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Incorporation of molecular hydrogen into solvents increases the extraction efficiency of phenolics, flavonoids, anthocyanins, and antioxidants: the case of lemon peels
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The impact of hydrogen infusion into solvents on the extraction of phytochemicals was evaluated. Pure (water, ethanol, methanol) and hydrogen-rich solvents at temperatures (25°C and 35°C) were used for extracting phenolics, flavonoids, anthocyanins, and antioxidants from lemon peel. Incorporating hydrogen into all solvents increased the extraction of all phytochemicals. The hydrogen incorporation into solvents led to the highest increase in phenolics and flavonoid contents shown for hydrogen-rich methanol (HRM) followed by hydrogen-rich ethanol (HRE) at both 25°C and 35°C. The highest antioxidant extraction was shown for HRM. The hydrogen incorporation showed the highest phytochemical extraction in methanol and at 35°C. The increase in temperature increased the extraction efficiency, but less efficiently than the hydrogen incorporation. The HPLC phenolic profile confirmed the positive effect of both temperature and hydrogen incorporation on the extraction of flavonoids and non-flavonoids. The improvement of the phytochemical extraction by the proposed method can bring many economic and ecological advantages.
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1. Introduction

A huge agricultural and food waste is produced annually worldwide forming adverse effects on the environment, economy, and society. The total global food losses and waste have been estimated to be about 1.3 billion tons annually with a value of 1,000 billion dollars. Although the best choice is the prevention and reduction of the quantity of these agricultural and food wastes, their valorization is considered the best strategy when other measures are not possible (Capanoglu et al., 2022).

Agro-food wastes are phytochemical-rich sources with a significant added value that can be used in different industries such as cosmetics, pharmacy, and food. Intensive research has been carried out around the world to evaluate the phytochemical-rich food and agricultural wastes such as fruit seeds and peels (Wolfe et al., 2003; Yan et al., 2006; Ghasemi et al., 2009). On the other hand, the global demand for phytochemicals is exponentially increasing due to the awareness of their beneficial health properties and consumer anxiety about the potentially harmful effects of synthetic additives used during food production. The use of plant extracts in their raw form or their pure phytochemicals may remove the concerns of consumers (Rao and Rathod, 2019).

Food and agricultural wastes are considered a significant source of many nutrients and phytochemicals such as carbohydrates, proteins, lipids, vitamins, phenolics, flavonoids, anthocyanins, and carotenoids. Fruit peels contain significant levels of phytochemicals compared with the edible part such as phenolics, flavonoids, carotenoids, and anthocyanins (Shrikhande, 2000; Someya et al., 2002; George et al., 2004; Gorinstein et al., 2004). The valuable phytochemicals are generally obtained from these wastes by extraction methods. However, increasing the efficiency and choosing the appropriate extraction method and conditions with economic feasibility form one of the main challenges for industries and researchers. For example, the high volume of solvent used in conventional extraction methods generates a huge amount of toxic and expensive chemical waste. Therefore, the reduction of solvent consumption, the increase in extraction efficiency, and the use of greener solvents are considered the best measures for a more effective, cleaner, and greener extraction process (Capanoglu et al., 2022). Although many methods have been proposed for extracting phytochemicals, the reduction of energy and solvent consumption was the main challenge from an economic and environmental point of view (Capanoglu et al., 2022). Several advanced methods have been proposed to overcome the disadvantages of conventional methods, however, the costly equipment needs, the destruction of thermolabile phytochemicals, the difficulties in the process optimization at the industrial scale, and the high energy consumption are the main limitations of these novel methods (Xu et al., 2017; Martillanes et al., 2018). Thus, the search for methods that are eco-friendly, cost-effective, have low energy consumption, and minimal equipment and pretreatment needs are the main goals of researchers and processors.

