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Abstract

Pulsed electric field (PEF) is a novel method in liquid/semi-solid food processing, which has attracted attention due to its
less destructive effects on nutritional compounds. This study aimed to optimize PEF treatment condition of kiwi-carrot juice
using response surface approach to achieve higher pectin methylesterase (PME) inactivation with lower changes in ascorbic
acid (AA) and phenolic compounds. For this purpose, samples were processed at PEF intensities of 22.22 to 55.56 kV/cm for
2400 to 4800 ps. The temperature of the samples increased in proportion to the increase in the intensity of PEF and the time
of the process. Up to 43.03% PME inactivation was observed as a result of electroporation and increasing the temperature of
fruit juice. The highest degradation rates recorded for AA and phenolic compounds were 32.19 and 12.08%, respectively. The
juice cloud stability and color were totally affected by PME inactivation and degradation of AA and phenolic compounds.
Juice treatment at 35.86 kV/cm for 2400 ps was recorded as the optimum process condition. This research proves that the
PEF process in controlled conditions can be a suitable alternative/combination for conventional thermal methods to improve
the nutritional quality and increase the shelf life of fruit juice.
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Introduction

In recent decades, various thermal and non-thermal pro-
cessing methods have been introduced to guarantee the
safety of the juice and prolong its shelf life [1]. One of the
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non-thermal techniques is the pulsed electric field (PEF),
which uses a high-voltage pulsed field to inactivate microor-
ganisms and has a minimal impact on the sensory quality and
nutritional status of food. Electroporation and ohmic heat-
ing phenomena are the main PEF mechanisms affecting the
food attributes. The process of electroporation creates holes
in cell membranes that lead to the death of microorganisms
or the removal of plant cytoplasm [2]. Fruit juices contain
many ions that resist the passage of pulsed electric current.
This resistance causes a rapid increase in the temperature of
the fruit juice, which is known as the ohmic heating effect
[3]. Vegetative microorganisms, thermal intolerant and sen-
sitive to electroporation, are considered as the main safety
concerns in the production of high acid juices (pH <4.6)
[4, 5]. Microbial studies are expensive and time-consuming.
Hence, it is suggested to be replaced by analysis of enzymes
having higher resistance than spoilage microorganisms [6].
Pectin methylesterase (PME) is among these enzymes with
undesirable effects on the juice quality and shelf life. Con-
sidering its high resistance to the processing condition, it is
known as the pasteurization index in high acid juices [7].
Studies have also shown that a higher activation energy is
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required to inactivate PME than to inactivate microorgan-
isms by PEF treatment [8, 9]. In this regard, PME inactiva-
tion (about 80% and even more) was reported during PEF
processing of different juices, including tomato juice (400
pulses, 24 kV/cm, < 15 °C) [7], Navelina orange juice (35
kV/cm, 1500 ps, <37.5 °C) [9], Valencia orange juice (35
kV/cm, 184 ms, 61.9 °C) [10], orange-carrot juice (25kV/
cm, 340 ps, 63 °C) [11] and red grapefruit juice (40 kV/cm,
10 ps, 50 °C) [12].

Carrot juice, as a popular and nutritious drink, is a good
source of beta-carotene (vitamin A precursor) and lipophilic
(carotenoids and xanthophyll) and hydrophilic (phenolic
compounds) antioxidants [13]. It has been shown that the
consumption of carrot juice reduces the possible risk of car-
diovascular diseases and cancers [14]. The acidity of the
carrot juice (pH =~ 6) makes it vulnerable to spoilage by ther-
mal resistance microorganisms. Therefore, high-temperature
treatment condition is generally required to guarantee its
shelf life. Thermal processing at high temperature reduces
the nutritional value and visual quality of low-acid juices
[6], while the high-acid juices need a moderate processing
condition to provide an acceptable shelf life [8]. Hence, the
pH of the low-acid juices could be adjusted by mixing them
with a high-acid juice to avoid the necessity of juice pro-
cessing under intensive processing conditions (such as high
temperature). As well, mixing different juices can produce
a juice with higher nutritional value and better organoleptic
properties such as delicious taste (sweet—sour juice). Mix-
ing the kiwi juice with carrot juice will be an effective way
to obtain a high acidic product requiring mild heating or
non-thermal processing such as PEF. Kiwifruit juice (pH =
3.5) brings a desirable aroma and sweet-acidic taste as well
as high content of ascorbic acid, polyphenols, flavonoids,
anthocyanins and other antioxidants [15, 16].

