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Abstract.Abstract.Abstract.Abstract. High pulsed electrical field as pre-processing step for fruits and
vegetables in the vacuum freeze drying could increase drying rate efficiency
and preserve nutritional ingredients in maximum. Moreover, high pulsed
electrical field pretreatment has been successfully used to solve practical
problems in the vacuum freeze drying, such as energy consumption, high
production costs and long drying time etc. The drying experiments were
conducted with apples which were pretreated by high pulsed electrical field,
and the results showed that high pulsed electrical field pretreatment could
increase the drying rate obviously. According to the range analysis, the optimal
parameters of high pulsed electrical field for drying were obtained as follows:
pulse strength was 1000 V•cm-1, pulse time was 120 μs, and pulse number was
30. By using the above optimal conditions, energy consumption per unit of
water was reduced by 17.74%, freeze drying time was shortened by 22.50%,
and productivity per unit area was increased by 28.50% than results of the
untreated group. In addition, it was found that the most important physical
factors of high pulsed electrical field which affected the vacuum freeze drying
were the pulse duration, pulse strength and pulse number.
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1111 IntroductionIntroductionIntroductionIntroduction

Vacuum freeze drying technology can ensure the original taste and preserve
nutritional ingredients of fruits and vegetables in maximum, and has extensive
application foreground in fruits and vegetables processing industry. But commonly
used freeze-drying techniques were limited by high energy consumpt ion and long
drying times. In general, the drying processes consume an appreciable part of the total
energy used in food industry and so, it is very important to develop the new hybrid
drying technologies for energy consumpt ion reduction and preserving of food
qualities[1]. High pulsed electrical field (HPEF) treatment has been reported to
increase the permeability of plant cells[2,3,4]. It could enhance ext raction and
dehydration processes in fruits and vegetables tissues. The choice of suitable HPEF
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parameters is determined by application, technological, energy consumpt ion and
economical considerations.

The phenomenon of increasing permeability of biological tissue cells after electric
field application was called electropermeabilizat ion[5,6]. The viewpoint that the
HPEF could affect the permeability of a cell membrane was put forward by Sale et
al.[7]. Depending on the electric field strength, duration and number of pulses applied
the induced membrane breakdown and subsequent permeabilization could be
reversible or irreversible[8] . Alexander et al. reported that the cell membrane
permeability was reversible breakdown when the cell size was 50 ~ 120 μm and the
electric field strength was greater than the critical electric field strength (400 ~ 800
V•cm -1). Their research showed that the processing time of the cell membrane
damaged was varied with the structure of materials. For exa mple, the time of potato
cell injured was 0.7s, but the apple cell was 1.41 μs[9]. Ade-Omowaye et al. studied
the effect of different process parameters and high transmission rate on the
dehydration characteristics for paprika. They found that HPEF pre-treatment could
increase the cell membrane permeability and improve the drying rate[10]. When a
plant was treated with HPEF, the cell membranes were ruptured leading to an increase
in permeability of the cell walls and subsequent increase in juice yield[11]. In Weiqin
Wang’s paper, the HPEF processing experiment was conducted to investigate the
changes of drying rate for sweet potato after pretreated by HPEF. The results showed
that the weight of treated samples was relatively increased by the osmotic dehydration,
the pulse strength and the pulse number had influence on the drying rate[12]. Zhenyu
Liu and Yuming Guo reported the condition to ensure the high drying rate and the
quality of fruits and vegetables was 1000 ~ 1500 V•cm-1 pulse strength, 60 ~ 110 μs
pulse duration and 2 ~ 30 pulse number[13].

Our research group has systematically studied on HPEF pre-treatment to fruits and
vegetables for vacuum freeze drying in recent years[14,15,16], such as the influence
mechanism of HPEF pre-treatment and optimization of process parameters for HPEF
pre-treatment technology. The influence of HPEF pre-treatment on the dehydration
characteristics and quality for fruits and vegetables are also studied. Optimization of
the freeze drying operation could ensure rapid processing operation yielding an
acceptable quality product with less cost. On the basis of above mentioned studies, the
drying experiments were conducted, studied the influence mechanism of the HPEF
processing, and the optimal parameter combination was obtained by experiments.
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2222.1.1.1.1 MaterialsMaterialsMaterialsMaterials andandandand EEEEquipmentsquipmentsquipmentsquipments

Fuji apple was chosen as an object of the investigation. Fuji apples of good and
uniform quality were purchased from the local market. The specimens were cut into
small pieces approximately 17 mm long, 17 mm wide and 10 mm thick. According to
the test scheme, 40 sample s were treated each time. BTX ECM 830 square wave
electroporation system was used.



The drying tests were performed using an on-line moisture monitoring system was
designed by Shanxi Agricultural University of China, which based on the
reconfigurable virtual instrument considered the working condition of JDG-0.2
pattern of freeze-drying testing machine. All the output data (weight, moisture content
and real time) were recorded by the designed monitoring system. The freeze-drying
process parameters were set to the temperature was 70 ℃ , vacuum degree was 40~45
Pa in the sublimat ion process and the temperature was 90 ℃, vacuum degree was
30~35 Pa in the desorption process, respectively.

2222.2.2.2.2 ExperimentalExperimentalExperimentalExperimental MMMMethodsethodsethodsethods

On the basis of the preliminary experiment results, the orthogonal experiment was
conducted with pulse strength, pulse duration and pulse number as the independent
variables, energy consumpt ion per unit of water, freeze drying time and productivity
per unit area as the experiment indicators (Table1).

In the drying experiments, the value of test indexes was determined as follows:
Productivity per unit area= Md / T / (0.36×0.20), Energy consumpt ion per unit of
water= P / (Mf × W). Where: Md was the drying weight, T was the drying time, P was
power consumpt ion, Mf was init ial mass, and W was the moisture content.