Molecular hydrogen (H2) is the simplest and smallest molecule in nature with many beneficial biological effects shown in the plant, animal, and human studies (Buchholz et al., 2008; Cachon and Alwazeer, 2019; Alwazeer et al., 2021). Although it has low solubility in water, significant beneficial impacts of H2 on the protection of antioxidants, phenolics, flavonoids, and pigments of different food products have been reported (Alwazeer, 2018, 2019, 2020; Alwazeer and Örs, 2019; Alwazeer et al., 2020; Alwazeer and Özkan, 2022). These beneficial effects of H2 might be related to its reducing and antioxidant properties, small size, and high diffusion rate in the atmosphere and tissues (Alwazeer, 2020; Alwazeer et al., 2021). In recently published studies, our team showed that the incorporation of hydrogen gas into both methanol or hexane improved the extraction of antioxidants and phenolics from vegetable oils (Ceylan et al., 2023), by-products (Alwazeer et al., 2023b,c) and agri-food wastes (Alwazeer and Elnasanelkasi, 2023; Alwazeer et al., 2023a).

This study aimed to evaluate the effects of hydrogen incorporation into different solvents and the temperature on the efficiency of the phytochemical extraction from the lemon peel.



2. Materials and methods


2.1. Materials

Lemon fruit (Citrus lemon L.) was obtained from a local market. Whole lemon peels were dry-lyophilized (Christ, Alpha 1–2 LD, Germany) then ground into powder by a plastic mortar and stored at −80°C until analysis.



2.2. Chemicals

All standards and chemicals (ABTS, DPPH, Trolox, quercetin, ascorbic acid, 3,4,5 trihydroxy benzoic acid, Folin–Ciocalteu reagent, potassium persulfate, ethanol, methanol, and others) were purchased from Sigma (MO, United States) and Merck (Darmstadt, Germany).



2.3. Extraction process

One gram of peel-dried powder was added to 20 mL of solvent [pure water, ethanol, methanol, hydrogen-rich water (HRW), hydrogen-rich ethanol (HRE), hydrogen-rich methanol (HRM)] followed by 24 h-mixing phase in a shaking incubator at 25°C and 35°C and 120 rpm. Hydrogen-rich solvents were prepared by bubbling pure hydrogen gas (99.9%, Elite Gaz Teknolojileri, Ankara, Turkey) in solvent for 3 min at 1 L/min. The mixtures were then filtered through filter paper and the solvent was evaporated by a rotary evaporator (35°C) for methanolic and ethanolic solvents and by vacuum drying (35°C) for aqueous ones. The extracts were then kept at −80°C until analysis. All extracts were dissolved (1 mg/mL) in pure water (Millipore, Milli-Q, United States) for phenolics, flavonoids, and antioxidant activity analysis, and in methanol (80%) for HPLC analysis.



2.4. Determination of total phenolics content

1 mL of peel extract was added to a mixture of 2.3 mL pure water and 1 mL of Folin-Ciocalteau reagent followed by a vortex step for 30 s. The mixture was then incubated at 25°C for 5 min in the dark. Afterward, 2 mL of 7% Na 2CO 3 was added, and the mixture was then incubated for 30 min at 25°C in the dark. The absorbance was then measured using a spectrophotometer (AQUA-MATE UV–VIS, China) at 765 nm. Gallic acid was used as a standard and total phenolics content was calculated as mg Gallic Acid Equivalent (mg GAE) per g dry extract.



2.5. Determination of total flavonoid content

300 μL of peel extract was added to a mixture of 150 μL of aluminum chloride solution (50 g/L) and 2,550 μL of methanol. The mixture was then kept in the dark at 25°C for 30 min. The absorbance was then read at 425 nm. Quercetin was used as a standard, and flavonoid content was calculated as mg Quercetin Equivalent (mg QE) per g dry extract.



2.6. Determination of total anthocyanin content

The content of anthocyanins was determined using the pH differential method using hydrochloric acid and potassium chloride solution (pH 1) and sodium acetate solution (pH 4.5). 2 mL of peel extract was diluted separately with solutions of pH 1 and pH 4.5 to a total of 25 mL. The mixtures were then incubated at room temperature for 30 min. The absorbance was then read at 510 nm and 700 nm using a spectrophotometer (AQUA-MATE UV–VIS, China). The concentration of anthocyanins was determined according to the following equation:
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where:
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where: Abs is the difference in absorbance value of pH 1.0 and pH 4.5 solutions at 510 and 700 nm. 484.82 is the molecular mass of cyanidin-3-glucoside chloride. 24,825 is the molar absorption coefficient of the solution at pH 1 at 510 nm, and DF is the dilution factor.



