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Abstract
Two environmentally friendly innovative extraction techniques - subcritical water (SWE) and microwave-assisted extraction
(MAE) were applied for the extraction of phenolics from pomegranate peel. The impact of process conditions (SWE: temperature
100–220 °C, extraction time 5–30min;MAE: solvent water and 50% ethanol, irradiation power 470 and 800W) on the quality of
extracts in terms of the content of total phenolics, total flavonoids, major phenolic constituents (gallic acid, ellagic acid, punicalin,
punicalagin), as well as 5-hydroxymethylfurfural(HMF) amount was investigated. For SWE, temperature of 130 °C and 20 min
extraction time were found optimal for obtaining high content of bioactive compounds and minimizing the yield of HMF. During
MAE, phenolic compounds were effectively extracted by using lower microwave power and 50% ethanol. Comparing two
techniques, MAE is more efficient than SWE for the extraction of phenolics from pomegranate peel while obtaining a HMF-free
extracts.
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Introduction

Pomegranate fruit (Punica granatum L., Punicaceae) has been
used in the traditional medicine of many cultures, in particular
in the Middle East andMediterranean. Pomegranate fruit peel,
commonly treated as the waste of the food industry is now
considered as a valuable source of bioactive compounds [1,
2]. It is characterized by the presence of considerable levels of
bioactive phenolics such as ellagitannins and gallotannins,

proanthocyanidins, anthocyanins, phenolic acids, and flavo-
noids [1, 3, 4]. The intake of these compounds is associated
with reduced risks of chronic diseases such as cancer, cardio-
vascular diseases, and diabetes due to their high antioxidant
activity [5]. It has been reported that the content of antioxidant
compounds in pomegranate peel was higher than the content
in seeds and pulp. Among polyphenols present in pomegran-
ate, special attention is put on peculiar metabolites
punicalagin, punicalin, and granatin B for which high antiox-
idant activity has been reported [1]. Pomegranate peel also
contains complex polysaccharides, mainly pectin, cellulose,
and hemicellulose [6, 7].

Selection of compatible extraction technique and setup of
optimal extraction parameters are the key factors for the ex-
traction and recovery of valuable bioactive metabolites and
production of high-quality extracts. Although conventional
solid-liquid extraction is commonly used for the production
of extracts from medicinal plants, it has been recently over-
come by the application of modern extraction techniques, i.e.,
ultrasonic-assisted (UAE), microwave-assisted (MAE), pres-
surized liquid extraction, or extraction with green solvents
such as aqueous solutions of cyclodextrins [8, 9]. As a type
of pressurized fluid extraction technique, subcritical water
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extraction (SWE) has been widely used for the isolation of
different polar to low-polar compounds such as phenolic com-
pounds, flavonoids, anthocyanins, and essential oils [8, 10].
Water is extremely polar solvent at ambient conditions and it
is not suitable for the extraction of non-polar or moderately
polar compounds. This problem can be overcome by increas-
ing temperature and pressure, causing decrease of dielectric
constant which makes water more suitable for the extraction
of such compounds. SWE is carried out using water in sub-
critical state above boiling temperature, but below critical tem-
perature (100–374.15 °C), and at the pressure high enough
(below 22 MPa) to keep it in the liquid state. Moreover, sub-
critical water is characterized by lower viscosity but higher
diffusivity, enabling better diffusion into plant matrix and re-
lease of metabolites to liquid phase [11]. By applying different
temperature and pressure, physical properties of water are
changed, leading to different extraction selectivity toward var-
ious classes of metabolites. Extraction time of SWE technol-
ogy is much shorter in comparison with classical extraction
techniques, maintaining extract of high quality with lower
number of operation units and higher work safety due to usage
of non-toxic solvent, i.e., water.

Onemore technology that fits in the concept of modern, fast,
reproducible, and clean process technologies is the microwave-
assisted extraction (MAE). MAE has proven to be an efficient
method for extraction of polyphenols because of its advantages
such as short extraction time, suitability for thermolabile com-
pounds, and lower solvent consumption. Another advantage of
applying microwave energy is non-contact heat source, faster
energy transfer, reduced thermal gradients, selective heating,
faster response to process heating control, and faster startup
which altogether impacts the increase in production [12].
During MAE, the sample material becomes heated because of
localized interaction with microwaves which further leads to a
higher diffusion of polyphenols out of the plant matrix and into
the solvent. Therefore, both the extraction time and microwave
power are significant factors [13, 14].