TableTableTableTable 1111.... Factors and levels of L9 (33) orthogonal design.

3333 ResultsResultsResultsResults andandandand DDDDiscussioniscussioniscussioniscussion

From the table 2 results, the productivity per unit area of the pretreated samples was
higher than the untreated samples, the energy consumpt ion per unit of water and the
drying time were lower than the untreated samples. The reason was that HPEF
pretreatment could cause the cell membrane breakdown occurs and increase the
permeability of fruits and vegetables membrane. When electric field was applied to a
cell in a suspension, an induced voltage was formed across the membrane owing to
the capacitance of membrane. As the voltage was increased, the opposite charges on
either side of the membrane were attracted to each other with greater force, and the
membrane became thinner. At a sufficiently high voltage, pores were formed in the
membrane and the cell ruptured. Therefore, HPEF pretreatment could improve the
drying rate, save the drying time and increase the production rate.

Level
Factor

A--Pulse strength B--Pulse duration C--Pulse number
(V·cm-1) (μs) (ind)

1 1000 60 15
2 1250 90 30
3 1500 120 45



But the membrane permeability of the untreated samples was low, the temperature
and moisture were not easily evaporated, which led to the collapse phenomenon
occurs. The collapse phenomenon would extend the drying time, increase the energy
consumpt ion and decrease the production rate.

TableTableTableTable 2222.... The L9 (33) orthogonal design and data processing

Exper imental results showed that the most important physical factors of high
pulsed electrical field which affected the response value were the pulse duration,
pulse strength and pulse number. If taking the productivity per unit area as the
indicator, the optimal combination was B3C2A1. If taking the energy consumpt ion per
unit of water as the indicator, the optimal combination was A1B3C1 . If taking the
freeze drying time as the indicator, the optimal combination was B3A1C2. By
comprehensive consideration, the optimal parameters of HPEF processing was

Trial number

Level Indicator

A--Pulse
strength
(V·cm-1)

B--Pulse
duration
(μs)

C--Pulse
number
(ind)

Productivity
per unit area
(g·h-1·m-2)

Energy
consumption
per unit of
water (kJ·g-1)

Drying
time
(h)

1 1 1 1 23.46 395.20 7.18
2 1 2 2 25.32 424.88 7.00
3 1 3 3 25.34 393.35 6.83
4 2 1 2 23.60 431.53 7.18
5 2 2 3 24.00 419.09 7.27
6 2 3 1 26.60 435.38 7.07
7 3 1 3 24.08 467.44 7.37
8 3 2 1 21.38 438.45 7.57
9 3 3 2 27.12 428.87 7.00

Productivity
per unit area

K1 74.22 71.14 71.44

Optimal combination
B3C2A1

K2 74.20 70.80 76.14
K3 72.58 79.06 73.42
R 1.64 8.26 4.70

Energy
consumption
per unit of
water

K1 1213.42 1299.16 1269.02

Optimal combination
A1B3C1

K2 1285.99 1282.41 1285.28
K3 1339.75 1257.59 1274.87
R 126.33 41.57 16.26

Drying
time

K1 21.01 21.73 21.82

Optimal combination
B3A1C2

K2 21.52 21.84 21.18
K3 21.94 20.90 21.47
R 0.93 0.94 0.64



B3A1C·, namely the pulse strength was 1000 V•cm-1, the pulse duration was 120 μs
and the pulse number was 30.
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Fig.Fig.Fig.Fig. 1111.... Changes in moisture content of pretreated samples by HPEF
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Fig.Fig.Fig.Fig. 2222.... Changes in moisture content of untreated samples

Fig.1 and Fig.2 showed the change in moisture content of apple samples. From the
Fig.1 and Fig.2, the moisture content of the HPEF pretreated samples could reach
about 0.01% after drying, but the untreated samples was essentially kept constant
when the moisture content descended to 5%. Therefore, the result of completely dry
could be achieved by HPEF pretreatment. The drying time of apples which were
pretreated by HPEF was shorted more than 1 hour than untreated apples, and the
water content was decreased rapidly in the sublimat ion process, while those was
opposite for the untreated group.
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In order to ensure the feasibility of optimal processing, the verification test was
conducted using the optimum technological parameters (1000 V•cm-1 , 120 μs, 30).
The results were listed in Table 3. It could be concluded from the comparison and
analysis that all values of the optimal scheme were superior to results of the
orthogonal test. The results indicated that the choice of parameters was reasonable.
With the optimized processing conditions, productivity per unit area was increased by
28.50%, energy consumpt ion per unit of water was reduced by 17.74%, and freeze
drying time was shortened by 22.50% compared with untreated.

TableTableTableTable 3333.... Results of the verification & untreated tests

5555 ConclusionConclusionConclusionConclusion

By considering the result above, the main conclusions drawn from the study were: (i)
The pulse duration, pulse strength and pulse number were in order of importance
among the obtained parameters. (ii) The optimum parameters were obtained as
follows: pulse strength was 1000 V•cm-1 , pulse duration was 120 μs, and pulse
number was 30. With the optimized processing conditions, productivity per unit area
was increased by 28.50%, energy consumpt ion per unit of water was reduced by
17.74%, and freeze drying time was shortened by 22.50% than results of the untreated
groups. (iii) HPEF could increase the cell membrane permeability and intracellular
water was more easily diffused out of the cells, so the drying rate was improved.

HPEF as pre-processing for drying is important to solve the processing problems in
the vacuum freeze drying, such as energy consumpt ion, processing cost and low
drying rate etc. The optimal vacuum processing technology of freeze-drying will
provide support for explor ing low energy consumpt ion in the freeze-dried process for
fruits and vegetables.
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