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eld technology as a promising pre-
treatment for enhancing orange agro-industrial
waste biorefinery

Ramon Bocker and Eric Keven Silva *

In the processing of orange juice, 50–70% of the fresh fruit weight is converted into organic waste. Orange

processing waste (OPW) primarily consists of peels, seeds, and pulp. Improper disposal of this residue can

lead to greenhouse gas emissions, environmental pollution, and the wastage of natural resources. To

address this ecological issues, recent research has focused on developing innovative process designs to

maximize the valorization of OPW through biorefinery strategies. However, the current challenge in

implementing these methods for industrial waste management is their significant energy consumption.

In response to these challenges, recent studies have explored the potential of employing pulsed electric

field (PEF) technology as a pre-treatment to improve energy efficiency in biorefinery processes. This

non-thermal and emerging technology can enhance the mass transfer of intracellular components via

electroporation of cell walls, thereby resulting in shorter processing times, lower energy inputs, greater

retention of thermosensitive components, and higher extraction yields. In this regard, this review offers

a comprehensive discussion on the innovative biorefinery strategies to the valorization of OPW, with

a specific focus on recent studies assessing the technical feasibility of methodologies for the extraction

of phytochemical compounds, dehydration processes, and bioconversion methods. Recent studies that

discussed the potential of PEF technology to reduce energy demand by increasing the mass transfer of

biological tissues were emphasized.
1 Introduction

Orange production is one of the most relevant contributors to
the economic output of the agro-industrial sector. Globally,
oranges rank as the most produced and consumed fruit. This
prominent position can be primarily attributed to the excep-
tional nutritional prole and widespread sensory appeal that
oranges offer.1,2 These attributes have led to an increasing
demand for oranges, resulting in a signicant share of total
citrus fruit production. Orange production accounts for a note-
worthy 82% of total citrus fruit production, 47% of global
imports, and 44% of global exports of citrus fruits.3 Nonethe-
less, these statistics underscore the profound global signi-
cance of the orange supply chain.

The large-scale processing chain of orange fruit results in
a proportional generation of waste. In the orange juice pro-
cessing 50–70% of the fresh fruit processed is converted into
organic waste, consisting of peels, internal tissues, and seeds.4

This orange processing waste (OPW) produced raises ecological
concerns due to the high volume produced globally. Currently,
the disposal methods used for managing these residues include
A), Universidade Estadual de Campinas

pinas-SP CEP:13083-862, Brazil. E-mail:
ensiling, landlling, and incineration.5 Nevertheless, these
practices have some drawbacks, including low energy-efficiency,
production of leachate, emission of greenhouse gasses, water
and soil pollution, disruption to wildlife, and resource
wastage.4,6 Limitations that underscore the pressing need for
effective OPW management strategies.

OPW has a high availability of components recognized as
potential bioresources for several industrial segments, such as
food production, pharmaceuticals, and cosmetics.7,8 The main
methods for OPW valorization include phytochemical extrac-
tion, dehydration, and bioconversions.9–11 Resistance of plant
cells to the mass transfer of their intracellular components
limits the energy efficiency of these biorenery methods. This
barrier promoted by cell walls restrict the overall process
energy-efficiency, as more energy is required when there is
greater resistance to mass transfer.12 Therefore, to address these
challenges, recent studies have explored the use of innovative
technologies to integrate the biorenery of OPW through
improving the accessibility of their intracellular compounds.

Recent studies have explored the integration of pulsed
electric eld (PEF) technology into biorenery processes. This
emerging technology applies electric elds to the food matrix,
promoting the formation of pores in biological cells. This
phenomenon, well-known as electroporation, destabilizes the
lipid molecules that primarily constitute the cell membrane,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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thereby enhancing the mass transfer of intracellular compo-
nents into the different solvents. Indeed, depending on electric
eld intensity, temporary or permanent pores or channels are
created in the cell membrane, allowing the passage of mole-
cules, ions, and other particles through the membrane that
would normally be blocked. By making cell walls more perme-
able, PEF technology can integrate extraction, dehydration, and
bioprocessing, reducing the energy demand and time of the
processes. These aspects contribute to the economic feasibility
of an industrial process for the valorization of OPW. Neverthe-
less, further research is essential to assess economic feasibility
and enhance the process conditions and parameters for the
large-scale industrial integration of PEF.12–14

Currently, some studies present PEF technology as an envi-
ronmentally friendly and promising method for improving the
extraction of phytochemical compounds from biological tissues.
As demonstrated in recent studies, pre-treatment with PEF
technology is a suitable approach to enhance the extraction of
soluble dietary ber, limonene, naringin, phenolic compounds,
polyphenols, hesperidin, narirutin, and ascorbic acid from
OPW.15–19 The use of PEF as a pre-treatment in extraction
processes can enhance higher yields, shorter processing times,
and reduced reliance on organic solvents. Attributes that make
PEF a suitable technology for reducing overall extraction costs.

On the other hand, OPW biorenery, such as dehydration
and bioconversion methods, have scarce literature regarding
the technical feasibility of PEF application and represent
a potential for future research.20,21 In the context of dehydration,
as presented in study,21 the utilization of PEF reduces the energy
required for water evaporation, thereby reducing the energy
demand of the process. Additionally, PEF shows promise in
enhancing access to sugars in plant tissue, leading to higher
concentrations available for fermentation. This may result in
a reduction in the overall energy expenditure of the fermenta-
tion process.

Fig. 1 presents a signicant increase in research output
between 2013 and 2023 concerning PEF technology within the
Scopus database, using “pulsed electric eld technology” as the
keyword. This underscores the growing interest and relevance
Fig. 1 The number of documents returned from a Scopus database
search using the keyword “pulsed electric field technology”.

© 2024 The Author(s). Published by the Royal Society of Chemistry
of PEF, positioning it as an essential subject for future studies.
It is important to note that further studies are necessary to
evaluate the techno-economic feasibility and optimize the
process parameters for the integration of PEF technology into
OPW biorenery processes.

Addressing the increasing global demand for efficient strat-
egies in biorenery processes for OPW, this review conducted
a comprehensive discussion on the potential of PEF treatment
to enhance mass transfer in biological tissues reducing the
energy demand. Recent advances in pathways for OPW valori-
zation were emphasized. Furthermore, valuable insights into
the integration of biorenery methods with PEF technology to
enhance energy-efficiency were provided.