However, there are some drawbacks in the application of
these extraction technologies.Major factors that are critical for
their efficiency are the polarity of solvent and analytes of
interest, and the extraction temperature [10, 15]. The use of
high temperatures may affect heat sensitive compounds, such
as polyphenols, causing their degradation. Furthermore, ther-
mal processing may also induce chemical changes and forma-
t ion of contaminants in foodstuff . 5-hydroxy-2-
methylfurfural(HMF) is example of undesirable compound
that is generated during heating process or long-term storage
[16, 17]. HMF is not naturally present in fresh or untreated
foods, but is formed from dehydration of monosaccharides
when carbohydrate-rich foods are subjected to heat treatment.
The concentration of HMF depends on the applied tempera-
ture and the type of sugar. It has been shown that fructose
generates higher rates of HMF than glucose or mannose, and

concentration of produced HMF increased with the rise of
temperature [18]. In addition to that HMF is an indicator of
the food freshness, there are also reports of its carcinogenic
activity in rats and mice [17]. However, toxicological rele-
vance on human health is not clearly documented. It is more
likely that HMF show indirect toxic effect through its easily
conversion to sulfoxymethylfurfural (SMF), compound which
has been reported to exhibit direct mutagenicity [19].
Therefore, it is important to evaluate the presence of HMF
compound from a food safety perspective. No article related
to the HPLC determination of this compound in pomegranate
peel have been published previously.

The aim of the present study was to investigate the effect of
SWE andMAE on the extraction of polyphenols and the HMF
formation in pomegranate peel. By varying different extrac-
tion parameters, the impact of these extraction technologies on
the content of punicalin, punicalagin, ellagic and gallic acids,
total phenolics and total flavonoids, as well as HMF was
evaluated.

Materials and Methods

The detailed “Material and Methods” is presented as a
Supplementary Material file.

Results and Discussion

Subcritical water extraction (SWE)

The contents of total phenolics (TP), total flavonoids (TF),
and extraction yield (EY) in pomegranate peel extracts obtain-
ed by SWE at different temperatures (100, 130, 160, 190, and
220 °C) and two extraction times (10 and 20 min) are present-
ed in Table 1. Total phenolics content in different extracts
ranged from 4.69 to 14.16 g GAE/100 g DW. A significant
rise in the content of phenolics was noted with the increase in
temperature from 100 to 160 °C, and 160 °C at 10 min being
the point at which the highest content of TP was obtained.
With further increase in temperature the content of phenolics
decreased, and the extract obtained at the highest temperature
of 220 °C had a three times lower content of phenolics in
comparison with the highest one. The same pattern was no-
ticed for TF, their content increase with the temperature,
reaching maximum (2.13 g CE/100 g) also at 160 °C. The
increase of total phenolics and flavonoids content was caused
by the increased solubility of these compounds in subcritical
water due to the increase in temperature. Water at room tem-
perature has a relatively high dielectric constant, however, at
high temperatures it decreases and thus increases water’s ex-
traction power. Moreover, high temperature favors the mass-
transfer kinetics by disrupting the analyte-matrix interaction,
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especially by hydrogen bonding and dipole-dipole forces,
thereby facilitating initial desorption of the analytes from the
sample matrix. Also, it accelerates diffusivity and alters solu-
bility [20]. However, higher temperatures, in this case higher
than 160 °C, lead to degradation of phenolics. Our results are
in accordancewith previous report where temperature affected
the content of TP and TF in a way that the two contents
increased with the increase in temperature up to 130 °C, and
after this temperature point they rapidly decreased [21].

Extraction time also affected TP and TF, but with no sta-
tistically significant effect. At lower temperatures, longer time
(20 min) gave extracts with higher TP and TF content com-
pared with shorter time (10 min). However, at temperature of
160 °C and higher, prolonged time of extraction decreased the
level of observed responses and the lowest yields were obtain-
ed at temperature of 220 °C and 20 min time. Similar trend
was recorded in previous reports, where longer period of time
(after 20 min) was not favorable for the extraction of TP and
TF [21, 22]. With a combined influence of extended exposure
(20 min) of the material to high temperatures, the most effec-
tive temperature for extraction of total phenolics and flavo-
noids decreases. Therefore, the temperature at which the
highest content of these compounds achieved during 20 min
of extraction time was 130 °C, while the further increase in
temperature decreases the content of phenols in extracts.

