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Abstract: Coffee is considered to be one of the most renowned beverages and it is the second-most
consumed product worldwide. Spent coffee grounds (SCGs) are the primary solid residue, which
are generated during the coffee powder brewing in hot water or steam. The formation of huge
amounts of these byproducts poses a severe threat to the environment, due to their organic nature
and their high phenolic compounds concentration. Nevertheless, the latter are characterized as
bioactive compounds with high antioxidant activity turning SCG into an economical raw matrix
for the isolation of valuable components. Phenolic compounds that can be isolated from coffee
byproducts can be potentially used as natural antioxidants in food, pharmaceutical, and cosmetics
industries. Thus, the research community has focused its efforts on the optimization of phenolics
extraction by the development of novel environmentally friendly techniques except for conventional
maceration extraction using organic solvents. The objective of this review is to present an inclusive
summary of the revalorization of SCGs and the potential uses of those solid residues through the
recovery of phenolic compounds or the use of untreated or treated SCGs as biosorbents of valuable
compounds from other food industry byproducts.
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1. Introduction

Coffee is one of the most broadly consumed beverages, the second-most famous after
water. Enjoying a cup of coffee is a daily routine and even a cultural habit in many countries
since its consumption is linked with many significant moments of personal life. The
increment in this beverage’s popularity could be also associated with the health benefits it
provides, based on recently published scientific findings [1]. According to the International
Coffee Organization [2], the total consumption of coffee exceeded 9.9 x 10° Kg worldwide
in 2021.

As lifecycle analysis “from farm to cup” reveals, increased coffee consumption results
in accordingly high quantities of waste (spent coffee grounds, husks, defective coffee beans,
etc.) that contribute to environmental threat [3]. The coffee peel, husks, and pulp, which
comprise almost 45% of the cherry, are the principal byproducts of the coffee industry and
could be a valuable raw material for several processes, such as caffeine and polyphenols
extraction. Spent coffee ground (SCG) is the residue obtained during the brewing process.
It is worth mentioning that 6 million tons of SCGs are generated per year and end up
mostly in landfills [4]. This huge amount requires a waste management plan consistent
with national legislation. The European Union promotes “waste hierarchy” and philosophy
of waste management through definite directives [5,6]. The preferable waste management
techniques in descending order of priority are as follows: (1) recycling, (2) reuse, (3) waste
prevention, (4) disposal, and (5) recovery. For example, the company Nestle attempts to
minimize this waste stream in Europe by using it as a source of renewable energy in more
than 20 Nescafe factories [7].
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In most of the coffee-producing industries, the byproduct is collected by specialized
agencies that trade the byproducts for different purposes (bioenergy production, compost-
ing, mushroom growth). SCG contains large quantities of organic components, such as
fatty acids, cellulose, hemicellulose, lignin, and other polysaccharides, that can be exploited
as a source of value-added products. Thus, SCG has been investigated for biodiesel pro-
duction [8], as a source of sugars [9], a precursor for activated carbon production [10],
compost [11], and soil fertilizer in order to stimulate plant growth [12].

The increasing interest in SCG potential applications and valorization through sev-
eral routes (biotechnological and/or physicochemical) is evident in the rising trend of
publications (Figure 1), where, up until May of 2022, 1245 documents regarding SCG
have been published.
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Figure 1. Scopus database results for published articles on SCG during the last decade (last accessed
on 25 May 2022, query string entered: “spent coffee grounds”).

SCG composition is abundant in phenolic chlorogenic acids and non-phenolic acids
(caffeine and trigonelline) [13]. Phenolic compounds, although toxic to microorganisms, are
valuable chemicals since they have a variety of activities, such as antimicrobial, antioxidant,
anti-mutagenic, anti-allergenic, and anti-inflammatory, and are currently used in the fields
of medicine, food technology, biology, and so on [14]. Up until now, various techniques
have been reported for their extraction. From the water-based autohydrolysis [15] to
ultrasound- and microwave-assisted solid-liquid extraction with alkyl alcohols [16,17],
diverse maximum extraction rates have been obtained. The drawbacks of these methods
are mainly concerned with safety issues (flammability, toxicity), increased cost, and, more
importantly, environmental burdens [18]. Organic solvents are characterized by low boiling
points and therefore their vapors are accumulated in the atmosphere during the extraction
procedures. In addition, they are not biodegradable, and in the framework of sustainable
development, their replacement with alternative environmentally benign components is
crucial. The green chemistry has resulted in the introduction of innovative solvents, such
as deep eutectic solvents (DES), which are characterized as “the organic reaction medium
of the century” [19], and aqueous solutions of cyclodextrins [20].