The desire for technologies that have less destructive
effects on the nutritional value and appearance of juice has
increased in recent years. One of these technologies, which
is becoming important as an alternative to the conventional
thermal process, is PEF treatment [9, 17, 18]. In this con-
text, PEF has been claimed to inactivate microorganisms
and enzymes, and preserve the quality attributes of different
types of fruit juices [19]. The advantages of PEF technique
compared to other thermal treatments include less energy
consumption, continuous process, short process time and
low process temperature.

In order to produce a juice with better quality and nutri-
tional values, it is essential to control the processing con-
dition. Response surface method (RSM) is an effective
approach to describe and predict the effect of food treat-
ment on its properties by developing different models. As
well, RSM could be used to optimize and determine the best
food processing condition. In this study, RSM was there-
fore performed to evaluate the influence of PEF processing

@ Springer

conditions (PEF intensity and treatment time) on PME inac-
tivation as well as nutritional values and color aspects of the
kiwi-carrot juice. Finally, the optimized process condition
was determined to produce a juice with the best quality.

Materials and methods
Juice preparation

To prepare the mixed juice, carrots (Nantes variety) and kiwi
(Hayward variety) were purchased from the local market
in Gorgan, Iran. After washing and peeling, the extraction
procedure was carried out using a juicer (Panasonic, MJ-
J176P, Japan). The obtained juice was then squeezed (mesh
size 70). Based on the preliminary tests and required phys-
icochemical properties, kiwi and carrot juice were mixed
in a ratio of 70:30. Physicochemical properties of the fresh
kiwi-carrot juice including pH, density, moisture content,
total soluble solids and acidity (based on citric acid) were
3.80+0.02, 1.01+0.01 (kg/m?), 88.52+0.03% (w.b),
10.10 £0.06°Brix and 0.55% +0.01, respectively. The juice
was immediately subjected to PEF treatment.

Juice treatment

A continuous PEF system, equipped with a high voltage
pulse converter, treatment chamber and syringe infusion
pump, was used to treat the juice. The device was capa-
ble to generate an electric current up to 400 V by creating
monopolar and bipolar square pulses with a frequency of 1
to 3000 Hz and a pulse width of 5 to 50 s. The energy stored
in the capacitors is discharged into the treatment chamber
by a pulse switch. The juice was processed using a square-
wave bipolar pulse with a width of 1 ms with a frequency
of 32 Hz. The treatment chamber comprises of two parallel
stainless steel electrodes (10 mm in length and 0.5 mm in
thickness) with a 0.45 mm distance. Electric field intensity
is defined based on the ratio of the applied electric voltage
to the gap space between the electrodes [20]. Therefore, the
applied PEF intensities were 22.22, 38.89 and 55.56 kV/
cm as the juice was processed at 1, 1.75 and 2.5 V, respec-
tively. PEF treatment time was determined by adjusting the
volumetric flow rate of the juice pumped through the two
electrodes. PEF treatment was established for 2400, 3600
and 4800 ps by juice flow rates of 0.6, 0.9 and 1.2 mL/s,
respectively. The T-type thermocouple was utilized to record
the outlet juice temperature after PEF treatment. The treated
juice was spontaneously cooled down in an ice-water bath
(25 °C).
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Analysis of physicochemical properties of kiwi-
carrot juice

Pectin methylesterase activity

Pectin methylesterase activity (PME) was calculated based
on the method proposed by Kimball [21]. First, 20 mL of
the pectin saline solution (1 L solution containing 10 g of
pectin and 15.3 g of sodium chloride salt) was added to 5 mL.
of kiwi—carrot juice. The pH of the solution was adjusted
to 7.7 using NaOH (2 N and 0.05 N) at a constant tempera-
ture (30 °C). Then 0.1 mL of 0.05 N NaOH solution was
added to the sample at once. The time required to produce
acid by enzyme activity and decrease in the sample pH to
7 was recorded to define the enzyme activity unit (PEU)
using Eq. 1:

NxV
V xt

PEU(unit/mL) = (1)
where, “N” is normality (0.05 N). “V”” and “V " are volume
of the added NaOH (0.1 mL) and juice (5 mL), respectively.
“t” represents the recorded time (min).

