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Introduction: The endorsement of circular economy, zero-waste, and
sustainable development by the EU and UN has promoted non-thermal
technologies in agro-food and health industries. While northern European
countries rapidly integrate these technologies, their implementation in
Mediterranean food-supply chains remains uncertain.

Aims: We evaluated the usefulness of hydrodynamic cavitation (HC) for valorizing
orange peel waste in the fresh orange juice supply chain of the Maltese Islands.

Method: We assessed: a) the effectiveness of HC in extracting bioactive
compounds from orange peels (Citrus sinensis) in water (35°C) and 70% (v/v)
ethanol (-10°C) over time, compared to conventional maceration, and b) the
potato sprouting-suppression and biosorbent potential of the processed peel for
copper, nitrate, and nitrite binding.

Results: Prolonged HC-assisted extractions in water (high cavitation numbers),
damaged and/or oxidized bioactive compounds, with flavonoids and ascorbic
acid being more sensitive, whereas cold ethanolic extractions preserved the
compounds involved in radical scavenging. HC-processing adequately modified
the peel, enabling its use as a potato suppressant and biosorbent for copper,
nitrate, and nitrite.

Conclusion: Coupling HC-assisted bioactive compound extractions with using
leftover peel for potato-sprouting prevention and as biosorbent for water
pollutant removal offers a straightforward approach to promoting circular
economic practices and sustainable agriculture in Malta.

hydrodynamic cavitation, citrus waste, green solvents, potato sprouting, water
remediation, nitrates, nitrites, heavy metals
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1 Introduction

Global citrus production surpasses 100 million tons annually, but
approximately 50% of the fruit is deemed inedible, resulting in 60 million
tons of waste per year (Mahato et al., 2019). EU and UN policies over the
past decade have prioritized hierarchical food waste management,
redistribution, and valorization to promote sustainable consumption
and production, thus fostering circular economies (Teigiserova et al,
2020; Carlsen and Bruggemann, 2022). Emerging green technologies,
such as hydrodynamic cavitation (HC), offer promising solutions for
water softening (Anaokar and Khambete, 2021), chemical/dye
inactivation (Zupanc et al, 2013; Bandala and Rodriguez-Narvaez,
2019) and non-thermal food processing (Sun et al., 2022).

In HC, device contractions induce turbulence, elevating kinetic
energy at the cost of hydrostatic pressure until it matches (or falls
below) the liquid’s vapor pressure (Carpenter et al., 2017). Flashing
liquid forms cavitation bubbles, expanding upon pressure recovery.
Upon collapse, bubbles emit energy waves, microjets, and reactive
oxygen species, inducing chemical and physical changes in the
treated material (Meneguzzo and Zabini, 2021). In citrus waste,
such changes manifest as tissue loosening (Singhal and Hulle, 2022),
improved dispersibility and functionality of pectin-biopolymers and
antioxidants (Meneguzzo et al., 2019; Chu et al., 2022), as well as
pectin methyl esterase inactivation (Arya et al., 2021) and natural
colourant release (Ciriminna et al., 2020a). Most importantly, HC-
induced changes are achieved over short yet intense treatments,
economizing on energy, and preserving the stability/functionality of
heat-sensitive core food components (Arya et al., 2023).

Typically, citrus waste valorization involves several steps,
i.e., drying and pulverizing the peel to reduce water activity and
increase surface area, mixing the dried peel with green solvents like
water or ethanol, technology-assisted extraction, content determination,
chemical identification, and purification of main compounds, and finally
processing and valorization (Supplementary Figure S1) (Panda and
Manickam, 2019; Nanda et al, 2021; Hessel et al, 2022). Extracted
bioactive compounds, including flavonoids, terpenes, phenolics,
essential oils, and carotenoids, enhance beverages, dairy, and baked
goods, providing nutritional value and shelf-life extension due to their
antimicrobial properties (Mohsin et al., 2022; Saini et al., 2022). Pectin acts
as a thickener, stabilizer, and offers antimicrobial benefits (Meneguzzo
et al, 2019; Ciriminna et al, 2020b), while extracted sugars and
carbohydrates act as prebiotics, promoting beneficial microorganism
growth (Goémez et al,, 2014; Mazzucotelli and Goni, 2023). Citrus peel
can also undergo biorefinery processes to yield various products like acids,
bioethanol, biomethane, xanthan, and curdlan gum (Mohsin et al., 2022).
Additionally, it can be converted into activated biochar for ammonium ion
removal (Tan et al, 2023), activated hydrochar for CO, uptake (Deepak
et al, 2023), or used as an alternative to nitrate/nitrite preservatives in
fermented meats (Calderén-Oliver and Lopez-Herndndez, 2022).

In 2013-2014, the Maltese Islands produced 1,800 tonnes of citrus,
yet over 80% of the island’s needs are fulfilled through imports
(Parliamentary secretary for agriculture and fisheries and animal
rights Malta, 2018). Locally grown oranges are typically consumed
fresh or in juice form. Collected orange peel waste is used as livestock
feed (Lalramhlimi et al., 2022) but albeit nutritious, it poses risks of
acidosis in livestock due to its acidity (Alnaimy et al., 2017). Moreover,
direct use of orange peel as fertilizer (Attard et al., 2019) or improper
composting practices may lead to soil acidification and disrupt bacterial
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populations. Excessive use of manure can exacerbate the imbalance in
the nitrogen cycle, increasing soil nitrates (Abascal et al., 2022) and
quality. Overall,
malpractices and intensive land use have significantly compromised
soil and groundwater quality in Malta (Hartfiel et al., 2020).

Here we examine HC as a method for extracting bioactive

adversely affecting groundwater agricultural

compounds from orange waste peel in Malta, focusing on its
effectiveness within the fresh juicing industry. We discuss the
scientific data supporting HC extraction’s ability to recover
valuable compounds from citrus waste and propose a citrus-
waste valorization scheme that encourages sustainable practices,
aligning with broader national economic and environmental goals.

2 Materials and methods
2.1 Drying procedure

We evaluated the performance of three drying
techniques—microwave (MW; Midea, United States), hot-air (FOD;
Zilan, France), and freeze-drying (FRD (N-series); Scientz, China)—for
citrus peel obtained from freshly squeezed oranges (Citrus sinensis)
sourced from Mgarr Farms and Koperattivi Malta. Three different lots of
orange peel were sourced: Valenciana (DMA farms, Egypt), Valenciana
(EI Gebaly Fruit Company, Egypt) and Navel (F.C.C.S Limited, Malta).
Samples from each lot were subjected to the following process: peel
pieces (albedo, flavedo, and segment walls) were cut to 1-3 mm and
stored at —80°C before drying. MW drying involved 175 W [ouput
determined as in (Buesa, 2002)] microwave heating for 5 min followed
by 10 min cooling at room temperature to prevent Maillard reactions
(Ahmad and Langrish, 2012). FOD drying was carried out at 35°C, while
FRD was conducted under vacuum (110 kPa) until moisture content
and water activity were reduced to <0.2. The dried peel was pulverized
(10 s bursts, 30 s cooling), sieved through 100 pm and 50 pm pore-size
membranes for uniform particle size distribution. Particles failing to pass
through the smaller sieve were sealed and stored for future use. For
determining the influence of the drying process in the exhibited
antioxidant activities (Section 2.4) each lot provided a replica. For
subsequent works, the remaining peel from the three lots was dried
using the most effective drying method and the powders were combined
to generate a single homogeneous stock. Thus, subsequent extractions
and analytical tests were conducted in technical triplicates.

2.2 Green solvent extractions

2.2.1 Solvent-mediated extractions

70% (v/v) ethanol (Biochem Chemopharma, France) was the
selected green solvent (as was previously identified as an optimal
green solvent for at least total phenolic extraction by maceration
(Mahato et al, 2019; Vifas-Ospino et al, 2023)). Drying
effectiveness was primarily based on the process’s ability to
preserve the ethanol-extracted biocomponents and/or to improve
their antioxidant activities, relative to fresh peel. Dried and/or fresh
peel was mixed with 70% (v/v) ethanol, at a 1:40 solid-to-liquid ratio
(g/mL) (Selahvarzi et al., 2022), with mild stirring (Stuart Scientific,
UK; 100 rpm) at 35°C for 2 hours. Samples were taken at 15, 30, 60,
and 120 min of extraction time for determination of their
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antioxidant activities (Section 2.4). All extractions and analytical
experiments, including the generation of standard calibration curves
were conducted in technical triplicates, unless otherwise stated.