2.7. DPPH radical scavenging activity assay

Peel extract (0.5 mL) was added to 2.5 mL of DPPH solution (6 × 10−5 M). The DPPH mixture was then incubated at room temperature for 90 min and the absorbance was measured at 515 nm. DPPH scavenging activity was expressed as mg Ascorbic Acid Equivalent (mg AAE) per g dry extract and calculated according to the following formula:
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2.8. ABTS radical scavenging activity assay

An ABTS solution (7 mM) containing 2.45 mM potassium persulfate was prepared and kept in the dark at room temperature for 12–16 h. A sodium acetate (20 mM) solution was prepared, and the pH value was adjusted to 4.5 with 0.1 N HCl. The prepared ABTS solution was diluted with 20 mM sodium acetate to obtain an absorbance of 0.700 ± 0.01 nm at 734 nm. 100 μL of peel extract was mixed with 1900 μL of diluted ABTS solution, and at the end of 5 min, the absorbance was measured at 734 nm. ABTS scavenging activity was expressed as μmol Trolox Equivalent (μmol TE) per g dry extract and calculated according to the following formula:
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2.9. HPLC analysis

The phenolic compounds profile was determined by the HPLC method according to Alwazeer and co-workers (Alwazeer and Elnasanelkasi, 2023). Methanolic lemon peel extract solution (1 g/mL) was filtrated through a 0.22 μm membrane filter (Millex HV13, Millipore) and then placed in 1.5 mL HPLC vials (Agilent, screw tab 5,182-0176). A reverse phase C18 column was used.



2.10. Statistical analysis

Results were subjected to one-way ANOVA with GraphPad Prism 9 Software and the degree of significance was denoted as **p < 0.01 and ***p < 0.001 and Tukey’s post hoc tests followed by Duncan’s multiple comparison test using the IBM SPSS Statistics 26 package program. Statistically significant differences were considered at the level of p < 0.05. All assays were performed in three replicates (n = 3).




3. Results


3.1. Total phenolic contents

Table 1 shows the total phenolic contents of lemon peel extracts obtained by pure solvents (water, ethanol, methanol) and hydrogen-rich solvents (HRW, HRE, HRM) at 25°C and 35°C.



TABLE 1 Total phenolics, flavonoids, and monomeric anthocyanins contents of lemon peel extract according to temperature and hydrogen incorporation.
[image: Table1]

At 25°C, the highest levels of total phenolics content of lemon peel were obtained for methanol in the pure (non-H2) solvents group and hydrogen-rich methanol (HRM) for the hydrogen-rich solvents group with 18.31 and 27.31 mg GAE/g extract, respectively (Table 1). Whereas the lowest ones were observed for ethanol in the pure non-H2 solvents and HRW for the hydrogen-rich solvents with 16.29 and 23.58 mg GAE/g extract. The same trend was observed for 35°C.

The incorporation of hydrogen into solvents led to a significant increase in phenolic matter extraction by 35.05%, 49.15%, and 53.52% at 25°C, and by 35.85%, 48.16%, and 57.63% at 35°C for HRW, HRE, and HRM, respectively (p < 0.0001) (Supplementary Table S1 and Figures 1A,B). Results show that incorporating hydrogen into solvent led to the highest increase in phenolic extraction shown for HRM followed by HRE at both 25°C and 35°C. These results reveal that hydrogen incorporation into solvents was more potent for phenolic extraction, especially in the case of methanol and at the higher temperature, 35°C.
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FIGURE 1
 Total phenolics content of lemon peel extract according to hydrogen incorporation (A,B) and temperature (C,D) (nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).


