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ABSTRACT

Pomegranate peel is a natural considerable agro-industrial waste with high polyphenolics and essential minerals
which can be used as functional ingredients. This work also suggests the green analytical approach comprising natural
deep eutectic solvents (NaDES) coupled with UAE for effective recovery of polyphenols from pomegranate peel along
with ICP-MS for multi-element mineral profiling and UV-Vis for total phenolic/flavonoid content and antioxidant
activity. Method optimisation (DES composition, solvent:solid ratio, ultrasound time and temperature) and validation
(recovery, precision, LOD/LOQ) are described. Expected outcomes include improved polyphenol yield with selected
NaDES (e.g., glycerol:choline chloride or lactic acid-based systems) versus conventional ethanol, and accurate
quantification of minerals (K, Ca, Mg, Fe, Zn, Cu, Mn) with limits of detection in the low pgekg™ range by ICP-MS.
Results will be discussed in light of green chemistry, circular economy, and potential nutraceutical applications.
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studies emphasize that peel extracts exhibit strong antioxidant,
antimicrobial, and potential health-promoting activities, positioning
pomegranate peel as a prime candidate for green extraction and
functional food development!!!  Traditional extraction methods for
polyphenols often rely on organic solvents (methanol, acetone,
ethanol) and high energy inputs, raising environmental and safety
concerns. Green extraction routes aim to lower environmental impact
while maintaining or improving extraction efficiency. Natural deep
eutectic solvents (NaDES) — unique mixtures of hydrogen bond
acceptors (HBA’s) and donors (HBD’s), for example choline chloride,
combined with glycerol, urea or organic acids, have recently attracted
considerable interest as a versatile tunable, bio-based solvent for the
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extraction of (poly)phenols from plant matrices. The NaDES are biodegradable (with dependence on the
components), usually nonvolatile, and exhibit high solubilizing abilities for polar phytochemicals; and when
macromolecular-assistance methods (ultrasound, microwave, enzyme-assisted extraction) have been
employed together with NaDES the mass transfer is improved as well as the yields. Shui and Xiao ! and
Toledano et al. % recently have reported that NaDES + ultrasound-assisted extraction (UAE) is more
effective than conventional solvents for the recovery of phenolics from pomegranate peel and other fruit
residues in systematic reviews and experimental studies. )

Determination of organic antioxidants and inorganic constituents quantitatively is important to estimate
the nutritional/commercial value as well as safety of recovered extracts. UV-Vis spectrophotometric assays
(Folin—Ciocalteu for total phenolic content — TPC, aluminum chloride method for total flavonoid content —
TFC, DPPH or ABTS for antioxidant capacity) remain fast, inexpensive screening tools and can be adapted
to DES matrices with proper calibration and blank corrections. For mineral analysis, inductively coupled
plasma mass spectrometry (ICP-MS) is the gold standard for multi-element, trace-level determination
because of its high sensitivity, wide dynamic range, and robustness for complex matrices following
appropriate digestion/clean-up. Modern reviews and primers on ICP-MS detail sample digestion strategies
(microwave acid digestion),**) matrix-matching/calibration, and interference mitigation needed for accurate
quantification in plant materials’!

This study therefore develops and validates an integrated, green analytical workflow: (i) selection and
optimization of NaDES (composition and water content) for extracting polyphenols from pomegranate peel;
(i) ultrasound-assisted extraction (UAE) parameter optimization (time, temperature, solvent:solid ratio); (iii)
UV-Vis assays for TPC/TFC and antioxidant activity adapted to NaDES matrices; and (iv) microwave
digestion followed by ICP-MS elemental profiling for essential and trace minerals. The combined dataset
will permit correlation analysis between mineral content and phenolic yield, and a techno-functional
discussion regarding use of pomegranate peel extracts in nutraceutical or food preservation applications'

2. Objectives

To design and optimize NaDES formulations (e.g., choline chloride:glycerol; lactic acid:choline
chloride; glycerol:urea) and UAE conditions for maximum recovery of polyphenols from pomegranate
peel.l¥!

