PROCESS DEVELOPMENT FOR ANTIOXIDANT
EXTRACTION FROM WET POMEGRANATE PEEL
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HIGHLIGHTS

o A novel process for antioxidant extraction from wet pomegranate peel (WPP) was developed using water as solvent.
Effects of extraction parameters on extract yield, quality, composition, and color were quantified.

Extraction from WPP achieved 10% higher extract yield compared with dried peel.

The WPP extraction process is more energy-efficient than extraction from dried peel.

ABSTRACT. Pomegranate peel (PP) is underused as animal feed or discarded in landfills, causing environmental pollution,
even though it has a unique polyphenol profile with health-promoting properties. Past research has focused on the potential
utilization of dried pomegranate peel (DPP), involving extended processing time, energy usage, and potential quality loss.
The objective of this study was to develop a process to extract water-soluble antioxidants from wet pomegranate peel (WPP)
and compare its antioxidant attributes with that of DPP. The WPP was sliced and ground into two sizes, and phenolics were
extracted in water at different temperatures (20°C, 30°C, 40°C, 50°C, and 60°C), solvent (water) ratios (1:1, 2:1, 4:1, 6:1,
and 8:1), and extraction times (2, 3, 4, 5, and 6 min). WPP extraction was compared with DPP extraction using hot air (HA,
40°C) and infrared radiation (IR, 60°C). The total phenolic yield (TPY) from WPP ranged from 10.37% to 12.80%, and the
extraction rate increased significantly with increasing extraction time, temperature, and solvent ratio. DPPH scavenging
activity (DSA), an important indicator of antioxidant activity, was in the range of 5.366 to 6.591 g g”' and decreased only
with the increase in temperature. Extraction using WPP particles resulted in 10% more extract yield and 2.5% more TPY
compared to DPP powders with similar DSA. This study demonstrated that WPP could be used for the extraction of phenolic

compounds with high antioxidant activity and without energy-intensive drying.

Keywords. Infrared drying, Peel composition, Polyphenol, Principal component analysis, Wet pomegranate peel.

omegranate (Punica granatum L.) belongs to the
family Punicaceae. It has been grown since ancient
times for its delicious fruit and as an ornamental
plant for its red, orange, or occasionally creamy yel-
low flowers. The estimated global cultivation area for pom-
egranate is about 300,000 ha, with fruit production of 3.0
million metric tons (Kahramanoglu and Usanmaz, 2016).
Spanish missionaries brought pomegranate to the Americas
in the 1500s (LaRue, 1977; Pareek et al., 2015). Wonderful,
a primary cultivar in the U.S., was discovered in Florida and
brought to California in 1896. Since then, pomegranate has
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been grown abundantly in California and Arizona, where
mild winters enable the fruits to reach the quality necessary
for successful commercial production. In 2015, about
282,000 tons of pomegranate fruit were grown in California,
with an economic value of $115.4 million (CDFA, 2014).
Research has shown that pomegranate fruit might be ben-
eficial for its antioxidant, anti-mutagenic, and anti-hyperten-
sion activities and its ability to reduce liver injury (Al-Jaral-
lah et al., 2013; Dhinesh and Ramasamy, 2016; Du et al.,
1975; Gil et al., 1996; Lansky et al., 2000; Tsuda et al.,
1994). 1t has also been studied for therapeutic purposes to
alleviate ailments such as colic, colitis-diarrhea, dysentery,
leucorrhea, paralysis, and headache (Sadeghi et al., 2009;
Schubert et al., 1999). Pomegranates are considered benefi-
cial for curing chronic stomach ailments and are also known
for their anti-inflammatory and anti-atherosclerotic activities
against osteoarthritis, prostate cancer, heart disease, and
HIV-I (Malik et al., 2005; Sumner et al., 2005).
Pomegranate juice processing generates two solid by-
products: pomegranate peel (PP) and pomegranate seed
(PS). Teh (2016) studied the physicochemical characteristics
of PP and PS from five pomegranate cultivars (Wonderful,
Molla Nepes, Parfianka, Purple Heart, and Vkusnyi) grown
in California and determined the components of dried PP and
PS through proximate analysis. The peel portion consisted
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0f 38.77% to 53.01% carbohydrate as the principal constitu-
ent, making up 91% of PP, followed by 3.5% protein, 1.7%
fat, and 3.7% ash or minerals. The PS contained higher pro-
portions of protein and fat and included 60% to 72% carbo-
hydrate, 11% to 17% protein, 15% to 21% fat, and 2% to 3%
minerals. PP is non-edible and comprised mainly of bioac-
tive compounds, such as hydrolyzable tannins (peduncula-
gin, punicalin, punicalagin, and ellagic and gallic acids) at
concentrations ranging from 27 to 172 g kg! (Fischer et al.,
2011), flavonoids (catechins, anthocyanins, and other com-
plex flavonoids), and complex polysaccharides (Ismail et al.,
2014). Therefore, PP is an excellent source of phenolic com-
pounds, tannins, flavonoids, sterols, fatty acids, dietary fiber,
minerals, and vitamins. Pomegranate byproducts have been
used for the production of single-cell proteins, industrial en-
zymes, and lovastatin with diversified market potential and
several economic and waste management benefits. PP ex-
tracts have been used in the fortification of food commodi-
ties and functional novel products and contribute to in-
creased health benefits and improved quality, as well as ex-
tended shelf-life (Charalampia and Koutelidakis, 2017).
However, the peel generated from juice processing is often
underused as animal feed or discarded, resulting in solid
waste pollution (Shabtay et al., 2008). Creating value-added
products from the byproducts of pomegranate processing
would be an outstanding solution to reduce solid waste and
increase the value of pomegranates.

