17, 43, 122], and it affects

the extraction yield on fruit juice processing [50].

The moderate electric field application (MEF) with field

strengths under 100 V/cm enhances extraction and

expressing processes in different food materials [67, 97,

138, 145, 147, 156, 158]. Previous studies reported [44,

149] that alternating electric field application at 220 V

voltage and at 50 Hz (industrial frequency) increased the

juice yield of prunes, apples, and grapes and also enhanced

the juice extraction from sugar beet [68].
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Electrotechnologies used for the extraction of juice from

fruits and vegetables have been reported since the late

1940s [44] where the permeability of the biological tissue

cells increases after the application of the electric field.

This phenomenon is known as electropermeabilization

[91]. The microstructure of plant and animal tissues

changes considerably during electrical treatment as a result

of contraction and gaping of cell vacuoles [42].

MEF treatment can be used in extraction processes with

the aim of improving yield of juice or pulp by destroying

the plant tissue. In addition to the application in fruit juice

production, it also reduces the time required for the

extraction of beet juice and improves the juice yield of

sugar beet. In tomato paste industry, pulp yield is increased

and evaporation time is reduced [50]. Researches have

been continued intensively on the effects of increasing

yield and enhancing the quality characteristics of juice in

fruit and vegetable juice production (Table 4).

Juice extraction is a slow and highly energy-consuming

step in the production of fruit and vegetable juices; thus,

various methods have been tried to improve efficiency and

increase yield. These techniques include variation of par-

ticle sizes in press materials or process speed variation;

vacuum-assisted pressing enzymatic treatment, and press-

aids [48]. In previous studies, MEF application improved

juice yield by 10% in citrus juice production compared to

conventional method. This method facilitates pressing and

increases the yield by 1.5–4.5% in apple juice production;

also, filtration and separation processes became easier.

MEF was used in apple juice production as pretreatment

before pressing, and the yield of juice increased by 10–15%

[44, 81, 126]. In grape juice production, this application

increases the yield by 0.5–2% [119].

Most of the researches indicated that in juice processing,

thermal treatment significantly increases the juice yield.

However, there is an additional effect on juice yield caused

by the electric current. Table 4 shows the fruit and vege-

table juice yields and MEF application conditions for dif-

ferent treatment samples. Different types of electroporation

units could be used for the structure of fruits or vegetables

Table 3 Inactivation of E. coli
O157:H7 inoculated into apple

juice treated by PEF and

cinnamon essential oil

Data in the same row with

different superscript letters are

significantly different

(p B 0.05)

Cinnamon essential oil concentration (lL/mL)

0 10 20

Control 8.051 ± 0.61a 7.57 ± 0.08b 8.44 ± 0.42a

Control ? cinnamon e.o 0.00 ± 0.00a 0.15 ± 0.05b 0.48 ± 0.30b

17 kV/cm 0.55 ± 0.12a 1.47 ± 0.07b 1.42 ± 0.38b

20 kV/cm 1.32 ± 0.35a 2.19 ± 0.23b 2.78 ± 0.55b

23 kV/cm 3.1 ± 039a 3.58 ± 0.35a 3.56 ± 0,37a

27 kV/cm 4.02 ± 0.43a 4.43 ± 0.32a 5.36 ± 0.32b

30 kV/cm 4.48 ± 024a 5.58 ± 0.03b 6.29 ± 015c

Table 4 Effects of moderate electric fields on yield

Material Type of

electroporation

unit

Application

conditions

Control yield

(%)

Conventional

mash heating

yield (%)

Electroporation

yield (%)

Increase in

extraction yield

(%) by EP

Authors

Orange

(Valencia)

Drum type 27 V/cm, 10 s 47.02 ± 1.31 – 51.13 ± 1.25 8.74 (Demirdoven

and Baysal

[35]

Carrot

(Nantes)

Drum type 22 V/cm, 60 s 49.57 ± 0.69 – 52.3 ± 1.28 5.5 (Baysal et al.

[12]

Pomegranate

(Hicaz)

Drum type 60 V/cm, 15 s 58.53 ± 0.3 – 62.67 ± 0.4 7.0 (Baysal et al.