Ascorbic acid content

In this study, the iodine titration method was applied in
measuring the AA content in kiwi—carrot juice [12]. To
prepare the iodine solution, 5 g of potassium iodide and
0.268 g of potassium iodate were dissolved in a 500 mL flask
with 200 mL of distilled water and 30 mL of 3 M sulfuric
acid was then added to the resulting solution. The volume
of solution with distilled water was finally increased up to
500 mL. In order to measure the amount of ascorbic acid
content, 20 mL of kiwi—carrot juice was firstly mixed with
150 mL of distilled water. It was then titrated with the iodine
solution until appearing a blue-blue color in the presence
of 1% starch solution as an indicator. Taking 0.88 mg of
AA equivalent to 1 mL of iodine solution, AA content (mg
Ascorbic acid per 100 mg of the sample) was calculated
using Eq. 2:

AA content = 0.88 X mL iodine solution 2)

Total phenol content

Folin—Ciocalteu method was applied to measure the total
phenol content of the juice [23]. According to this method,
20 pL of centrifuged juice (6000xg for 15 min) was thor-
oughly mixed with 1.16 mL of distilled water and then
100 pL of pure Folin reagent was added to it. After 5 min,
300 pL of 20% sodium carbonate solution was added to

the prepared solution. The resulting solution was heated in
a water bath (30 °C) for 30 min. Then, the absorption of
the solution was read at 765 nm using a spectrophotom-
eter (T-80, UV/VIS Double Beam Spectrophotometer). The
amount of total phenol was expressed from the standard
curve in terms of tannic acid concentration (mg/mL).

Cloud stability of the juice

According to the Versteeg, Rombouts, Spaansen and Pilnik
[24] method, 5 mL of the kiwi-carrot juice was initially cen-
trifuged (6000xg) for 10 min at room temperature (25 °C).
To determine the cloud stability (turbidity), the adsorption
of the supernatant was recorded using a spectrophotometer
(T-80, UV/VIS Double Beam, PG Instrument, USA) at 660
nm. The absorbance of distilled water was considered blank.

Measurement of color parameters

The image processing method was used to evaluate the color
aspects of the juice [25]. 10 mL of the sample was trans-
ferred to a laboratory plate (6 cm diameter and 1 cm height)
and its image was taken by a scanner (Scanjet G2710, HP,
USA). The scanner covered with a completely black and
thick fabric was used to create a completely isolated envi-
ronment to prevent unwanted effects of changing the ambi-
ent light. Images were saved in 600 dpi resolution in JPEG
format. After transferring the images to the computer, L *, a
*and b * values of the samples were extracted using ImagelJ
software version (1.47, Wayne Rasband, National Institutes
of Health, USA). Total color difference (TCD), browning
index (BI) and chroma were calculated according to Egs. 3,
4,5, 6:

TCD = \/ (AL*)? + (Aa*)? + (Ab*)? 3)
B a* +1.75L*
T 564l +a — 30126 @

100 x (x — 0.31)
B 0.17

Chroma = Va*? + b*? (6)

BI 5)

Experimental design and optimization

In this study, the response surface method (RSM) as central
composite design (CCD) was applied using Design-Expert
Software (Version 10, 2017, Stat-Ease, Inc., Minneapolis,
MN). RSM was used to predict the effect of processing con-
ditions including processing time (A) and the PEF intensity
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Table 1 Actual and coded values of independent variables, A: PEF
intensity (kV/cm), B: Process time (p s)

Run Coded values Actual values
A B Process time PEF inten-
(us) sity (kV/
cm)