High molecular weight polyphenols are the major high-
value phytochemicals in pomegranate peel. They have
demonstrated the likelihood of reducing risks of chronic dis-
eases (Heber, 2011), including type-2 diabetes (Banihani et
al.,2013) and cardiovascular diseases (Hamoud et al., 2014).
Among all the polyphenols in pomegranate peel, gallic acid,
ellagic acid, and punicalagin are most likely responsible for
these health benefits (Aviram et al., 2008; Pai et al., 2011).
Punicalagin has also demonstrated significant in vitro anti-
oxidant activities (Fischer et al., 2011) with abundant hy-
droxyl groups, which can trap peroxyl radicals to reduce ox-
idation. Therefore, it is of great interest to extract puni-
calagin, ellagic acid, and gallic acid for nutrient fortification
and other applications. Extraction is a mass transfer process
influenced by the matrix properties of the plant part as well
as the solvent, temperature, and time (Hernandez et al.,
2009). The particle size and solvent type play an essential
role in extraction. Particle size reduction results in higher
mass transfer efficiency and product yield, as smaller parti-
cles have a higher surface-to-volume ratio and less internal
path (Adapa et al., 2011). The solvent type impacts extrac-
tion through different polarities and affinity to the com-
pounds of interest (Alothman et al., 2009). However, better
understanding is needed of the effects of extraction condi-
tions on antioxidant yield and antioxidant activity.

Most previous research on the extraction of bioactive
compounds used organic solvents to improve the extraction
rate. However, inappropriate use or recycling of organic sol-
vents in food applications can cause pollution and raise
safety concerns. Green extraction of natural products, focus-
ing on modified extraction processes with reduced energy
consumption, alternative solvents, and renewable natural
products, is in demand (Armenta et al., 2015). Water is a

universal solvent that is generally recognized as safe
(GRAS). Therefore, deionized (DI) water was applied for
extraction in this study.

Nearly all extraction studies of plant-based bioactive
compounds have used dried material for extended research
time (Azmir et al., 2013). However, drying increases the en-
ergy and time consumption, in addition to the excessive
preparation requirements. Therefore, a novel extraction pro-
cess using fresh wet pomegranate peel (WPP) was studied in
this research.

In summary, this work aimed to investigate the effects of
extraction conditions on the isolation of bioactive com-
pounds and compare the extraction rates of wet and dry pom-
egranate peel particles. The optimal extraction parameters
were determined based on the antioxidant yield and activity
to provide more insight for industrial-scale production.

MATERIALS AND METHODS
RAW POMACE AND CHEMICALS

Pomegranate pomace of Wonderful variety was collected
from SunnyGem LLC (Buttonwillow, Cal.). The wet pom-
ace was stored at -18°C and thawed to room temperature be-
fore use. The chemicals used in the experiments, including
Folin-Ciocalteu reagent, analytical standards of tannic, gal-
lic, and ellagic acids, and 2,2-diphenyl-1-picrylhydrazyl
(DPPH), were purchased from Sigma-Aldrich (St. Louis,
Mo.). Methanol, HPLC-grade o-phosphoric acid (85), and
analytical-grade sodium hydroxide and sodium carbonate
were obtained from Fisher Scientific (Pittsburgh, Pa.). A
mixture of punicalagin o and punicalagin 8 (51.54% o and
48.46% P) was purchased from ChromaDex Co. (Irvine,
Cal.).