2.2.2 HC-mediated extractions

For HC-mediated extractions, we opted for water (the greenest
of solvents) and 70% (v/v) ethanol (Mahato et al., 2019; Vinas-
Ospino et al., 2023). Dried peel was enclosed in a 50 pum muslin bag
and inserted into a 200 mL double-walled Scott bottle fitted with a
two-port screw cap (Supplementary Figure S2A). Water or 70% (v/
v) ethanol was added to the bottle at a 1:40 solid to liquid ratio. The
screw-cap ports created a closed system (minimizing loss of volatile
D-limonene) for continuous feeding into the HC-device. The
double-jacketed container circulated coolant, maintained at the
desired temperature by a chiller unit (WCR-P12; Witeg,
Germany). Water extractions were at 35°C (to minimize thermal
effects on the stability of antioxidants), and for ethanol, the
temperature was set at —10°C to prevent flashing. Inlet and outlet
pressures were monitored with digital sensors, and samples were
collected at 15, 30, 60, and 120-min intervals. The choice of the time-
range was simply based on the industry requirement for short
processing times and energy consumption efficiency.

HC extractions were performed using a counter-rotational
system (WHARPS Technologies, Malta), featuring two co-axially
positioned rotors within a truncated conical chamber
(Supplementary Figures S2B, S2C; Isopo, 2010). A maximum
rotational frequency of 0.168 MHz facilitated bubble implosion at
communication zones between rotor orifices and slots. The
effectiveness of HC extractions was evaluated with both rotors
operating at 50%, 75%, and 100% of their maximum frequency
(the higher the frequency the more intense the cavitation). A small
peristaltic pump modulated the liquid flowrate, achieving intercept
cavitation numbers of 0.33 (50%), 0.29 (75%), and 0.25 (100%) for
water at room temperature and 0.58 (50%), 0.55 (75%), and 0.50
(100%) for 70% (v/v) ethanol at —10°C. Cavitation numbers were

derived as in (Omelyanyuk et al., 2022).

2.3 Determination of total reducing sugar,
phenolic, and flavonoid contents

The total reducing sugar content of extracts was determined
spectrophotometrically (UV-2600, Shimadzu, Japan) at 540 nm
using the 3,5-dinitrosalicylic acid (DNS; ThermoFischer Scientific,
United States) method, following (Khatri and Chhetri, 2020), with
no modifications. Calibration curves of D-glucose (Biochem
Chemopharma, France; 4.75-600 ug/mL) in Milli-Q water and
70% (v/v) ethanol were used for quantification, yielding R* values
of 0.997 and 0.996, respectively. Sugar contents were expressed as
mg D-glucose equivalents (DGE)/g dry matter. Polyphenolic
content was determined spectrophotometrically at 765 nm using
the Folin-Ciocalteau (MP Biomedicals, France) method as per
(Waterhouse, 2003), with no modifications. Total phenolic
content was quantified using calibration curves of gallic acid
(Apollo Scientific, UK; 10-250 mg/L) in Milli-Q water and 70%
(v/v) ethanol, resulting in R? values of 0.999, and expressed as mg
gallic acid equivalents (GAE)/g dry matter. For total flavonoid
contents, the method of (Mahboubi et al., 2013) was followed
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without modifications. Calibration curves of quercetin (VWR,
France; 0.05-1.5 mg/mL) in Milli-Q water and 70% (v/v) ethanol
were used for quantification, with R* values of 0.999, and results
were expressed as mg quercetin equivalents (QE)/g dry peel.

2.4 Determination of extract antioxidant
activities

Antioxidant activities were determined using the: a) 2,2-
USA)
radical, b) 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS; Rockland, USA) radical cation (ABTS®), and ¢) the
H,0, (Biochem Chemopharma, France) scavenging assays with
no modification from (Shehata et al, 2021; Al-Amiery et al,
2015), for DPPH/ABTS®" and H,O, assays, respectively. For
DPPH and ABTS®, activities were expressed as mg Trolox

diphenyl-1-picrylhydrazy (DPPH; Cayman Chemical,

(Cayman Chemical, USA) equivalents (TE)/g dry matter (prepared
in 70% (v/v) ethanol), whereas for H,O, scavenging, activities were
expressed as mg ascorbic acid (Biochem Chemopharma, France;
prepared in Milli-Q water) equivalents (AAE)/g dry matter.
Standard Curves over the 0-60 ug/mL for Trolox and 0-400 pg/
mL for ascorbic acid were constructed in Milli-Q water (with R?
values of 0.995, 0.995, 0.994, for DDPH, ABTS™, and H,O,,
respectively), and/or in 70% (v/v) ethanol (with R* values of 0.995,
0.997, 0.999, for DDPH, ABTS"*, and H,O,, respectively).

2.5 Investigation of inhibition of spring
potato sprouting

Following completion of the conventional extraction in 70% (v/
v) ethanol and the HC-mediated extractions in water, the remaining
peel was collected, and aseptically dried. The powdered peel was
then applied with a sterile cloth on freshly harvested, washed, and
dried spring potatoes. Peel-treated and untreated potatoes were
placed in an aluminium foil box, covered with 230 gsm paper lid,
and incubated at 35°C and 30% relative humidity for 30 days. Eye
formation, and sprouting was followed over that period in triplicates
as previously described (Thoma et al., 2022).

2.6 Fixed bed colum-scale removal of Cu?*,
NO,~, and NO3z~

0.9 g of unprocessed or HC-processed powdered peel was mixed
with 1 mL of CuSO, (MP Biomedicals, France; 5-80 mg/L; pH 5.5)
or NaNO, (Biochem Chemopharma, France; 1-500 mg/L; pH 7.0)
or NaNOj; (Biochem Chemopharma, France; 3-100 mg/L; pH 6.0)
solutions for 60 min at room temperature with mild shaking. The
suspensions were then transferred to polypropylene tubes with a
50 um-diameter cloth filter at the bottom to prevent adsorbent loss
and clogging. Flowthroughs were collected and analyzed
spectrophotometrically. CuSO, absorbance was monitored at
635 nm, while NO,™ concentrations were determined using the
Griess-Ilosvay assay. Nitrite absorptions were subtracted from
total nitrate and nitrite absorptions, monitored at 220 nm, to
obtain NO;~ concentration (Carvalho et al., 1998).
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2.7 Curve fitting and statistical analyses

Histograms were generated using GraphPad Prism version
10 for windows (GraphPad Software, United States). Differences
were statistically evaluated using the two-way ANOV A multiple
comparisons option of the software. The Langmuir (Ebrahimi-
Gatkash et al, 2017), and the
transformation of the Freundlich isotherm (Degefu and
Dawit, 2013) were fitted to the obtained adsorption data
using the same software.

natural logarithmic

3 Results and discussion

3.1 Hot air-drying can be as efficient as
freeze-drying

Selection of a universal drying technique is challenging since
its effectiveness is product, food-matrix, and food-layer
dependent. Sun-drying preserves bioactive compounds in
orange peel but is time-consuming and risks flavonoid
oxidation (Li et al., 2006). MW and infrared heating offer
faster drying rates than conventional methods, especially when
combined with vacuum drying at 50°C (Bozkir et al., 2021). Tray
or hot-air drying are popular due to simplicity and low costs but
compromise bioactive compound content at temperatures >50°C,
necessitating vacuum conditions for increased drying rates.
Lyophilization achieves high retention of bioactive compounds
and preserves natural colors and aromas, but its high costs limit
its adoption by small- and medium-sized businesses (SMEs) (Li
et al., 2006; Bozkir et al., 2021).

In harmony with previous works, drying did not only achieve
preservation of the fruit through reduction of its water activity
but also allowed for extract-enhanced antioxidant activities
relative to the fresh peel (Supplementary Figure S3) (Ozcan
et al., 2021). Though all our tested drying methods resulted in
similar extract antioxidant activities, as determined by the DPPH
(Supplementary Figure S3A) and ABTS®* (Supplementary Figure
S3B) assays, FOD and FRD exhibited at least 2.2-fold higher
H,0, than MW-dried
(Supplementary Figure S3C). Microwave heating at 175W,

scavenging  activities extracts
albeit being the least energy consuming (0.35 kWh over 2 h),
encouraged heat transfer processes from inside out, affecting the
peel’s vitamin C content as well as its potential antioxidant
properties by at least 2-fold, as previously reported (Alibas
and Yilmaz, 2022). Of the drying processes FRD has been
consistently reported to achieve the highest retention of
with
conductive heating processes at 50-100°C achieving lower

antioxidant activities in fruits, convective and/or
retention due to thermos-oxidative damage of the available
bio-compounds (Kittibunchakul et al., 2023). In this work,
FRD’s energy consumption amounted to 25.61 kWh over 26 h,
whilst a conventional food drier operating at 35°C consumed
2.66 kWh over 18.7h. Maintenance of dry-heating at 35°C,
appeared to be gentler to the more heat-sensitive vitamin C, as
well as flavonoids (Supplementary Figure S3C), making FOD
equally effective to FRD and providing a viable economic

option to SMEs.
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3.2 Conventional vs. HC-assisted
extractions; thoughts on functionalisation