In general, various approaches have been investigated as far as the recovery of polyphe-
nols is concerned, and several techniques (extraction, adsorption, membrane and chro-
matographic separation) have been investigated independently or in combination [21].
However, researchers have pointed to adsorption, which is characterized as the most ef-
fective and low-cost method for the recovery of various compounds. The prohibitive cost
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of most commonly used adsorbents and the need for their regeneration have resulted in
the development of innovative, low-cost biosorbents with a high efficiency [22]. Although
most of these sorbents comprise agricultural or food industry byproducts, they present
many advantages. The most significant ones are their small cost, accessibility, and ease of
regeneration [23]. The exploitation of SCGs for the removal of pollutants with adsorption
has recently emerged.

The use of SCG as a biosorbent after the extraction of its phenolic content could be an
integrated approach for the ultimate utilization of SCG, through the recovery of valuable
byproducts and/or ingredients, while finally leading to full depollution. This approach
moves beyond the state of the art, towards a holistic approach for SCG valorization. This
review aims to provide a complete summary of all accomplished studies on the recovery of
phenolic compounds from SCG and its use as a biosorbent. The prevailing methods for
phenols recovery, the main parameters of the extraction and adsorption processes, and the
achieved efficiencies are reviewed and discussed. The main objective is to access the status,
recent developments, and future trends.

2. Spent Coffee Ground (SCG)
2.1. Production

Coffee is a beverage with a huge economical value and it is primarily cultivated in the
equatorial regions. Coffea arabica (Arabica) and Coffea canephora var. robusta (Robusta)
are considered to be the major varieties of the genus Coffea, which are typically cultivated
for commercial manufacture. Specifically, the Arabica variety is the leader in the world
production, as it accounts for about 75% of the global production and it is thought to be
superior to Robusta due to its more gentle and flavorful taste [24], although Robusta is
commonly used by the instant coffee industry for the manufacture of coffee brews [25].

During “fruit to cup” transformation, huge amounts of wastes, such as coffee silver
skin, coffee pulp, coffee husk, and spent coffee grounds, are generated. The different types
of coffee solid byproducts formed through the coffee processing are presented in Figure 2.
During coffee beverage production, when roasted coffee powder contacts hot water or
steam, components with characteristic flavors and other valuable constituents are released
into the water, and solid waste with high moisture content, known as SCG, is generated [26].
According to Murthy and Naidu [27] and Mata et al. [28], around 650 kg of SCG is produced
from 1 ton of coffee beans, while from 1 kg of soluble coffee approximately 2 kg of wet SCG
is obtained.

SCG consists of different types of sugars, such as mannose, glucose, galactose, and ara-
binose, whereas it is primarily composed of neutral detergent fiber (45.2%) (hemicellulose,
lignin, cellulose) and acid detergent fiber (29.8%) consisting of cellulose and lignin [29].
The physicochemical characteristics of SCG are presented in Table 1. According to Mussato
et al. [9], SCG contains 46.8% mannose, 30.4% galactose, 19% glucose, and 3.8% arabinose.
As far as lipids are concerned, SCG total lipids content is about 9.3-16.2%, 10-15%, and
14-15.4% for espresso coffee residues, filter, and industrial soluble coffee, respectively [7].
SCG fatty acid profile predominantly contains linoleic (44.2% of total lipids), palmitic (32.8%
of total lipids), stearic (10.3% of total lipids), and oleic acid (7.1% of total lipids) [3,30].
The oil obtained from SCG is rich in omega-6 essential fatty acids with an w-6/w-3 ratio
of 38.6—43.7 [31,32]. Moreover, two diterpenes, kahweol and cafestol, were isolated from
SCG [31,32]. The concentration of diterpenes in coffee beans depends on the coffee species
and the storage conditions as these compounds are sensitive to parameters such as heat,
light, and acids.
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Figure 2. The main solid byproducts obtained from coffee processing.

Table 1. Chemical composition of spent coffee grounds.