The values of TP and TF in our study were lower compared
with those published by Yan et al. [21], whereas the content of
TF was higher than those obtained in the study of Çam and
Hışıl [22]. The difference in polyphenols content might be
caused by the origin of the raw material, the way it was stored
and processed. Particle size is another factor that may influ-
ence the extraction efficiency. Extraction from smaller parti-
cles is more efficient than the extraction from larger particles
due to increased contact surface and shorter diffusion path
[22]. In the study from Yan et al. [21], they used raw material
that was grounded to 250 μm size, which was smaller than
particles used in our study (750–2000 μm).

Observing the situation from the economic point of view,
the influence of temperature on the extraction yield is desir-
able because lower temperatures provide higher extraction
yields. Using 100 °C temperature for 10 min resulted in the
highest extraction yield of 47.48%, followed by yields obtain-
ed at 160 and 130 °C (40.98 and 40.55%, respectively) with
no statistical difference between them. The lowest extraction
yield takes place at temperature of 220 °C, as it was shown for
TP and TF content.

The results of the effect of temperature and time on the
amounts of individual compounds are shown in Table 1, and
representative HPLC chromatogram is presented in Fig. 1A.
The results indicated that lower temperatures (100 and
130 °C) favor higher yield of punicalin and punicalagin, while
gallic and ellagic acid contents reached maximum values at
160 and 130 °C, respectively. At temperature of 190 °C, theTa
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concentrations of gallic acid, ellagic acid and punicalin sharp-
ly decreased, whereas punicalagin was not detected already at
160 °C. Furthermore, time also affected the contents of ob-
served compounds at higher temperatures. Longer exposure
time negatively affected the yields of gallic acid and punicalin
at temperature of 190 °C, and punicalagin at 160 °C. It has
been previously shown that the contents of ellagic acid,
punicalin and punicalagin increased with temperature up to
130 °C, after which their yields decreased [21]. Regarding
HMF, its content increased slowly as the temperature

increased from 100 to 130 °C, after which increased rapidly
reaching the highest level at 220 °C. As the temperature rose
from 100 to 130 °C, HMF concentration increased 1.4 times
whereas its content at 220 °C was up to 16-fold higher than at
100 °C. Time also influenced the rate of HMF formation, but
this effect was not statistically significant. Higher amounts
were detected with extended heating time at all temperatures
up to 220 °C, after which it decreased from 10 to 20 min time.

HPLC analysis of HMF in pomegranate peel processed
under subcritical water extraction has not been studied so

Fig. 1 HPLC profiles (λ = 260 nm) of pomegranate peel extracts. (A) extract obtained by subcritical water extraction, (B) extract obtained by
microwave-assisted extraction. Peaks: (1) gallic acid, (2) punicalin, (3) punicalagin (α + β), (4) ellagic acid, (5) 5-hydroxymethylfurfural
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far. However, our results are in agreement with previous find-
ings for other foodstuffs. Kanmaz [23] reported noticeable rise
of HMF in lemon peel when temperature increased from 50 to
180 °C. It has been also shown that higher temperatures (150–
210 °C) led to higher level of HMF in coffee silverskin and
pistachio hulls [24, 25]. According to the results obtained in
our study as well in the cited reports, it seems that tempera-
tures of 180–190 °C were critical for significant HMF in-
crease. Formation of HMF at high temperatures might be
due to sugar decomposition. Lignocellulose (cellulose, hemi-
cellulose and lignin), pectin, and soluble sugars (glucose,
arabinose, xylose, galactose, mannose and rhamnose) are the
constituents of pomegranate peels, and their content vary with
cultivars and extraction conditions [6, 7, 26, 27]. During ther-
mal processing, cellulose and hemicellulose were hydrolysed
to monomer units which were then converted to HMF. The
increase of HMF at high extraction temperature could be ex-
plained by decomposition of these hexoses liberated from
hemicellulose and cellulose.

