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Abstract Pomegranate juice was concentrated by conven-
tional heating and microwave heating at different opera-
tional pressures (12, 38.5, and 100 kPa), and their effects on
evaporation rate and quality attributes of concentrated juice
were investigated. The final juice concentration of 40° Brix
was achieved in 140, 127, and 109 min at 100, 38.5, and
12 kPa, respectively, by using conventional heating.
Applying microwave energy decreased required times to
118, 95, and 75 min. The changes in color, anthocyanin
content, and antioxidant capacity during concentration
processes were investigated. L*, a*, and b* parameters
were measured to estimate the intensity of color loss. All
Hunter color parameters decreased with time. Results
showed that the degradation of color, anthocyanins, and
antioxidant activity were more important in conventional
heating compared to microwave heating method. Degradation
rates increases by increasing process pressure. A first-order

kinetics model was applied to modeling changes in total solid
content, anthocyanin content, and antioxidant capacity.
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Introduction

Pomegranate fruit (Punica granatum L.) is a popular edible
fruit native to Iran. The total production of pomegranate in
Iran was about 800,000 t in 2006, the majority of which is
converted to juice and juice concentrate (Anonymous
2006). Epidemiological studies show that the consumption
of fruits and vegetables with high phenolic content is
correlated with reduced cardio diseases and cancer mortality
(Hertog et al. 1997; Sumner et al. 2005). Thus, red fruit
juices such as those of grapes and different berries have
received attention due to their high anthocyanin content and
antioxidant activity. The juice of the pomegranate has been
found to be effective in reducing heart disease risk factors,
including LDL oxidation (Sumner, et al. 2005).

Anthocyanins are the water-soluble pigments in plants that
contribute to the brilliant blue, red, and purple colors of leaves,
flowers, and fruits. Anthocyanins represent a class of important
antioxidants, and they are common in human foods. Straw-
berry and pomegranate juices contain 55.7 mg/L (Torregiani et
al. 1999) and 250.87 mg/L of anthocyanins, respectively
(Perez-Vicente et al. 2004); thus, the anthocyanin content of
pomegranate is relatively high (Mousavinejad et al. 2009).

Pomegranate is a tropical and seasonal fruit, and its
production occurs during August and September. Therefore,
many processes such as cold storage, concentration,

Practical Applications Pomegranate fruit (Punica granatum L.) is a
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fruits can be consumed fresh or used for the preparation of fresh juice,
canned beverages, jelly, jam, and paste and also for flavoring and
coloring beverage products. Due to their seasonal production, many
processes such as cold storage, concentration, reducing to paste, or
drying are used to conserve pomegranates or their juice. Conventional
thermal processing seems to cause significant damages to the quality
attributes and nutritional values of pomegranate juice. Compared with
conventional heating, microwave heating has the following advantage
such as better appearance and higher nutritional value.
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reducing to paste, or drying are used to conserve pome-
granates or their juice. Fruits and related juices contain high
amounts of water (75–90%), which makes them susceptible
to enzymatic and microbial deterioration reactions due to
the high enzymatic and microbial activities in water. Thus,
extracted juice is concentrated for long-term storage and
easier transportation. Concentration is a common step in
fruit juice processing. During this process, the majority of
water or volatile solvent could be separated by boiling the
juice, obtaining a concentrated solution. Due to the
significant effects of color, aroma, and flavor on the quality
of the final products, the concentration of fruit juices is an
important operations unit in fruit processing. The commercial
pressing of pomegranate into juice and its concentration
facilitate its handling and storage, enabling its application in
the food industry (Maskan 2006).

Color is the most important quality attribute of food as
well fruit juices. Complex mixtures of water-soluble
anthocyanins, including 3,5-diglucoside of cyanidin, pelar-
gonidin, delphinidin, and maldivian, are the main deter-
mining factors in pomegranate juice color (Mousavinejad et
al. 2009). On the other hand, the main quality judgment
made by the consumer at the point of sale of food is optical
properties (Mujumdar 2000). Color deterioration reactions
such as nonenzymatic browning reactions, pigment destruc-
tion, and polymerization could change the visual properties
of concentrated fruit juices during thermal processing
(Maskan 2006). Color is an important sensory property
that plays a role in determining product quality; therefore,
minimizing pigment losses during processing is of primary
concern to the processor (Markakis 1982; Bridle and
Timberlake 1997).