Extractions in 70% (v/v) ethanol, with mild stirring at 35°C,
revealed average TPC and TFC contents of 53.9 + 4.1 mg GAE/g,
and 12.9 *+ 0.7 mg QE/g, respectively (Figure 1, conventional), in
harmony with previous studies reporting contents of 34.6 + 2.1 mg
GAE/g TPC (1:25 solid-to-70% (v/v) ethanol, 37°C, 1 h; (Liew et al.,
2018), and 10 mg QE/g TFC (1:10 solid-to-80% (w/v) ethanol, 35°C,
30 min; (Mbhiri et al., 2016). At 35°C, the pH of 70% (/v) ethanol was
close to neutrality (pH 6.82 + 0.12), improving the extraction yield of
phenolics and possibly polyphenols (Haya et al., 2019), relative to
flavonoids whose extraction yields improve under more acidic
conditions (for a review see (Chaves et al., 2020)) (Figure 1, left
column). TPCs correlated with TFCs and antioxidant activity
(Supplementary Figure S4A; Kassambara, 2017), with DPPH
reflecting the -OH contributions of the phenolics, and the
ABTS® accounting for the presence of flavanones, and pyrogallol
structures [as also described in (Platzer et al., 2021)], reflecting the
flavonoid as well as phenolic contributions possible better than
DPPH (Floegel et al, 2011). Indeed, 70% (v/v) ethanol at 35°C
achieved bioactive-compound extraction from peel with ABTS"™*
activity of 3.83 + 0.01 mg TE/g within the first 15 min, and a DPPH
activity of 2.29 + 0.03 mg TE/g (Figure 1, left column). Our observed
ABTS"" activity was at least 2-fold higher than that reported in 50%
(v/v) ethanol, over 30 min (Ashraf et al., 2024). In contrast, the
extracts’ DPPH activity was at least 8-fold lower than that reported
by Liew et al. (Liew et al., 2018), but the authors conducted their
extraction over 72 h, suggesting that maceration with mild heating
needs to be prolonged for achieving higher extraction yields.

For the HC-mediated peel extractions in water, the higher the
rotational speed (i.e., the lower the cavitation number and the more
efficient the cavitation) the higher the TRS, TPC, and TFC contents,
with longer exposures (>30 min) compromising extraction yields
(particularly for phenolics and total reducing sugars) (Figure 1, left
column). This is consistent with the breakdown of organics
previously  described
(Montusiewicz et al., 2017). The more extensive the cavitation,

following  extensive  cavitation as
the lower the recorded pH (Supplementary Figure S4A, negative
correlation). The more acidic the extracts, the higher the yields and
their antioxidant activities (Supplementary Figure S4A, negative
correlation), in harmony with previous observations (Hegazy and
Ibrahium, 2012). Although DPPH and ABTS®* antioxidant activities
corelated positively, their relationship to the TPC and TFC contents
appeared reverse (Supplementary Figure S4A). This is to highlight
that: i) within the TPC and TFC contents, only a certain percentage
of compounds possesses the structural characteristics for exhibiting
antioxidant activity (Aaby et al, 2004; Czech et al, 2020), ii)
following the HC-induced peel damage, there is the potential of
H,O, production (Buron-Moles et al., 2015), dependent on the Fe
content of the peel (Czech et al., 2020), putatively responsible for the
oxidation of those bioactive compounds (Wu et al., 2015), and iii)
depending on the bio-compound structure, oxidation may enhance
or quench their antioxidant activities (Speisky Cosoy et al., 2022), as
evidenced by the H,0, scavenging capacity of the HC-extracts in
water, relative to the conventional extraction (Figure 1, left column).

In contrast, HC-peel treatments in 70% ethanol at —10°C
eliminated heating and abrupt pH changes, enhancing extraction
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HC-assisted Extractions
in Water (35°C)

HC-assisted Extractions
in 70% Ethanol (-10°C)
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FIGURE 1

Orange peel waste extract contents and antioxidant activities. Top-to-Bottom: total reducing sugars, total flavonoids, total phenolics, DPPH,

ABTS *, and H,O, scavenging. HC-assisted extractions were conducted in water (35°C, left column) and 70% (v/v) ethanol (-10°C, right column). White
histograms; maceration in 70% (v/v) ethanol, blue histograms; HC at 50% rotational frequency, orange histograms; HC at 75% rotational frequency, and
magenta histograms; HC at 100% rotational frequency. pH changes with time for the corresponding treatments are indicated. Error bars denote the

STDEV of triplicate measurements.

efficiency, as previously reported (Mhiri et al., 2015). At —10°C,
cavitation bubble formation was weaker (higher cavitation numbers)
with longer exposure times correlating positively with extraction
yields (Supplementary Figure S4B). Consequently, by elimination of
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thermal effects, weaker cavitation was effective over prolonged
treatments. Additionally, clear positive correlations emerged
between the recorded antioxidant activities (Supplementary
Figure S4B). Total flavonoids were the major contributor towards
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the DPPH, ABTS"* and H,0, scavenging activities under slightly
acidic conditions (Figure 1, right column). However, TPC correlated
negatively with DPPH, suggesting that cold temperatures do not
facilitate release of phenolics with strong antioxidant activities
S4B).

contributed  positively to the

Neutral-to-alkaline conditions
measured DPPH
(Supplementary Figure S4B), which was almost 3-fold higher

(Supplementary Figure
activity

than that of the conventionally treated extracts (Figure 1, right
column). Alkaline oxidation of flavonoids like quercetin, has been
already reported to generate metabolites whose antioxidant capacity
surpassed that of their precursor (Speisky et al., 2023). Thus,
cold
conditions (neutral-to-alkaline pH) preserve and/or enhance the

prolonged HC-assisted extractions in ethanol under
bioactivity of flavonoids while keeping the sugar content of the
extracts low. In future works, we will define the nature and amounts
of the extracted compounds in the selected and/or additional
solvents by UPLC-MS. Also, we will proceed by assessing the
potential of ultrasound- and pulsed electric field (PEF)-assisted
these

treatments with HC are likely to enhance extraction yields with

extractions, as combinations of non-conventional
shorter processing times.

Evidently, different HC treatments produce varying antioxidant
contents, influenced by the raw material, as well as the
interdependency between pH, temperature, and oxidation. Thus,
effective integration of HC in food processing requires a clear
understanding of the desired product, since design considerations
determine the type and quantity of antioxidants needed for value
addition, shelf-life extension, or sensory enhancement. State (e.g.,
powder or liquid) and cooking method further impact antioxidant
bioavailability. For instance, to fortify cookies, peel waste (subjected
to brief HC-treatments) can enhance antioxidant release when
added as dried powder to flour, optimizing bioavailability during
baking. In contrast, dairy fermentations may benefit from controlled
release of antioxidants into the food matrix, using encapsulation-
based methods (Adinepour et al., 2022).

3.3 Potato sprouting prevention

The use of essential oils in prevention of potato-sprouting has
been well described with products comprising D-limonene currently
approved as sprouting suppressants (Thoma and Zheljazkov, 2022).
HC-assisted extraction of D-limonene from waste orange peel has
also been explored as a more sustainable approach to conventional
extractions (Meneguzzo et al., 2020). However, little is known about
the overall potential of dried and/or HC-processed peel as a potato-
sprouting suppressant, considering that it comprises both free and
bound compounds with antioxidant propensity (Oboh and
2012).
collected the processed peel, air-dried it and investigated its

Ademosun, Following HC-assisted extractions, we
potential as a sprouting suppressant (Section 2.5). We found that
the processed peel exhibits potato-sprouting suppressant abilities,
and that the more intense the HC-treatment (higher extract
antioxidant activities, and potential plant-tissue damage reflecting
reduced bound antioxidants) the weaker the prevention
(Supplementary Figure S5). Thus, powdered peel, previously
subjected to moderate processing by HC, can be further valorised

as a potato-sprouting suppressant, providing a cost-effective
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preservation method, contributing to sustainability that is an
elemental aspect of process intensification.