In general, conditions of subcritical water extraction of
pomegranate peel should be selected and optimized in order
to produce high quality products. Taking into account the
overall results, temperature of 130 °C and 20 min time were
found optimal in terms of obtaining high yield of bioactive
compounds and minimizing the yield of HMF.

Microwave-Assisted Extraction (MAE)

The effects of solvent type andmicrowave power on the EY, TP,
TF and individual compounds in pomegranate peels were eval-
uated, and the results are shown in Table 2. The highest contents
of all observed components were obtained when 50% ethanol
was used, and for TP, TF, EY and punicalagin this effect was
statistically significant. Our observations are in alignment with
previously published studies for the MAE of pomegranate peel,
where 50 and 60% aqueous ethanol were found optimal for the
extraction of TP and TF, respectively, and further increase in
ethanol percentage decreased their yield [28, 29]. It has been also
shown that phenolic compounds from blueberry powder, choke-
berries, and sea buckthornwere effectively extracted underMAE
with 50% ethanol [30–32]. The choice of solvent represents a

very important parameter that impacts the efficacy of the micro-
wave extraction. Selectivity towards the analyte and dielectric
properties of the solvent are significant factors for obtaining ex-
tracts with high quality. Water has high dielectric constant,
followed by methanol and ethanol, which makes them good
absorbers of microwave energy. On the other hand, methanol
and ethanol have higher dielectric loss than water. This further
implies that these organic solvents convert electromagnetic ener-
gy into heat more effectively than water. Therefore, combined
solvents with high dielectric constant (e.g., water) and high dis-
sipation factor (e.g., ethanol) shows synergistic effect which lead
to better extraction efficiency of phenolic compounds.

In the case of power level, lower irradiation power
(470 W) had a more positive effect on the quality of ex-
tracts, only TF and ellagic acid contents were higher at
increased power (800 W)(Table 2). This is in accordance
with the study of Zheng et al. [33] who found that TP
content in pomegranate peel increased with increasing
the power from 150 to 600 W, after which declined at
750 W. Kaderides et al. [29] also reported that extraction
rate of TP was highest by applying 600 W microwave
power. In general, the yield of polyphenol compounds in-
creases with an increase of microwave power. At higher
power the solution is heated, promoting the transfer of
polyphenols from cell to extraction system. However, ex-
posure to higher power with prolonged time can cause
overheating of the plant samples and loss of thermally
sensitive components. In that sense, it is important to
choose the right power to avoid such effects. The optimal
microwave power depends of the properties of phenolic
compounds present in plant matrix. For phenolics from
pomegranate peel as well as from mango leaves and
chokeberries [29, 32–34], lower microwave power was
found suitable for their extraction. Moreover, taking ener-
gy costs into consideration, using lower energy for the
process is desirable.

Fig. 1B shows HPLC chromatogram of pomegranate peel
extract obtained by microwave-assisted extraction. It should
be noted that HMF was not detected in any of analyzed sam-
ple, which is another advantage of applying this type of
extraction.

Table 2 Extraction yield (EY), and the content of total phenolics (TP), total flavonoids (TF) and major phenolic compounds in extracts obtained by
microwave-assisted extraction at different power and extraction solvents

Irradiation
power (W)

Solvent EY(%) TP (g GAE/100 g) TF (g
CE/100 g)

Gallic acid
(mg/100 g)

Ellagic acid
(mg/100 g)

Punicalin
(mg/100 g)

Punicalagin
(mg/100 g)

800 Water 39.19 ± 0.30 b 13.34 ± 0.20 c 2.91 ± 0.08 b 39.47 ± 3.14 b 88.33 ± 6.67 ab 710.95 ± 28.80 a 165.48 ± 5.01 c

50% Ethanol 39.02 ± 1.15 b 19.60 ± 0.31 a 3.34 ± 0.04 a 41.34 ± 3.29 b 96.69 ± 7.31 a 708.18 ± 28.68 a 189.07 ± 5.73 b

470 Water 39.26 ± 0.50 b 17.11 ± 0.26 b 2.89 ± 0.05 b 53.05 ± 4.22 a 72.00 ± 5.44 b 686.17 ± 27.79 a 173.31 ± 5.25 c

50% Ethanol 41.31 ± 0.19 a 20.61 ± 0.65 a 3.29 ± 0.05 a 53.54 ± 4.26 a 91.82 ± 6.94 a 747.89 ± 30.29 a 218.32 ± 6.61 a