Component Content (% Wet Basis) References
Moisture 1.18-74.72 [28,31,33]
Cellulose 12.40 + 0.79 [34]

Hemicellulose 39.10 +1.94 [34]
Arabinose 3.60-6.00 [33,34]
Mannose 19.07-47.00 [33,34]
Galactose 16.43-30.00 [33,34]

23.90 + 1.70
Lignin Insoluble 17.59 + 1.56 [34]
Soluble 6.31 + 0.37
Fat 2.29-19.00 [28,33,34]
Ash 0.43-2.20 [31,33,34]
Protein 4.30-17.44 [9,31,33,34]
36.87-60.46
Total dietary fibers Insoluble 50.78 + 1.58 [31,34]

Soluble 9.68 + 2.70
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According to several studies, the protein content of SCG varies from 4.3 to 17.44% w/w,
depending on the variety of coffee beans and the conditions used during instant coffee
preparation [9,31,33,34]. This protein content is higher than that of coffee beans, possibly
due to the non-extracted components during instant coffee preparation. In addition, the
overestimation of SCG protein content may be attributed to various nitrogen-containing
substances, such as caffeine, trigonelline, free amines, and amino acids, present in SCG [35].
As far as mineral composition is concerned, the roasted coffee beans have a total mineral
concentration of about 4.6%, which is easily extracted by hot water, leading to a reduced
content in soluble coffee solid wastes [30]. Potassium and magnesium comprise about
22 and 11%, respectively, of the SCG minerals [7].

2.2. Phenolic Compounds

Coffee beans and SCG are great sources of bioactive compounds, such as phenolic com-
pounds, containing large amounts of chlorogenic acid and its derivatives (caffeoylquinic,
p-coumaroylquinic, and feruloylquinic acid), as well as diesters of caffeic and ferulic acid
with quinic acid [36], while the main phenolic compounds of coffee beans are presented
in Figure 3. Traditionally, these compounds are characterized as chlorogenic acids and
are considered to be powerful antioxidants associated with many health benefits [37-39].
Specifically, the aforementioned compounds are related to neurotrophic and neuroprotec-
tive properties [40—42] and these results initiated a boost in the manufacture of functional
foods or supplements containing phenolic compounds from coffee industry waste.

Figure 3. Main phenolic compounds of coffee beans.

Numerous studies on the phenolic content of SCG have been carried out and the
main identified biophenols of SCG include vanillic acid, ferulic acid, sinapic acid, caffeic
acid, p-coumaric acid, chlorogenic acid, quercitrin, catechol, quercitrin-3D-galactoside,
and rutin [31,33]. Caffeoylquinic acids are the most plentiful phenolic compounds in SCG
(Table 2). They are categorized as chlorogenic acids, which are water-soluble esters consist-
ing of quinic acid and one or two molecules of caffeic acid, a trans-cinnamic acid. According
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to Bravo et al. [43], as far as the composition of phenolic compounds is concerned, spent
coffee grounds mainly consist of monocaffeoylquinic and dicaffeoylquinic acids. This
composition is principally affected by the coffee species and the mechanism of coffee brews
preparation (filter, espresso, and plunger). Ramalakshmi et al. [44] concluded that the major
antioxidant in SCG is 5-caffeoylquinic acid (~6%), whereas Bravo et al. [43] found signifi-
cant quantities of caffeoylquinic (6-13 mg/g) and dicaffeoylquinic (3—6 mg/g) acids, and
Monente et al. [45] reported caffeic acid, p-coumaric acid, ferulic acid, 4-hydroxybenzoic
acid, and sinapic acid.

Table 2. Caffeoylquinic acids and caffeine of spent coffee grounds (adapted from [43]).

Constituent Content (mg/g)

Caffeoylquinic Acids

Arabica 1.10-1.64
Robusta 0.63-0.83

Arabica 1.75-2.51

3-*CQA

%
QA Robusta 0.97-1.16
Arabica 2.48-3.59

_%
QA Robusta 1.18-1.26
Total *CQAs Arabica 5.33-7.74

Robusta 2.80-2.91

Arabica 2.34-2.53
Robusta 1.49-1.99

Arabica 1.09-1.26
Robusta 0.62-0.74

Arabica 1.46-2.07
Robusta 1.20-1.41

Arabica 4.89-5.79
Robusta 3.31-4.10

Arabica 11.05-13.24
Robusta 6.22-7.49

3,4-**diCQA

3,5-**diCQA

4,5-**diCQA

Total **diCQAs

Total *CQAs + **diCQAs

Caffeine

Arabica 3.59-5.20

Caffeine Robusta 5.73-8.09

*CQA: monocaffeoylquinic acids, **diCQA: dicaffeoylquinic acids.