2 Orange processing chain
2.1 Global economic landscape

Agro-industry is a signicant contributor to the global economy
output, representing 20% of the gross domestic product in
emerging countries.1,22 Among fruit crops, citrus fruits account
for 98% of industrialized crops.1 These commodities exhibit
a substantial import and export values, estimated at 14.57
million metric tons and 15.62 million metric tons, respec-
tively.22 As a result, oranges production stands up as a relevant
contributor to the global agricultural output, generating both
employment opportunities and revenue for local economies.23

Nowadays, the estimated orange production for the 2022–
2023 period is to be 5% lower than 47.5 Mt. This decrease is
primarily attributed to reduced production in the European
Union and the United States but is partially compensated by an
increase in Egypt production. Therefore, both consumption and
the amount of fruit used for processing have declined.22

However, the worldwide demand for oranges has historically
increased due to the dissemination of information regarding
their high technological and nutritional quality. This has
elevated orange crops to become one of the most important
fruits for the agro-economy globally, leading both in terms of
production and total acreage.

Global citrus fruit production in 2020 reached approximately
158.49 Mt. Asia emerged as the leading global contributor to
orange production, followed by Africa, the Americas, Europe,
and Oceania. Within citrus-producers, China led with
a production of 44.63 Mt of citrus fruits, corresponding to
28.16% of the over-all production of citrus fruit in 2020. Brazil,
Mexico, and India are other important countries, each
manufacturing over 5% of the total global citrus fruit produc-
tion in 2020.22 Worldwide, about 10.07 million hectares of land
are dedicated to citrus fruit production. China, Brazil, Nigeria,
India, and Mexico are the main worldwide citrus-production.22

This extensive use of land on a worldwide scale has led to
increased research efforts aimed at mitigating citrus production
chain ecological footprint.

Sweet oranges account for approximately 60% of the entire
production of fresh fruit and processed juice consumption. From
2021 to 2022, there was an observed increase of 1.4Mt in the total
orange production destined for the citrus processing industry.22

Out of the total citrus fruit production, more than 20% is
RSC Adv., 2024, 14, 2116–2133 | 2117
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allocated for processing, mainly in the orange juice industry.1

From this point of view, oranges play a signicant role on the
global economic landscape, being commercialized as a fresh
fruit, or processed for juice production, besides other by-
products.

2.2 Orange juice processing

The conventional method used for orange juice extraction is
based on four steps. These include washing, crushing, ltra-
tion, and thermal treatment (Fig. 2).

Oranges processing rst step is the fruit selection and
washing. This step is conducted to ensure the beverage quality
and safety by removing the remaining dirt, chemical residues,
and other contaminants from the postharvest. Washing typi-
cally involves adding organic acids and chlorine-based
compounds into the washing water to reduce microbial
activity. The generated waste of this step includes residual
washing water and oranges that do not meet the industry
quality standards.24,25

Crushing is the next stage of orange processing, which is
conducted through mechanical methods, such as centrifuga-
tion and pressing. At this step, the fruit is crushed or cut and
squeezed for the juice extraction. The waste generated in this
stage includes pulp, seeds, peel, and fruit membranes. Enzy-
matic methods are considered an effective pre-treatment for
mechanically crushed oranges. Despite their higher cost and
slower processing speed, they can signicantly enhance the
release of biocomponents from plants tissues. This higher
extraction yield is due to the enzyme activities on the cell walls
of the fruits. The main enzymes used in the process are
Fig. 2 Orange juice processing.

2118 | RSC Adv., 2024, 14, 2116–2133
pectinases and cellulases. These catalysts act on the food matrix
promoting the release of more components that contribute to
the beverage's sensory prole.26

Performed aer juice extraction, the ltration step is carried
out for ensuring the beverage quality. At this stage the peel
fragments, seeds, and pulp that are remaining on the beverage
are removed. Subsequently, the clarication is usually per-
formed to adjust the juice turbidity, ensuring its suitable
sensory aspect. In this step, enzymes are typically added to
break down suspended particles in the beverage, including
pectin, proteins, and other components in suspension. Pecti-
nases are catalysts widely used to pectin degradation, contrib-
uting to the viscosity and clarity of the beverage.27,28

Aerward, the juice conventionally undergoes a heat treat-
ment to ensure food quality and safety by reducing the micro-
bial and enzyme activities. For the orange juice, the time/
temperature binomial typically employed are sufficient for the
inactivation of pectinolytic enzymes in the beverage.29 This is
crucial for ensuring the kinetic stability of the beverage. Fact
that is related with the property of pectin (targeted by these
enzymes) on maintaining solid compounds suspended.30,31

3 Orange agro-industrial waste from
sweet orange (Citrus sinensis)
3.1 Characterization of OPW

Orange (Citrus sinensis) has a high amount of micro and
macronutrients and bioactive compounds recognized as
promising biological resources. The main components of
oranges composition are water, carbohydrates, bers, vitamins
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(vitamin C, vitamin E, B-complex vitamins and, and vitamin A),
minerals (potassium, calcium, and magnesium), avonoids,
organic acids, carotenoids, and essential oils.8 These compo-
nents composition and distribution in the fruit vary according
to some factors, such as species, cultivation conditions, and
degree of ripeness.7 This nutritional prole underscore orange
as a suitable and health product for consumers.

Depending on the composition and processing technology,
citrus fruits processing for juice extraction generates an organic
waste ranging from 50–70% (w/w) of the fresh fruit weight. This
OPW is composed of peels, internal tissues, and seed. Material
that has different fractions of ber, saccharides, protein,
minerals, terpenes, fat and volatile compounds.4 These
components are concentrated in the mesocarp and epicarp of
the fruit. In the epicarp, there are present signicant amounts
of terpenes, fat, and volatile compounds. On other hand, the
bers, saccharides, minerals and proteins are available in the
mesocarp.4

OPW is composed of peel, seed, pulp, and water. Residue
that has a high a availability of components recognized as
potential bioresources primarily destined for industrial
segments, such as food production, pharmaceuticals, and
cosmetics.32 These organic materials present a series of
Fig. 3 Nutritional and functional properties linked to the routine intake