3.4 Water remediation

In countries lacking established juice-plant processing,
hydrodynamic cavitation (HC) aids in extracting essential oils
and bioactive compounds from peel waste while offering
preliminary physicochemical treatment for further valorization.
Unprocessed peel is a low-to-moderately effective bio-sorbent,
but its adsorption is enhanced following physicochemical, or
2023). This
enhanced adsorption makes it effective at removing contaminants
such as heavy metals, nitrates, and ammonia from water (Dey et al.,
2021; Mahato et al, 2021). We have assessed the adsorption of

copper (Figure 2A), as well as nitrates (Figure 2B) and nitrites

biological treatments (Michael-Igolima et al.,

(Figure 2C) on unprocessed and HC-processed peel, with

biosorption  parameters  reflecting  favourable  binding
(Supplementary Tables S1, S2) in harmony with previous works
(Feng et al., 2009; Izquierdo et al., 2013; Abdulrazak, 2016; Romero-
Cano et al.,, 2016; Amin et al.,, 2017; Surovka and Pertile, 2017;
Ozkan et al., 2017; Amin et al., 2019; Safari et al., 2019; Kumar and
Raju, 2020; Amirsadat et al., 2022; Shahaji et al., 2023). Though
further HC-treatment and pH optimisations are required to
maximise copper and nitrate binding, these preliminary works
demonstrate that HC pre-treatments even under suboptimal
pH can provide a level of physical peel modification essential for
the adsorption of the tested chemicals. Interestingly, adsorption of
nitrite (whose reactivity and toxicogenic propensity are stronger
than nitrate) to the HC-processed peel appeared more favourable
than nitrate (Supplementary Tables S1, S2; increased nitrite
biosorption parameters relative to nitrate).Thus, utilisation of the
adsorptive strength of orange peel in the filtration of the Maltese
ground water, considering its deterioration (Hartfiel et al., 2020), can
assist in the reduction of heavy metal, as well as nitrate, nitrite, and
ammonium, to levels below those suggested by the EU directive
(Psakis et al, 2023). With demonstrated reusability in nitrate/
ammonium and iron-oxide removal, orange peel filtration offers
a cost-effective solution for water remediation in Malta’s agricultural
sector (Oteng-Peprah et al, 2018; Dey et al, 2021; Praipipat

et al., 2023).

4 Leaping three mountains with
one jump

Despite HC’s potential in process intensification (Katariya et al.,
2020), its adoption by SMEs as a green technological processing step
remains hesitant, despite offering lower capital costs compared to
PEF (Avdieieva et al., 2023). HC, with various available devices (Sun
et al.,, 2022), presents a cost-effective solution for valorizing orange
peel waste. The cavitator used in this study allows easy compartment
exchange (food grade) without additional pumping, ensuring
compliance with food-processing legislation. Short HC treatments
in water effectively extracted antioxidants, facilitating juice product
functionalization. Concerns over CO, footprint and capital costs
associated with sophisticated freeze-drying equipment can be
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FIGURE 2

Non-liner Langmuir isotherm following adsorption of Cu?* to untreated and HC-treated (water, at 75% rotational frequency, for 2 h) peel. q. and ce,
refer to the adsorption capacity of the peel and the concentration of ions used at equilibrium, respectively (A). Non-liner Langmuir isotherm following
adsorption of nitrates to water-macerated and HC-treated (water, at the specified rotational frequencies, for 2 h) peel (B). Non-liner Langmuir isotherm
following adsorption of nitrites to water-macerated and HC-treated (water, at the specified rotational frequencies, for 2 h) peel (C). Error bars

denote the STDEV of triplicate measurements.

mitigated by solar-panel freeze-drying technologies (Zhou et al.,
2021), potentially subsidized by government schemes. Alternatively,
SMEs can opt for more economical hot-air/tray drying methods.
Studies comparing the cost-benefit analysis of HC-produced foods
to conventional processes are lacking. However, PEF-based analyses
indicate higher production costs (Sampedro et al., 2013), potentially
leading to higher product prices, which consumers may be unwilling
to pay (Aschemann-Witzel and Zielke, 2017). Nevertheless, limited
availability of niche functionalized sustainable foods may encourage
consumer purchasing (Maojie, 2023). Dried orange peel waste can
prevent potato sprouting for up to 3 weeks, paralleling beverage
functionalization to peel drying processes. For Malta, extended
potato shelf life is crucial for maintaining profitability in export
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markets like the Netherlands, Germany, Switzerland, and the UK
(Parliamentary secretary for agriculture and fisheries and animal
rights Malta, 2018), where spring potatoes are exported. Profits
generated can help offset HC-functionalized beverage production
costs, making these products more affordable for consumers.
Moderately acidic soils (pH 5.0-6.5) are ideal for potato growth.
Utilizing orange peel waste’s biosorbent capacity for pollutants like
ammonium, nitrates, nitrites, and heavy metals in constructing
biosorbent or biochar fixed-bed columns can improve irrigation
water quality, enhancing soil conditions for potatoes. This proposed
coupling of processes offers a straightforward approach to initiating
circular economic practices in Malta, promoting sustainable
agriculture.
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5 Conclusion and final thoughts

In this work, we bench-scale evaluated the performance of a
counter-rotational HC device in extracting bioactive compounds
from unprocessed orange peel waste, using water and 70% (v/v)
ethanol with heating <40°C and at —10°C, respectively. In agreement
with previous works, this study highlights the potential of HC-
mediated peel waste treatments for bio-compound extraction in
green solvents for industrial processing. Furthermore, we have
demonstrated that: i) hot-air drying can be a cost-effective
alternative for orange peel waste drying, instead of the more
costly freeze drying, ii) prolonged HC-assisted extractions in
water, at high cavitation numbers, can mechanically damage and/
or oxidise the bioactive compounds, with flavonoids and ascorbic
acid appearing more sensitive to the treatments, iii) cold extractions
in 70% (v/v) ethanol, preserve the nature of flavonoids and those
organic acids that contribute to increased radical scavenging, and iv)
HC-processing provides an adequate level of physical peel
modification, facilitating its use as a potato suppressant and
biosorbent for copper, nitrate and nitrite.

Regarding the selection of appropriate conditions for industrial
processing, given the interdependency of cavitation effects, pH,
temperature, and oxidative damage, we have further advised on
the necessity of a clear understanding of the food-product design
process, as the product will dictate the groups of antioxidants required
for functionalisation, and as such the directions for optimisations.
With studies suggesting consumer acceptability for cavitation-
functionalised beverages (Katariya et al., 2020) main challenges for
HC adoption include processing optimisations and lack of regulatory
legislation (Priyadarshini et al., 2019). Policy making is hindered by
insufficient research on microbiology and toxicology. Factors
influencing microbiology and toxicology include material, solvent,
reactor type, and processing conditions. Given recent systematic
research, establishing a database detailing extraction conditions,
bio-compound contents, HC-processing details, and toxicological
and microbiological profiling (Ben-Othman et al., 2020) is crucial.
Availability of such information can drive future extraction strategies,
involving the use of hybrid technologies that enable the development
of synergistic effects over shorter processing times. Such tools will aid
policy making and incentivize sustainability practices (Teigiserova
et al, 2020), encouraging SEMs to embrace innovative green
technologies in food production.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

References

Aaby, K., Hvattum, E., and Skrede, G. (2004). Analysis of flavonoids and other
phenolic compounds using high-performance liquid chromatography with coulometric
array detection: relationship to antioxidant activity. J. Agric. Food Chem. 52 (15),
4595-4603. doi:10.1021/jf0352879

Abascal, E., Gémez-Coma, L., Ortiz, L, and Ortiz, A. (2022). Global diagnosis of
nitrate pollution in groundwater and review of removal technologies. Sci. total Environ.
810, 152233. doi:10.1016/j.scitotenv.2021.152233

Frontiers in Chemistry

10.3389/fchem.2024.1411727

Author contributions

GP: Conceptualization, Formal Investigation,
Methodology, Validation,
Visualization, Writing-original draft, Writing-review and editing.

Analysis,
Project administration, Resources,
FL: Methodology, Resources, Writing-review and editing. VV:

Conceptualization, Funding acquisition, Supervision,
Writing-review and editing. RG: Conceptualization, Funding
acquisition, Project administration, Resources, Supervision,

Writing-review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work is
part of the EXCELAMED project that has received funding from the
European Union’s Horizon Europe research and innovation
programme under grant agreement No. 101087147.

Acknowledgments

The authors wish to thank Chis Isopo for his continuous support
and advice regarding the use of the cavitation system.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1411727/
full#supplementary-material

Abdulrazak, N. Z. (2016). Sorption of nitrate salts from wastewater without and with
modification orange peel. Iraqi J. Chem. Petroleum Eng. 17 (3), 109-116. doi:10.31699/
IJCPE.2016.3.10

Adinepour, F., Pouramin, S., Rashidinejad, A., and Jafari, S. M. (2022).
Fortification/enrichment of milk and dairy products by encapsulated
bioactive ingredients. Food Res. Int. 157, 111212. doi:10.1016/j.foodres.2022.
111212

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2024.1411727/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2024.1411727/full#supplementary-material
https://doi.org/10.1021/jf0352879
https://doi.org/10.1016/j.scitotenv.2021.152233
https://doi.org/10.31699/IJCPE.2016.3.10
https://doi.org/10.31699/IJCPE.2016.3.10
https://doi.org/10.1016/j.foodres.2022.111212
https://doi.org/10.1016/j.foodres.2022.111212
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1411727

Psakis et al.