[13]

Grape (Foça

Karası)
Box type 75 V/cm, 70 �C 79.2 ± 0.9 83.32 ± 1.16 87.21 ± 1.2 10.11 (Baysal et al.

[14]

Sour cherry

(Kütahya)

Box type 75 V/cm, 60 �C 79.19 ± 0.8 82.75 ± 0.54 86.47 ± 0.45 9.19 (Baysal et al.

[13]

Kiwi

(Hayward)

Box type 75 V/cm, 65 �C 80.45 ± 0.9 87.43 ± 1.16 86.47 ± 1.2 7.48 (Baysal et al.

[14]

Tomatoes

(Rio

grande)

Continuous

pipe type

68 V/cm, 1.5 s,

32 mm

electrode gap

– 18.82 19.35 – (Yildiz [144]
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and also according to the production method. Drum-type

MEF systems can be used for whole materials, and box-

type MEF system can be used for fruit mashes. For

example, a pilot-scale drum-type MEF system (Fig. 3) was

used for whole materials, and no significant temperature

increase (\2 �C) was measured during MEF application. In

orange juice production, oranges were subjected to a drum-

type MEF system; after extraction processes, the yield of

orange juice (27 V/cm–10 s) was calculated as 51.13% in

MEF group and 47.02% in control group. MEF application

increased juice yield 8.74% in orange juices [35]. In carrot

juice production, yield was calculated as 52.3% in a drum-

type MEF application and 49.57% in control samples.

Thus, yield was increased by 5.5% with MEF treatment in

carrot juice (22 V/cm–60 s) production [11]. In pome-

granate juice, yield increased by 7.0% with a drum-type

MEF application at 60 V/cm voltage gradient for 15 s [13].

It was reported that at lower processing temperatures, the

permeabilization of cells, which is desirable in juice

extraction, occurs mainly by the electrical effect.

Box-type MEF systems can be used with the combination

of heat for fruit mashes. In our researches, moderate tem-

peratures between 60 and 70 �C were used for MEF appli-

cations. Grape (75 V/cm, 70 �C), sour cherry (75 V/cm,

60 �C), and kiwi (75 V/cm, 65 �C) mashes were subjected to

a box-type MEF unit (Table 4) [12, 13].

MEF treatments also affected the functional components

as a result of electroporation. Previous studies indicated

that a significant increase was found in ascorbic acid and

total phenolic contents of samples after MEF application.

In orange juice production, nearly 4.0% increase in

ascorbic acid content and 14% increase in total phenolic

content were observed after MEF application. In addition,

18% increase in pectin content of orange juices was

determined after MEF application [35]. Thus, serum sep-

aration, which is an important problem of orange juice

production, can be decreased. Similarly, pectin content was

also increased by 7.73% in carrot juices with MEF appli-

cation. Nutritive value of juices increased as a result of

improved disintegration of the plant cells [11].

Fruits that are rich in antioxidant activity, such as

pomegranate, red grape, and sour cherry, were used as raw

material, and the effects of MEF application on total phe-

nolic and anthocyanin contents were studied, and the

highest antioxidant capacities evaluated for pomegranate

juices after MEF process [13]. In addition, phenolic content

of pomegranate juices nearly increased by 9% with MEF

application compared to control samples. Also, the total

anthocyanin content of MEF-applied grape juice increased

more than 100%, and more than 25% increases were

determined for phenolic contents of grape juices [12]. And

similar results are available in the literature for sour cherry

juices. Compared to thermal heating treatment, the MEF-

processed samples had nearly 2.8% higher total anthocy-

anin content for sour cherry juices [13]. In tomato puree

production, lycopene content was found higher for MEF-

processed samples (273.9 lg/g) than the conventionally

heated tomato puree samples (186.0 lg/g) [146].