PREPARATION OF PEEL PARTICLES

Pomegranate juice had been extracted by carving the
peels and separating the peels from the arils. Therefore, the
collected pomace contained about 96% (wt/wt, d.b.) peels
and 4% (wt/wt, d.b.) seeds. Because the percentage of seeds
in the pomace was negligible, further separation of seeds was
not performed. The WPP was sliced into small pieces of less
than 5 mm using a continuous-feed food processor (Hobart,
Troy, Ohio). The sliced peel pieces were then ground into
two groups of fine particles in a Comitrol processor (model
3600, Urschel Laboratories, Chesterton, Ind.) using 0.024
and 0.012 in. (~0.60 and 0.38 mm) cutting heads. The mois-
ture contents of the two groups were determined by drying
about 10 g of particles at 105°C in a hot-air oven until a con-
stant weight was obtained (APHA, 1998).

To compare the polyphenol extraction yield and antioxi-
dant activity of polyphenols produced from WPP and DPP,
the WPP samples were dried using infrared radiation (IR)
and hot air (HA). IR drying was performed by heating a sin-
gle layer of peels at a surface temperature of 60°C, and HA
drying was performed using hot air at 40°C until the mois-
ture content was less than 10% (wt/wt, d.b.). DPP samples
produced by IR and HA drying were milled in a sample mill
(Stein M-2, Hoffman Manufacturing, Corvallis, Ore.) to less
than 0.38 mm size for polyphenol extraction.
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COMPOSITION OF WET AND DRIED PEEL

Analytical measurements were used to determine the
compositions of WPP and DPP. Ash content was measured
by gravimetric method by heating to 550°C (AOAC Method
942.05, AOAC, 1990). Crude fat was determined based on
Randall modification of the standard Soxhlet extraction
method (AOAC Method 2003.05, AOAC, 1990). Total pro-
tein content was quantified by nitrogen conversion using
AOAC Method 990.03 (AOAC, 1990). Carbohydrate con-
tent was calculated by difference using equation 1:

Carbohydrate = dry matter — (protein + fat +ash) (1)

Total dietary fiber and soluble and insoluble fiber were
quantified using AOAC Method 991.43 (AOAC, 1990). Re-
sults were reported on a 100% dry basis of individual dry
matter according to NFTA 2.2.2.5 (Shreve et al., 2006).

EFFECTS OF EXTRACTION PARAMETERS

Experiments were conducted using WPP particles of both
sizes to determine the effects of single factors, including par-
ticle size, solvent ratio, extraction temperature, and extrac-
tion time, on the extraction of polyphenols. To study the ef-
fect of extraction time, 5 g of WPP was mixed with 40 mL
of DI water and extracted at 20°C for 2, 3, 4, 5, and 6 min
with a stirring speed of 1200 rpm. The effect of solvent ratio
was investigated by extracting 5 g of WPP powder with 5,
10, 20, 30, and 40 mL of DI water for 6 min at 20°C. The
effect of temperature was tested by adding 5 g of WPP pow-
der to 40 mL of DI water and extracting for 6 min at temper-
atures of 20°C, 30°C, 40°C, 50°C, and 60°C. All extractions
were conducted in triplicate using a Corning hot plate stirrer
(Corning, N.Y.) properly shielded from light to avoid light-
induced quality loss. After extraction, the extract mixture
was separated by centrifugation at 4400xg at 4°C for 15 min
(Centrifuge 5804R, Eppendorf, Hamburg, Germany). The
liquid extract (supernatant) was collected for determination
of physicochemical qualities.

ANALYSIS ASSAY
Determination of Phenolic Yield and Content

Total extract yield (TEY) was determined by drying 5 mL
of liquid extract at 60°C under 20 kPa in a vacuum oven
(Lindberg/Blue M VO1218C, Thermo Scientific, Columbia,
Md.) and was expressed as g dry extract g”! DPP. According
to the Folin-Ciocalteu method (Li et al., 2006), total phenolic
yield (TPY) in the extract was expressed as g tannic acid
equivalent g™ dry peel, while total phenolic content (TPC)
was expressed as g tannic acid equivalent g! dry extract. To
quantify the tannic acid equivalent, a 0.6 mL extract sample
was mixed thoroughly with 2.5 mL of 10-fold diluted Folin-
Ciocalteu reagent and 2 mL of 7.5% (wt/wt) Na,COj3 using
a vortex mixer (Vortex-Genie 2, Scientific Industries, Bohe-
mia, N.Y.). After 30 min of 25°C incubation of the mixed
solution, the absorbance was measured at 760 nm using a
UV spectrophotometer (UV-3600 Plus UV-Vis-NIR spec-
trophotometer, Shimadzu Scientific, Columbia, Md.). For
each liquid extract, the tests were conducted in triplicate, and
the absorbance was read three times for each sample. A ref-
erence blank was prepared using the aforementioned proce-
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dure with DI water rather than liquid extract. TEY, TPY, and
TPC were calculated using equations 2, 3, and 4, respec-
tively:

TEY (%) = " 100 )
100/,

TPY (%) = V100 (3)
100%;

TPC (%) = V100 4)
10007,

where
W = dry weight of sample (g)
W, = dry weight of extract (g)
C = phenolic concentration (g mL™)
V' = total volume of liquid extract (mL).