Ahmad, J., and Langrish, T. A. G. (2012). Optimisation of total phenolic acids
extraction from Mandarin peels using microwave energy: the importance of the
Maillard reaction. J. Food Eng. 109 (1), 162-174. doi:10.1016/j.jfoodeng.2011.
09.017

Al-Amiery, A. A., Al-Majedy, Y. K,, Kadhum, A. A., and Mohamad, A. B. (2015).
Hydrogen peroxide scavenging activity of novel coumarins synthesized using different
approaches. PloS one 10 (7), €0132175. doi:10.1371/journal.pone.0132175

Alibas, I, and Yilmaz, A. (2022). Microwave and convective drying kinetics and
thermal properties of orange slices and effect of drying on some phytochemical
parameters. J. Therm. Analysis Calorim. 147, 8301-8321. doi:10.1007/s10973-021-
11108-3

Alnaimy, A., Gad, A. E., Mustafa, M. M., Atta, M. A. A., and Basuony, H. A. M. (2017).
Using of citrus by-products in farm animals feeding. Open Access J. Sci. 1 (3), 58-67.
doi:10.15406/0ajs.2017.01.00014

Amin, M. T,, Alazba, A. A, and Amin, M. N. (2017). Absorption behaviours of
copper, lead, and arsenic in aqueous solution using date palm fibres and orange peel:
kinetics and thermodynamics. Pol. J. Environ. Stud. 26 (2), 543-557. doi:10.15244/
pjoes/66963

Amin, M. T., Alazba, A. A, and Shafig, M. (2019). Application of the biochar derived
from orange peel for effective biosorption of copper and cadmium in batch studies:
isotherm models and kinetic studies. Arabian J. Geosciences 12, 46. d0i:10.1007/s12517-
018-4184-0

Amirsadat, K., Sharififard, H., and lashanizadegan, A. (2022). Adsorption of nitrate
from municipal wastewater by synthesized chitosan/iron/activated carbon of orange
peel composite. Biomass Convers. Biorefinery 14, 11309-11325. doi:10.1007/s13399-
022-03198-2

Anaokar, G. S., and Khambete, A. K. (2021). Fuzzy rule base approach to evaluate
performance of hydrodynamic cavitation for borewell water softening. Mater. Today
Proc. 47 (Part 7), 1377-1383. doi:10.1016/j.matpr.2021.02.404

Arya, S.S., More, P. R,, Ladole, M. R,, Pegu, K., and Pandit, A. B. (2023). Non-thermal,
energy efficient hydrodynamic cavitation for food processing, process intensification
and extraction of natural bioactives: a review. Ultrason. Sonochemistry 98, 106504.
doi:10.1016/j.ultsonch.2023.106504

Arya, S.S., More, P. R, Teran Hilares, R. T., Pereira, B., Arantes, V., da Silva, S. S, et al.
(2021). Effect of thermally assisted hydrodynamic cavitation (HC) processing on
physical, nutritional, microbial quality, and pectin methyl esterase (PME)
inactivation kinetics in orange juice at different time and temperatures. J. Food
Process. Preserv. 45, €15794. doi:10.1111/jfpp.15794

Aschemann-Witzel, J., and Zielke, S. (2017). Can’t buy me green? A review of
consumer perceptions of and behavior toward the price of organic food. J. Consumer
Aff. 51, 211-251. doi:10.1111/joca.12092

Ashraf, H.,, Butt, M. S,, Nayik, G. A., Ramniwas, S., Damto, T., Ali Alharbi, S., et al.
(2024). Phytochemical and antioxidant profile of citrus peel extracts in relation to
different extraction parameters. Int. J. Food Prop. 27 (1), 286-299. doi:10.1080/
10942912.2024.2304274

Attard, G., Connell, D. G., Gruppetta, A., Fenech, O., and Berti, F. (2019). A study to
define the physicochemical characteristics of biochar from manure generated on
3 different livestock farms in Malta. Xjenza 7 (2), 84-96. doi:10.7423/XJENZA.2019.2.01

Avdieieva, L., Makarenko, A. A., Turchyna, T., Dekusha, H., and Kozak, M. (2023).
Cavitation technology for intensification of plant raw materials extraction. Food Sci.
Technol. 17 (1). doi:10.15673/fst.v17i1.2559

Bandala, E. R., and Rodriguez-Narvaez, O. M. (2019). On the nature of hydrodynamic
cavitation process and its application for the removal of water pollutants. Air, Soil Water
Res. 12, 117862211988048-6. doi:10.1177/1178622119880488

Ben-Othman, S., Joudu, I, and Bhat, R. (2020). Bioactives from agri-food wastes:
present insights and future challenges. Mol. (Basel, Switz.) 25 (3), 510. doi:10.3390/
molecules25030510

Bozkir, H., Tekgiil, Y., and Erten, E. S. (2021). Effects of tray drying, vacuum infrared
drying, and vacuum microwave drying techniques on quality characteristics and aroma
profile of orange peels. J. Food Process Eng. 44, e13611. doi:10.1111/jfpe.13611

Buesa, R. J. (2002). Haven’t you calibrated your microwave oven yet?
J. histotechnology 25 (1), 39-43. doi:10.1179/his.2002.25.1.39

Buron-Moles, G., Torres, R., Teixido, N., Usall, J., Vilanova, L., and Vinas, 1. (2015).
Characterisation of H,O, production to study compatible and non-host pathogen
interactions in orange and apple fruit at different maturity stages. Postharvest Biol.
Technol. 99, 27-36. doi:10.1016/j.postharvbio.2014.07.013

Calderén-Oliver, M., and Lépez-Herndndez, L. H. (2022). Food vegetable and fruit
waste used in meat products. Food Rev. Int. 38 (4), 628-654. doi:10.1080/87559129.
2020.1740732

Carlsen, L., and Bruggemann, R. (2022). The 17 United Nations’ sustainable
development goals: a status by 2020. Int. J. Sustain. Dev. World Ecol. 29 (3),
219-229. doi:10.1080/13504509.2021.1948456

Carpenter, J., Badve, M., Rajoriya, S., George, S., Saharan, V. K., and Pandit, A. B.
(2017). Hydrodynamic cavitation: an emerging technology for the intensification of
various chemical and physical processes in a chemical process industry. Rev. Chem. Eng.
33 (5), 433-468. doi:10.1515/revce-2016-0032

Frontiers in Chemistry

10.3389/fchem.2024.1411727

Carvalho, A. P., Meireles, L. A., and Malcata, F. X. (1998). Rapid spectrophotometric
determination of nitrates and nitrites in marine aqueous culture media. Analusis 26 (9),
347-351. doi:10.1051/analusis: 1998183

Chaves, J. O., de Souza, M. C,, da Silva, L. C., Lachos-Perez, D., Torres-Mayanga,
P. C., Machado, A. P. D. F,, et al. (2020). Extraction of flavonoids from natural
sources using modern techniques. Front. Chem. 8, 507887. doi:10.3389/fchem.
2020.507887

Chu, J., Metcalfe, P., Linford, H. V., Zhao, S., Goycoolea, F. M., Chen, S., et al. (2022).
Short-time acoustic and hydrodynamic cavitation improves dispersibility and
functionality of pectin-rich biopolymers from citrus waste. J. Clean. Prod. 330,
129789. doi:10.1016/j.jclepro.2021.129789

Ciriminna, R, Fidalgo, A., Meneguzzo, F., Presentato, A., Scurria, A., Nuzzo, D., et al.
(2020b). Pectin: a long-neglected broad-spectrum antibacterial. ChemMedChem 15
(23), 2228-2235. doi:10.1002/cmdc.202000518

Ciriminna, R., Forest, B., Meneguzzo, F., Pagliaro, M., and Hamann, M. T.
(2020a). Technical and economic feasibility of a stable yellow natural colorant
production from waste lemon peel. Appl. Sci. 10 (19), 6812. doi:10.3390/
app10196812

Czech, A., Zarycka, E., Yanovych, D., Zasadna, Z., Grzegorczyk, I, and Klys, S. (2020).
Mineral content of the pulp and peel of various citrus fruit cultivars. Biol. trace Elem.
Res. 193 (2), 555-563. d0i:10.1007/s12011-019-01727-1

Deepak, K. R,, Mohan, S., Dinesha, P., and Balasubramanian, R. (2023). CO, uptake
by activated hydrochar derived from orange peel (Citrus reticulata): influence of
carbonization temperature. J. Environ. Manag. 342, 118350. doi:10.1016/j.jenvman.
2023.118350

Degefu, D. M., and Dawit, M. (2013). Chromium removal from modjo tannery
wastewater using moringa stenopetala seed powder as an adsorbent. Water, Air, ¢ Soil
Pollut. 224, 1719. doi:10.1007/s11270-013-1719-6

Dey, S., Basha, S. R,, Babu, G. V., and Nagendra, T. (2021). Characteristic and
biosorption capacities of orange peels biosorbents for removal of ammonia and
nitrate from contaminated water. Clean. Mater. 1, 100001. doi:10.1016/j.clema.2021.
100001

Ebrahimi-Gatkash, M., Younesi, H., Shahbazi, A., and Heidari, A. (2017). Amino-
functionalized mesoporous MCM-41 silica as an efficient adsorbent for water treatment:
batch and fixed-bed column adsorption of the nitrate anion. Appl. Water Sci. 7,
1887-1901. doi:10.1007/s13201-015-0364-1