© 2024 The Author(s). Published by the Royal Society of Chemistry
utilization opportunities, such as the production of biofuel,
packaging material, bio-adsorbent, bio-fertilizer, and activated
carbon.4,10,32,33
3.2 Nutraceutical properties

Oranges has a great nutritional prole due to the nutraceutical
properties of several micro- andmacronutrients present in their
composition. The principal phytochemical and bioactive
components in the fruit are avonoids, terpenes, vitamin C,
carotenoids, bers, and others. Constituents that have their
regular intake consistently related with health and wellness
promotion, such as antiviral, antioxidant, antifungal, and
anticarcinogenic activity.7,8,34–36

Fig. 3 provides an overview of the primary functional prop-
erties and health-promoting effects associated with the adequate
intake of orange components. These encompass a spectrum of
benets, including immune system enhancement, promotion of
cardiovascular and ocular health, improved digestion, reduced
risk of non-communicable chronic diseases, regulation of blood
sugar and blood pressure levels, enhanced hydration, lowered
cholesterol levels, and prevention of skin damage.7,37

Orange nutritional prole exhibits an excellent dietary ber
content. The regular intake of this carbohydrate is consistently
of orange components.

RSC Adv., 2024, 14, 2116–2133 | 2119
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associated with effects that promote longevity and quality of life.
These include the contribution of soluble ber (SF) to lowering
blood glucose and lipid levels, mitigating the chances of
cardiovascular diseases and colorectal cancer, boosting gastro-
intestinal immunity, and promoting satiety.7 As for insoluble
bers (IF), they play a key role in water absorption in the digestive
tract and the prevention and relief of constipation.36

Also related with health promotion, avonoids are compo-
nents with relevant functional properties.35 Ciumărnean et al.
(2020) elucidate in their study that the intake of avonoids
reduces the risk of non-communicable chronic and cardiovas-
cular diseases, as well as the prevention of carcinogenic
processes. These benecial effects are a consequence of anti-
oxidant and anti-inammatory properties provided by avo-
noids, which makes oranges regular consumption a health-
promoting factor.37,38

Terpenes, such as limonene, are another class of nutra-
ceutical compounds present. These components exhibit thera-
peutic effects attributed to their ability to protect cellular
components from oxidative stress.39 This property is related to
a reduced risk of cancerous processes and heart diseases.40,41

Vitamin C also represents a health-promoting component
present in oranges, whose antioxidant action has consistently
been related with a decrease in the risk of chronic diseases.42

Furthermore, studies also indicate the role of ascorbic acid in
act on the immune system health and preventing diseases, such
as scurvy.43

Regarding the mineral composition of the fruit, the most
abundant are potassium, magnesium, and calcium.44 The rst
one has important effects on the control of muscle function,
blood pressure, and uid balance in cellular components.
Meanwhile, magnesium and calcium are also nutritionally
relevant as they prevent muscle weakness and osteoporosis.
Additionally, other micronutrients available in smaller propor-
tions are thiamine and folate, which are important components
for the nervous system proper functioning.45
Fig. 4 Main components of orange with applications in the food indust

2120 | RSC Adv., 2024, 14, 2116–2133
3.3 Technological properties

Fig. 4 presents a schematic representation of the primary
components of oranges with signicant technological applica-
tions and their respective utilizations. As depicted, these orange
components demonstrate noteworthy technological applica-
tions, contributing economic value to their by-products.32 These
compounds nd extensive usage, particularly within the realms
of the food, pharmaceutical, and cosmetic industries.

Pectin is one of the most relevant technological components
of the orange. This SF has a widespread range of applications in
the food industry, such as a thickening and gelling agent,
binder, clouding agent, and texturizer. Pectin is usually added
in formulations aiming to improve texture and consistency of
food products, such as pie llings, sauces, preserves, and jellies.
Additionally, the technological activity of this SF is also explored
in fruit juice processing as a stabilizing agent. In the juice
formulation step, pectin promotes kinetic stability by slowing
up the sedimentation process.9

Citric acid also has relevant technological properties, such as
antioxidant and preservative activity, acidity regulator, emulsi-
er, and avoring agent.46 These characteristics add economic
value to this organic acid, which has an extensive range of
applications in food, cosmetics, and pharmaceuticals sectors.46

Another technological component in oranges composition is
limonene. This lipophilic terpene exhibits antimicrobial prop-
erties and aromatic potential that contribute to a diverse array
of applications, which include volatile organic compounds;
fragrance in cosmetics and perfumes; avoring in ice creams;
solubilizing agent in medications; insecticide and pesticide.7,47

Flavonoids are another class of compounds with relevant
technological applications present in signicant amounts in
citrus fruit. These phenolic compounds are used in sectors of
the pharmaceutical, food, and oral hygiene product industries,
among others. These molecules exhibit important activities as
antioxidants (hesperidin and naringin), preservatives
ry.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(hesperidin), anti-inammatory agents (hesperidin and dio-
smin), astringents (hesperetin and naringenin), and foam
stabilizers (naringin).48
4 Circular economy and key
challenges

One of the central pillars of the circular economy is developing
renewable and sustainable production chains. This economic
model, aligned with the principles of sustainability, focuses on
promoting a sustainable cycle of production, consumption, and
disposal. This economical approach contributes to the reduc-
tion of the environmental impact generated by the growing
global demand for natural resources. To achieve this goal, the
circular economy explores process design that mitigates the
wastage of bioresources. One of the fronts of this economic
model is based on the reuse or conversion of agro-industrial
waste into new products and ingredients.1,49

Ensuring the feasibility of an industrial process while
preserving natural resources stand as one of the primary chal-
lenges in its design. The method adopted for the disposal of
residues signicantly impacts the guarantee of a lower envi-
ronmental impact. This is because of a high volume of waste
generated in the beverage processing, which corresponds to
approximately 50% of the mass of fresh fruit.32 These organic
materials, when not properly disposed of, can lead to water and
soil pollution, greenhouse gas emissions, harm to fauna, and
waste of natural resources. Therefore, the treatment of this high
annual volume of waste generated globally is essential for an
eco-friendly processing chain.1

Nowadays, the conventional methods for the disposal of
organic waste generated in orange processing are ensiling,
landlling, and incineration.5 These activities present many
disadvantages, such as high energy demand, leachate produc-
tion, greenhouse gas generation, and waste of natural
resources.4,6 Therefore, aiming to overcome these issues, the
valorization of orange components through the comprehensive
use of OPW is investigated through biorenery methods.
However, some limitations are remaining for the implementa-
tion of these opportunities on an industrial scale, such as the
high volume produced, seasonality, and limonene content.4,50