Other techniques used as alternative methods for
concentrating fruit juices are membrane concentration,
ultrafiltration, nanofiltration, and reverse osmosis. Water
can be removed without heating during these processes, but
they are restricted from use as standard concentration
methods of fruit juice products due to inherent problems
including higher cost and other operational limitations in
obtaining high solid contents.

Compared with conventional heating, microwave heating
has the following advantage: the heating rate can be greatly
increased while largely maintaining the nutritional value,
color, and original flavor. There are many examples in the
literature of microwave application in the food industry,
especially for dehydration, blanching, etc. (Alvarez and
Dorantes 2005; Vadivambal and Jayas 2010). However,
microwave heating has been used by several researchers for
thermal concentration due to its benefits, including rapid and
volumetric heating (Erle 2005; Krokida and Maroulis 1999).
Maskan (2006) showed that this method could be used to
heat juices more rapidly and uniformly, which is necessary
for reducing damage to color and other quality attributes.

However, the effect of heating on the nutritional value of
pomegranate juice such as its antioxidant activity and
polyphenolic compounds was not investigated. The main
objective of this study is to investigate the effect of different
heating methods, including conventional heating and micro-
wave heating at different operational pressures, on the
evaporation rate and quality attributes of pomegranate juice
during concentration.

Materials and Methods

Sample Preparation

Pomegranates (cv. Malas) at the same level of maturation
were purchased from a local market in Saveh, Iran. Then,
they were washed in cold tap water to remove dirt and
foreign materials. Only sweet, mature fruits were selected
for these experiments (16° Brix and acidity 1.36 g acid
citric/100 mL). The juice was extracted manually and
stored at 4 °C overnight to settle the suspended particles.
Finally, fresh juice was clarified using a spiral ultrafiltration
system with a molecular weight cutoff equal to 40 kDa
(Polyethersulphone, Osmonic, USA). The membrane area
was 2.5 m2, and transmembrane pressure was kept at 150 psi
during ultrafiltration. The cold sterile single-strength clarified
juice with 14.2% of total soluble solid (TSS) was frozen
at −25 °C and used for further experiments.

Juice Concentration

Clarified juice was concentrated using two different thermal
methods from an initial concentration of 14.2º Brix to a
final concentration of 40º Brix as follows:

1. Microwave heating: a programmable domestic micro-
wave oven (Butane MR-1, Iran, with a maximum
output of 900 W at 2,450 MHz) was modified for
microwave evaporation and used in its intermittent
mode. A hermetic jar (V=1,000 mL) containing
600 mL of juice sample was placed at the center of
the microwave, which was connected to a vacuum
pump (Robinair, USA), and microwave energy was
applied. Some undesirable results such as foaming and
sample charring were observed with power above
300 W, so the study was carried out at 300 W (Fig. 1).

As shown in Fig. 1, a digital thermometer with a
very thin probe (thermometer: EBRO TFI500 −60 °C to
760 °C, with a probe: TESTO 0602–0593 NiCrNi, d=
1.5 mm, L=300 mm) was placed in the heating system.
The probe of thermometer was immerging in the
solution at the center of a jar which was completely
sealed. While sampling, pump 5 is on, valve 9 open, and
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10 were closed. When the pump is on, sample flows to
the sampling point. To return the sample to the jar, the
vacuum causes the sample suction to the evaporation jar.
So, the pump was off and valves (9 and 10) opened
carefully. The pressure applied by pump was kept
constant using a vacuum controller device (Vacuu brand,
CVC 2111, England).

Operational parameters such as microwave power and
pressure were controlled using a PC, and the temperature
was recorded periodically. Samples (3 mL) were taken
periodically for necessary measurements. Microwave
heating was conducted at three different operational
pressures: 100 (atmospheric), 38.5, and 12 kPa, and their
effects were investigated.