1 -1 -1 2400 22.22
2 0 -1 3600 22.22
3 +1 -1 4800 22.22
4 -1 0 2400 38.89
5 0 0 3600 38.89
6 +1 0 4800 38.89
7 -1 +1 2400 55.56
8 0 +1 3600 55.56
9 +1 +1 4800 55.56

(B) as independent variables. The range of each variable
was selected after performing the initial pretreatments [26].
Different properties of kiwi-carrot juice (PME activity, AA
content, cloud stability and color aspects) were introduced
as the dependent variables. As shown in Table 1, this design
consisted of four factorial points, four axial points and one
central point. Three replications at each point of the design
were used to assessment the error sum of squares. Different
models were used to define each dependent parameter and
the independent factors. These models were evaluated via
analysis of variance (ANOVA). Optimization of the multi-
ple responses was performed using numerical optimization
performance of Design-Expert software. All the independent
variables were within the studied ranges.

Results and discussion

Changes in the juice temperature during PEF
treatment

PEF technology is one of the non-thermal processing tech-
niques that is used to make food safe for consumption with
short processing time and minimal heat generation. As seen
in Fig. 1, PEF treatment caused the juice temperature to
rise by up to 54 °C (from an initial temperature of 25 °C).
As expected, samples exposed to higher PEF intensity for a
longer period of time (p <0.05) showed a greater increase
in juice temperature (T). The ohmic heating phenomenon,
which happens when an electrical current passes through
the liquid between two electrodes, is closely related to the
temperature rise [2, 20, 27]. The applied PEF intensity had
more of an effect (twice as much as the processing time
in Eq. 7) on the change in juice temperature (R2=0.986,
adj-R2=0.977).

@ Springer

Temperature changes (°C)

e 2400 22.22 P"Q &

Fig. 1 The effect of PEF processing conditions on the changes in the
temperature of kiwi-carrot juice

AT(°C) =20.63 + 16.58 A +7.90 B + 6.38 AB @)

This result is in an accordance with previous studies. It
is interesting that a rise in temperature about 21.9 °C (12.5
kV/em, 62 Hz, 7.7 mL/s, 76.4 J/mL) and 36.5 °C (12.3 kV/
cm, 94 Hz, 6.8 mL/s, 132.5 J/mL) in apple juice [28] and
12.38 °C to 43.13 °C (22.73 to 36.36 kV/cm, 3520 ps) in
tomato juice processed with PEF have also been reported
[29].

The changes in physicochemical properties
of the juice during PEF processing

Pectin methylesterase inactivation

The PME activity of the fresh kiwi-carrot juice was
2.53x 10 PEU. Statistical analysis revealed that the pro-
cessing time, PEF intensity and their interaction had a con-
siderable effect on PME inactivation (p <0.05). PEF treat-
ment at a higher intensity for a longer time caused a further
decrease in the enzyme activity (Fig. 2). The highest PME
inactivation (43.03%) was achieved at 55.55 kV/cm for
4800 ps, where the highest increase in the juice tempera-
ture was recorded (Fig. 1). Although it is believed that the
denaturation of the protein in the structure of the enzyme
occurs at high temperatures (above 40 °C), in this study, the
inactivation of PME was observed at temperatures below
40 °C. This finding could be attributed to the effect of elec-
troporation on the PME structure [6]. The results are con-
sistent with previous studies. For example, PEF processing
of the orange juice (35 kV/cm for 1500 ps) inactivated 80%
of PME when the juice temperature was less than 37.5 °C
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Fig.2 PME inactivation during PEF treatment of the kiwi-carrot
juice at different conditions

[9], or Yeom, Zhang and Chism [10] reported that 40 °C
(from 10 to 50 °C) increase in the orange juice temperature
induced 54% more PME inactivation during PEF treatment
(25 kV/cm for 250 ms). The extent of PME inactivation dif-
fers depending on the processing conditions and the type
of juice [30, 31]. It has been reported that when the tomato
juice was processed at 36.36 kV/cm for 3520 ps and at 24
kV/cm at 15 °C (400 pulses), PME inactivation was reported
about 29.3% and 94% respectively [7]. Furthermore, in
another study, the inactivation of PME enzyme in differ-
ent plant sources was recorded as 87% inactivation of PME
enzyme in orange and tomato juice, 83% in carrot juice and
45% in banana at 1.6 ms processing time and 19.1 kV/cm
electric field strength [27].