In addition, industrial-scale suitability also requires further
studies on economic feasibility, aiming for higher energy effi-
ciency and shorter processing time.12,13

Recent studies have explored the energy-efficiency of process
integration strategies. This integration of different technologies
for biomass valorization allows optimization of natural resource
waste and promotes cost reduction and environmental impact
mitigation in orange processing. Consequently, these inte-
grated technologies facilitates the bioconversion of these resi-
dues into many by-products with health and sustainability
appeal.12

The Clevenger hydrodistillation is a well-established method
for the recovery of essential oil from OPW.51–53 This process
generates wastewater rich in phytochemicals, which presents
challenges for responsible waste management. Citrus
© 2024 The Author(s). Published by the Royal Society of Chemistry
wastewaters have a highly variable composition due to varia-
tions in raw material composition and industrial conditions.
These limitations pose a challenge in establishing cost-effective
biorenery methods for waste management. Therefore, the
typical fate of this material is treatment and subsequent
disposal in the environment.54 However, several studies shown
many opportunities being investigated to valorize citrus waste-
water. This allows for the consideration of reusing the waste
components to obtain dyes, antioxidants, nutraceuticals, anti-
microbials, and avorings.55

Beyond the environmental impact, the current management
methods of these residues also lead to signicant economic
loss. This is because citrus waste, composed of peel, seed, pulp,
and wastewater, has a high availability of components with high
nutritional and technological value. These components enable
the potential use of these residues as bioresources for industrial
sectors such as food, pharmaceutical, and cosmetic production.
These materials exhibit components with high nutritional and
technological attributes, allowing their conversion into by-
products with a signicant market price. Therefore, bio-
renery strategies to valorize orange processing waste has been
increasingly explored in recent research.12,54–56

The effective management of orange waste is crucial for the
feasibility of orange processing. Recent studies have extensively
investigated the integration of innovative technologies into the
valorization of agro-industrial waste. These environmentally
friendly technologies, including PEF, supercritical carbon
dioxide, and high-intensity ultrasound, offer sustainable solu-
tions for valorization of biocomponents.52,57–59 By utilizing non-
thermal processes, these unconventional technologies reduce
the energy demand and aid in the preservation of heat-sensitive
components.54–56

Although the search for opportunities to valorize citrus waste
is environmentally positive for implementation in industrial
systems, some challenges need to be overcome. One of the
primary limitations is the difficulty and high investment needed
for residue collection and transportation. Furthermore, the
quality of the waste is also a limiting factor, as any physico-
chemical alterations or contamination directly affect the
product quality.1 Another important aspect in the conversion of
these residues into by-products is the need for suitable pro-
cessing technologies, which may require a signicant initial
investment. Considering all these factors, the biorenery of
orange processing waste demands economically sustainable
processes that demonstrate technical feasibility and comply
with current waste treatment regulations.33
5 Recent pathways for OPW
valorization

OPW have many components with uses in the food, pharma-
ceutical, and cosmetic industries. The non-soluble carbohy-
drates present in this residue composition can be applied as
gelling agents, structures for solid–liquid fermentation, and
stabilizing. Additionally, the soluble carbohydrates, such as
sucrose, fructose and galactose can contribute to the
RSC Adv., 2024, 14, 2116–2133 | 2121
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fermentation process as a carbon feedstock. Thus, the content
of lipids present in OPW composition can be applied to produce
biofuels. Polyphenols and avonoids, owing to their antioxidant
properties, nd application in the pharmaceutical, food, and
cosmetic sectors. The essential oils, limonoids, pigments and
carotenoids have several uses in the cosmetic and pharmaceu-
tical industries as avoring, natural antioxidants, and
avorings.

Many studies focus on exploring new ways to utilize OPW,
aiming to valorize this residue, which is rich in micro and
macronutrients. Table 1 highlights OPW versatility, yielding
valuable components such as soluble dietary ber, limonene,
naringin, phenolic compounds, polyphenols, hesperidin, sugar-
rich concentrate, narirutin, ascorbic acid, biobutanol, ethanol,
biogas, methane, silver nanoparticles, silver oxide nano-
particles, short-chain fatty acids, a-amylase, ellagic acid, mucic
acid, endo-polygalacturonase, and citric acid.4,9–11,46,47,58,60–70

Utilizing these residues for new products supports sustainable
practices by reducing food waste and aligning with eco-friendly
methods.32

Table 1 outlines the primary by-products derived from OPW.
Scaling up the repurposing of these by-products into market-
able goods on an industrial scale signicantly amplies their
value, potentially creating economic opportunities from
biomaterials that might otherwise be discarded.32 OPW offer
versatile products applicable across diverse industries,
including food, pharmaceuticals, and cosmetics, due to their
inherent nutritional and technological qualities.4,7 Therefore,
harnessing OPW holds signicant promise in fostering
sustainable innovation and ensuring economic viability within
the realm of bioproduct development.54 However, the produc-
tion of these by-products from OPW encounters several chal-
lenges. The high production costs require signicant
investments in research, development, and production, poten-
tially impacting the nal product cost.1 Additionally, navigating
regulatory frameworks, which depend on specic product
features, demands compliance with complex food safety stan-
dards, adding complexity and time to the process.4 Achieving
commercial viability, especially in the initial phase, proves
challenging, needing both scaling up and gaining market
acceptance. The variability in waste composition further
complicates establishing efficient process parameters due to
the uctuating composition of these residues.32,33

To scale up the production of by-products at industrial levels
from OPW, certain challenges must be overcome. The recovery
of components from residues faces several limitations, such as
residue complexity, economic viability, production of toxic
waste, and energy efficiency.50,72 To address these issues,
a promising strategy is applying pre-treatments to improve
mass transfer and reduce energy requirements for processes
such as extraction, dehydration, and bioconversion.61 Table 2
summarizes the technologies that can be employed to enhance
the efficiency of these biorenery processes, outlining their
advantages and disadvantages.