2.3. Management

SCG is a dark-colored solid waste with no commercial worth and is mainly discarded
as solid waste in landfills or, to a small extent, is composted (Figure 4). During the disposal
of SCG in landfills or during its burning, gases are emitted into the atmosphere. In general,
SCG is considered to be a high pollutant and its toxicity is associated with the high organic
content and the concentration of components such as caffeine, polyphenols, and tannins.
Therefore, the proper management of SCG is crucial for environmental protection [46].
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Figure 4. Management of coffee byproducts. Data from [47].

Nowadays, the rising awareness of waste management and environmental protection
has stimulated the research for developing new techniques for the valorization of SCG.
Currently, circular economy is an integral part of environmentally-friendly companies. In
this regard, remarkable efforts for the utilization of a variety of food industry wastes are
being made. As far as SCG is concerned, it can be potentially used as a source of fuels
(bioethanol, biogas, biodiesel, bio-o0il, hydrocarbon fuel, and fuel pellets) [48], biopolymers
(polysaccharides, which can be used as dietary fibers) [49], biosorbents, polyurethane foams,
carotenoids [3], and antioxidants, such as tannins [48,50,51], caffeine, and polyphenols [33]

(Figure 5).
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Figure 5. Valorization of spent coffee grounds.

The use of SCG as a source of phenolic compounds and biosorbents is the subject of
the present review. As far as the valorization of the other SCG components is concerned,
various processes (pyrolysis, gasification) have been proposed to convert SCG into fuel,
bio-oils, hydrogen-enriched fuel, liquid product mixture comparable to fossil fuel oil, and
valuable biocide [7]. Bio-oils from SCG pyrolysis have high concentrations of various
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carboxylic acids, which allow their further upgrade into biodiesel or other petrochemical
products [52]. Potentially, 1.3 billion liters of biodiesel, based on approximately 8 million
tons of worldwide produced coffee containing 10-15% lipids, could be included in the
world fuel production from SCG [53]. Enzyme technology is usually used to hydrolyze SCG
polysaccharides into precious food compounds, such as mannitol and higher mannosac-
charide alcohols, or source raw material for bioethanol production [54]. The SCG cellulose
and hemicellulose fractions can be used in sorbitol, formic acid, hydroxymethylfurfural,
levulinic acid, arabitol, xylitol, mannitol, and, emulsificant production [9]. According
to Sampaio et al. [55], alcohol production leads to a beverage with 40% ethanol alcohol,
comparable to tequila and vodka, with a pleasant aroma and taste of coffee.

3. Extraction of Phenolic Compounds

SCG can be potentially used as a great source of valuable components with high
antioxidant capacities, such as caffeic and chlorogenic acids, which can be utilized as
natural antioxidants in food, cosmetics, and pharmaceuticals [56]. Various extraction
techniques, including conventional maceration using organic solvents or novel methods
such as ultrasound-assisted extraction, microwave-assisted extraction, and high-pressure
extraction, are studied for the extraction of phenolic components.

3.1. Conventional Methods

Conventional extraction using organic solvents is the most widely used technique
for the isolation of bioactive compounds. This method is based on the following stages:
(1) penetration of organic solvent into the solid, (2) dissolution of bioactive compounds in
the organic solvent and diffusion out of the matrix, and (3) recovery of bioactive compounds.
A variety of parameters may increase the solubility, effectiveness, and recovery yield of
extraction. Specifically, the type of solvent, particle size of the solid matrix, liquid (solvent)-
to-solid ratio, extraction temperature, and duration of extraction are some of the factors
that can affect the efficiency of extraction [57].

In the case of isolation of phenolic compounds from SCG, many studies have been car-
ried out using conventional extraction with organic solvents (Table 3). Generally, choosing
the appropriate solvent is considered to be crucial for solvent extraction, and this plays
a principal role in the extraction efficiency. Especially, parameters such as polarity, cost,
safety, selectivity, reactivity, stability, food grade, and potential reusability must be studied
for the selection of a proper solvent [58]. Solvents with polarity near to the polarity of
solute lead to better results. According to Table 3, mainly methanol and ethanol are used
for the recovery of phenolic components from SCG. It can be observed that traditional
extraction with organic solvents can lead to high yields (<90.35% using ethanol) [59].