Feng, N., Guo, X, and Liang, S. (2009). Adsorption study of copper (II) by chemically
modified orange peel. J. Hazard. Mater. 164 (2-3), 1286-1292. doi:10.1016/j.jhazmat.
2008.09.096

Floegel, A., Kim, D., Chung, S., Koo, S.I., and Chun, O. K. (2011). Comparison
of ABTS/DPPH assays to measure antioxidant capacity in popular antioxidant-
rich US foods. J. Food Compos. Analysis 24, 1043-1048. doi:10.1016/j.jfca.2011.
01.008

Gomez, B., Gullon, B, Remoroza, C., Schols, H. A., Parajo, J. C., and Alonso, J. L.
(2014). Purification, characterization, and prebiotic properties of pectic
oligosaccharides from orange peel wastes. J. Agric. food Chem. 62 (40), 9769-9782.
doi:10.1021/jf503475b

Hartfiel, L., Soupir, M., and Kanwar, R. S. (2020). Malta’s water scarcity challenges:
past, present, and future mitigation strategies for sustainable water supplies.
Sustainability 12 (23), 9835. doi:10.3390/su12239835

Haya, S., Bentahar, F., and Trari, M. (2019). Optimization of polyphenols extraction
from orange peel. Food Meas. 13, 614-621. doi:10.1007/s11694-018-9974-2

Hegazy, A. E., and Ibrahium, M. 1. (2012). Antioxidant activities of orange peel
extracts. World Appl. Sci. J. 18 (5), 684-688. doi:10.5829/idosi.was;j.2012.18.05.
64179

Hessel, V., Tran, N. N,, Asrami, M. R,, Tran, Q. D, Long, N. V. D,, Escriba-Gelonch,
M., et al. (2022). Sustainability of green solvents-review and perspective. Green Chem.
24 (2), 410-437. doi:10.1039/D1GC03662A

Isopo, C. (2010) Centrifugal rotary device for heating and/or vaporizing liquids (U.S.
Patent No. 7,647,896 B2). U.S. Patent and Trademark Office.

Izquierdo, M., Marzal, P., and Lens, P. N. L. (2013). Effect of organic ligands on
copper(I) removal from metal plating wastewater by orange peel-based
biosorbents. Water, Air, & Soil Pollut. 224, 1507. doi:10.1007/s11270-013-
1507-3

Kassambara, A. (2017) Practical guide to cluster analysis in R: unsupervised machine
learning. Sthda.

Katariya, P., Arya, S. S., and Pandit, A. B. (2020). Novel, non-thermal hydrodynamic
cavitation of orange juice: effects on physical properties and stability of bioactive
compounds. Innovative Food Sci. Emerg. Technol. 62, 102364. doi:10.1016/j.ifset.2020.
102364

Khatri, D., and Chhetri, S. B. B. (2020). Reducing sugar, total phenolic content, and
antioxidant potential of Nepalese plants. BioMed Res. Int. 2020, 1-7. doi:10.1155/2020/
7296859

Kittibunchakul, S., Temviriyanukul, P., Chaikham, P., and Kemsawasd, V. (2023).
Effects of freeze drying and convective hot-air drying on predominant bioactive

frontiersin.org


https://doi.org/10.1016/j.jfoodeng.2011.09.017
https://doi.org/10.1016/j.jfoodeng.2011.09.017
https://doi.org/10.1371/journal.pone.0132175
https://doi.org/10.1007/s10973-021-11108-3
https://doi.org/10.1007/s10973-021-11108-3
https://doi.org/10.15406/oajs.2017.01.00014
https://doi.org/10.15244/pjoes/66963
https://doi.org/10.15244/pjoes/66963
https://doi.org/10.1007/s12517-018-4184-0
https://doi.org/10.1007/s12517-018-4184-0
https://doi.org/10.1007/s13399-022-03198-2
https://doi.org/10.1007/s13399-022-03198-2
https://doi.org/10.1016/j.matpr.2021.02.404
https://doi.org/10.1016/j.ultsonch.2023.106504
https://doi.org/10.1111/jfpp.15794
https://doi.org/10.1111/joca.12092
https://doi.org/10.1080/10942912.2024.2304274
https://doi.org/10.1080/10942912.2024.2304274
https://doi.org/10.7423/XJENZA.2019.2.01
https://doi.org/10.15673/fst.v17i1.2559
https://doi.org/10.1177/1178622119880488
https://doi.org/10.3390/molecules25030510
https://doi.org/10.3390/molecules25030510
https://doi.org/10.1111/jfpe.13611
https://doi.org/10.1179/his.2002.25.1.39
https://doi.org/10.1016/j.postharvbio.2014.07.013
https://doi.org/10.1080/87559129.2020.1740732
https://doi.org/10.1080/87559129.2020.1740732
https://doi.org/10.1080/13504509.2021.1948456
https://doi.org/10.1515/revce-2016-0032
https://doi.org/10.1051/analusis:1998183
https://doi.org/10.3389/fchem.2020.507887
https://doi.org/10.3389/fchem.2020.507887
https://doi.org/10.1016/j.jclepro.2021.129789
https://doi.org/10.1002/cmdc.202000518
https://doi.org/10.3390/app10196812
https://doi.org/10.3390/app10196812
https://doi.org/10.1007/s12011-019-01727-1
https://doi.org/10.1016/j.jenvman.2023.118350
https://doi.org/10.1016/j.jenvman.2023.118350
https://doi.org/10.1007/s11270-013-1719-6
https://doi.org/10.1016/j.clema.2021.100001
https://doi.org/10.1016/j.clema.2021.100001
https://doi.org/10.1007/s13201-015-0364-1
https://doi.org/10.1016/j.jhazmat.2008.09.096
https://doi.org/10.1016/j.jhazmat.2008.09.096
https://doi.org/10.1016/j.jfca.2011.01.008
https://doi.org/10.1016/j.jfca.2011.01.008
https://doi.org/10.1021/jf503475b
https://doi.org/10.3390/su12239835
https://doi.org/10.1007/s11694-018-9974-2
https://doi.org/10.5829/idosi.wasj.2012.18.05.64179
https://doi.org/10.5829/idosi.wasj.2012.18.05.64179
https://doi.org/10.1039/D1GC03662A
https://doi.org/10.1007/s11270-013-1507-3
https://doi.org/10.1007/s11270-013-1507-3
https://doi.org/10.1016/j.ifset.2020.102364
https://doi.org/10.1016/j.ifset.2020.102364
https://doi.org/10.1155/2020/7296859
https://doi.org/10.1155/2020/7296859
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1411727

Psakis et al.

compounds, antioxidant potential and safe consumption of maoberry fruits. Lwt 184,
114992. doi:10.1016/j.lwt.2023.114992

Kumar, M. L, and Raju, H. P. (2020). Nitrate removal from aqueous solution by
orange peels as an adsorbent. J. Crit. Rev. 7 (4), 1224-1231. doi:10.31838/jcr.07.
04.219

Lalramhlimi, B., Mukherjee, D., Chakraborty, I., Ghosh, N., Chattopadhyay, A.,
and Dey, R. C. (2022). “Fruit and vegetable wastes as livestock feeds,” in Fruits and
vegetable wastes. Editor R. C. Ray (Singapore: Springer). doi:10.1007/978-981-16-
9527-8_6

Li, B. B, Smith, B., and Hossain, M. M. (2006). Extraction of phenolics from citrus
peels: 1. Solvent extraction method. Sep. Purif. Technol. 48 (2), 182-188. doi:10.1016/j.
seppur.2005.07.005

Liew, S. S., Ho, W. Y., Yeap, S. K, and Sharifudin, S. A. B. (2018). Phytochemical
composition and in vitro antioxidant activities of Citrus sinensis peel extracts. Peer] 6,
€5331. doi:10.7717/peerj.5331

Mabhato, N., Agarwal, P., Mohapatra, D., Sinha, M., Dhyani, A., Pathak, B., et al.
(2021). Biotransformation of citrus waste-II: bio-sorbent materials for removal of dyes,
heavy metals and toxic chemicals from polluted water. Processes 9 (9), 1544. doi:10.
3390/pro091544

Mabhato, N., Sinha, M., Sharma, K., Koteswararao, R., and Cho, M. H. (2019). Modern
extraction and purification techniques for obtaining high purity food-grade bioactive
compounds and value-added Co-products from citrus wastes. Foods 8 (11), 523. doi:10.
3390/foods8110523

Mahboubi, M., Kazempour, N., and Boland Nazar, A. R. (2013). Total phenolic,
total flavonoids, antioxidant and antimicrobial activities of scrophularia striata
boiss extracts. Jundishapur J. Nat. Pharm. Prod. 8 (1), 15-19. doi:10.5812/jjnpp.
7621

Maojie, Z. (2023). The impact of anchor characteristics on consumers’ willingness to
pay a premium for food-an empirical study. Front. Nutr. 10, 1240503. doi:10.3389/fnut.
2023.1240503

Mazzucotelli, C., and Goni, M. G. (2023). “Pectin oligosaccharides (POS),” in
Handbook of food bioactive ingredients: properties and applications (Cham: Springer
International Publishing), 1-22.