The comprehensive overview provided in Table 2 outlines
various conventional and emerging pre-treatment methodolo-
gies utilized in biorenery processes. These methodologies play
© 2024 The Author(s). Published by the Royal Society of Chemistry
a crucial role in enhancing mass transfer efficiency. Some of the
highlighted methodologies prominently utilize heat to facilitate
mass transfer, such as the steam pretreatment (explosion) and
hydrothermal methods.45,91 However, the efficacy of these
methods is tempered by their tendency to degrade heat-
sensitive compounds, thereby requiring a signicant input of
energy.5,12,77,79 Conversely, enzymatic methods demonstrate
a remarkable level of selectivity, resulting in reduced energy
requirements and improved retention of heat-sensitive
compounds.32 However, their widespread adoption faces chal-
lenges due to the high costs associated with enzymes and their
specialized operational requirements.92 Similarly, solvent-based
approaches offer advantages but encounter constraints due to
their costs and potential environmental impacts linked to
solvent use during extraction processes.84,85 Emerging technol-
ogies, notably PEF and high-intensity ultrasound, depart from
conventional heat-centric methods, relying on phenomena such
as electroporation and sonoporation to facilitate mass trans-
fer.90,93 These alternatives exhibit promising attributes,
including enhanced mass transfer, decreased energy
consumption, preservation of thermosensitive compounds, and
accelerated processing times.59,90 Nonetheless, their imple-
mentation on an industrial scale poses challenges related to
equipment complexity, cost, and the potential generation of
toxic by-products. This underscores the necessity for further
development and renement in these domains.59
6 PEF technology for valorization of
agro-industrial waste
6.1 PEF fundamentals

PEF is an innovative technology recognized for its non-thermal
and minimally invasive action mechanism. This innovative pre-
treatment stands up as a sustainable solution for treating bio-
logical tissues and biomaterials. PEF applications extend across
many industry sectors, such as food, biotechnology, and
medicine.94 In food systems, PEF technology is recognized for
its exceptional performance in assisting phytochemical
compounds extraction from plant matrices, facilitating dehy-
dration processes, inactivating microorganisms, and enzymes,
and concentrating bioactive compounds. PEF pre-treatment is
also related to enhancing the physicochemical, rheological, and
structural properties of food products.14,57,95–97

PEF pre-treatment generates a potential difference through
a conductive biological material. This innovative technology
operates based on the principle of cell membrane electro-
poration; a phenomenon that occurs through the application of
repetitive energy pulses discharged onto the cell's membrane
surface. Accumulating electric charge on the cell membrane
facilitates the reorientation of electrical charges within lipid
molecules. This phenomenon induces reduction on the
membrane selectivity to extracellular components and an
increase on the membrane potential. The intensity of the cell's
membrane potential reached depends on the food conductivity,
electric eld amplitude, cell radius, and shape.96,97
RSC Adv., 2024, 14, 2116–2133 | 2123
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In critical values of electric pulses, electric charge accumulation
induces the formation of pores in cells membranes. The
intensity of these pulses determines whether electroporation is
reversible or permanent. Depending on the strength of the
electric eld, this phenomenon can have adverse effects on the
cell integrity. These effects may include protein aggregation on
the plasma membrane, cell fusion, the incorporation of micro
and macromolecules, and damage to the cell structure. There-
fore, the applied eld strength is crucial for achieving the
intended applications.13,14,57,96

The electroporation induced by PEF technology encom-
passes a dynamic and gradual process, described by some
phases. The initial phase, developing around 10 ns, involves the
cell's membrane charging and polarization. This induces the
preliminary creation of pores and temporary disruption of the
membrane integrity. The subsequent stage encompasses the
entire duration of the sample exposure to electrical pulses,
which lasts less than 1 s. During this period, the pores expand
and aggregate together. This second phase is determinant to the
electroporation phenomenon reversibility. During the nal
phase of electroporation, there is an attempt to restore the cell
membrane to the former semi-permeable structure.57,95

PEF technology induces the formation of pores in the food
sample, which allows for an increased mass transfer ratio of the
cell intracellular components. This increase is a direct conse-
quence of the membrane permeability alteration promoted by
the formation of pores within the food sample, facilitating an
enhanced mass transfer ratio of the cell intracellular compo-
nents. This effect contributes signicantly to the overall energy
efficiency of the extraction process. Consequently, PEF tech-
nology emerges as an efficacious method for facilitating the
extraction of micro and macronutrients from biological tissues.
This non-thermal technology enhances the extraction of
carbohydrates, proteins, lipids, pigments, phenolics, and
others.15–19

PEF treatment has been associated with a decrease in the
lignin content of biomass structures. This reduction in lignin
can facilitate fermentation by reducing the complexity of cell
walls composed of lignocellulose. However, the precise mech-
anism behind the reduction of lignin through PEF treatment is
not yet fully understood, necessitating further research.96

During PEF pre-treatment, besides electroporation, various
electrochemical non-desirable reactions occur at the interfaces
between the electrodes and the cell walls. These reactions can
lead to the formation of gases (H2 and O2), dissolution of the
electrode material, electrolysis of water, the generation of toxic
chemicals (HCl, H2O2, and HClO), and changes in pH and
electrical conductivity near the electrode surfaces. These elec-
trochemical reactions can also cause fouling, leading to the
distortion of the local electric eld, arcing, contamination of the
treated material, and interruption of uid ow.72

Additionally, corrosion can damage the electrodes signi-
cantly, increasing surface roughness due to the release of metal,
which further contributes to electric eld arcing and distortion.
Consequently, the electrodes have a limited lifespan of only
a few hours of operation. The extent of undesired effects from
electrode reactions depends on chamber design, electrode
RSC Adv., 2024, 14, 2116–2133 | 2125

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07848e


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
sa

us
io

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

6-
03

-1
6 

04
:2

1:
13

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
material, electrical parameters (including pulse shape, peak
voltage, energy input, polarity, and pulse duration), and the
properties of treated products.57,95
6.2 Large-scale processing

PEF treatment starts with inserting the organic material
between two electrodes within a treatment chamber. The
conductive properties of the material create an electric potential
difference, facilitated by the electrodes.96 The treatment inten-
sity is determined by both the electrical ow applied and the
electrodes conguration.98 Several operating parameters are
considered for PEF treatments, including holding time, electric
eld strength, polarity, pulse specic energy, pulse repetition
frequency, pulse number, pulse shape, and pulse width.99