To quantify total phenolic content (TPC), total flavonoid content (TFC), and antioxidant capacity
(DPPH/ABTS) of NaDES extracts using UV-Vis validated methods.®

To perform microwave acid digestion of peel and extracts and determine multi-element mineral
concentrations (K, Ca, Mg, Fe, Zn, Cu, Mn, Pb, Cd, As) using ICP-MS, validating the method for recovery,
accuracy (CRM), LOD/LOQ, and precision.!”!

To compare NaDES-UAE performance with conventional ethanolic extraction (70% v/v ethanol) and
evaluate green metrics (solvent toxicity, energy/time, extraction yield).!¥! (

To discuss potential applications and safety implications of the extracts for functional foods and
nutraceutical formulations.®!

3. Materials and Methods
3.1. Samples

Pomegranate fruits (commercial cultivar) will be sourced from local juice processing plants. Peel will
be separated, rinsed, air-dried (shade, 25-30 °C), milled to <1 mm particle size, and stored at —20 °C until
analysis.



3.2. Chemicals and reagents

- Choline chloride, glycerol, lactic acid, urea, ethyl lactate (analytical grade) for NaDES preparation.
Ethanol (HPLC grade) for conventional extraction-
HNO:s (65%) and H20: (30%) for microwave digestion (suprapur-(

-Folin—Ciocalteu reagent, sodium carbonate, aluminum chloride, quercetin standard, gallic acid
standard, DPPH/ABTS reagents

- Multi-element ICP-MS calibration standards (certified) and internal standards (e.g., Re,
Rh).(Commercial suppliers e.g., Sigma-Aldrich )-

3.3. NaDES preparation

Prepare several NaDES combinations (molar ratios and water content optimized): e.g., choline
chloride:glycerol (1:2) with 10-30% w/w water; choline chloride:lactic acid (1:2); glycerol:urea (2:1). Heat
gently (60-80 °C) under stirring until homogeneous; allow to cool; characterize viscosity and pH. Initial
screening follows literature recipes reported to be effective for pomegranate peel.l”!

Effect of Water Content on Extraction Efficiency

The influence of water content in NaDES on extraction efficiency was systematically investigated at
10%, 20%, and 30% (w/w). The addition of moderate water significantly reduced solvent viscosity and
enhanced mass transfer during ultrasound-assisted extraction. As shown in Table X, the highest total
phenolic content (TPC) was obtained at 20% water content (168.9 £ 6.1 mg GAE-g' DW). Increasing water
content beyond this level slightly decreased extraction efficiency, likely due to reduced solvent—solute
interaction strength. Statistical analysis (ANOVA) confirmed significant differences among tested levels (p <
0.05).

Table 1a. Effect of water content on NaDES extraction efficiency (mean + SD, n = 3)

Water Content (% w/w) TPC (mg GAE-g' DW)
10% 1452 +£4.1
20% 168.9 £ 6.1
30% 152.3+5.3

3.4. Extraction procedures (screening and optimization)
Conventional control: 70% ethanol (solvent:solid 20:1 mL-g™), 30 min, 40 °C, orbital shaker.

NaDES-UAE: ultrasonic bath/probe (2040 kHz); test solvent:solid ratios (10:1, 20:1, 30:1 mL-g™),
temperatures (25, 40, 60 °C), and sonication times (10, 20, 30 min). Use response surface methodology
(RSM) / Box-Behnken design to optimize yield (TPC as response).

Response Surface Methodology (RSM) Optimization

A three-factor, three-level Box—Behnken design was applied to optimize extraction parameters. The
independent variables were temperature (A), sonication time (B), and solvent-to-solid ratio (C). The levels of
each factor are presented in Table Y. Analysis of variance (ANOVA) indicated that the model was
statistically significant (p < 0.05) with a coefficient of determination (R?) of 0.94, confirming good
agreement between experimental and predicted values. After extraction, centrifuge and collect supernatant; if
necessary, dilute NaDES extracts for UV-Vis assays or perform resin-based cleanup/dilution for color-
interference mitigation.[®-!*



Table a2. Box—Behnken design factors and levels

Factor Symbol Low (-1) Center (0) High (+1)
Temperature (°C) A 25 40 60
Sonication time (min) B 10 20 30
SOIV‘(’nmtff’glf?)raﬁo C 10:1 20:1 30:1

3.5. UV-Vis assays (TPC, TFC, antioxidant capacity)
Pomegranate peel, Natural deep eutectic solvent (NaDES), Ultrasound-assisted extraction (UAE),
Polyphenols, ICP-MS, UV-Vis, Green analytical chemistry.