Determination of Antioxidant Activity

Antioxidant activity of the extract was determined as
DPPH scavenging activity (DSA, g DPPH equivalent g'!) us-
ing equation 5 (Qu et al., 2014a):

th |:Cc _(Cs _Cb ):|
GV

DSA =

(6))

where

C. = DPPH conc. equivalent in control solution (g L)

C, = DPPH conc. equivalent in sample solution (g L)

C, = DPPH conc. equivalent in blank solution (g L")

n = dilution factor of liquid extract.

Liquid extract (60 puL) or DI water (control group) was
mixed thoroughly with 3 mL of DPPH solution in methanol
(0.05 g L") using a vortex mixer and kept in a 25°C water
bath for 20 min. Liquid extract (60 pL) was also mixed with
3 mL of methanol and used as a blank solution. Absorbance
at 517 nm was noted. Three measurements were conducted
for each liquid sample, and each test was replicated three
times.

PHENOLIC COMPOSITION OF WET PEEL EXTRACT

The phenolic composition of wet peel extract was deter-
mined using a Prominence HPLC system with a photodiode
array detector (PAD) (Shimadzu Scientific, Columbia, Md.).
Chromatography was achieved using a 4.6 x 100 mm
Kinetex 2.6 Im C-18 column (Phenomenex, Torrance, Cal.)
equipped with a KrudKatcher Ultra in-line column filter. In-
strument control and data acquisition were accomplished us-
ing Shimadzu LCsolution software. The HPLC method de-
veloped by Qu et al. (2012) was used with slight modifica-
tion. Two mobile phases, including 0.1% (v/v) H3PO4 in
HPLC water (A) and 0.1% (v/v) H3POy in acetonitrile (B),
were filtered through Whatman 0.45 um nylon membrane.
The analysis was conducted at a constant temperature of
30°C using a flow rate of 1.8 mL min™ and a sample injec-
tion volume of 10 pL. Detector wavelengths of 270 nm for
gallic acid, 254 nm for ellagic acid, and 378 nm for puni-
calagin o and 3 were used. The PAD detector was set to scan
from 210 to 600 nm. The elution conditions were as follows:



isocratic elution 1% B (0 to 4.5 min), linear gradient from
1% B to 4.5% B (4.5 to 9.0 min), isocratic elution 4.5% B
(9.0 to 15.0 min), linear gradient from 4.5% B to 7.0% B
(15.0 to 19.5 min), isocratic elution 7.0% B (19.5 to 25.5
min), linear gradient from 7.0% B to 25% B (25.5 to 41.19
min), to 90% B (41.19 to 43.17 min), and to 1% B (43.17 to
49.17 min).

STATISTICAL ANALYSIS

The data were analyzed using ANOVA followed by Dun-
can’s multiple range test in SAS (ver. 9.2., SAS Institute,
Cary, N.C.), and significant differences among treatments
were determined with a significance of p < 0.05. All experi-
ments were replicated three times, and the mean values are
reported. Principal component analysis (PCA) was per-
formed based on the correlation matrix of the values of the
characteristics, which means that the contribution of each
variable was independent of the range of its values (Hoft et
al., 1999). In PCA, observations consisted of the average
subsampling results from the 30 aforementioned extraction
conditions at different extraction times, temperatures, and
solvent ratios. Four vectors (F1 to F4) were estimated based
on the eigenvectors of the correlation matrix of four indica-
tors: total extract yield (TEY), total phenolic yield (TPY),
total phenolic content (TPC), and DPPH scavenging activity
(DSA).

RESULTS AND DISCUSSION
EFFECT OF CUTTING HEADS ON WPP PARTICLE SIZE

The size distribution of the two groups of ground WPP
obtained using two different cutting heads is shown in fig-
ure 1. The group with large peel particles (LPP) had an av-
erage particle size of 0.60 mm, and the small peel particles
(SPP) had an average size of 0.38 mm. The LPP had a mois-
ture content of 70.37% £0.27%, and the SPP had a moisture
content of 70.53% £0.60%. The two particle sizes (LPP and
SPP) were used in the experiments to evaluate the effects of
particle size on extraction yield and quality.