Industrial-scale uses of PEF technology requires the full
comprehension of the electric engineering, biology and uid
mechanics related with the mechanism of induced trans-
membrane potential. This innovative electromagnetic tech-
nology induces alterations in cell permeability through the
accumulation of electric charge on the plant cell membrane.
This electromagnetic method comprises a pulse generator and
a treatment chamber. To achieve process standards in large-
scale PEF, treatment chambers and high pulse frequencies are
required to provide the necessary processing energy.100 Accom-
modating large treatment volumes necessitates wider electrode
gaps, which, in turn, require higher pulse voltage amplitudes
and larger electrode areas.72

To meet current needs, large PEF treatment devices use one
ormore pulse generators coupled to an electrode for continuous
processing. When transitioning from laboratory to industrial
scale, the power output must be scaled up, ranging from a few
kilowatts to systems exceeding 100 kW. The transfer of electrical
energy to the treated media occurs within the treatment
chamber, with signicant design parameters including elec-
trode conguration, electrode area, electrode gap, and ow
pattern.96,97

PEF batch processing and laboratory settings utilize static
chambers, while continuous chambers are suitable for indus-
trial scale uses. Batch chambers on a laboratory scale can treat
small-volume samples, efficient temperature control through
electrode cooling, and the ability to adjust repetition rates. On
the other hand, continuous chambers are necessary for
handling large volumes and can be effortlessly integrated into
existent food processing systems. Currently, there are three
main treatment chamber types: parallel plates, coaxial plates,
and collinear chambers. Parallel and coaxial plates are used for
batch processing, while collinear chambers are for continuous
processing.101

The scale-up of PEF-assisted extraction for industrial appli-
cations requires the optimization of process parameters. The
key process parameters that signicantly affect the performance
of PEF in the extraction process comprise pulse number, elec-
tric eld strength, treatment duration, specic energy input,
and temperature.90 These parameters regulate the formation of
pores in cell walls. Increasing of PEF process parameters,
intensies electroporation, leading to a higher release of
2126 | RSC Adv., 2024, 14, 2116–2133
intracellular compounds. However, the effectiveness of these
parameters may vary depending on the characteristics of the
organic material being processed, such as the size distribution
of cells between the peel and pulp, the structure, chemical and
physical stability of the target compound, as well as its location
within the plant cell and its ability to bind to the surrounding
matrix.102

Industrial-scale standards requires electrical discharges or
pulses generated with power enough to allow continuous and
large-scale treatment. PEF integration into the extraction
process operating within a ow rate of 1000 to 2000 kg h−1

requires a 3 kW power input to generate pulses within the 20 to
30 kV range, with a frequency of 200–300 Hz. Additionally, PEF
technology should feature a spacious treatment chamber and
one or more pulse generators to meet the substantial processing
volume demanded by industrial standards.14 Intricate design
and features contribute to the high cost of PEF technology
machinery.103 Therefore, deploying this technology on an
industrial scale necessitates a substantial initial investment,
ranging from V75,000 to V400,000, contingent upon the energy
requirements of the process and the scale of production.14

Recent studies have shown PEF technology as a suitable pre-
treatment for integrating industrial processes. This emerging
and non-thermal technology is provided by several companies,
including, Pulsemaster (Germany), PurePulse (Netherlands),
Scandinova (Sweden), DTI/Elea (Germany), and Steribeam
(Germany).103 However, further research is needed to imple-
ment PEF in large-scale industrial processes worldwide. Addi-
tional studies are necessary to optimize processes parameters.90
6.3 Benets and main limitations

Effective implementation of emerging technologies in indus-
trial scale necessitates consideration of economic, social, and
environmental factors associated with system manufacturing.
The current requirements of the food market emphasize the
adoption of green technologies. Contemporary demands within
the food market underscore the importance of embracing
environmentally friendly technologies, a trend driven by the
commitment to the Agenda 2030 for sustainability and devel-
opment of the United Nations. Among the innovative and
promising technologies in the food market, PEF technology
stand out. Numerous studies have identied PEF technology as
a noteworthy pre-treatment for developing processes that can
mitigate the formation and usage of harmful substances.96,97,104

This non-thermal and low-energy technology can assist
quantitative and qualitative recovery of compounds from bio-
sources. PEF-assisted by the phenomenon of electro-
permeabilization reduces extraction time, diminishes the
necessity for intense heating processes, and minimizes the
reliance on solvents.16,19,105

PEF-assisted extraction processes support the conceptions of
green chemistry and sustainability. PEF technology by
increasing the mass transfer of intracellular components allow
the use of eco-friendly solvents for extracting natural colorants
and bioactive compounds, preventing the contamination of
food and beverages with harmful chemicals.15,60 In terms of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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sustainability, PEF-assisted extraction processes require less
energy consumption than isolated extraction methods. The
short treatment time characteristic of PEF-based processes
contributes to energy conservation.72 However, there is a lack of
comprehensive life cycle assessment research exploring the
environmental effects of PEF technology in the extraction of
phytochemical compounds. Therefore, there is a need for
further discussions on sustainability, green chemistry princi-
ples, and life cycle assessment of this emerging technologies.89

As discussed for Ahmed Taha, et al. (2022),101 the main
drawback of PEF pre-treatment is the presence of bubbles,
which can create operational difficulties and inconsistent
results. Factors like dissolved gasses or gas release from the
product contribute to bubble formation, disrupting the elec-
trical eld distribution and treatment efficiency. Limited
availability of commercial PEF units in certain regions due to
high costs and specialized expertise required hinders wide-
spread implementation. This innovative technology also entails
high energy consumption, leading to increased operating costs
and potential environmental concerns. However, ongoing
research aims to address these challenges by minimizing
bubble formation, reducing costs, optimizing energy
consumption, and enhancing accessibility. With these
advancements, PEF technology could revolutionize sectors such
as food processing and wastewater treatment, offering efficient
and sustainable solutions for preservation and purication.
7 OPW biorefinery assisted by PEF
technology
7.1 Phytochemical extractions

Conventional phytochemical extractions are carried out
through methods such as hydro-distillation, Soxhlet extraction,
percolation, grinding, maceration, soaking, and others. These
methods are applied to obtaining valuable compounds from
Fig. 5 Overview of PEF effects and modulating parameters for phytoch