Extending the PEF treatment time of orange-carrot juice
from 280 to 330 ps resulted in only 2 °C (68 to 70 °C) with
noticeable improvement (5%) in PME inactivation [19].
These results reflect the synergistic effect of electroporation
and ohmic heating on the enzyme inactivation [32]. PME
was completely inactivated during apple juice processing at
12.3 kV/cm (94 Hz and 6.8 mL/s), while lower PEF intensity
(12.5kV/cm, 62 Hz, 7.7 mL/s) caused 50% reduction in the
activity of this enzyme [28].

In enzyme inactivation, the first thing that happens is
the unfolding of the protein structure. These changes are of
the covalent type, which leads to conformational changes
in the protein structure. The second and third structures of
enzymes are stabilized by hydrogen bonds, whose change
by electric pulse fields may lead to the denaturation of
the alpha helix structure of the enzymes and the disrup-
tion of the tetramer structure of the enzyme. Many studies

AA retention (%)

Fig. 3 Effect of PEF treatment time and intensity on the ascorbic acid
content

indicate the destruction of alpha helical structure by PEF
[33, 34]. There is also a direct relationship between loss
of alpha-helical structure and enzyme inactivation [35].

During PEF processing, the quadratic model (Eq. 8)
was chosen as the best model for predicting the PME inac-
tivation (R?>=0.993, adj-R?>=0.982). This model showed
a direct relationship between the PME inactivation and
independent variables. Considering the presented coeffi-
cients, the change in the processing time had more impact
on the PME inactivation than PEF intensity.

PME inactivation(%) =24.64 + 10.60 A
+9.49B +4.82 AB 8)
-0.76 A> = 5.97 B

Effect of PEF treatment on ascorbic acid content

Ascorbic acid (AA) is a heat-sensitive nutrient that
decreases significantly in different stages of processing
or during the storage of fruit juices. Our results (Fig. 3)
showed that the content of ascorbic acid decreased with
increasing time and intensity of PEF (p <0.05). AA con-
tent was almost preserved (99.89%) during PEF treatment
at 22.22 kV/cm for 2400 ps, while a 32.19% decrease
was observed during processing at the most intense con-
dition. It was therefore clear that the non-thermal effect
of PEF (electroporation phenomena) brings no consider-
able changes in the AA content [36]. In the same way,
Odriozola-Serrano, Soliva-Fortuny and Martin-Belloso
[37] reported only 13.5% reduction in the content of AA
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after tomato juice processing at 35 kV/cm for 1500 ps. In
another study, AA retention in processed broccoli juice at
35 kV/cm for 500 ps (unipolar pulse) and 25 kV/cm for
1250 ps (bipolar pulse) were 90.1% and 67%, respectively
[38].

There are other studies that have reported minimal effects
on ascorbic acid for the PEF process. For example, PEF
treatment did not show significant changes in the AA con-
tent of the different citrus juices (28 kV/cm, 100 ps) [39],
tomato juice (40 kV/cm, 57 ps) [40] and sugarcane juice
[18]. In general, it can be argued that due to the short time
of PEF (microseconds), the increase in temperature during
the process has minimal destructive effects on the structure
of ascorbic acid.

From fitting the data with different statistical models, a
linear model (Eq. 9) was suggested to describe the effect of
process conditions on this vitamin content (R?=0.860, adj-
R?=0.813). The coefficients showed that the effect of inten-
sity was about two times higher than the processing time.