The rise in the extraction temperature from 25 to 35°C led to a significant increase in phenolic extraction by 3.66, 6.93, and 3.05% for non-hydrogen incorporated water, ethanol, and methanol, respectively (p < 0.05, p < 0.01, and p < 0.0001); whereas, it increased by 4.28%, 5.45%, and 5.45% for HRW, HRE, and HRM, respectively (p < 0.05 and p < 0.01) (Supplementary Table S1 and Figures 1C,D).



3.2. Total flavonoid contents

Table 1 shows the total flavonoid contents of lemon peel extracts obtained by pure solvents (water, methanol, ethanol) and hydrogen-rich solvents (HRW, HRE, HRM) at 25°C and 35°C.

At 25°C, while there was no difference in flavonoid content between non-hydrogen-infused solvents, HRM showed the highest value of flavonoid extraction from the lemon peel in the hydrogen-rich solvents group (Table 1). The same trend was observed for 35°C.

The incorporation of hydrogen into solvents led to a significant increase in flavonoid extraction by 20.59%, 30.33%, and 41.5% at 25°C, whereas it increased by 10.6%, 18.78%, and 26.83% at 35°C for HRW, HRE, and HRM, respectively (p < 0.0001) (Supplementary Table S1 and Figures 2A,B). Incorporating hydrogen into solvents led to the highest increase in flavonoid extraction shown for HRM followed by HRE at both 25°C and 35°C. These results reveal that hydrogen incorporation into solvents was the most potent method for extracting flavonoids, especially in the case of methanol and at 35°C.
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FIGURE 2
 Total flavonoids of lemon peel extract according to hydrogen incorporation (A,B) and temperature (C,D) (nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).


The rise in the extraction temperature from 25°C to 35°C led to a significant increase in flavonoid extraction by 16.47%, 15.75%, and 16.86% for non-hydrogen-infused water, ethanol, and methanol (p < 0.001 and p < 0.0001); and by 6.83%, 5.49%, and 4.74% for HRW, HRE, and HRM, respectively (p < 0.01) (Supplementary Table S1 and Figures 2C,D).



3.3. The total anthocyanin contents

Table 1 shows the total monomeric anthocyanins of lemon peel extracts obtained by pure solvents (water, ethanol, methanol) and hydrogen-rich solvents (HRW, HRE, HRM) at 25°C and 35°C.

At 25°C, there was no significant difference in the total anthocyanin content among non-hydrogen-infused solvents and hydrogen-infused solvents (Table 1). The same trend was observed for 35°C.

The total amount of anthocyanins in lemon extracts obtained with hydrogen-rich solvents (HRW, HRE, HRM) was generally higher than that of the extracts obtained with non-hydrogen-infused (pure) solvents.

The infusion of hydrogen into solvents led to a significant increase in total anthocyanins content by 85.22%, 301.99%, and 250.66% at 25°C, and by 147.4%, 233.05%, and 251.19% at 35°C for HRW, HRE, and HRM, respectively (p < 0.05, p < 0.01, and p < 0.001) (Supplementary Table S1 and Figures 3A,B). The incorporation of hydrogen into solvent led to the highest extraction increase of total anthocyanins content shown for HRE at 25°C and HRM at 35°C.
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FIGURE 3
 Total monomeric anthocyanins of lemon peel extract according to hydrogen incorporation (A,B) and temperature (C,D) (nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).


The rise of extraction temperature from 25°C to 35°C led to a significant increase in anthocyanin extraction by 42.04, 136.00, and 66.66% for non-hydrogen-infused water, ethanol, and methanol, respectively (nsp > 0.05 and p < 0.05); and by 175.99%, 95.52%, and 66.92% for HRW, HRE, and HRM, respectively (p < 0.01) (Supplementary Table S1 and Figures 3C,D).



3.4. DPPH scavenging activity

Table 2 shows the DPPH radical scavenging activity of lemon peel extracts obtained by pure solvents (water, ethanol, methanol) and hydrogen-rich solvents (HRW, HRE, HRM) at 25°C and 35°C.