EFFECTS OF EXTRACTION TIME
The effects of extraction time on the TEY, TPY, TPC,
DSA, and color of the extract are shown in figure 2. When
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Figure 1. Size distribution of peel particles ground by large (0.024 in.,
~0.60 mm) and small (0.012 in., 0.38 mm) cutting heads.

the extraction time was extended from 2 to 6 min, the TEY
of SPP (fig. 2a) increased slightly from 53.74% to 54.47%.
The TPY and TPC (fig. 2b) of SPP ranged from 10.28% to
10.71% and from 19.14% to 19.69%, respectively. The DSA
(fig. 2¢) of the SPP extract ranged from 6.63 to 6.78 g g\
The TPY, TPC, and DSA were not significantly different
among the extraction times. These results indicate that the
extraction of antioxidants reached equilibrium after 2 min at
20°C. These findings are in agreement with the results of
Wang et al. (2011), who reported that the TPY was 6.55%,
9.14%, and 11.92% after 2 min of extraction at 25°C, 60°C,
and 95°C, respectively. The extraction of LPP resulted in
similar TEY, TPY, TPC, and DSA values, and no significant
difference in these values was found for extraction with LPP
and SPP.

Increasing the extraction time significantly reduced the
color characteristics of the liquid extracts of both SPP and
LPP (figs. 2d to 2f). The lightness (L*) of the extract, which
is related to light transmission, decreased from 34.98 to
33.20. This result is consistent with the findings of Nour et
al. (2015), who reported a negative correlation between TPC
and lightness. The chroma (C*) value, which is used to quan-
titatively describe the intensity or saturation of color, de-
creased from 31.88 t0 29.09. Hue (H°) is a qualitative attrib-
ute representing colors, including red-purple (0°), yellow
(90°), bluish-green (180°), and blue (270°). The H° for both
peel particle sizes decreased with increasing extraction time,
indicating a color shift toward less intense red-purple due to
the accumulation of phenolic compounds with increased
time. The color characteristics of the SPP extract reached
equilibrium after 4 min, while the LPP extract required 5
min. This result proves that the smaller particles had a more
shattered cell structure and contained more liquid, which
could be more easily extracted. To evaluate the effects of
other parameters, an extraction time of 6 min was used in the
subsequent experiments.

EFFECTS OF EXTRACTION TEMPERATURE

The effects of extraction temperature on the TEY, TPY,
TPC, DSA, and color of the extract are shown in figure 3. As
shown in figure 3a, the TEY significantly (p < 0.05) in-
creased from 54.47% to 57.83% when the temperature in-
creased from 20°C to 60°C. The TPY and TPC (fig. 3b) fol-
lowed a similar trend as TEY and significantly increased (p
<0.05) from 10.71% to 12.80% and from 19.69% to 22.06%,
respectively. This result demonstrates that extraction at
higher temperatures promoted the solubility of phenolic
compounds and the diffusion coefficient. Wang et al. (2011)
reported similar findings and concluded that extraction was
sensitive to a temperature increase in the range of 25°C to
95°C. On the contrary, the DSA (fig. 3c) significantly de-
creased (p < 0.05) from 6.75 to 5.54 g g! with the increase
in temperature, which was consistent with the findings of Qu
et al. (2010), who compared extractions at 25°C, 40°C,
60°C, 80°C, and 95°C and observed a significant drop (p <
0.05) in DSA from 6.2 to 3.1 g g\

The L* value decreased from 33.20 to 28.56 with an in-
crease in the extraction temperature. This result agrees with
the results of Qu et al. (2014b). The a*, b*, and C* values
also decreased as the extraction temperature increased from
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Figure 2. (a) Total extract yield, (b) total phenolic yield or content, (¢) DPPH scavenging activity, (d) L*, a*, b*, and chroma for large particles,
(e) L*, a*, b*, and chroma for small particles, and (f) hue angle of wet peel particle (WPP) extract for 2 to 6 min at 20°C with a solvent (water)

ratio of 8:1. Triplicates were tested and analyzed.

20°C to 40°C, but no definite trend was observed when the
temperature was above 40°C. The lower values of the color
characteristics occurred because most of the phenolic com-
pounds are heat-sensitive. No significant differences in the
yield and color parameters were observed for extraction us-
ing LPP and SPP with the increase in extraction temperature.
Therefore, to obtain phenolic extract of desirable quality, in-
cluding DSA and color characteristics, an extraction temper-
ature of 20°C, which required less energy, was applied in the
subsequent experiments.