2. Conventional heating: A rotary vacuum evaporator
(Heidolph, Heizbad HB Contr, Germany) was used
for the 38.5- and 12-kPa pressures, and atmospheric
evaporation. Soy bean oil was used as operative liquid
(because of its high boiling temperature, 120 °C).
Sampling was carried out by the same method as for
microwave heating, and data were recorded during
concentration without any interruption in the process.

Analytical Methods

Total Soluble Solid Content Measurement

The total soluble solid (TSS) content of concentrated juice
was determined through evaporation processes using an
Abbe refractometer (Atago Rx-7000a, Tokyo, Japan) at 20 °C
and expressed in degrees Brix.

Color Measurement

Sample color was measured before concentrating and at pre-
specified time intervals during this period by a spectropho-
tometer (HACH, DR 4000U, USA). The difference between
the color parameters of concentrated and fresh pomegranate
juice was calculated. At least five measurements were
performed for each sample, and the measured values (mean
values) were calculated. The L, a, and b values of the
measurements are reported, where L represents the light–
dark spectrum with a range from 0 (black) to 100 (white), a
represents the green–red spectrum with a range from −60
(green) to +60 (red), and b represents the blue–yellow
spectrum with a range from −60 (blue) to +60 (yellow).

The three measured color parameters were converted to
browning index (BI). BI represents the purity of the brown
color and is considered an important parameter associated
with browning (Askari et al. 2008). For this purpose, the
CIELAB parameter were converted to Hunterlab ones by
CIE degree standard observer and D65 illuminant system
(Anonymous 2008).

BI ¼ 100 x� 0:31ð Þ½ �
0:17

; ð1Þ

where x ¼ aþ 1:75Lð Þ
5:645Lþ a� 3:012bð Þ : ð2Þ

Total Anthocyanin Content

Sample preparation was conducted as described above in
the case of color measurement. The total anthocyanin
content of pomegranate juice was determined by a pH
differential method using two buffer systems: potassium
chloride buffer, pH 1.0 (0.025 M) and sodium acetate buffer,
pH 4.5 (0.4 M) (Lako et al. 2007; Cam et al. 2009). Briefly,
1 mL of pomegranate juice sample was mixed with 24 mL of
the appropriate buffer and read against a water blank at 510
and 700 nm. Absorbance (A) was calculated as:

A ¼ A510 � A700ð ÞpH1:0 � A510 � A700ð ÞpH4:5: ð3Þ
The total anthocyanin content of the samples (milligrams

of cyanidin-3-glucoside per 100 mL of pomegranate juice)
was calculated by the following equation:

TAC ¼ A�MW� DF� 100

MA

� �
; ð4Þ

where A is the absorbance; MW, molecular weight (449.2);
DF, dilution factor (25); and MA, molar extinction coefficient
of cyanidin-3-glucoside (26,900) (Cam et al 2009).

The visible spectra of samples were determined by
scanning the absorbance between 350 and 700 nm using a

Fig. 1 A schematic diagram of the microwave evaporator unit. 1
Airtight jar, 2 thermometer, 3 microwave heating chamber, 4 vacuum
pump, 5 recirculation pump, 6 sampling point, 7 pressure controller,
8 PC with data acquisition card, 9 and 10 sampling valves
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Cecil CE 2502 UV–vis spectrophotometer (Cecil Ins.,
England). Quartz cuvettes with a 1-cm path length were
used, and all measurements were carried out at room
temperature (∼22 °C). Absorbance readings were made
against distilled water as a blank.

Antioxidant Activity Determination

2,2-Diphenyl-1-picrylhydrazyl (DPPH) was obtained from
Fluka (Buchs, Switzerland), and 2.5 mg of DPPH was
dissolved in 100 mL methanol (≈0.0625 mmol L−1). This
stock solution was prepared daily and kept in the dark at
ambient temperature when not used. EC50 value is defined as
the amount of sample necessary to decrease the initial
DPPH˙concentration by 50%. EC50 was expressed as volume
of sample (milliliter) to the amount of DPPH (grams).