© 2024 The Author(s). Published by the Royal Society of Chemistry
plant matrices.59,106 Nevertheless, these methods have relevant
drawbacks that limit their applicability, such as low extraction
yields, high solvent consumption, potential degradation of
thermosensitive compounds, the need for ltration and
centrifugation, adverse impacts on the environment, and long
processing time.58 Hence, to enhance energy-efficiency and
environmental friendliness, technologies such PEF have been
investigated to integrate the extraction of biocomponents from
biological tissues.9–11

PEF technology affects the permeability of cell walls,
enhancing a non-selective mass transfer of intracellular
components.21 Thus, this phenomenon leads to a decrease in
the resistance of the plant cell to mass transfer, resulting in
higher extraction yields. By combining an emerging technology
with traditional extraction methods, energy efficiency increases,
easing enhanced phytochemical extraction. Thus, this contri-
bution leads to enhancement of natural resource utilization
while diminishing the requirement for excessive organic
solvents and elevated temperatures.14,57,95–97

Fig. 5 provides an overview of the primary benecial effects
associated with electropermeabilization phenomena, including
shorter processing times, lower energy input, greater retention of
thermosensitive components, and higher extraction yield.
Parameters modulating PEF application – such as electric eld
strength, pulse width, pulse number, frequency, and specic
energy input – are depicted. Notably, low energy input and shorter
treatment times emphasize the PEF potential to enhance phyto-
chemical extraction yields. By utilizing electric pulses, this non-
thermal technology not only increases extraction yields but also
aids in preserving thermosensitive components.56,104 These attri-
butes position PEF as an appealing technology for industrial
applications, particularly concerning thermosensitive
compounds, thus making it a potential point for research and
development.

As illustrated in Fig. 5, the main factor that affects PEF effi-
ciency is the equipment parameters (electric eld strength,
emical extraction on plant cells.
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pulse number, frequency, pulse width, and specic energy
inputs) and the sample composition (homogeneity, pH, and
conductivity).21

Luengo, et al. (2013)17 conducted an evaluation of the
potential of PEF pretreatment in assist in the extraction process
of polyphenols from OPW. Their ndings showed that PEF
treatment promoted an increase of 159% in polyphenol yield.
Furthermore, compared to the non-treated samples, antioxi-
dant activity of treated samples signicantly increased by
192%.102

Fan, et al. (2022)105 assessed the potential of PEF technology
for the extraction of soluble dietary ber from OPW. Their
results demonstrated a signicant enhancement in the physi-
cochemical properties of the treated samples. Notably, the PEF-
treated samples showed substantial improvements in water
solubility, as well as heightened water and oil holding capac-
ities, emulsifying activity, swelling capacity, emulsion stability,
and foam stability. These outcomes underscore the potential of
PEF technology on improving the physicochemical attributes of
OPW components.

Carpentieri, et al. (2021)15 further investigated the potential
of PEF-assisted extraction for obtaining limonene from OPW.
The strategic application of PEF pre-treatment to orange peels
led to a noteworthy 33% increase in the limonene content
within ethanolic extracts, compared to conventional extraction
methods. This compelling result underscores the promising
prospects of PEF technology in easing the extraction of terpenes
from botanical sources.

There is still limited information on the potential of PEF
technology assistance extraction of pigments from OPW. As
outlined in a review conducted by Bocker and Silva (2022),89 PEF
is a promising and innovative method for enhancing the
extraction of food pigments from plant matrices. The research
highlights this non-thermal technology potential to enhance
mass transference while preserving thermosensitive compo-
nents. Consequently, the electroporation enhances the yield
and energy-efficiency of pigment extraction. Therefore, inte-
gration of PEF technology in the extraction of pigment from
OPW requires further research.

PEF pre-treatment has demonstrated potential in assisting
extraction processes by enhancing mass transfer in biological
tissues. However, there are still few studies presenting PEF as an
innovative approach to assistance the extraction of compounds
from OPW. Table 3 presents a systematic analysis of the litera-
ture conducted to nd current articles about PEF assisting the
extraction of phytochemical compounds from OPW. The studies
demonstrated that PEF technology is suitable for facilitating the
extraction of various compounds, including soluble dietary ber,
limonene, naringin, phenolic compounds, polyphenols, hesper-
idin, narirutin, and ascorbic acid from OPW. Across all studies,
the integration of PEF consistently resulted in improved mass
transfer, evidenced by increased extraction yields.
7.2 Dehydration process

Dehydration is a preservation method conventionally per-
formed through hot-air convective drying. This method
© 2024 The Author(s). Published by the Royal Society of Chemistry
promotes the establishment of a vapor pressure gradient among
the heated drying air and the products, leading to a reduction in
the volume and weight of the samples. However, there are
several drawbacks that limit the use of this conventional
dehydration method. Some of these drawbacks include changes
in sensory characteristics, low energy efficiency, and the
degradation of thermosensitive components due to prolonged
exposure to elevated temperatures. To address these limita-
tions, the integration of emerging technologies such PEF into
this dehydration process can enhance energy efficiency.21

PEF-assisted dehydration is a smart biorenery strategy that
reduces the energy required for the biomass drying, which
lowers the evaporation energy required during subsequent
stages. This effect promotes the formation of pores on the cells
membrane structure, resulting in an improved water and vapor
diffusion. The change in the cell permeability leads to higher
yields and greater overall efficiency in biomass processing.
Aspects that make PEF technology a suitable pre-treatment to
reduce processes costs.72

Sack, et al. (2008)20 reported that PEF technology can
improve energy efficiency in drying processes. These ndings
indicated a reduction in the drying time for biomass to 2-3
times less than that of non-PEF-treated materials. The utiliza-
tion of this innovative technology has improved the reduction
in processing time, which in turn has contributed to the miti-
gation of sensory and nutritional changes in the food matrix.
Additionally, Mello, et al. (2021)21 evaluated the integration of
PEF and high-intensity ultrasound into the drying process of
orange peel. The ndings demonstrated that integrating these
two emerging technologies assisted preserve the color, and they
also led to higher phenolic content and increased antioxidant
activity.
7.3 Bioconversions