63(6):

EFFECTS OF SOLVENT RATIO

The effects of the ratio of solvent (water) to peel particles
on the TEY, TPY, TPC, and DSA of the extract are shown
in figure 4. When the solvent ratio increased from 1:1 to 4:1,
the TEY, TPY, and TPC significantly increased (p < 0.05)
from 27.53% to 53.20%, from 4.42% to 10.53%, and from
16.06% to 19.53%, respectively. SPP achieved significantly
higher TEY, TPY, and phenolic content than LPP, showing
that the finer cell structure facilitated mass transfer con-
sistent with Fick’s law (Waterman and Sutton, 2003). The
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Figure 3. (a) Total extract yield, (b) total phenolic yield or content, (¢) DPPH scavenging activity, (d) L*, a*, b*, and chroma for large particles,
(e) L*, a*, b*, and chroma for small particles, and (f) hue angle of wet peel particle (WPP) extract at 20°C to 60°C for 6 min with a solvent (water)

ratio of 8:1. Triplicates were tested and analyzed.

DSA (fig. 4c) was not significantly different between the two
particle groups. Laroze et al. (2010) studied the extraction
kinetics of polyphenols from raspberry pomace. They ob-
served that small particles (0.15 to 1 mm) resulted in much
higher extraction efficiency compared to large particles (1
mm) with methanol extraction at a 20:1 solvent ratio. The
reason could be that smaller particles allowed the solvent to

access solutes with less resistance to mass transfer. Smaller
particles were also related to more cell breakage, which pro-
moted the release of phytochemicals.

Increasing the solvent ratio to greater than 20:1 resulted
in a slightly increased TEY, but it was not significantly dif-
ferent, indicating that equilibrium was reached. A possible
reason could be that a higher concentration gradient was
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built up with the increasing solvent ratio, which increased
diffusion from the internal structure, thus increasing the ex-
traction rate. Similar findings were observed for the extrac-
tion of phenolics from date seeds (Al-Farsi and Lee, 2008)
and dried sage (Durling et al., 2007). The results demon-
strated that a higher solvent ratio increased the antioxidant
yield and content, with a limited effect on the DSA. The
DSA was not significantly different regardless of the solvent
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ratio and peel particle size at this phase. A higher solvent
ratio requires more water consumption in the extraction and
higher energy use for concentration of the extract. In sum-
mary, a solvent ratio of 4:1, which resulted in relatively high
TEY and TPY, was optimal in terms of solvent usage. There-
fore, a solvent ratio at 4:1 is recommended for industrial ap-
plications. The LPP had an extraction rate comparable to the
SPP, showing that the particle size had no significant effect
on the extraction rate.

In summary, when using WPP for antioxidant extraction,
higher TEY, TPY, and TPC can be achieved by increased
the extraction temperature, time, and solvent ratio. The
DSA is independent of the extraction time and solvent ratio
but decreased with the increase in extraction temperature.
The two groups of peel particles, with average particle sizes
0f 0.60 and 0.38 mm, respectively, had no significantly dif-
ferent effects on the extraction of phenolics with varied ex-
traction temperature, time, and solvent ratio. The highest
TEY, TPY, and TPC obtained were 57.83%, 12.80%, and
22.06%, respectively. The DSA ranged from 5.37t0 6.35 g
¢’l. The results indicated that extraction of phenolics from
peel particles, produced by grinding to less than 0.6 mm
with a large cutting head, at a temperature 20°C for 6 min
using a solvent (water) ratio of 4:1 could be the most eco-
nomical and sustainable approach for industrial-scale pro-
duction.

PHENOLIC COMPOSITION IN EXTRACT

The effects of extraction conditions on the phenolic com-
position were investigated for the five groups of extraction
conditions shown in table 1. The parameters and standard
curves of the HPLC analysis of the extract are shown in ta-
ble 2.

The chromatogram obtained from the HPLC, showing the
peaks of major compounds in the peel extract, including gal-
lic acid, ellagic acid, punicalagin a, and punicalagin B, is
shown in figure 5a. The content of the four major phenolic
compounds produced by the five groups of extraction condi-
tions (G1 to G5) is shown in figure 5b. As shown in figure
Sb, the gallic acid content significantly improved, from 0.17
to 0.29 mg g (p < 0.05), with the increase in solvent ratio
from 1:1 to 4:1. Except for the group with 1:1 solvent ratio
(G1), the gallic acid contents obtained with the other groups
with different solvent ratios varied from 0.27 to 0.35 mg g’!
and were not significantly different, regardless of the time
and temperature. The ellagic acid content varied from 0.77

