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Green extraction techniques are more and more relevant due to major sustainable goals set by the United Nations.
Greener extraction processes are being designed through the use of unconventional extraction techniques and

green solvents, resulting in less hazardous processes which, consequently, reduces environmental impacts.

antioxidant bioactive pigments bioeconomy green chemistry

| 1. Introduction

The 12 principles of green chemistry I, as well as the rising academic and public interest in non-hazardous
compounds 2, have been the main drivers of innovation in extraction techniques. A green extraction method or
technique is based on the design of an extraction process that decreases energy consumption, permits the use of
new-generation solvents, reduces waste by converting it into co-products, and assures a safe and high-quality final
product B4,

The significance of greener extraction methods has become increasingly apparent due to the United Nations (UN)
prioritizing a more sustainable future. As part of these efforts, studies focused on implementing environmentally
friendly extraction processes that efficiently convert diverse biomass sources into valuable products such as
bioactive compounds and biobased materials have been conducted in recent years. By doing so, waste generation
is minimized, environmental impact is reduced, and the economic value of various biomass sources is enhanced.

This holds particular importance for underdeveloped nations 2.

The aforementioned extraction methods produce vital bioactive compounds from different biomass sources (i.e.,
microalgae species, food waste, and lignocellulosic sources) that reportedly have multiple health-promoting
properties (84, Bioactive compounds like polyphenols, vitamins, and fatty acids have attracted great attention due
to their role in the prevention of several chronic diseases €. Furthermore, bioactive pigments or phytochemicals
such as chlorophylls, betalains, carotenoids, phycocyanin, and anthocyanins also have great antimicrobial,
antioxidant, and immunologic properties that are of great interest in the pharmaceutical, food, and materials
consumer sectors [2I[10],

To provide some context, several reviews 111213114 haye already covered different innovative extraction methods
from different biomass sources, including mainly food waste and microalgae. The number of reviews focused on
extraction techniques from food waste, microalgae, and lignocellulosic biomass is not surprising given the great

potential of these sources. For instance, microalgae are autotrophic microorganisms that produce high-value
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compounds such as polysaccharides, polyunsaturated fatty acids (PUFAS), and bioactive pigments like carotenoids
(mainly lutein, zeaxanthin, and astaxanthin) 22ll18] On the other hand, food waste has also gained interest in
society due to the higher global population and the consequent rise in food waste generation 7. Food wastage
such as peels, seeds, rind, and pulp are generated and often discharged into landfills, thus causing a significant
economic and ecological burden due to greenhouse gas emissions (GHGSs) that can contribute to climate change
(12181191 Ty solve such issues, researchers have tried to develop innovative outlets for these wastes, mainly

related to energy and the extraction of bioactive compounds [2[12],

Lignocellulosic biomass is another great biomass source since it is considered one of the most abundant sources
of bioenergy and biobased products. Lignocellulosic biomass includes various agricultural residues such as bark,
branches, logs, and leaves [2% from deciduous and coniferous trees and waste from the pulp and paper industry (211
(221 | jgnin—a main component of lignocellulosic biomass—may undergo a reversed process of depolymerization,
with the release of some important polyphenolic components classified as aromatic aldehydes (vanillin,

syringaldehyde), hydroxybenzoic (vanillic, syringic) acids, and hydroxycinnamic (p-coumaric, ferulic) acids .

Up to this moment, the reported extraction studies have mainly focused on the use of non-conventional extraction
technigues such as microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE), pressurized liquid
extraction (PLE), pulsed electric fields (PEF), and supercritical fluid extraction (SC) in the extraction of rich
bioactive compounds from different biomass sources (i.e., food waste, microalgae, and lignocellulosic sources) (141,
These techniques have been distinguished from conventional techniques such as maceration and Soxhlet due to
the use of more sophisticated equipment and higher efficiency in the extraction of several compounds of interest in