Effects of MEF applications on microbiological load

were also investigated. Orange samples were subjected to

MEF application (27 V/cm voltage gradient for 10 s) and

compared with untreated ones. Total viable microbial

count (TVC) was found as 2 9 102 cfu/mL for MEF-

treated and 4 9 102 cfu/mL for control samples. There was

no significant temperature increase during electrical

application [35]. In addition, initial number of Aspergillus

niger was significantly reduced after MEF application in

tomato puree production [144]. As a result of electropor-

ation, the microstructure of plant tissues changes consid-

erably during electrical treatment as a result of contraction

and gaping of cell vacuoles [35, 44, 91]. According to these

results, it seems that microbial reduction can be achieved

by MEF application. As a result, besides increase in yield,

MEF application also provides increase in cell wall per-

meability so that functional components can be transferred

to juice easier. It was concluded that in order to obtain

optimum fruit juice yield, designing of electroporation

equipments for different fruits and vegetables and also

determining process conditions for MEF treatment (voltage

gradients and time) are important factors that need to be

considered.

Ohmic Heating

Theory and Implementation

Ohmic heating is an electroheating method that is based on

the passage of electrical current through a food product that

serves as an electrical resistance. Electrical energy applied

is converted to heat instantly inside the food, the amount of

which is directly related to the current induced by the

voltage gradient in the field and the electrical conductivity

Fig. 3 Drum-type moderate electric field system
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[121]. Ohmic heating has a fast heating mechanism, and its

rate depends on the resistance of the food and the voltage

gradient applied. It could serve as homogeneous heating for

food materials when homogeneous electrical current is

passed through their homogeneous structure. The key to the

successful implementation of an ohmic process is the

knowledge on the rate of heat generation and the overall

electrical conductivity changes in the food material [70]. It

is crucial to evaluate the influence of key variables such as

electrical field strength and sample conductivity to ensure a

completely safe ohmically heated product [76, 151]. The

heating time decreases as a result of higher heating rates

resulting from the higher voltage gradient applied [59].

Ohmic process is not applicable to the food product

having electrical conductivity values below 0.01 S/m and

above 10 S/m [95]. Electrical conductivities of fruits and

vegetables are high enough in general to obtain efficient

heating during ohmic treatments [59, 60]. Since many

foods are multicomponent in nature, studies on the effect of

composition on overall electrical conductivity changes are

required to characterize the ohmic heating behavior of such

systems better [20].

Ohmic heating can be applied to different foods, such as

blanching of vegetables [62], heating of fruit juices [58, 59,

70, 92, 148], nectars, and purees [19, 60, 149], and cooking

[21, 76, 95, 151] and thawing of meat products [22]. Its

application especially to liquid food materials is practical

and commercially applicable. Fruit purees are to be

potentially used in baby food productions. The thermal

processes applied to the baby foods are critically important

to guarantee their microbiological safety. The data on the

electrical conductivity changes of fruit purees during

ohmic heating are very important in designing ohmic

heating systems to be used in baby food lines [62]. Pala-

niappan and Sastry [92] reported that the electrical con-

ductivities of juices increased linearly by decreasing

insoluble solid contents. Castro et al. [26, 27] suggested

that electrical conductivity decreases with increase in sol-

ids and sugar content of strawberry-based products.

Moreover, it was reported that the rate of temperature

change for the apricot puree was higher than the peach

puree at all voltage gradients applied due to the acidity and

pulp content differences between the purees [60]. In

addition, the heating times of fruit juice concentrates

(orange, apple, and sour cherry juice concentrates having

20–60% soluble solids) increased as a result of decreasing

heating rates at high concentrations [58, 59].

The typical basic ohmic heating device consists of a

power supply, an isolating transformer, a variable

transformer, treatment chamber, and a microprocessor

board (Fig. 4) [57]. The ohmic heating treatment cham-

bers can be cylindrical or rectangular in shape in dif-

ferent dimensions. Treatment chamber can be operated in

continuous or in static modes. Continuous ohmic heating

V

A

Microprocessor

Computer

1-3; Temperature sensors

R S 232

Electrode Electrode

Feed tank

Product tank

   1 2 3

Centrifugal pump

Fig. 4 Schematic diagram of continuous ohmic heating system [53]
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systems include the flow system and cooling parts as

well as the main parts of the ohmic heating system.

They have several ohmic heater columns, each com-

prising insulating coverings (such as PTFE) and a single

cantilever electrode. These columns are structured verti-

cally or inclined to allow for an upward flow of product

and are connected with insulated tubes [128]. The real-

time measurement and the total power input to the

sample at any given time are crucial to obtain efficient

process control.