EC50 was determined according to the method of Cam et
al. 2009. Of appropriately diluted pomegranate juice samples,
0.1 mL was mixed with 3.9 mL of abovementioned DPPH

solution. The control sample was prepared with the same
volume of methanol. Absorbance at 515 nm was measured at
different time intervals using a Cecil CE 2502 UV–vis
spectrophotometer (Cecil Ins., England) until the reaction
reached steady-state condition. The DPPH concentration in

Table 1 Thermal concentration of pomegranate juice and related
parameters calculated by Eq. 6

Heating method Pressure (kPa) Rate constant (min−1) R2

Conventional 12 0.009c 0.966

38.5 0.007d 0.968

100 0.006e 0.964

Microwave 12 0.014a 0.953

38.5 0.010b 0.969

100 0.007d 0.931

_There is no significant difference between the numbers with the same
lowercase letters at (p<0.05)

Fig. 2 Changes in juice concen-
tration during processing by
conventional (a) and microwave
(b) heating methods at different
pressures (12, 38.5, and
100 kPa)
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the reaction medium was calculated using calibration
equation. The remaining amount of DPPH (percentage) at
steady-state condition was calculated as follows:

% DPPH
0
Rem ¼ DPPH0½ �t

DPPH0½ �of control sample

ð5Þ

where [DPPH′]of control sample and [DPPH′]t are the initial
concentration of DPPH and the DPPH concentration at
steady-state condition, respectively. The amount of remaining
DPPH at steady state was plotted against the sample
concentration to obtain.

Statistical Analysis

All experiments were conducted in triplicate, and an
analysis of variance was performed. The least significant
difference at p<0.05 was calculated using Duncan’s
Multiple Range Test to determine the significant differences
in results using Minitab software (Minitab 15; Minitab Inc.,
Minneapolis, USA). The data were expressed as mean±SD.

Results and Discussions

Effect of Operational Pressure on Concentration Rate

Figure 2 illustrates the total soluble solid (TSS) concen-
trations of pomegranate juice versus time using two
evaporation methods under different operational pressures.
These results show that the elapsed time to reach the final
concentration (42° Brix) is shorter for the samples
processed at lower operational pressures.

The changes in the soluble solid concentration of the
samples followed a first-order reaction model (Table 1,
Fig. 3). The first-order concentration rate constant (k) was
calculated by the following equation:

k ¼
ln Ct

CO

� �
t

ð6Þ

where C0 is the initial soluble solid content, and Ct is the
soluble solid content after t minutes of concentrating at a
given pressure (or temperature).

Fig. 3 Changes in juice concen-
tration during processing by
conventional (a) and microwave
(b) heating at different pressures
(12, 38.5, and 100 kPa)
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The desired level of concentration was obtained using a
conventional heating after 140, 127, and 109 min at 100, 38.5,
and 12 kPa, respectively. This result shows that the opera-
tional time can be reduced depending on governing pressure.
In the case of microwave heating, the required times were 118,
95, and 75 min, respectively, for the three operational
pressures. Similar results were found in the literature (Maskan
2006). The larger elapsed time and the smaller effect of
pressure in the case of conventional heating could be related
to the common rotary evaporator procedure used here. The
difference between the boiling point of processed samples
and the operative liquid (oil) could not be more than 20 °C;
consequently, it would induce significant differences in heat
transfer at different temperatures.

The temperature changes of juices during evaporation
are shown in Fig. 4. As can be seen, the temperature of

juices increased during concentration. This can be
explained by an increase in the soluble solid concentration

Table 2 Thermal degradation of anthocyanins using different con-
centration methods

Heating method Pressure (kPa) Rate constant (min−1) R2

Conventional 12 0.05c 0.943

38.5 0.09b 0.948

100 0. 63a 0.940

Microwave 12 002d 0.934

38.5 0.06c 0.954

100 0.09b 0.949

There is no significant difference between the numbers with the same
lowercase letters at (p<0.05)

Fig. 4 Temperature variations
of pomegranate juice during
concentration at various
pressures by conventional (a)
and microwave (b) heating
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of juices, which increases the boiling point of liquids.
However, the boiling point depends on the heating method
as the boiling points of microwave-heated products are
evidently higher than conventionally heated ones. This is
due to the superheating phenomenon that takes place during
microwave heating of some kinds of liquids such as water.

The phenomenon is more evident towards the end of the
evaporation processes when there is a higher soluble solid
concentration and lower water content. This reduces the
specific heat of the products, and the temperature of the
concentrated juice undergoes a greater change.