Ky
=
z
2
g 6.00
2 Table 1. Groups of extraction conditions used in HPLC analysis.
£ < 00 Gl G2 G3 G4 G5
g Time 6 min 6 min 6 min 6 min 2 min
- Temp. 20°C 20°C 20°C 60°C 20°C
% 400 Ratio 1:1 4:1 8:1 8:1 8:1
—o—Large Small
3.00 Table 2. Parameters and standard curves of HPLC analysis.
() o 2 a 6 s 10 Retention
Solvent Ratio Time A Equation Adj.
Standard (min) (nm) (y=ax+b) R?
Figure 4. (a) Total extract yield, (b) total phenolic yield or content, and Galli_c aci_d 2.772 270 y=12914.2x+4743529  0.997
(c) DPPH scavenging activity of wet peel particles extracted for 2 to 6 Ellgglc a’Fld 19.563 254 y=32581.9x-1456409.3 0.996
min at 20°C with a solvent (water) ratio of 8:1. Triplicates were tested Punicalagin a 10.535 378 y=1791.3x-41611.3 0.995
and analyzed. Punicalagin 8 14.613 378 y=4335.7x - 66014.9 0.997
63(6): 7
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Figure 5. (a) HPLC analysis of pomegranate peel extract and (b) composition of four major phenolic compounds in pomegranate peel extract.

Triplicates were tested and analyzed.

to 1.51 mg ¢!, with no significant differences among groups
G3, G4, and G5. The solvent ratio mostly influenced puni-
calagin o.. At the same extraction conditions, the punicalagin
a content increased from 2.13 to 4.48 mg g'! when the sol-
vent ratio increased from 1:1 to 8:1. In addition to the solvent
ratio (G1: 3.61 mg g''; G3: 8.28 mg g™!), the extraction time
and temperature affected the extraction of punicalagin f,
which can be seen from the increased punicalagin 3 content
from 7.51 mg g! (G5) to 9.17 mg g (G4). The punicalagin
purity ranged in order of G2 > G4 > G5 > G3 > G1, and the
corresponding values were 88.99%, 88.27%, 87.73%,
87.64%, and 85.93%, respectively.

Qu et al. (2012) compared the gallic acid, punicalagin o,
punicalagin B, and ellagic acid concentrations of different
pomegranate products. The results presented in this study
showed significantly higher retention of punicalagin than the
pomegranate peel extract using dried peel particles (50:1 sol-
vent ratio, 25°C, 90 min) used by Qu et al. (2012). The WPP
extraction in this study also achieved slightly higher phe-
nolic concentrations compared to Langers 100% pomegran-
ate juice.

COMPOSITION, PHENOLIC CONTENT, AND QUALITY
OF WET AND DRIED POMEGRANATE PEEL

To study the effects of drying, DPP was produced using
HA drying and IR drying, and the peel compositions and phe-
nolic extraction conditions were compared between DPP and
WPP. The compositions of WPP and DPP on a dry basis are
shown in table 3. The WPP clearly had higher contents of pro-
tein, ash, and crude fat than the DPP. The loss of these con-
tents was reduced by avoiding the drying process. On the other
hand, the HA DPP maintained higher total dietary fiber (TDF)
at 25.44%, and the ratio of insoluble dietary fiber to soluble
dietary fiber (IDF/SDF) was 8.84. This was higher than the
values for WPP, which maintained 17.19% TDF and an
IDF/SDF ratio 4.93. Morais et al. (2016) compared the com-
positions of raw, freeze-dried, and oven-dried papaya peels.
They reported similar findings for the differences in fiber con-
tent, but the differences were not statistically significant.

Figure 6 shows the TEY, TPY, DSA, and color charac-
teristics of IR DPP, HA DPP, and WPP. The DPP resulted
in significantly lower TEY, TPY, and TPC than the WPP.
The DSA values were similar for both DPP and WPP at
about 6.41 g g'. In other words, extraction from WPP re-
sulted in 10% more extract yield and 2.5% more TPY with

Table 3. Composition of fresh and hot-air dried pomegranate peel (values are in g per 100 g, d.b.).

Total Insoluble Soluble

Crude Dietary Dietary Dietary
DM Protein Ash Fat-Rinse Carbohydrate Fiber Fiber Fiber
Fresh WPP 26.30 £0.40 4.60 +£0.20 4.75 £0.51 0.71 £0.27 89.94 £0.67 17.19 15.47 1.75
Hot-air DPP 82.23 £0.06 4.43 +£0.06 4.18 £0.12 0.56 £0.03 90.83 £0.19 25.44 21.16 4.28
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Figure 6. (a) Total extract yield (TEY), total phenolic yield (TPY), total phenolic content (TPC), and DPPH scavenging activity (AA) and (b) color
characteristics of extracts from wet pomegranate peel and from infrared (IR) and hot-air (HA) dried pomegranate peel. Extractions were per-
formed at 20°C for 6 min with a solvent (water) ratio of 4:1. Triplicates were tested and analyzed.

similar DSA compared to DPP. Loizzo et al. (2016) investi-
gated the phytochemical contents of extracts from fresh and
processed peel and pulp. Comparing to steamed, baked, and
microwaved pulp, extraction with fresh pulp achieved up to
0.9% higher TEY and twice the TPC. Their results demon-
strated that extraction with fresh peel or pulp could reduce
the phytochemical loss that occurs during the drying process.
Similarly, Mphahlele et al. (2016) compared the bioactive
compounds in fresh peel and hot-air dried peel at 40°C,
50°C, and 60°C.