TABLE 2 DPPH and ABTS scavenging activity of lemon peel extract according to temperature and hydrogen incorporation.
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At 25°C, there was no difference in levels of DPPH scavenging activity of lemon peel between different solvents in the pure solvents group. However, HRM showed the highest value in the hydrogen-rich solvents group with 12.62 mg AAE/g extract, whereas the lowest one was observed for HRW in the hydrogen-rich solvents group with 9.85 mg AAE/g dry extract (Table 2). The same trend was observed for 35°C.

The incorporation of hydrogen into solvents led to a significant increase in DPPH radical scavenging activity by 25%, 53.7%, and 62.4% at 25°C, and increased by 108.9%, 131.5%, and 161.0% at 35°C for HRW, HRE, and HRM, respectively (p < 0.0001) (Supplementary Table S2 and Figures 4A,B). The incorporation of hydrogen into solvents led to the highest increase in DPPH scavenging activity shown for HRM followed by HRE at both 25°C and 35°C. These results reveal that the hydrogen incorporation into solvents was more potent for extracting antioxidants from the lemon peel (expressed by DPPH scavenging activity), especially in the case of methanol and at 35°C.

[image: Figure 4]

FIGURE 4
 DPPH scavenging activity of lemon peel extract according to hydrogen incorporation (A,B) and temperature (C,D) (nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).


The rise in extraction temperature from 25°C to 35°C led to a significant increase in DPPH radical scavenging activity by 7.1%, 9.4%, and 6.8% for non-hydrogen-infused water, ethanol, and methanol, respectively (p < 0.001 and p < 0.0001); and by 79%, 64.8%, and 71.6% for HRW, HRE, and HRM, respectively (p < 0.0001) (Supplementary Table S2 and Figures 4C,D).



3.5. ABTS scavenging activity

Table 2 shows the ABTS radical scavenging activity of lemon peel extracts obtained by pure solvents (water, ethanol, methanol) and hydrogen-rich solvents (HRW, HRE, HRM) at 25°C and 35°C.

At 25°C, the highest levels of ABTS scavenging activity were obtained for water in the pure (non-hydrogen-infused) solvents and HRM in the hydrogen-rich solvents with 10.37 and 12.63 mg TE/g extract, respectively (Supplementary Table S2). The lowest ones were observed for methanol in the non-hydrogen-infused solvents and HRW for the hydrogen-rich solvents with 8.76 and 11.87 mg TE/g extract. The same trend was observed for 35°C.

The incorporation of hydrogen into solvents led to a significant increase in the extraction of antioxidants (expressed by ABTS radical scavenging activity) by 14.46%, 34.02%, and 44.06% at 25°C and increased by 24.06%, 43.67%, and 58.42% at 35°C for HRW, HRE, and HRM, respectively (p < 0.0001) (Supplementary Table S2 and Figures 5A,B). The incorporation of hydrogen into solvents led to the highest increase in antioxidant extraction (expressed by ABTS scavenging activity) shown for HRM followed by HRE at both 25°C and 35°C.
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FIGURE 5
 ABTS scavenging activity of lemon peel extract according to hydrogen incorporation (A,B) and temperature (C,D) (nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).


The rise in extraction temperature from 25°C to 35°C led to a significant increase in the extraction of antioxidants (expressed by ABTS radical scavenging activity) by 5.78%, 6.4%, and 11.75% for non-hydrogen-infused water, ethanol, and methanol, respectively (p < 0.01 and p < 0.0001); and by 14.65%, 11.48%, and 22.90% for HRW, HRE, and HRM, respectively (p < 0.0001) (Supplementary Table S2 and Figures 5C,D). These results reveal that the hydrogen incorporation into solvents was most potent for the extraction of antioxidants, especially in the case of methanol and at 35°C.



3.6. HPLC analysis

Phenolic compounds found in lemon extracts are shown in Table 3. The phenolic compound amounts of pure water extracts at 25°C can be ranked as follows: catechin > epicatechin > chlorogenic acid > gallic acid > rutin > trans-ferulic acid > rosmarinic acid > p-coumaric acid (Table 3). Caffeic acid was not detected in pure water and HRW extracts. This may be due to its hydrophobic property and its low solubility in water (Letsididi et al., 2018). Moreover, the amount of quercetin in the extracts could not be determined because its level was below the detection limit of the instrument.