Ohmic heating has some advantages over conventional

heating methods. Since the heating takes places as volu-

metric, the temperature increase is more uniform than

conventional heating methods. It does not need convective

and conductive heat transfer mechanisms in the heating

chamber. It reduces the cold point possibility, thermal

damage, and nutritional losses and increases the overall

lethality in the mixture. It is a faster heating method than

conventional methods. Since the degradation of proteins

and fouling in the equipment surfaces during ohmic heating

are less compared to conventional heating methods, the

cleaning-up and maintenance costs are relatively lower

[108, 128]. On the other hand, there are still problems

arising in ohmic heating systems. The system needs proper

electrical insulation, accurate process control system, and

well-trained personnel. A disadvantage related to the type

of food that can be processed occurs in the presence of

nonconductive parts or some components such as fat

globules [114]. If the temperature increase is highly rapid

and uncontrollable, it creates the possibility of ‘runaway’

heating [9].

The most important parameter in ohmic heating of

liquid food product is its electrical conductivity behavior.

The determination of electrical conductivity changes and

system performance coefficients during ohmic heating is

important in the design of ohmic heaters. The effects of

different types of electrodes on energy loss in ohmic

heaters and the problems brought up by the reactions that

occurred by using them must be further studied. In indus-

trial-scale production, the voltage gradient, frequency,

temperature range, concentration, and electrode type used

must be taken as critical design parameters [60]. The

variations in the operation conditions during ohmic treat-

ment could result in divergence in the heating curves. The

control of the voltage during heating is necessary to pre-

vent the runaway heating [110].

Data on electrical properties of liquid foods are espe-

cially important in their ohmic processing as a whole

product or fluid medium [34, 99]. The instantaneous values

of current and voltage recorded during ohmic heating lead

to the determination of electrical conductivities at various

temperatures, provided the cell dimensions are known [73,

108]. Electrical conductivity of the samples can be

calculated from voltage and current data using the fol-

lowing equation [139, 140]:

r ¼ L

A R
ð10Þ

where r is the electrical conductivity (S/m), L is the length

of the sample (m), A is the cross-sectional area of the

sample (m2), and R is the resistance (ohm).

Electrical conductivity of food depends on both the

system parameters (temperature, voltage gradient, fre-

quency, etc.) and the properties of food (acidity, compo-

sition, concentration, etc.). As the temperature increases,

the electrical conductivity value increases [26, 61, 63, 92].

Furthermore, concentration dependency of the electrical

conductivity of the juices is explained by the increased

drag for the movement of ions by increasing the concen-

tration nonlinearly [58]. The electrical conductivity values

of fruit juice concentrates (apple, sour cherry, and orange)

are in the range of 0.1–1.6 S/m, having an increasing trend

by decreasing the concentration (20–60% soluble solids).

The acidity of the juices enhances their electrical conduc-

tivities. On the other hand, the electrical conductivities of

the liquid solutions decreased as the sugar content

increased. Sugar content and the nature of the other com-

ponents may cause different electrical conductivities

between the juice samples compared. Similarly, the elec-

trical conductivity of fruit purees is strongly dependent on

temperature, ionic concentration, and pulp content [58, 60].

In addition to these variables, electrical field strength

can be taken as an important process variable for electrical

conductivity changes during ohmic heating of fruit pulps.

The electrical conductivity of strawberry pulp increases

with temperature and electric field strength [27, 66]. The

electrical conductivity also changed significantly with

heating temperature and the frequency [127]. The EC is

higher at 10 kHz than at 1 kHz in all the juices, indicating

that heating rate increases with increasing frequency.

Ohmic Heating Processing of Different Fruit Juices

Researches on a variety of liquid foods showed that ohmic

heating did not cause further quality changes than con-

ventional heating methods, and it could be used as an

alternative heating method for pumpable fruit and vegeta-

ble products. To assess the possible electrical effect of

ohmic heating on some quality properties, the matching of

the thermal history during ohmic and conventional heating

is essential.