As for color, extraction of WPP achieved significantly
higher L* (6.08%), a* (38.71%), b* (23.81%), and C*
(30.86%) values. The results demonstrated statistically
higher retention of L* (29.83%) and a* (18.58%) values us-
ing WPP. According to Cadena et al. (2013), reduced color
characteristics indicate the formation of caramel-colored
pigments resulting from nonenzymatic processes, which are
related to lower sensory acceptance. Therefore, extraction
from WPP could be a more suitable method for the extrac-
tion of polyphenols for use in food product development and
supplementation.

PRINCIPAL COMPONENT ANALYSIS

PCA was applied to explore the interdependence among
variables. Observations consisted of the average subsam-
pling results from the 30 aforementioned extraction condi-
tions at different extraction times, temperatures, and solvent
ratios. Four vectors (F1 to F4) were estimated based on the
eigenvectors of the correlation matrix of four variables: total
extract yield (TEY), total phenolic yield (TPY), total phe-
nolic content (TPC), and DPPH scavenging activity (DSA).
The eigenvalues of F1 to F4 were 2.548, 0.899, 0.544, and
0.008, and the first three PCs accounted for 63.70%, 22.48%,
and 13.61% of the sample variance, respectively, and repre-
sented 99.79% of the total variance in cumulation (table 4).
Biplots of the observations and variables (fig. 7) show the
data distributions of F1-F2 and F1-F3. Confidence ellipses
with 99% confidence intervals were used for each set of ex-
periment groups, and no outliers were detected. PCA
weighting scores of the four measured variables (TEY, TPY,

63(6):

Table 4. Factor loadings for interpretation of figure 7.

Variable F1 F2 F3 F4

Total extract yield (TEY) 0.649 0.747 0.138 -0.039
Total phenolic yield (TPY) -0.760  0.574 -0.302  0.045
Total phenolic content (TPC) 0.982 0.030 0.171  0.069
DPPH scavenging activity (DSA)  -0.764 0.102  -0.636  0.011
Eigenvalue 2.548 0.899 0.544 0.008

Explained variance 63.70 2248 13.61 0.21

TPC, and DSA) are listed in table 4. Higher scores (absolute
values) indicate a closer relationship between the variable
and the factor. For instance, TEY and TPC were positively
correlated with the F1 axis, whereas TPY and DSA were
negatively correlated. In addition, TEY and TPY were posi-
tively correlated with the F2 axis, while DSA was negatively
correlated with the F3 axis. Figure 7 also shows the data dis-
tribution for F1-F2 and F1-F3. For instance, the data point
with a higher F1-axis value had higher TPC, which was ex-
tracted at 60°C for 6 min using a solvent ratio of 8:1. This
was in accordance with the experimental results, indicating
that PCA can be applied for future condition prediction.

CONCLUSIONS

Extraction of bioactive compounds from waste fruit peel
is an efficient approach to improve food system sustainabil-
ity and improve industry profitability. This study developed
a novel green process for antioxidant extraction from wet
pomegranate peel (WPP) and investigated the effects of ex-
traction conditions on polyphenol yield and quality, includ-
ing phenolic composition, DPPH scavenging activity, and
color characteristics. PCA condensed the multivariable anal-
ysis into three factors, which explained 99.79% of the vari-
ance and could be suitable for future process development.
Three parameters, including drying preparation, extraction
temperature, and solvent (water) ratio, significantly influ-
enced the extraction rate. Considering water usage and en-
ergy consumption, WPP extraction at 20°C for 6 min with a
solvent ratio of 4:1 is recommended as an economic and sus-
tainable process, resulting in 10.53% total phenolic yield
with 88.93% punicalagin purity.
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NOMENCLATURE
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DSA = DPPH scavenging activity
DPP = dried pomegranate peel
IDF = insoluble dietary fiber
LPP = large peel particles

PP = pomegranate peel

PS = pomegranate seed

SDF = soluble dietary fiber
SPP = small peel particles
TDF = total dietary fiber

TEY = total extract yield

TPC = total phenolic content
TPY = total phenolic yield
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