Effect of Pressure and Concentration Technique on Quality
Attributes

Total Anthocyanin Content

The stability of anthocyanins during thermal processing has
been well documented by several researchers (Scalzo et al.
2008; Kirka et al. 2007; Wang and Xu 2007). The

anthocyanin content of pomegranate juice was calculated
to be 0.086 g/kg (fresh weight), expressed in cyanidin-3-
glucoside. Thermal degradation of the anthocyanins from
the pomegranate juice followed first-order reaction kinetics
at 12, 38.5, and 100 kPa (Table 2 and Fig. 5), and the
degradation of the anthocyanins over the whole pressure
range is also well described using the Eq. 6. However, in
this case, C is referred to anthocyanin content.

These results are in agreement with those from previous
investigations, which reported a first-order reaction model
for the degradation of monomeric anthocyanins from the
different products (Culpepper and Caldwell 1927; Kirka et
al. 2007; Yang et al. 2008). There is an obvious difference
between the degradation rates of the anthocyanins depending
on the heating method (Table 2).

As shown in Table 2, the degradation rate of the
anthocyanins is affected by temperature, pressure, and
concentration, which is a function of process time.
Roughly, a 5% decrease in anthocyanin content occurs
during concentration, as previously reported (Wang and Xu

Fig. 5 Degradation kinetics of
the anthocyanins from the
pomegranate juice concentrated
by conventional (a) and
microwave heating (b)
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2007). Since the anthocyanin content was not reduced to
50% during this experiment, the t0.5 (the time required for
the degradation of 50% of the total anthocyanins, which is
usually used for the definition of anthocyanin loss) could
not be calculated for the samples during concentration,
except for the samples processed at atmospheric pressure
using the conventional method. The different heating
methods lead to different results for anthocyanin degradation,
as observed in Table 2. The degradation rate of anthocyanins
in a microwave is smaller than for conventional heating
method. The constants (k) of anthocyanin degradation rate in
microwave heating were calculated as 0.02, 0.06, and 0.09
(for 12, 38.5, and 100 kPa, respectively), which are smaller
compared to those obtained for conventional heating
(Table 2); these results are in agreement with those reported
by Scalzo et al. (2008).

Color Parameters

The changes in the color values (L*, a*, and b*) were
measured during thermal concentration for both the
microwave and conventional methods. There were obvious
changes in the L* and a* values, confirming the degrada-
tion of visual color components of the pomegranate juices.
The value of L* decreased in all cases during concentration,
but the final values were affected by the operational
pressure, especially in the case of conventional heating
(Fig. 6). In that case, the higher pressure leads to a longer
process time and lower L* values. Concentration of
pomegranate juices using microwave power leads to a
decrease in the L* value, but there is an obvious difference
between the samples produced using the different heating
methods. The final L* values of the samples concentrated

Fig. 6 Variation of the Hunter
color L values during concen-
tration of pomegranate juice
using conventional (a) and
microwave (b) heating
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using conventional heating were about 22, 18, and 10 for
12, 38.5, and 100 kPa, respectively. However, in the case of
microwave heating, the final values were the same, about
21 for all cases. This indicates that the color changes were
affected by other factors more than by the increase of
soluble solids. Short process time in microwave heating led
to a lower decrease in the lightness of the concentrated
samples.

Figure 7 shows the changes in the value during the
concentration process of pomegranate juices by the con-
ventional and microwave methods. At atmospheric pressure,
this parameter decreased with time for both methods. At lower
pressure, a different trend over time was observed. The a*
value increased in the initial stages due to the concentration
of pigments. At higher concentrations, the pigment degrada-
tion was dominant, and the a* value decreased. This

phenomenon was more obvious in the case of microwave
concentration. Therefore, the final a* values at lower
pressure were higher than that of fresh pomegranate juice
(Fig. 7). This indicates that microwave heating, especially at
lower pressure, could preserve the visual characteristics of
concentrated juices.