Vikram et al. [137] studied thermal degradation kinetics

of vitamin C and color in orange juice heated by conven-

tional and electromagnetic methods including infrared,

microwave, and ohmic heating. They reported that ohmic

heating resulted in the highest retention of vitamin C.
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In another study involving ohmic heating processing

(10–40 V/cm) of pomegranate juice, it was revealed that

there was no electrical effect rather than thermal effects

during ohmic heating. On the other hand, ohmic heating

resulted in fewer amounts of browning during heat treat-

ment rather than conventionally heating [148].

The ohmic heating can also inactivate enzymes in fruit

and vegetable products. The equal thermal histories of the

samples (conventional and ohmically processed) are gen-

erally applied to determine whether there was an additional

inactivation caused by the presence of an electric field, thus

eliminating temperature as a variable. The presence of an

electric field does not cause an enhanced inactivation to

alkaline phosphatase, pectinase, and b- galactosidase, it

causes significant reduction in the time needed for inacti-

vation of lipoxygenase and polyphenoloxidase [25]. The

critical deactivation temperature of polyphenoloxidase

enzyme (PPO) in grape juice at higher voltage gradients is

lower, probably because of the faster increase in electrical

conductivity at higher voltage gradients causing higher

deactivation in PPO [63].

Ohmic treatment can be successfully used as an alter-

native blanching method for vegetable purees, resulting in

lower enzyme inactivation times and high retention of

color attributes [56]. The peroxidase enzyme in the pea

puree can be inactivated at lower critical inactivation times

with less browning in the case of ohmic blanching at

voltage gradients above 30 V/cm than water blanching. On

the other hand, ohmic heating causes browning of pre-

blanched spinach puree more than conventional water

heating for the same temperature range (60–90 �C) and the

same holding times [146].

The determination of changes in rheological properties

of liquid foods during ohmic heating is important in the

design of continuous ohmic heating units. Studies con-

ducted on fruit juices show that ohmic heating does not

result in different effects on change in rheological behavior

of fruit juice, probably due to lower concentrations of

degradable constituents by thermal treatments [19]. Since

similar rheological constants are obtained with ohmic and

conventional heating methods, there is no electrical effect

of ohmic heating on rheological properties of fluid foods

rather than thermal effects [148].

Complete inactivation of bacteria, yeast, and mold and

reduced pectin esterase activity by 98% can be achieved

during ohmic treatments [70]. It was reported that the

retention of vitamin C in orange juice pasteurized by ohmic

heating is high, and sensorial attributes between fresh and

ohmic-heated orange juice are similar [70]. In addition to

this, survival curves and calculated D-values for Alicyclo-

bacillus acidoterrestris spores in orange and apple juices

show significantly higher lethality with ohmic heating than

conventional heating [11].

Ohmic heating could enhance the mass transfer at

comparably low temperatures. The magnitude of frequency

and wave form in addition to temperature and voltage

gradient applied during ohmic heating affects the fruit juice

yield. As the frequency applied decreases, the juice yield

from apple increases [74]. On the other hand, the juice

yield increases with the pretreatment temperature during

ohmic heating, and ohmic heating requires less energy

input for the extraction of juice [138, 139].

Research is needed on methods for identification, mea-

surement, and testing of cold spots and overheated regions

during ohmic heating of multiphase foods [120]. The fully

commercialization of the ohmic heating technology

depends in part on the development of adequate safety and

quality assurance protocols in order to obtain an approved

filing of the process with the FDA for all food materials

possible [141].

Final Remarks

Studies related to processing fruits and fruit juices by PEF,

MEF, and ohmic heating involve different food products

and processing conditions. The basics of these technologies

involve application of electric current through food mate-

rials, but due to the magnitude of electric field and/or

system design, these technologies are considered as dif-

ferent food-processing methods. PEF processing can effi-

ciently be applied to low-viscosity, high-acidity food

products due to ions carrying electric fields through pro-

cessing. Moreover, other key factors for the PEF process-

ing are viscosity and particle size of the food products

along with the ability to spore and enzyme inactivation.

MEF processing includes application of much lower

electric current to food compared to PEF. In most of the

cases, it has been successful for the extraction of some

compounds from plant tissue. However, appropriate PEF-

processing systems need to be developed to evaluate the

potential of the technology.