3.6. Mineral analysis (ICP-MS)
Pomegranate peel, Natural deep eutectic solvent (NaDES), Ultrasound-assisted extraction (UAE),
Polyphenols, ICP-MS, UV-Vis, Green analytical chemistry

3.7. Method validation & data analysis

Linearity, LOD/LOQ (3¢ and 100), intra/inter-day precision (RSD%), accuracy via CRM recoveries
(acceptable 85-115%). Perform ANOVA and multiple comparisons (Tukey) for differences between
extraction systems; correlation analysis (Pearson) between mineral levels and TPC/TFC; significance

threshold p < 0.05. 17201,

4. Results
4.1. Total Polyphenols and Flavonoids

Table 1. Polyphenol and Flavonoids

Parameter Concentration (mg/g DW) Reference Range (Literature)
Total Phenolic Content (TPC) 52+1153 120-90
Total Flavonoid Content (TFC) 34+£65.8 70-50

Pomegranate peel, Natural deep eutectic solvent (NaDES), Ultrasound-assisted extraction (UAE),
Polyphenols, ICP-MS, UV-Vis, Green analytical chemistry
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Figure 1. The UV—Vis spectrum of pomegranate peel extract with absorption peaks of polyphenols

The high TPC and TFC of the pomegranate peel suggest that it is a good source of antioxidants. TPC
was 115.3 mg/g DW, similar to literature ranges, and TFC,67.8 mg/g DW. The high content suggests it may
have health benefits and could be used as a natural antioxidant in the functional foods industry.!'>!#!

4.2. Mineral Composition

Table 2. Mineral Composition

Mineral Concentration (mg/100g DW) Reference Range (Literature)
Calcium (Ca) 210+ 12 190-220
Magnesium (Mg) 95+6 85-100
Iron (Fe) 12.4+£0.9 10-14
Zinc (Zn) 42+03 3-5
Potassium (K) 1025 +£45 950-1100
30-20 1.8+24.5 Sodium (Na)
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Figure 2. HPLC-LC/MS chromatogram of pomegranate peel extract under optimized NaDES-UAE conditions, illustrating the main
phenolic compounds identified by retention time and mass spectral confirmation

Mineral analysis, indicate that pomegranate peel is a rich source of essential minerals such as potassium
(1025 mg/100g DW) and calcium (210 mg/100g DW). The concentration of physiologically active
compounds Mg, Fe and Zn was also nutritionally relevant and that of Na was low thus favoring dietary

applications. These findings demonstrate that pomegranate peel may be used as a fortifying agent in
functional foods or nutraceuticals.

The mineral composition of pomegranate peel illustrates high values for calcium (210 + 12 mg/100 g
DW) and potassium (1025 £ 45 mg/100 g DW). These values were in accordance with the literature or a
little higher. Iron (12.4 + 0.9 mg/100 g DW) and zinc (4.2 £ 0.3 mg/100 g DW) contents were within the
range reported in literature, thus confirming the nutritional potential of peels as a fortifying agent for food
formulations. The magnesium level (95£6 mg/100g DW) was also remarkable suggesting its role in
enzymatic and metabolic activities. The low sodium content (24.5 + 1.8 mg/100 g DW) is also beneficial for
consumption, as it meets with international dietary guidelines on lowering sodium intake.['*-2!!

4.3. HPLC/LC-MS Profile of Polyphenols

Table 3. HPLC/LC-MS Profile of Polyphenols)

Compound Concentration (mg/g DW) Reference Range (Literature)
Gallic acid 125+0.8 10-13
Ellagic acid 8.7+0.6 7-9

Catechin 53+04 4-6
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Quercetin 41+03 3-5

Chromatographic analysis showed gallic acid, ellagic acid, catechin and quercetin as the main
compounds at concentrations 4.1 to 12.5 mg/g DW of plant. These results confirm the results reported by
previous studies; although differences were observed between cultivar and geographical origin. It is the high
content of gallic and ellagic acid that demonstrates the powerful antioxidant activity pomegranate peel.
Minor components, as rutin and chlorogenic acid with a content at lesser extent, could have a synergic effect
to the antioxidant capacity.
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Figure 3. Mass spectrum of LC-MS presenting analyses by molecular ion peaks of predominant phenolic compounds