AA content(%) = 87.97 -4.73 A—-8.99B 9)

Effect of PEF treatment on total phenol content

Phenolic compounds are a group of secondary metabolites
that are found in fruits and vegetables and have various
health-giving properties such as antioxidant, anti-cancer
and anti-inflammatory [41]. Total phenol content showed
a different trend compared to ascorbic acid, so that it first
slightly increased and then decreased (Fig. 4). The increase
of phenolic compounds in the early stages of PEF treatment

Fig.4 Changes in total phenol content of the juice affecting by PEF
treatment condition
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could be attributed to the release of the phenolic compounds
within the juice as a result of the electroporation [30]. In
overlay, the total phenol level in the kiwi-carrot juice was
decreased between 2.01% to 12.08% during PEF treatment
(p<0.05). The degradation of phenolic compounds could
be related to their thermal sensitivity. Conversely, Dziadek,
Kope¢, Dr6zdz, Kietbasa, Ostafin, Bulski and Oziembtowski
[42] reported that PEF treatment at 30 kV/cm (200-400
pulses) had no significant effect on the total phenol content
of the apple juice. In general, the PEF processing as a novel
non-thermal method significantly preserves phenolic com-
pounds compared to the conventional thermal processing.
Applying the PEF process led to an 18% reduction of phe-
nolic compounds in longan juice, while the thermal process
caused a 42% decrease of these compounds in longan juice
[43].

From fitting of the data to various models (e.g., linear,
quadratic, etc.), a quadratic model (Eq. 10) was chosen to
predict the alteration in total phenol content of the juice
(R*>=0.996, adj-R2= 0.0.988) in which the adverse effect
of the PEF intensity and time were represented by negative
coefficients.

Total phenol content(%) =95.48 — 1.39 A
—241B+2.53 AB
+0.49 A> —4.31B?

(10)

Effect of PEF treatment on cloud stability

The PEF treatment improved the desirable cloudy appear-
ance of the kiwi-carrot juice (Fig. 5). The statistical analysis

Cloud stability (%)

e 2400 "22.22

Fig.5 Improvement in the cloud stability of the juice during PEF
process
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revealed that both independent parameters had a significant
effect on increasing the juice cloud value (p <0.05). In
general, depending on the juice conditions, cloud stability
increased from 188.72 to 237.74% in different treatments.
The change in cloud stability showed a similar trend with
the PME inactivation, and increased proportionally with the
increase in intensity and time of the process. It was shown
that the PME activity decreases the turbidity of the juice
by breaking the pectin structure [44]. Besides, observation
of the cloud improvement in the treated juice with high
PME activity referred to the effect of electroporation on
more release of the cloud particles within the juice [3, 45].
Rayman et al. [45] reported that electroporation induced a
14.78% increase in the total pectin content in carrot juice
after processing at 40 V for 60 s. The following equation
shows the relationship between different process variables
with cloud stability in coded form:

Cloud stability(%) = 165.61 + 31.56 A + 28.19B (11)

Equation (11) showed that cloud stability had a linear
relationship with the intensity and time of the process
(R*=0.919, adj-R2=O.89l). From the coefficients of the
variables, it is also clear that the independent variables had
an almost equal and positive effect on cloud stability.

Effect of PEF treatment on the color properties

Color is the most important visual factor affecting the con-
sumer acceptance. In other words, the color can indicate
changes in the chemical contents of the product (such as
ascorbic acid, antioxidants, pigments and etc.); hence, it is
possible to control the nutritional value and quality of juice
by monitoring it. Different color parameters are used fre-
quently in describing the color of the juices such as L”, a*
and b values. L" ranges from 0 to 100 referring to ‘darkness’
to ‘lightness’, respectively. a” and b* values are represented
as positive or negative values. Positive and negative values
of a"-value shows ‘redness’ and ‘greenness’, respectively.
Positive values of b*-value show ‘yellowness’ and its nega-
tive values reveal the ‘blueness’. These parameters are used
in calculating other color properties including TCD, BI and
chroma.

The L" index indicates the effect of processing conditions
on the lightness of the juice color. The statistical analysis of
the results showed that the use of different intensities of the
PEF had a significant effect on L" (p <0.05). In addition,
as the process time increased, the lightness of the product
decreased (p < 0.05). This trend was previously observed in
the amount of lightness in orange juice and broccoli juice
[46, 47]. The reason for the reducing lightness of the sample
can be attributed to the destruction of compounds such as

pigments, ascorbic acid and the change in the cloud of the
sample. By applying high-intensity pulsed electric fields, the
degradation rate of PME enzyme increases, and as a result,
the amount of turbidity of preserved fruit juice and the light-
ness of the product decreases.