As a result of changes in the color parameters, the BI
was changed during the process. Two different behaviors
were observed: small increases in the BI were observed at
lower concentrations (TSS <30%), and then after this point,
the BI increased rapidly and reached its final value. This
indicates that a browning reaction such as Maillard or
caramelization reaction is enhanced at lower moisture
content and higher temperatures. This effect is more evident
for the conventional heating method. The final BI values
obtained by the conventional method were higher than

Fig. 7 Changes in the Hunter
color a values during concen-
tration of pomegranate juice
using conventional (a) and
microwave (b) heating

1336 Food Bioprocess Technol (2012) 5:1328–1339



those from microwave heating (Fig. 8). Figure 8 demon-
strates that the extent of color degradation increases with
soluble solid concentration. There have been some reports
of the effects of sugar and its degradation products,
including the acceleration of anthocyanin breakdown and
enhancement of nonenzymatic browning reactions during
thermal concentration (Cemeroglu et al. 1994; Suh et al.
2003; Bchir et al. 2010).

Antioxidant Activity

Antioxidant activity of concentrated samples is expressed
as EC50 values (lower values indicate more powerful
antioxidant capacity) in Fig. 9a, b. As Fig. 9 shows,
applying higher pressures led to the degradation of
antioxidant capacity of pomegranate juice for both conven-
tional and microwave heating methods. Investigation on the

effect of heating method on the degradation of antioxidant
activity showed that applying microwave instead of
conventional heating method could conserve better the
antioxidant activity of pomegranate juice. Results obtained
from different heating procedures were fitted using follow-
ing equation (Eq. 6). However, C is corresponding to
antioxidant activity.

As shown in Table 3, the antioxidant capacity of
pomegranate decreased with pressure and temperature.
The different heating methods lead to different results for
the degradation of antioxidant capacity of pomegranate
juice, as observed in Table 3. The degradation rate in a
microwave is smaller than for conventional heating method,
which is in agreement with results obtained for the
degradation of anthocyanins in this study. Similar to
anthocyanin degradation, the degradation rate of the
antioxidant capacity is affected by pressure as well as

Fig. 8 Variation of the Brown-
ing index during concentration
of pomegranate juice using
conventional (a) and microwave
(b) heating
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heating method, which is a function of process time.
Increasing the pressure of process from 12 to 100 kPa

increased the degradation rate by 41% when conventional
method was applied. However, this phenomenon is more
conspicuous in the case of microwave heating. The rise of
pressure from 12 to 100 kPa caused an increase in the
degradation rate of antioxidant activity about 60%.

Conclusion

The effect of microwave and conventional rotary heating on
evaporation rate, optical properties, anthocyanin content,
and antioxidant activity of pomegranate juice was investi-
gated. Results showed that the required time to obtain a
designed concentration was affected by operational pressure
as well as heating method. The lowest time was obtained
when microwave heating at low pressure was applied. The

Table 3 Thermal degradation of antioxidant capacity using different
concentration methods

Heating method Pressure (kPa) Rate constant (h−1) R2

Conventional 12 0.0988c 0.951

38.5 0.1100b 0.942

100 0.1700a 0.940

Microwave 12 0.0223ef 0.908

38.5 0.0346e 0.954

100 0.0568d 0.975

There is no significant difference between the numbers with the same
lowercase letters at (p<0.05)

Fig. 9 Comparison of the EC50

(milliliter of samples per gram
of DPPH) values in milligrams
of sample per milliliter of
methanol (lower values indicate
more powerful antioxidant
capacity) for different
concentration methods
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obtained results showed that the anthocyanin content was
increased when lower operational pressures (or lower
temperatures) and microwave heating were used. Antioxidant
capacity of the samples was ruled by anthocyanin content, so
a similar behavior was observed when different pressures and
heating techniques were applied. Results also showed that the
degradation rate of anthocyanin (and consequently antioxi-
dant capacity) of juice was more dependent on process time
than temperature (or pressure). The more rapid the process,
the better preserved antioxidant capacity. Investigation of the
visual parameters of the samples showed that the lightness
was decreased in all cases, but this effect was more obvious
in conventional heating. On the other hand, the redness of
the samples was well preserved under microwave heating
and lower operational pressure. The BI of the samples was
increased during all treatments, but applying conventional
heating increased the BI more rapidly due to the eventual
browning reactions and solid concentration during process.
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