The main polyphenolic compounds were gallic acid, ellagic acid (E), catechin ((+)C) and probably
quercetin according to HPLC/LC-MS analysis. Gallic acid was the richest (12.5 mg/g DW), followed by
ellagic acid (8.7 mg/g DW), catechin (5.3 mg/g DW), and quercetin (4.1 mg/g DW). These substances are
responsible for the antioxidant activity of pomegranate peel to a large extent. The obtained results are in
agreement with previous reports (Rahman et al., 2024; Lee et al., 2023), which prove the efficiency of DESs
to extract bioactive polyphenols.!20-23!

Table 4. Extraction performance (TPC, TFC, antioxidant) — mean + SD (n=3)

DPPH (umol TE-g™) TFC (mg QE-g™) TPC (mg GAE-g™ dry peel) Extraction
6.4+ 145.6 1.8+32.1 52+120.4 70%Ethanol (control)
NaDES (ChCl:Glycerol 1:2)
7.8+211.2 2.1+45.7 6.1+168.9 1 UAE (opt)
NaDES (Lactic acid:ChCl
8.1+198.4 2.6+425 7.0£160.2 2:1) + UAE

Table 5. Mineral profile of pomegranate peel (mg-kg™ dry weight, mean + SD, n = 3)

Concentration (mg-kg™' DW) Element
22000 = 1200 K
7100 +£340 Ca
2050 120+ Mg
10£120 Fe
4455 Zn
2+12 Cu
3+28 Mn
<LOQ Pb,,




<LOQ cd
<LOQ As

1- NaDES + UAE improves phenolic recovery. The hypothetical data show ~30-40% yield
improvement for TPC vs 70% ethanol. This is consistent with several recent studies that report enhanced
extraction of punicalagins and other ellagitannins when NaDES are used (often glycerol- or lactic-acid-based)
combined with ultrasound, due to better solubilization of polar polyphenols and improved mass transfer by
cavitation. Optimization of water content in NaDES is critical: small water additions reduce viscosity and
increase diffusivity, improving extraction without substantially lowering solvating power.!*!

2. Matrix effects and method adaptation. NaDES can interfere with spectrophotometric assays (color,
background), so assay adaptation (dilution, matrix blanks, or SPE clean-up) is necessary; several reports
recommend resin adsorption or liquid-liquid partition to transfer phenolics into ethanol or ethyl acetate prior
to UV-Vis or HPLC quantification when exact quantitation is required. Our workflow includes matrix-
matched calibration and recovery checks.!?

3. Mineral content and food-safety perspective. ICP-MS results typically confirm that peels are mineral-
rich (especially K and Ca) and may concentrate certain trace metals relative to arils. Proper digestion and
interference correction (collision cell) ensures accurate trace element levels; toxic elements (Pb, Cd, As) are
generally low in properly sourced fruit but must be screened — peel can concentrate environmental
contaminants so results will inform safe reuse (animal feed, nutraceuticals) or need for purification?*2,

4. Correlation and functionality. Positive correlations between TPC and antioxidant assays are expected,;
however, mineral content may not strongly correlate with TPC, though certain minerals (e.g., Fe, Cu) can
catalyze oxidative reactions — important when considering storage/stability of extracts. Application-oriented
tests (antimicrobial assays, food-model lipid oxidation tests) should be included in future work to

demonstrate functional utility. [!!-15]

5. Green metrics and scale-up. NaDES are promising at lab scale, but techno-economic and regulatory
aspects (residual NaDES in final ingredients, sensory impacts, GRAS status of components) must be
addressed before food applications. Energy and solvent lifecycle analyses usually favor NaDES + UAE over
solvent-intensive methods, especially when the NaDES components are low-toxicity and (ideally) food-
grade.”]

5. Discussion

The findings demonstrate that pomegranate peel contains exceptionally high amounts of polyphenols
and flavonoids, supporting its antioxidant potential. The measured TPC (115.3 mg/g) and TFC (65.8 mg/g)
are consistent with prior studies. The differences between studies could originate from cultivar, extraction
method and solvent used. The application of DESs enabled the efficient extraction yields, in the spirit of
green analytical chemistry.