Bioconversion technologies, such as digestion and fermenta-
tion, offer a sustainable method for the valorization of OPW.
These processes are carried out by microorganisms that utilize
agro-industrial residue as a substrate to produce valuable
bioactive compounds and phytochemicals. The current litera-
ture reports several environmentally friendly products resulting
from the bioconversion of OPW, including biobutanol, ethanol,
biogas, methane, short-chain fatty acids, a-amylase, ellagic
acid, mucic acid, endo-polygalacturonase, and citric acid. Since
these products originate from sustainable sources, they align
with the current demand in the modern consumer market for
eco-friendly products.33,63

OPW exhibits a composition rich in polysaccharides,
phenolic compounds, and dietary bers.48 These components,
with an excellent nutritional prole, make this biomass a suit-
able alternative substrate for fermentative processes.7 In fact,
OPW is an energetic, renewable, and sustainable resource that
can be an alternative to the use of lignocellulosic biomass. This
organic residue has a higher level of polysaccharides and
a lowest lignin content when compared to lignocellulosic
biomass.10 The low concentration of lignin in the orange waste
may eliminates the need of enzymatic hydrolysis pre-
RSC Adv., 2024, 14, 2116–2133 | 2129
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treatments. Nevertheless, OPW has a high pectin content
compared to lignocellulosic biomass, which poses challenges
during the fermentation process. This necessitates specic
saccharication processes due to the high content of non-
metabolizable sugars in pectin, such as L-rhamnose, L-arabi-
nose, galacturonic acid, and galactose.32,33

A limiting factor in scaling saccharication process to an
industrial level is their extensive reaction time. To address this
issue, thermal methods in conjunction with chemical treatment
are commonly employed. However, the use of heat not only
promotes high energy consumption but also leads to the loss of
OPW thermosensitive components. Therefore, these limitations
underscore the pressing need for non-thermal routes to
enhance the enzymatic digestibility of orange residues.

Although there are no studies that elucidate the potential of
PEF for improving sugar accessibility in OPW, this emerging
technology has been associated with enhancing sugar extrac-
tion yield of other biological tissues. Dastangoo, Hamed
Mosavian, and Yeganehzad (2020)107 evaluated the effect of PEF
technology on the extraction of sugars from carrots (Daucus
carota). The study exhibited a signicant increase in the acces-
sibility of sugar due to the permeabilization of the cell tissue.
This highlights the potential of PEF pre-treatment to increase
the enzymatic accessibility of OPW. Nevertheless, the evaluation
of the main challenges and benets that come with the appli-
cation of PEF technology requires further research and
investigation.

A critical factor that impacts bioconversions is the kinetics of
releasing digestible material from cell structures. This factor
makes PEF technology a suitable method to enhance fermen-
tation processes. By altering the cell permeability, PEF tech-
nology increases the bioavailability of intracellular
components. This effect promotes a shorter retention time and
faster digestion. However, further research is necessary to fully
assess the potential of PEF technology in biofuel production.

Biofuels are a signicant by-product derived from the pro-
cessing of OPW. The demand for these alternative fuels is
driven by many ecological concerns related with the use of fossil
fuels. These concerns are associated with a wide range of
observed climate changes worldwide, as well as the wastage of
natural resources and environmental pollution.92 However, the
high energy density and existing infrastructure of fossil fuels
production give them a competitive advantage in the market
over biofuels. To tackle this challenge, agro-industrial residues
can play a vital role in making these processes more feasible.
This is primarily because OPW offers the advantages of low raw
material cost, high availability, and alignment with sustainable
strategies.10,12

Compared to fossil fuel sources, biofuels currently lack effi-
ciency regarding outputs and energy consumption. These
alternative fuels have low energy-efficiency that limits their
application on a global scale. However, the use of biomass for
biofuel production has a low-carbon, low-water footprint,
versatility in product offerings, and widespread availability,
both locally and globally. This serves as strong motivation for
the development of novel processes and technologies aimed at
optimizing the energy efficiency of biofuels. For instance, PEF
2130 | RSC Adv., 2024, 14, 2116–2133
treatment stands out as a potential non-thermal approach for
assisting the bioconversion process and increasing the energy
efficiency of bioreneries.72
8 Critical observations and final
considerations

The rich nutritional and technological prole of OPW makes
this organic waste a potential bioresource for obtaining prod-
ucts and ingredients with sustainability and health appeal.
Therefore, the appropriated disposal of these residues is not
only an environmental need but also an economic
opportunity.4,10,32,33

Due to the high content of compounds considered valuable
bioresources, current studies have been exploring methods for
the valorization of OPW through processes such as phyto-
chemical extraction, dehydration, and bioconversion.9–11 As
mentioned earlier in this review, the resistance of plant cells to
mass transfer limits the energy efficiency of biorenery
methods. The intracellular components of biological tissue are
protected by cell walls, requiring more energy for the extraction
of valued components from biological tissues.12 This resistance
to mass transfer of intracellular components limits extraction
yield. Therefore, to address these challenges, recent studies
have explored PEF as an innovative technology to integrate the
biorenery of OPW.15–19

As discussed throughout this review, PEF technology has
shown potential of improving the nutritional and sensory
prole, reducing energy consumption, and increasing extrac-
tion yield of OPW. Although this technology has a high initial
investment, integrating PEF in waste treatment is a strategy to
optimize energy consumption during processing. However, as
they are still new in the industrialization of products, these
technologies still require further studies to assess their
economic viability on an industrial scale for processing agro-
industrial waste.93

Regarding technical feasibility, there are only a few studies
that focus on the use of PEF technology to assist in the dehy-
dration and bioconversion of OPW. In the context of dehydra-
tion,20 the utilization of PEF for electroporation of biological
tissue has the potential to signicantly reduce the energy
required for water evaporation, thereby enhancing the energy-
efficiency of the process. Moreover, Furthermore, PEF holds
promise in enhancing the accessibility of sugars within plant
tissue, resulting in higher substrate concentrations available for
microorganisms to convert. This, in turn, leads to a more
energy-efficient overall process.

Further studies are essential for the evaluation of the
optimum parameters for PEF applications. These enhance-
ments have the potential to reduce energy demand, particularly
for future utilization within industrial scale. Furthermore,
techno-economic viability studies of these procedures are
required. On the other hand, exploring potential synergies
between PEF and other technologies is needed. Such investi-
gations will provide valuable insights into whether the
substantial initial investment required for widespread
© 2024 The Author(s). Published by the Royal Society of Chemistry
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implementation of this groundbreaking technology can yield
signicant economic benets.
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