less time (23],

Solvents are usually employed in order to create a mass transfer of the targeted bioactive molecules 24, These
solvents may bring some issues due to their toxicity and flammability; therefore, it is important to choose the right
solvent to be used in the extraction process. Factors such as cost, biocompatibility, and efficiency in extraction

must be considered when designing an extraction process 23],

| 2. Green Solvents

In recent years, environmental directives and legislation have sought to reduce solvent emissions or regulate the
usage of potentially harmful or environmentally damaging chemical substances 28, However, many existing
chemical processes still depend heavily on harmful and toxic solvents. This paradigm is worse in developing
countries because of the attractive prices of toxic solvents and their availability. This is a clear case of neglect

whereby economic factors are favored above sustainability.

Nonetheless, in recent years, there have been more and more studies focused on the use of green solvents in
chemical processes, with publications rising beyond the 10,000 mark from 2010 onwards in ScienceDirect when

the term “green solvents” was searched.
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Green solvents (Figure 1) can be defined as chemicals that minimize the environmental impact resulting from their
use in chemical processes and production 24, This concept is part of green chemistry, which can be defined as the
design of chemical processes that can reduce to eliminate the use and generation of hazardous substances . To
provide the readers with a better understanding, a green solvent can be defined as a solvent that possesses one or
more of the following properties: low or non-volatility, nonflammable, no inhalation hazards (non-toxic, non-
carcinogenic), able to be recycled, and biodegradability 8. Furthermore, they possess an array of different

physical and chemical characteristics that make them suitable for different types of extraction techniques.
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Figure 1. Types of green solvents.

For instance, supercritical solvents are substances that are readily accessible at their critical points. Supercritical
carbon dioxide is one of the most used supercritical solvents due to its safety and renewability 281, Typically,
supercritical solvents exhibit high diffusivities similar to the gas state. However, co-solvents such as ethanol are
usually required to increase the solubility of solid reagents and products as the polarity of pure supercritical carbon
dioxide is very low 28],

lonic liquids (ILs) are pure compounds composed of ions 22 which present desirable thermodynamic properties
such as thermal stability, adjustable viscosity, miscibility, solubility, and extraction capacity for an array of different
compounds with distinct polarities 4!,

As an alternative to ILs, deep eutectic solvents (DESs) have emerged since they present similar thermodynamic
properties to ILs but are more easily synthesized, less detrimental to the environment, and present lower toxicity.
DESs are formed by a hydrogen bond acceptor (HBA), such as quaternary ammonium, with a hydrogen bond
donator (HBD), such as urea, carboxylic acids, or ammine 24 When natural components are used for DES
synthesis, usually for plant primary metabolites (e.g., sugars), they are called natural deep eutectic solvents

(NADESS). Since these solvents are synthesized from natural components, which are inexpensive, abundant, and
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recyclable materials, they are seen as non-toxic solvents, making them highly compatible with food,

pharmaceutical, and cosmetic formulations and use.

Water is considered the most natural of solvents and many researchers have considered water as the greenest
solvent in chemistry both from an experimental and an industrial perspective. In recent decades, a new concept
has also surfaced, which is switchable water. Switchable water is obtained by adding a base soluble (e.g.,
N,N,N’,N'-tetramethylbutane-1,4-diamine) to water 39, This enables “the switch”, which consists of the addition or
depletion of CO, to monitor the ionic strength of an aqueous solution. At the end of the extraction process, it is
possible to remove the base from the water solution to make it clean and safe once again 2%, making it a great

solvent option for the extraction of some polar compounds.

Biosolvents are solvents based on natural ingredients that have been developed to offer an alternative to fossil
resources 1. The major classes of biosolvents are (1) esters of natural organic acids (e.g., ethyl acetate and ethyl
lactate), (2) fatty acid esters, (3) bioethanol, (4) terpenes compounds (e.g., eucalyptol, limonene, and others), (5)
isosorbide, and (6) glycerol derivatives. These solvents are also considered green solvents since they are
environmentally friendly and not harmful to humans [321(33134],
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