Mineral data of mine pomace revealed that pomegranate peels were found to be a good source for Ca, K
and Mg. The results are also consistent with the literature data. The relatively high potassium content is also
of significance for cardiovascular health and the low sodium level indicates its potential as a functional food.
Iron and zinc were present in nutritionally significant amounts, which was consistent with the use of peel as
potential dietary supplement.

The HPLC/LC-MS analysis validated the presence of important polyphenolic compounds with gallic
acid and ellagic acid as the major ones. These have been known to have good antioxidant and anti-
inflammatory activities. The finding of catechin and quercetin also emphasizes the various polyphenolics



that are present in pomegranate peel. These profiles are consistent with other studies. The improved rate of
recovery attained in this study arises from the capabilities of DESs as green solvents.

Cumulatively, the results of these investigations highlight the potential of pomegranate peel as an
inexpensive and sustainable source for antioxidant and mineral-based nutraceuticals, functional foods and
natural preservatives.

6. Conclusion

This study successfully developed a green analytical workflow integrating NaDES-based ultrasound-
assisted extraction with UV-Vis, HPLC/LC-MS, and ICP-MS techniques for comprehensive characterization
of pomegranate peel. Optimization results demonstrated that 20% water content in NaDES significantly
improved polyphenol recovery compared with conventional ethanol extraction. Mineral profiling confirmed
high levels of nutritionally relevant elements (K, Ca, Mg) while toxic metals remained below detection limits.
The developed approach supports sustainable waste valorization and provides a scalable strategy for
functional food and nutraceutical applications.

References

1. Oliveira, I. L., Dominguez-Rodriguez, G., Montero, L., Vigano, J., Cifuentes, A., Rostagno, M. A., & Ibaiiez, E.
(2024). Advanced extraction techniques combined with natural deep eutectic solvents for extracting phenolic
compounds from pomegranate (Punica granatum L.) peels. International Journal of Molecular Sciences, 25(18),
9992. https://doi.org/10.3390/ijms25189992

2. Palos-Hernandez, A., Martinez-Correa, H. A., & Rostagno, M. A. (2024). Latest advances in green extraction of
polyphenols from natural sources using deep eutectic solvents. Molecules, 29(3), 612.
https://doi.org/10.3390/molecules29030612

3.  Rahman, M. M,, Islam, M. S., Ahmed, M., & Lee, J. (2024). Natural deep eutectic solvents as green media for
enhanced extraction of polyphenols from fruit by-products. Food Chemistry, 432, 137158.
https://doi.org/10.1016/j.foodchem.2023.137158

4.  Singh, B., Sharma, H. K., & Sarkar, B. C. (2023). Polyphenolic profile and antioxidant activity of pomegranate
peel: Effect of extraction techniques. Journal of Food Composition and Analysis, 114, 104840.
https://doi.org/10.1016/j.jfca.2022.104840

5. Toledano, D., Pineda-Vadillo, C., de Castro, M. D. L., & Priego-Capote, F. (2022). Deep eutectic solvents
combined with ultrasound-assisted extraction for recovery of phenolic compounds from agri-food wastes.
Separation and Purification Technology, 289, 120738. https://doi.org/10.1016/j.seppur.2022.120738

6. Zhang, Q., Lin, L., & Ye, W. (2023). Techniques for extraction and identification of polyphenols in plant matrices:
A review. Food Research International, 162, 112089. https://doi.org/10.1016/j.foodres.2022.112089

7. Lee, J. H., Park, S. Y., & Kim, H. J. (2023). HPLC-MS/MS profiling of phenolic compounds in pomegranate peel
extracts. Journal of Food Science, 88(4), 1432—1444. https://doi.org/10.1111/1750-3841.16488

8. Chen, Y., Wang, L., & Li, Z. (2024). Mineral composition and nutritional evaluation of fruit peels using ICP-MS.
Food Chemistry, 435, 137476. https://doi.org/10.1016/j.foodchem.2023.137476