Ohmic heating due to system design can be applied to

different food products including particle containing ones

for pasteurization and blanching, but more data are needed

to evaluate its potential. In contrast to PEF processing,

temperature increases during ohmic heating processing.

This can have advantages as it provides microbial and

enzyme inactivation; however, fouling and starch gelati-

nization as well as increase in conductivity during ohmic

processing are the major problems in need to be solved.

Moreover, the commercialization of these technologies is

still not realized, because the data collected in bench scale

should be checked with pilot plant scale. Studies related to

novel technologies should involve achieving the microbial

inactivation, determination of changes in the physical,

82 Food Eng Rev (2012) 4:68–87

123



chemical, and sensory properties, shelf-life studies, mass

transfer, structural and physicochemical changes, consumer

acceptance as well as cost-benefit analyses at the same time

determining whether these technologies can be used in the

food industry. On the other hand, the development of

adequate safety and quality assurance protocols is essential

to obtain an approved filing of these processes with the

legal requirements prior to the setting-up of the industrial

systems. Further researches such as interaction of food

matrices with electric field strength on molecular level,

screening of both spoilage and pathogenic microorganisms,

standardizing and quantifying PEF, MEF, and ohmic pro-

cessing variables and their contribution to the mechanism

of inactivation, and the effect of PEF, MEF, and ohmic

processing on enzymes and inactivation mechanism are

required in several areas regarding electrotechnologies

[106].

Conducting collaborative studies with newly developed

high-capacity equipment is also required to inactivate most

resistant enzymes and surrogate microorganisms. Because

of equipment variations (continuous vs static), applied

pulse wave forms (exponential, logarithmic, monopolar vs

bipolar), and scaling variations (bench scale vs pilot scale),

sometimes it is hard to compare the experimental results.

Although it is very hard to solve equipment variations, it

will be appropriate to create a multi-team database to more

effectively compare results.
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36. El-Hag AH, Jayaram SH, Griffiths MW (2006) Inactivation of

naturally grown microorganisms in orange juice using pulsed

electric fields. IEEE Trans Plasma Sci 34(4):1412–1415

37. Evrendilek GA, Zhang QH, Richter ER (1999) Inactivation of

Escherichia coli O157:H7 and Escherichia coli 8739 in apple

juice by pulsed electric fields. J Food Prot 62:793–796

38. Evrendilek GA (2009) Pulsed electric field processing of

pomegranate juice. International Conference on Bio & Food

Electrotechnologies, 22–23 October 2009, Compiegne

39. Evrendilek GA, Jin ZT, Ruhlman KT, Qiu X, Zhang QH,

Richter ER (2000) Microbial safety and shelf life of apple juice

and cider processed by bench and pilot scale PEF systems. Innov

Food Sci Emerg Technol 1:77–86

40. Evrendilek GA, Tok FM, Soylu EM, Soylu S (2008) Inactivation

of Penicillum expansum in sour cherry juice, peach and apricot

nectars by pulsed electric fields. Food Microbiol 25:662–667

41. Evrendilek GA, Tok FM, Soylu EM, Soylu S (2009) Inactivation

of Botyritis cinerea in sour cherry juice, peach and apricot

nectars by pulsed electric fields. Ita J Food Sci 21:12

42. Fincan M, Dejmek P (2002) In situ visualization of the effect of

a pulsed electric field on plant tissue. J Food Eng 55(3):223–230

43. Flaumenbaum BKI, Tancev SS, Girisin MA (1986) Osnovi
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Belloso O (2007) Inactivation of oxidative enzymes by high-

intensity pulsed electric field for retention of color in carrot

juice. Food Bioprocess Technol 1:364–373

104. Raso J, Calderon ML, Gongora M, Barbosa-Canovas GV,

Swanson BG (1998) Inactivation of mold ascospores and coni-

diospores suspended in fruit juices by pulsed electric fields.