TABLE 3 Effect of hydrogen incorporation into solvent and temperature increase on the phenolic compounds profile of lemon peel.
[image: Table3]

In non-hydrogen-infused solvents at 25°C, the content of chlorogenic acid and epicatechin compounds was in the following order: methanol >water >ethanol; while that of catechin and gallic acids was in the following order: water>methanol>ethanol. In the hydrogen-rich water group at 25°C, the amount of chlorogenic acid, catechin, and epicatechin compounds increased by 76.55%, 9.52%, and 137.15%, and at 35°C, it increased by 18.50%, 13.02%, and 49.29%, respectively.

HPLC analysis shows that the increase in temperature from 25°C to 35°C increased the extraction of gallic acid (hydroxybenzoic acid) by 150%, 230%, and 401% for pure water, ethanol, and methanol, and by 49%, 141%, and 42% for H2-rich solvents, respectively (Supplementary Table S3). Similarly, the hydroxycinnamic acids increased up to 187% for ferulic acid in pure ethanol and 67% for caffeic acid in pure methanol. Regarding flavonoids, epicatechin (flavan-3-ols) increased up to 121% and 36% for pure water and HRW, respectively; while rutin (flavonoid glycoside) increased by 93% and 117% for pure ethanol and HRW, respectively (Supplementary Table S3). It can be noted that when the temperature of extraction increased from 25°C to 35°C, the majority of the phenolic compounds had increased extraction.

HPLC analysis shows also an increase in both flavonoid and non-flavonoid amounts when H2-solvents had been used in the extraction process. This increase was shown notably for all solvents at 25°C and for HRW at 35°C (Supplementary Table S4).




4. Discussion

The results of this study show an increase in all phytochemicals when hydrogen had been incorporated into various solvents. It could be expected that the increase in TPC found in HRW samples was due to the preservation of phenolic substances from oxidative reactions and maybe by the liberation of conjugated and cell wall-bound phenolic substances. On the other hand, the standard reduction potential of 2H+/H2 involved in the biological electron transfer system equals −420 mV (at pH 7) (Roehm, 2001) showing that dissolved hydrogen possesses a possible thermodynamic reducing property to help maintain the redox homeostasis inside the cell and preserve phenolics and antioxidants from oxidative reactions (Hu et al., 2021). It has been reported that the incorporation of SO2 (reducing agent) into the water, which forms a solution with redox properties similar to that of HRW, improved the extraction of anthocyanins from red wine grapes (Bakker et al., 1998) and phenolics from milled black currants (Cacace and Mazza, 2003). However, the reactivity of SO2 in aqueous solutions is significantly greater than H2. In contrast to H2, when dissolved in protic solvents, SO2 acts as a Lewis acid to form the ephemeral sulphurous acid (H2SO3), which then immediately results in its conjugate bases of bisulfate (HSO3−) and sulfite ions (SO32−). These anions are excellent reducing agents that can remove chlorine, oxygen, and other oxidants from solution, which molecular hydrogen cannot do. However, the use of SO2 in food products is limited due to its harmful effects on health.

On the other hand, polyphenol oxidase (PPO) and phenolic compounds are localized separately inside the cell in a latent state. During pretreatment phases such as grinding, PPO and phenolic substances are liberated and come in contact, and the oxidation of phenolics is initiated producing o-quinones that can oxidize other phenolic compounds (Renard et al., 2017). The o-quinones are submitted to disproportionation to form semiquinone radicals that react with O2 to generate superoxide anions (●O2−) and the regeneration of o-quinones (Boeckx et al., 2015). The formed superoxide anions will be dismutated either enzymatically via superoxide dismutase or non-enzymatically to form hydrogen peroxide (H2O2). Hydrogen peroxide can react with divalent metal ions such as iron (II) via a Fenton reaction to generate extremely non-selective oxidant hydroxyl radicals (●OH) (Boeckx et al., 2015). Since the infusion of hydrogen gas would have removed any dissolved oxygen gas, then it is possible that fewer oxygen radicals (e.g., ●O2-, ●OH) were produced because there was not enough O2 to react with semiquinone radicals. Similarly, since O2 itself can induce oxidation as a diradical, then having less O2 available would likewise result in less oxidation of phytochemicals. Further studies with other inert gases (e.g., He, N2, etc.) may help elucidate the chemical mechanism for these observed effects.