Means followed by different letters differ significantly at P < 0.05; data are presented as means ± SD, n = 3
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Comparison between SWE and MAE

Both SWE and MAE fit in the concept of green extractions
which overcome the shortcomings of classical extractions.
The two techniques are fast, convenient, ensure low solvent
consumption, and apart from filtration, do not require addi-
tional purification of extracts. Water and ethanol are solvents
recommended by the US Food and Drug Administration as
eco-friendly and non-toxic food grade solvents [35].
However, the nature of the plant material and compounds of
interest significantly affect the choice and adequacy of the
technology. Principal component analysis (PCA) was applied
to identify potential clasterizations of extraction techniques
and separate them according to the polyphenols content and
extraction yield. PCA is graphically presented by PC1 and
PC2, which together explaining nearly 90% of total variance
(Fig. 2). All MAE loadings were negatively related with PC1
and positively related to PC2, while majority of SWE loadings
were indifferent to PC1 and slightly negatively related to PC2.
It is obvious that cluster of MAE favor accumulation of TP,
TF, ellagic acid, and punicalagin in the final extract. On the
other hand, centralized cluster of SWE extraction is closely
correlated with gallic acid, punicalin, and extraction yield. The
PCA also indicated that distant SWE loadings (6–10) were
extremely poor in observed determinants, showing that tem-
perature above 160 °C was not favorable for their extraction.

In general, considering the quality of extracts it is evident
that MAE is more efficient technique for the extraction of
phenolics from pomegranate peel, at the same time obtaining
a HMF-free extracts. In MAE, the herbal material becomes
heated as a result of a localized interaction with microwaves,
which further leads to an increased diffusion of polyphenolic
compounds from the herbal material to the surrounding sol-
vent. It was recorded that higher irradiation power causes low-
er efficacy of the extraction of polyphenols probably due to
the degradation of thermolabile components. This also repre-
sents a potential explanation for the better efficiency of MAE
compared to SWE considering that the temperatures used in
SWE are the possible cause of thermal degradation resulting
in a lower extraction rate of polyphenols. Furthermore, having
in mind that the SWE equipment is more sophisticated and
applies very high temperatures, it can be concluded that, apart
from the positive influence on the quality of extracts, MAE is
also more suitable in terms of process safety and cost.

Conclusion

In this study, different process parameters of green extraction
methods, microwave-assisted extraction and subcritical water
extraction, were investigated in order to determine the most
adequate ones which provide high quality of pomegranate

Fig. 2 Principal component
analysis of bioactive constituents
of extracts obtained by using
different extraction techniques
and conditions (1: SWE 100 °C,
10 min; 2: SWE 100 °C, 20 min;
3: SWE 130 °C, 10 min; 4: SWE
130 °C, 20 min; 5: SWE 160 °C,
10 min; 6: SWE 160 °C, 20 min;
7: SWE 190 °C, 10 min; 8: SWE
190 °C, 20 min; 9: SWE 220 °C,
10 min; 10: SWE 220 °C, 20 min;
11: MWE 800 W, water; 12:
MWE 800 W, 50% ethanol; 13:
MWE 470 W, water; 14: MWE
470 W, 50% ethanol). SWE -
subcritical water extraction;
MWE - microwave-assisted ex-
traction; TP – total phenolics; TF
– total flavonoids; EY – extrac-
tion yield; PC- punicalin; PCG –
punicalagin; GAL – gallic acid;
EA – ellagic acid
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peel extracts and maximal exploitation of the raw material
without the negative impact on the environment. It was con-
cluded that lower temperatures of subcritical water extraction
are more convenient for the valorization of pomegranate peel
because they provide a higher content of phenols and mini-
mize the presence of HMF. However, microwave-assisted ex-
traction proved to be the more suitable method in terms of
quality and product safety – high content of polyphenols with-
out the presence of HMF, as well as significant reduction of
costs of the process and equipment. The results of the study
provide a significant contribution to the concept of circular
economy considering that they suggest sustainable solutions
which include reduction of food waste/by-products, exploita-
tion of pomegranate peel through efficient separation of nutri-
ents, and at the same time, maximal exploitation of natural
resources.
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