According to the increase in a” component, it can be con-
cluded that the color of the juice changed to redness during
longer processing (p <0.05). Analysis of variance as well
as comparison of the average changes in the a” showed that
the intensity and time of the process have a significant effect
on this component (p <0.05). Changes in the b* index also
showed that the yellowness increased in proportion to the
increase in intensity and processing time (p <0.05). The results
are consistent with Zhou et al. [48].

Effect of PEF treatment on chroma index

Unlike the effect of PEF intensity, the processing time showed
considerable impact on changes of chroma index (p <0.05). As
shown in Fig. 6, chroma index increased during the PEF treat-
ment for a longer time. The linear model (Eq. 12) represented
a positive correlation between the chroma and treatment time
(R?=0.935, adj-R*>=0.913). Chroma of the fresh orange juice
(50.93) increased up to 53.70 after the application of PEF at 30
kV/cm for 100 ps [49]. However, Rivas, Rodrigo, Martinez,
Barbosa-Canovas and Rodrigo [19] reported that the chroma
of mix orange-carrot juice were not affected by the PEF pro-
cess (25 kV/cm for 280 ps). Wibowo et al. [28] also reported
that no change in chroma index under different PEF condi-
tions. The following equation shows the relationship between
different process variables with chroma index in coded form:

Chroma (%)

Fig.6 Alteration in chroma index of the kiwi-carrot juice during PEF
treatment
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Chroma changes(%) = 50.40 —0.12 A+ 1.81 B (12)

Effect of PEF treatment on browning index (BI)

It was found that both independent variables and their inter-
action had a significant effect on BI of the kiwi-carrot juice
(p<0.05). The BI increased during processing under more
intensive conditions (Fig. 7). Browning reactions, decreas-
ing the juice acceptance and nutritional values, could occur
through juice production stages such as juice extraction,
processing, and storage. Several reactions are responsible
in change of this color parameter. For example, Maillard’s
reaction is responsible for browning development in low AA
content juices. AA degradation and total phenol reduction
are other factors involving in the BI development in juices
like kiwi-carrot that are rich in antioxidants [50, 51].
During PEF treatment, an increase in the BI of mixed
mandarin and Hallabong tangor juice was previously
observed which was attributed to the reduction in the con-
tent of ascorbic acid and antioxidants [52]. Min et al. [53]
and Arshad RN et all, [54] compared the effect of PEF and
conventional thermal treatments on color aspects of juices.
They found that the PEF treatment was more effective in
the preservation of the ascorbic acid and preventing the BI
development in the juices. Furthermore, Aguilo et al. [55]
and [52] reported that the use of the high-intensity pulse
process led to decrease in the lightness value in strawberry
juice and increase in yellowness of apple juice which were
attributed to the inactivation of peroxidase and polyphenol
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Fig.7 Effect of PEF intensity and treatment time on the browning
index of the juice
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oxidase enzymes. In general, application of PEF had a neg-
ligible effect on BI of different citrus juices [39, 57].

Equation 13 was proposed to describe the effect of PEF
treatment on BI of the kiwi-carrot juice (R?=0.996, adj-
R%=0.990). It could be observed that the PEF intensity had
a more important effect on this color attribute than the pro-
cessing time.

BI=199.97+15.79A +8.42B

+3.39AB + 1027 A% — 0.4 B? (13)

Effect of PEF treatment on total color difference

Figure 8 shows the TCD alteration during PEF processing of
the juice. The TCD of the juice increased between 2.15 and
9.27 in different treatments, depending on the PEF condi-
tion. However, the statistical analysis revealed that the PEF
intensity and process time had no considerable effect on
the TCD (p > 0.05). Nevertheless, TCD initially increased
and then decreased at any PEF intensity. An increase in the
juice temperature decreased the contents of AA and phenolic
compounds that brought the rise in the a*. Besides, the more
increase in the cloud stability caused by PME inactivation,
lowered the juice lightness. Equation 14 is suggested to dem-
onstrate the effect of process conditions on the TCD of the
juice (R>=0.899, adj-R>=0.730).