Lebensm Wiss u Technol 31:668–672

105. Raso J, Calderon ML, Gongora M, Barbosa-Canovas GV,

Swanson BG (1998) Inactivation of Zygosaccharomyces bailii
in fruit juices by heat, high hydrostatic pressure and pulsed

electric fields. J Food Sci 63:1042–1044

106. Ravishankar S, Zhang H, Kempkes ML (2008) Pulsed electric

fields. Food Sci Technol Int 14:429–432

107. Reina LD, Jin ZT, Zhang QH, Yousef AE (1998) Inactivation of

Listeria monocytogenes in milk by pulsed electric field. J Food

Prot 61:1203–1206

Food Eng Rev (2012) 4:68–87 85

123



108. Reznick D (1996) Ohmic heating of fluid foods. J Food Technol

50(5):250–251

109. Rivas A, Rodrigo D, Martinez A, Barbosa-Canovas GV, Rodr-

igo M (2006) Effect of PEF and heat pasteurization on the

physical–chemical characteristics of blended orange and carrot

juice. Lebens-Wissen-Technol 39:1163–1170

110. Roberts JS, Balaban MO, Zimmerman R, Luzuriaga D (1998)

Design and testing of a prototype ohmic thawing unit. Comput

Electro Agric 19:211–222

111. Rodrigo D, Martı́nez A, Harte F, Barbosa-Cánovas GV, Rodrigo

M (2001) Study of inactivation of Lactobacillus plantarum in

orange-carrot juice by means of pulsed electric fields: compar-

ison of inactivation kinetics models. J Food Prot 64(2):259–263

112. Ross T (1996) Indices for performance evaluation of predictive

models in food microbiology. J Appl Microbiol 81:501–508

113. Sale AJH, Hamilton WA (1967) Effects of high electric fields on

microorganisms. I. Killing of bacteria and yeasts. Biochim

Biophys Acta 148:781–788

114. Salengke S, Sastry SK (2007) Experimental investigation of

ohmic heating of solid-liquid mixtures under worst-case heating

scenarios. J Food Eng 83:324–336

115. Sampedro F, Rivas A, Rodrigo D, Martinez A, Rodrigo M

(2007) Pulsed electric fields inactivation of Lactobacillus
plantarum in an orange juice–milk based beverage: effect of