Meneguzzo, F., Brunetti, C., Fidalgo, A., Ciriminna, R., Delisi, R., Albanese, L., et al.
(2019). Real-scale integral valorization of waste orange peel via hydrodynamic
cavitation. Processes 7 (9), 581. doi:10.3390/pr7090581

Meneguzzo, F., Ciriminna, R., Zabini, F., and Pagliaro, M. (2020). Review of evidence
available on hesperidin-rich products as potential tools against COVID-19 and
hydrodynamic cavitation-based extraction as a method of increasing their
production. Processes 8, 549. doi:10.3390/pr8050549

Meneguzzo, F., and Zabini, F. (2021). “Technological sustainability: efficient and
green process intensification,” in Agri-food and forestry sectors for sustainable
development. Sustainable development goals series (Cham: Springer). doi:10.1007/
978-3-030-66284-4_2

Mhiri, N., Ioannou, L., Boudhrioua, N. M., and Ghoul, M. (2015). Effect of different
operating conditions on the extraction of phenolic compounds in orange peel. Food
Bioprod. Process. 96, 161-170. doi:10.1016/j.fbp.2015.07.010

Mhiri, N., Ioannou, 1., Paris, C., Ghoul, M., and Boudhrioua, M. N. (2016).
Comparison of the efficiency of different extraction methods on antioxidants of
maltease orange peel. Int. J. Food Nutr. Sci. 3 (2), 1-13. doi:10.15436/2377-0619.
16.789

Michael-Igolima, U., Abbey, S. J., Ifelebuegu, A. O., and Eyo, E. U. (2023). Modified
orange peel waste as a sustainable material for adsorption of contaminants. Materials 16
(3), 1092. doi:10.3390/ma16031092

Mobhsin, A., Hussain, M. H., Zaman, W. Q., Mohsin, M. Z., Zhang, J., Liu, Z., et al.
(2022). Advances in sustainable approaches utilizing orange peel waste to produce
highly value-added bioproducts. Crit. Rev. Biotechnol. 42 (8), 1284-1303. doi:10.1080/
07388551.2021.2002805

Montusiewicz, A., Pasieczna-Patkowska, S., Lebiocka, M., Szaja, A., and
Szymanska-Chargot, M. (2017). Hydrodynamic cavitation of brewery spent
grain diluted by wastewater. Chem. Eng. J. 313, 946-956. doi:10.1016/j.cej.2016.
10.132

Nanda, B., Sailaja, M., Mohapatra, P., Pradhan, R. K., and Nanda, B. B. (2021). Green
solvents: a suitable alternative for sustainable chemistry. Mater. Today Proc. 47,
1234-1240. doi:10.1016/j.matpr.2021.06.458

Oboh, G., and Ademosun, A. O. (2012). Characterization of the antioxidant
properties of phenolic extracts from some citrus peels. J. Food Sci. Technol. 49,
729-736. doi:10.1007/s13197-010-0222-y

Omelyanyuk, M., Ukolov, A., Pakhlyan, L., Bukharin, N., and El Hassan, M. (2022).
Experimental and numerical study of cavitation number limitations for
hydrodynamic cavitation inception prediction. Fluids 7 (6), 198. do0i:10.3390/
fluids7060198

Oteng-Peprah, M., Acheampong, M. A., and deVries, N. K. (2018). Greywater
characteristics, treatment systems, reuse strategies and user perception-a review.
Water, air, soil Pollut. 229 (8), 255. doi:10.1007/s11270-018-3909-8

Frontiers in Chemistry

10

10.3389/fchem.2024.1411727

Ozcan, M. M., Ghafoor, K., Al Juhaimi, F., Uslu, N., Babiker, E. E., Mohamed Ahmed,
L A, et al. (2021). Influence of drying techniques on bioactive properties, phenolic
compounds and fatty acid compositions of dried lemon and orange peel powders. J. food
Sci. Technol. 58 (1), 147-158. doi:10.1007/s13197-020-04524-0

Ozkan, A., Giinkaya, Z., Yapici, E., and Banar, M. (2017). Adsorption of copper from
waste printed circuit boards with modified orange peels. BioResources 12 (4),
7283-7300. doi:10.15376/biores.12.4.7283-7300

Panda, D., and Manickam, S. (2019). Cavitation technology—the future of greener
extraction method: a review on the extraction of natural products and process
intensification mechanism and perspectives. Appl. Sci. 9 (4), 766. doi:10.3390/
app9040766

Parliamentary secretary for agriculture, fisheries and animal rights Malta (2018).
National agricultural policy for the Maltese islands 2018 — 2028. Available at: https://
agricultureservices.gov.mt/en/agricultural_directorate/Documents/
nationalAgriculturalPolicy/napFinal.pdf.

Platzer, M., Kiese, S., Herfellner, T., Schweiggert-Weisz, U., Miesbauer, O., and Eisner,
P. (2021). Common trends and differences in antioxidant activity analysis of phenolic
substances using single electron transfer based assays. Molecules 26 (5), 1244. doi:10.
3390/molecules26051244

Praipipat, P., Ngamsurach, P., and Joraleeprasert, T. (2023). Synthesis,
characterization, and lead removal efficiency of orange peel powder and orange peel
powder doped iron (III) oxide-hydroxide. Sci. Rep. 13, 10772. doi:10.1038/s41598-023-
38035-7

Priyadarshini, A., Rajauria, G., O’'Donnell, C. P., and Tiwari, B. K. (2019). Emerging
food processing technologies and factors impacting their industrial adoption. Crit. Rev.
food Sci. Nutr. 59 (19), 3082-3101. doi:10.1080/10408398.2018.1483890

Psakis, G., Spiteri, D., Mallia, J., Polidano, M., Rahbay, 1., and Valdramidis, V. P.
(2023). Evaluation of alternative-to-gas chlorination disinfection technologies in the
treatment of Maltese potable water. Water 15 (8), 1450. doi:10.3390/w15081450

Romero-Cano, L. A., Gonzalez-Gutierrez, L. V., Baldenegro-Perez, L. A, and Medina-
Montes, M. L. (2016). Preparation of orange peels by instant controlled pressure drop
and chemical modification for its use as biosorbent of organic pollutants. Rev. Mex. Ing.
Quim. 15 (2), 481-491. doi:10.24275/rmiq/alim1146

Safari, E., Rahemi, N., Kahforoushan, D., and Allahyari, S. (2019). Copper adsorptive
removal from aqueous solution by orange peel residue carbon nanoparticles synthesized
by combustion method using response surface methodology. J. Environ. Chem. Eng. 7
(1), 102847. doi:10.1016/j.jece.2018.102847

Saini, R. K., Ranjit, A., Sharma, K., Prasad, P., Shang, X., Gowda, K. G. M,, et al.
(2022). Bioactive compounds of citrus fruits: a review of composition and health
benefits of carotenoids, flavonoids, limonoids, and terpenes. Antioxidants 11 (2), 239.
doi:10.3390/antiox11020239

Sampedro, F., McAloon, A., Yee, W., Fan, X, Zhang, H. Q., and Geveke, D. J. (2013).
Cost analysis of commercial pasteurization of orange juice by pulsed electric fields.
Innovative Food Sci. Emerg. Technol. 17, 72-78. doi:10.1016/j.ifset.2012.10.002

Selahvarzi, A., Ramezan, Y. Sanjabi, M. R, Namdar, B., Akbarmivehie, M.,
Mirsaeedghazi, H., et al. (2022). Optimization of ultrasonic-assisted extraction of
phenolic compounds from pomegranate and orange peels and their antioxidant
activity in a functional drink. Food Biosci. 49, 101918. doi:10.1016/j.fbi0.2022.101918

Shahaji, S. P, Tanaji, C. S., and Suhas, J. A. (2023). Removal of nitrate from aqueous
solution by using orange peel and wheat straw. Mater. Today Proc. 73, 468-473. doi:10.
1016/j.matpr.2022.10.021

Shehata, M. G., Awad, T. S., Asker, D., El Sohaimy, S. A., Abd El-Aziz, N. M., and
Youssef, M. M. (2021). Antioxidant and antimicrobial activities and UPLC-ESI-MS/MS
polyphenolic profile of sweet orange peel extracts. Curr. Res. food Sci. 4, 326-335. doi:10.
1016/j.crfs.2021.05.001

Singhal, S., and Hulle, N. R. S. (2022). Citrus pectins: structural properties, extraction
methods, modifications and applications in food systems—A review. Appl. Food Res. 2
(2), 100215. doi:10.1016/j.afres.2022.100215