The phenolics, which have a high molecular weight and are attached to the plant cell wall, might pass into free form with the effect of high temperature leading to an increase in the total phenolics content (Shofian et al., 2011). In the literature, it has been reported that the total phenolic content of lemon peels extracted with methanol:water (80:20, V/V) ranged between 3.17 and 4.63 mg GAE/g wet product (Xi et al., 2017), the flavonoid content extracted with ethanol was 7.12 μg QE/g wet product (Leja et al., 2013), and the total anthocyanin content extracted with water was 3.98–22.87 μg/g dry product (Guzel and Akpinar, 2017). It has been found that the DPPH● scavenging capacity of lemon peel extract obtained with methanol: water (80:20/ v: v) was 7.45 μmol TE/g wet weight (Xi et al., 2017), the ABTS+ scavenging capacity of extract obtained by methanol:water (80:20, V/V) was 8.65 μmol TE /g wet weight (Xi et al., 2017), and the phenolic profile of aqueous extracts was in the following order: rutin> trans-ferulic acid> P-coumaric acid (Gomez-Mejia et al., 2019).

Another possibility may have to do with the possible formation of hydrogen bubbles that occurred during the mixing process. The saturated levels of hydrogen in solution make it easy for gas bubble formation due available gaseous solutes and abundant nucleation sites. The bubbles may undergo cavitation and bubble degradation, which is known to facilitate the release of plant metabolites from intracellular structures (Blicharski and Oniszczuk, 2017). This assumption will be investigated in a future research.

The higher solubility of H2 in methanol compared to water and ethanol (Young, 1981), may explain the advantage of the use of methanol over water and ethanol for the extraction of antioxidants. On the other hand and contrary to water, the solubility of hydrogen in n-alcohols such as methanol and ethanol increases with the increase in temperature (D‘Angelo and Francesconi, 2001). This phenomenon may explain the reasons behind the high extraction efficiency of antioxidants, phenolics, flavonoids, and anthocyanins at 35°C compared with 25°C.



5. Conclusion

Agro-food wastes are phytochemical-rich sources with a significant added value that can be used in different industries such as cosmetics, pharmacy, and foods. The valorization of agro-food wastes is still an important challenge, especially in light of the increasing crisis of low production of agricultural products due to global warming and climate change. The extraction of phytochemicals from these wastes can bring many economic benefits to industries. In the present study, An improvement in the extraction efficiency of phytochemicals from the lemon peel when hydrogen was incorporated into conventional solvents such as water and n-alcohol was obtained, with the highest increase shown for hydrogen-rich methanol. Additionally, a significant increase in the extraction of the phytochemical could be obtained when the extraction temperature was increased. The highest extraction levels of phenolics, flavonoids, anthocyanins, and antioxidants were found for the HRM at 35°C. The phenolic profile of lemon peel extract was enhanced by both hydrogen incorporation and temperature increase. It should be noted that the incorporation of hydrogen into solvents was more effective in improving the extraction efficiency of phytochemicals than increasing the temperature. The incorporation of hydrogen into water led to significant improvement in phytochemical extraction, which can be considered a green extraction process. This method of hydrogen incorporation into solvents may be an interesting alternative to hazardous and expensive organic solvents and has various economic and ecological advantages. Future research should investigate the effect of other inert gases to determine if the increased extraction is unique to the physical chemistry properties of hydrogen, or simply to the removal of O2 and inclusion of gaseous solutes and bubbles that may have been produced during the mixing.
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