process parameters. J Food Eng 80:931–938

116. San Martin MF, Sepulveda DR, Altunakar B, Gongora-Nieto

MM, Swason BG, Barbosa-Canovas GV (2007) Evaluation of

selected mathematical models to predict the inactivation of

Listeria innocua by pulsed electric fields. LWT-Food Sci

Technol 40:1271–1279

117. Sanchez-Moreno C, Plaza L, Elez-Martinez P, De Ancos B,

Martin-Belloso O, Pilar Cano M (2005) Impact of high pressure

and pulsed electric fields on bioactive compounds and antioxi-

dant activity of orange juice in comparison with traditional

thermal processing. J Agric Food Chem 53(11):4403–4409

118. Sanchez-Vega R, Mujica-Paz H, Marquez-Melendez R, Ngadi

MO, Ortega-Rivas E (2009) Enzyme inactivation on apple juice

treated by ultrapasteurization and pulsed electric fields tech-

nology. J Food Process Preserv 33(4):486–499

119. Sandik IV (1983) Konservnayai Ovoshchesushil’naya Pro-

myshlennost’. No. 5

120. Sastry S (2008) Ohmic heating and moderate electric field

processing. Food Sci Tech Int 14:419–422

121. Sastry SK (2008) Ohmic heating and moderate electric field

processing. Food Sci Technol Int 14:419–422

122. Sastry SK, Li Q (1996) Modeling the ohmic heating of foods.

Food Technol 50(5):246–248

123. Schilling S, Schmid S, Jager H, Lugdwig M, Dietrich H, Toepfl

S, Knorr D, Neidhart S, Schieber A, Carle R (2008) Compara-

tive study of pulsed electric field and thermal processing of

apple juice with particular consideration of juice quality and

enzyme deactivation. J Agric Food Chem 56(12):4545–4554

124. Selma MV, Salmerón MC, Valero M, Fernández PS (2004)

Control of Lactobacillus plantarum and Escherichia coli by

pulsed electric fields in MRS Broth, nutrient broth and carrot-

apple juice. Food Microbiol 21:519–525

125. Sharma SK, Zhang QH, Chism GW (1998) Development of a

protein fortified fruit beverage and its quality when processed

with pulsed electric field treatment. J Food Qual 21:459–473

126. Shcheglov YA, Rudkovskaya GV, Rozhko VS (1983) Use of

elctroplasmolysis in the manufacture of tomato paste. Kon-

servnaya i Ovashchesushil’naya Promyshlennost 5:8–10

127. Singh SP, Tarsikka PS, Singh H (2008) Study on viscosity and

electrical conductivity of fruit juices. J Food Sci Technol

45(4):371–372

128. Tempest P (1992) Experience with ohmic heating and aseptic

packaging of particulate foods. technical report no. PT/

FBD1368. APV Baker Ltd., Automation Process Division,

Crawley

129. Toepfl S (2006) Pulsed electric fields (PEF) for permeabilization

of cell membranes. In: Food and bioprocessing applications,

process and equipment design and cost analysis. Von Der Fak-

ultät III Prozesswissenschaften Der Technischen Universität

Berlin, Ph.D. thesis

130. Toepfl S, Heinz V, Knorr D (2006) Applications of pulsed

electric fields technology for the food industry. In: Raso J, Heinz

V (eds) Pulsed electric fields technology for the food industry:

fundamentals and applications. Springer, New York, pp 197–

222

131. Toepfl S, Heinz V, Knorr D (2007) High intensity pulsed electric

fields applied for food preservation. Chem Eng Process 46:

537–546

132. Torregrosa F, Esteve MJ, Frı́gola A, Cortés C (2006) Ascorbic

acid stability during refrigerated storage of orange–carrot juice

treated by high pulsed electric field and comparison with pas-

teurized juice. J Food Eng 73(4):339–345

133. Tsong TY (1990) On electroporation of cell membranes and

some related phenomena. Bioelectrochem Bioenerg 24:271–295
134. Ulmer HM, Heinz V, Gaenzle MG, Knorr D, Vogel RF (2002)

Effects of pulsed electric fields on inactivation and metabolic

activity of Lactobacillus plantarum in model beer. J Appl

Microbiol 93(2):326–335

135. Van Loey A, Verachtert B, Hendrickx M (2002) Effects of high

electric field pulses on enzymes. Trends Food Sci Technol

12:94–102

136. Vega-Mercado H, Powers JR, Martı́n-Belloso O, Luedecke L,

Barbosa-Cánovas GV, Swanson BG (2001) Change in suscep-

tibility of proteins to proteolysis and the inactivation of an

extracellular protease from Pseudomonas fluorescens M3/6

when exposed to pulsed electric fields. In: Barbosa-Cánovas

GV, Zhang QH (eds) Pulsed electric fields in food processing:

fundamental aspects and applications. Technomic Publishing

Co. Inc, Lancaster

137. Vikram VB, Ramesh MN, Prapulla SG (2005) Thermal degra-

dation kinetics of nutrients in orange juice heated by electro-

magnetic and conventional methods. J Food Eng 69(1):31–40

138. Wang WC, Sastry SK (1993) Salt diffusion into vegetable tissue

as a pre-treatment for ohmic heating: determination of param-

eters and mathematical model verification. J Food Eng

20:311–323

139. Wang WC, Sastry SK (2002) Effects of moderate electrothermal

treatments on juice yield from cellular tissue. Innov Food Sci

Emerg Technol 3:371–377

140. Wu Y, Mittal GS, Griffiths MW (2005) Effects of pulsed electric

field on the inactivation of microorganisms in grape juices with

and without antimicrobials. Biosyst Eng 90(1):17

141. Ye X, Ruan R, Chen P, Doona C, Taub IA (2003) MRI tem-

perature mapping and determination of liquid-particulate heat

transfer coefficient in an ohmically heated food system. J Food

Sci 68(4):1341–1346

142. Yeom HW, Zhang QH, Chism GW (2002) Inactivation of pectin

methyl esterase in orange juice by pulsed electric fields. J Food

Sci 67(6):2154–2159

143. Yeom HW, Streaker CB, Zhang QH, Min DB (2000) Effects of

pulsed electric fields in the activity of microorganisms and

pectin methyl esterase in orange juice. J Food Sci 65:1359–1363

144. Yıldız H (2004) Domates salçası üretiminde elektroplazmoliz
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