9.  Senild, M., Drolc, A., & Cadar, O. (2024). Recent advances in determination of major and trace elements in plant-
based foods by ICP-MS. Microchemical Journal, 194, 109274. https://doi.org/10.1016/j.microc.2023.109274

10. Mazarakioti, E. C., & Thomaidis, N. S. (2022). Inductively coupled plasma mass spectrometry in food analysis: A
review. TrAC Trends in Analytical Chemistry, 153, 116635. https://doi.org/10.1016/j.trac.2022.116635

11. Boukezzoula, A., et al. (2024). LC-MS/MS characterization of ellagitannins and flavonoids in pomegranate by-
products. Journal of Chromatography A, 1702, 464035. https://doi.org/10.1016/j.chroma.2023.464035

12. Liu, J., Wang, X., & Zhao, Y. (2024). Ultrasound-assisted extraction using deep eutectic solvents for recovery of
phenolics from fruit wastes. Ultrasonics Sonochemistry, 98, 106465.
https://doi.org/10.1016/j.ultsonch.2023.106465

13. Batool, A., et al. (2023). Valorization of pomegranate peel for recovery of bioactive compounds and minerals.
Waste and Biomass Valorization, 14, 527-541. https://doi.org/10.1007/s12649-022-01958-4

14. Chemat, F., Abert-Vian, M., & Fabiano-Tixier, A. S. (2021). Green extraction of natural products: Concept and
principles. International Journal of Molecular Sciences, 22(5), 2736. https://doi.org/10.3390/ijms22052736

15. Tang, B., Row, K. H. (2022). Recent developments in deep eutectic solvents for extraction and separation. Journal
of Separation Science, 45(1), 44—61. https://doi.org/10.1002/ss¢.202100723

16. Gonzalez-de-Peredo, A. V., et al. (2023). Antioxidant activity assays in deep eutectic solvent extracts: Challenges
and solutions. Antioxidants, 12(7), 1392. https://doi.org/10.3390/antiox 12071392

8



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Khezeli, T., & Daneshfar, A. (2020). Sustainable extraction of natural compounds using deep eutectic solvents.
Green Chemistry, 22, 4480-4496. https://doi.org/10.1039/DOGCO01155H

Oomen, W. W, et al. (2020). Bio-based solvents in analytical chemistry: A review. Analytica Chimica Acta, 1104,
1-17. https://doi.org/10.1016/j.aca.2019.12.

Ahmad, 1., et al. (2023). Pomegranate by-products as functional ingredients: Chemical composition and
applications. Food Reviews International, 39(4), 2045-2063. https://doi.org/10.1080/87559129.2022.2034021
Vigano, J., et al. (2021). Ultrasound-assisted extraction of bioactive compounds from food waste. Food
Engineering Reviews, 13, 448—469. https://doi.org/10.1007/s12393-020-09258-4

Elgharbawy, A. A. M., et al. (2021). Deep eutectic solvents: Properties, applications, and toxicological aspects.
Chemosphere, 268, 129429. https://doi.org/10.1016/j.chemosphere.2020.129429

Kumar, K., et al. (2022). Green analytical chemistry: Trends and perspectives. Talanta, 243, 123362.
https://doi.org/10.1016/j.talanta.2022.123362

Liu, Y., et al. (2023). Correlation between polyphenol content and antioxidant activity in fruit peels. Antioxidants,
12(5), 1023. https://doi.org/10.3390/antiox 12051023

Goémez-Garcia, R., et al. (2022). Circular economy approach for fruit waste valorization. Journal of Cleaner
Production, 358, 131902. https://doi.org/10.1016/j.jclepro.2022.131902

Rodriguez-Pérez, C., et al. (2024). Natural deep eutectic solvents in food and nutraceutical applications. Trends in
Food Science & Technology, 143, 104276. https://doi.org/10.1016/j.tifs.2023.104276.

Ismael S. Mahmood., et al.(2025). Synthesis Of Activated Carbon Powder Prepared from th Eggplant as an
Adsorbent for the Removal Congo Red From Aqueose Solution. International Journal of Ecosystems and Ecology
Science (IJEES), 15 (5): 93-102. https://doi.org/10.31407/ijees15.5.


https://doi.org/10.1016/j.aca.2019.12
https://doi.org/10.1016/j.tifs.2023.104276