Speisky, H., Arias-Santé, M. F., and Fuentes, J. (2023). Oxidation of quercetin and
kaempferol markedly amplifies their antioxidant, cytoprotective, and anti-
inflammatory properties. Antioxidants 12 (1), 155. doi:10.3390/antiox12010155

Speisky Cosoy, H. E., Shahidi, F., Costa de Camargo, A., and Fuentes Garcfa, J. N.
(2022). Revisiting the oxidation of flavonoids: loss, conservation or enhancement
of their antioxidant properties. Antioxidants 11 (1), 133. doi:10.3390/
antiox11010133

Sun, X, You, W., Wu, Y., Tao, Y., Yoon, J. Y., Zhang, X,, et al. (2022). Hydrodynamic
cavitation: a Novel non-Thermal liquid food processing technology. Front. Nutr. 9,
843808. doi:10.3389/fnut.2022.843808

Surovka, D., and Pertile, E. (2017). Sorption of iron, manganese, and copper from
aqueous solution using orange peel: optimization, isothermic, kinetic, and
thermodynamic studies. Pol. J. Environ. Stud. 26 (2), 795-800. doi:10.15244/pjoes/
60499

Tan, M., Li, Y., Chi, D., and Wu, Q. (2023). Efficient removal of ammonium in
aqueous solution by ultrasonic magnesium-modified biochar. Chem. Eng. ]. 461,
142072. doi:10.1016/j.cej.2023.142072

frontiersin.org


https://doi.org/10.1016/j.lwt.2023.114992
https://doi.org/10.31838/jcr.07.04.219
https://doi.org/10.31838/jcr.07.04.219
https://doi.org/10.1007/978-981-16-9527-8_6
https://doi.org/10.1007/978-981-16-9527-8_6
https://doi.org/10.1016/j.seppur.2005.07.005
https://doi.org/10.1016/j.seppur.2005.07.005
https://doi.org/10.7717/peerj.5331
https://doi.org/10.3390/pr9091544
https://doi.org/10.3390/pr9091544
https://doi.org/10.3390/foods8110523
https://doi.org/10.3390/foods8110523
https://doi.org/10.5812/jjnpp.7621
https://doi.org/10.5812/jjnpp.7621
https://doi.org/10.3389/fnut.2023.1240503
https://doi.org/10.3389/fnut.2023.1240503
https://doi.org/10.3390/pr7090581
https://doi.org/10.3390/pr8050549
https://doi.org/10.1007/978-3-030-66284-4_2
https://doi.org/10.1007/978-3-030-66284-4_2
https://doi.org/10.1016/j.fbp.2015.07.010
https://doi.org/10.15436/2377-0619.16.789
https://doi.org/10.15436/2377-0619.16.789
https://doi.org/10.3390/ma16031092
https://doi.org/10.1080/07388551.2021.2002805
https://doi.org/10.1080/07388551.2021.2002805
https://doi.org/10.1016/j.cej.2016.10.132
https://doi.org/10.1016/j.cej.2016.10.132
https://doi.org/10.1016/j.matpr.2021.06.458
https://doi.org/10.1007/s13197-010-0222-y
https://doi.org/10.3390/fluids7060198
https://doi.org/10.3390/fluids7060198
https://doi.org/10.1007/s11270-018-3909-8
https://doi.org/10.1007/s13197-020-04524-0
https://doi.org/10.15376/biores.12.4.7283-7300
https://doi.org/10.3390/app9040766
https://doi.org/10.3390/app9040766
https://agricultureservices.gov.mt/en/agricultural_directorate/Documents/nationalAgriculturalPolicy/napFinal.pdf
https://agricultureservices.gov.mt/en/agricultural_directorate/Documents/nationalAgriculturalPolicy/napFinal.pdf
https://agricultureservices.gov.mt/en/agricultural_directorate/Documents/nationalAgriculturalPolicy/napFinal.pdf
https://doi.org/10.3390/molecules26051244
https://doi.org/10.3390/molecules26051244
https://doi.org/10.1038/s41598-023-38035-7
https://doi.org/10.1038/s41598-023-38035-7
https://doi.org/10.1080/10408398.2018.1483890
https://doi.org/10.3390/w15081450
https://doi.org/10.24275/rmiq/alim1146
https://doi.org/10.1016/j.jece.2018.102847
https://doi.org/10.3390/antiox11020239
https://doi.org/10.1016/j.ifset.2012.10.002
https://doi.org/10.1016/j.fbio.2022.101918
https://doi.org/10.1016/j.matpr.2022.10.021
https://doi.org/10.1016/j.matpr.2022.10.021
https://doi.org/10.1016/j.crfs.2021.05.001
https://doi.org/10.1016/j.crfs.2021.05.001
https://doi.org/10.1016/j.afres.2022.100215
https://doi.org/10.3390/antiox12010155
https://doi.org/10.3390/antiox11010133
https://doi.org/10.3390/antiox11010133
https://doi.org/10.3389/fnut.2022.843808
https://doi.org/10.15244/pjoes/60499
https://doi.org/10.15244/pjoes/60499
https://doi.org/10.1016/j.cej.2023.142072
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1411727

Psakis et al.

Teigiserova, D. A, Hamelin, L., and Thomsen, M. (2020). Towards transparent valorization
of food surplus, waste and loss: clarifying definitions, food waste hierarchy, and role in the
circular economy. Sci. Total Environ. 706, 136033. doi:10.1016/j.scitotenv.2019.136033

Thoma, J., and Zheljazkov, V. D. (2022). Sprout suppressants in potato storage:
conventional options and promising essential oils—a review. Sustainability 14 (11),
6382. doi:10.3390/sul4116382

Thoma, J. L., Cantrell, C. L., and Zheljazkov, V. D. (2022). Evaluation of essential oils
as sprout suppressants for potato (Solanum tuberosum) at room temperature storage.
Plants 11 (22), 3055. doi:10.3390/plants11223055

Vifias-Ospino, A., Pani¢, M., Bagovi¢, M., Radosevi¢, K., Esteve, M. J., and
Redovnikovi¢, I R, (2023). Green approach to extract bioactive
compounds from orange peel employing hydrophilic and hydrophobic deep eutectic
solvents. Sustain. Chem. Pharm. 31, 100942. doi:10.1016/j.scp.2022.100942

Frontiers in Chemistry

11

10.3389/fchem.2024.1411727

Waterhouse, A. L. (2003). Determination of total phenolics. Curr. Protoc. Food Anal.
Chem. 6. doi:10.1002/0471142913.fai0101s06

Wu, C. D, Zhang, Z. L., Wu, Y., Wang, L., and Chen, L. J. (2015). Effects of operating
parameters and additives on degradation of phenol in water by the combination of
H202 and hydrodynamic cavitation. Desalination Water Treat. 53 (2), 462-468. doi:10.
1080/19443994.2013.846234

Zhou, Z., Guo, Y., and Lin, Y. (2021). Energy-saving evaluation of a solar integrated
vacuum freeze-dryer and building air conditioning system. Energy Explor. Exploitation
39 (2), 608-619. doi:10.1177/0144598719890364

Zupanc, M., Kosjek, T, Petkovsek, M., Dular, M., Kompare, B., Sirok, B., et al. (2013).
Removal of pharmaceuticals from wastewater by biological processes, hydrodynamic
cavitation and UV treatment. Ultrason. Sonochemistry 20 (4), 1104-1112. doi:10.1016/j.
ultsonch.2012.12.003

frontiersin.org


https://doi.org/10.1016/j.scitotenv.2019.136033
https://doi.org/10.3390/su14116382
https://doi.org/10.3390/plants11223055
https://doi.org/10.1016/j.scp.2022.100942
https://doi.org/10.1002/0471142913.fai0101s06
https://doi.org/10.1080/19443994.2013.846234
https://doi.org/10.1080/19443994.2013.846234
https://doi.org/10.1177/0144598719890364
https://doi.org/10.1016/j.ultsonch.2012.12.003
https://doi.org/10.1016/j.ultsonch.2012.12.003
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1411727

	Exploring hydrodynamic cavitation for citrus waste valorisation in Malta: from beverage enhancement to potato sprouting sup ...
	1 Introduction
	2 Materials and methods
	2.1 Drying procedure
	2.2 Green solvent extractions
	2.2.1 Solvent-mediated extractions
	2.2.2 HC-mediated extractions

	2.3 Determination of total reducing sugar, phenolic, and flavonoid contents
	2.4 Determination of extract antioxidant activities
	2.5 Investigation of inhibition of spring potato sprouting
	2.6 Fixed bed colum-scale removal of Cu2+, NO2−, and NO3−
	2.7 Curve fitting and statistical analyses

	3 Results and discussion
	3.1 Hot air-drying can be as efficient as freeze-drying
	3.2 Conventional vs. HC-assisted extractions; thoughts on functionalisation
	3.3 Potato sprouting prevention
	3.4 Water remediation

	4 Leaping three mountains with one jump
	5 Conclusion and final thoughts
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