During PEF treatment of orange juice at 25 kV/cm for
340 ps (72 °C) the TCD increased up to 7.32 [57]. Mixed
mandarin and Hallabong tangor juice was primarily heated
before PEF treatment [52]. They reported that TCD of the

4800 :
38.89 (\5\6
X2

3000 &
24007 2222 §o @

O
30 5?96?\ &

Fig.8 The total color difference of the kiwi-carrot juice during PEF
treatment
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treated juices at 55 °C-19 kV/cm-102 ps and 70 °C-16 kV/
cm-89 ps were 2.17 and 1.33, respectively. These results
show that more intensive process conditions will result in
higher TCD. In another study, PEF treatment of apple juice
at 30 and 35 kV/cm for 75 ps [56] resulted in a TCD higher
than 5 (with a yellowish color appearance) while lower TCD
(up to 2) was observed at lower intensity even for longer
time (24.8 kV/cm for 169 ps) [58]. Cserhalmi et al. [39]
processed different citrus juices at 28 kV/cm for 100 ps and
reported the TCD of the grapefruit, orange, lemon & tange-
rine juices were lightly increased to 0.45, 0.47,0.59 & 2.44,
respectively. The correlations of the TCD of the juice with
independent variables were expressed as Eq. 14:

TCD =9.08 + 1.88 A + 1.15B
+0.80 AB — 0.23 A — 3.94 B? (14)

The optimization of the PEF process condition

The process condition was optimized to produce a juice with
the best quality (Fig. 9). The highest levels of PME inactiva-
tion, AA retention, total phenol content and cloud stability
as well as lowest changes in color aspects were the criteria
of optimization. The software suggested optimum condi-
tion as juice processing at 35.86 kV/cm for 2400 ps (Fig. 9)
which results in 8.10% PME inactivation, 97.82% AA reten-
tion, 90.30% total phenol content and 131.68% cloud sta-
bility as well as lowest 189.24% BI, 48.61% chroma and
3.794 TCD (desirability =0.718). To validate the results, the

B

22.22 55.56 2400 4800

A:PEF intensity = 35.8588 B:Process time = 2400

87.9185 97.992 116.248 229.236

Total phenol content = 94.3054 Cloud stability = 131.682

Desirability = 0.718

—

48.2068 52.4342

Chroma = 48.6089

experiments were carried out at the optimum PEF process
condition and it was observed that there is no difference
betweenthe predicted and actual results at the optimum pro-
cess condition (p > 0.05).

Conclusion

In this study, a continuous PEF system was used in the
processing of the kiwi-carrot juice. The results showed
that processing at higher PEF intensity for a longer period
increased the juice temperature causing changes in juice
properties. During PEF treatment, different levels of PME
inactivation (up to 43.03%) were observed as a result of
electroporation and ohmic heating phenomena. It was also
observed that this method was effective in preserving the
AA and phenolic compounds. The maximum reduction in
vitamin content was 19.32%, which was observed in the
most intense PEF condition. Electroporation caused more
release of cloud particles within the juice which improved
the cloudiness of the juice. Besides, the cloud stability of
kiwi-carrot juice increased proportionally with increasing
process intensity and time, which could be related to PME
inactivation. AA degradation and reduction in total phe-
nol content enhanced the browning reactions and therefore
BI. The changes in the color indices also showed that the
value of a* (redness) and b (yellowness) increased and
L" (lightness) decreased. Different linear and quadratic
models were also developed to evaluate and predict the
effect of process conditions (PEF intensity and treatment

—

3.40986 43.0394 67.8148 99.8889

PME inactivation = 8.09851 AA content = 97.8244

—

188.716 237.737 2.15214 9.26663

Bl = 189.238 TCD =3.794

Fig.9 Optimization of the PEF processing condition for treatment of kiwi-carrot juice
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time) on the juice properties. Finally, the optimum condi-
tion of 35.86 kV/cm—2400 ps was chosen with desirability
of 0.718 for juice processing. This research showed that
PEF treatment can be considered as alternative methods to
thermal processing for the processing of fruit juices with
better preservation of nutritional, sensory and marketing
characteristics.
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