Table 3. Recovery of phenolic compounds from SCG using conventional extraction method.

Operating Conditions Solvent Yield Antioxidant Activity References
ECsp: 148.4 + 30.4 (non-defatted)
T:35°C, L/S: 5mlL/g Ethanol, 50% v/v - ECsp: 165.9 £ 6.8 mg/L [32]
(defatted)

T: 63.3 °C, t: 90 min, L/S: 30 mL/g Ethanol, 45% v/v 90% 255.55 g SCG d.b./g DPPH [60]
t: 90 min, L/S: 40 mL/g Methanol, 60% v/v 89% 0.10 mM Fe(Il)/g [61]
T: 60 °C, t: 30 min, L/S: 50 mL/g Ethanol, 60% v/v - ECs0: 1.47-3.67% v/v [62]
T: 60 °C, t: 30 min, L/S: 50 mL/g Water - ECsp: 2.33-6.74% v /v [62]
T: 80 °C, t: 30 min, L/S: 13.33 mL/g Ethanol, 50% v/v 14.5 £ 0.3 mg GAE/g (dw) - [63]
T: 60 °C, t: 150 min, L/S: 50 mL/g Ethanol, 30% v/v 87.3% - [46]
T: 60 °C, : 90 min, L/S: 49 mL/g Ethanol, 60% v/v 22.01 mg/gd.b. - [64]
T: 60 °C, t: 180 min, L/S: 50 mL/g Ethanol, 30% v/v 90.35% ECsp: 0.86% v/v [59]

T: extraction temperature, t: extraction time, L/S: solvent to solid ratio; ECsy/ICs0: concentration of the sample
necessary to decrease the initial DPPH concentration by 50%.
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As far as the particle size of the solid matrix is concerned, typically, the finer the particle
size is, the higher the efficiency. This phenomenon is based on the higher penetration of
solvent when the particle size of the matrix is smaller, due to the increased specific surface
area. In this case, an increase in solubility and recovery yield will be observed. Nevertheless,
in the case of extremely fine components, excessive adsorption of solute on the solid matrix
will be noticed. All studies regarding conventional extraction (Table 3) have stated that
particle size is a factor of importance during phenolics extraction. The vast majority of
them, however, studied SCG as it was collected from the coffee industry and did not
employ any methods to alter the size of the waste particles in order to study its effect.
Nonetheless, Ramén Gongalves et al. [63] and Solomakou et al. [64] used SCG without
grinding as pretreatment.

Traditionally, temperature significantly affects the solubility of the solute in a solution.
However, even though an increase in temperature leads to higher extraction yields, exces-
sively high temperatures have the opposite effect due to the decomposition of thermolabile
components and evaporation of organic solvents. According to the literature, the extraction
temperature for the removal of phenolic compounds from SCG ranges between 35 and
80 °C. The lowest temperature was employed by Acevedo et al. [32], whereas the majority
of studies reported 60 °C as an optimum parameter of extraction. According to Solomakou
et al. [64], who extracted phenolic components from SCG at 60 °C for 90 min with an L/S
ratio of 49 mL/g using 60% (v/v) aqueous ethanol, this temperature appears to be the
optimum extraction temperature (<90% extraction yield) and was selected in order to
prevent the degradation of sensitive bioactive compounds that can take place at higher
temperatures. On the other hand, Ramén Gongalves et al. [63] studied higher extraction
temperatures, i.e., 80-120 °C, with the optimum being the lowest, although not achieving a
higher recovery yield (14.5 mg GAE/g) in comparison with other studies.

The liquid-to-solid ratio plays a crucial role too. Specifically, higher liquid-to-solid
ratios are associated with higher extraction yields. Nonetheless, extremely high ratios will
lead to excessive volumes of solvent, which require more energy and time for concentration
and solvent recovery. As presented in Table 3, the L/S ratios that have been used for the
recovery of phenolic components from SCG range from 5 to 50 mL/g. The lowest ratio was
used by Acevedo et al. [32], whereas the most frequently reported optimum ratio appeared
to be 50 mL/g. According to Solomakou et al. [64], who investigated a wide range of L/S
ratios (5-60 mL/g), the optimum value did not appear to be the highest of those studied,
indicating that when increasing this parameter beyond a certain point, namely, a plateau,
no further increase in yield can be observed.

3.2. Emerging Methods

The disadvantages of conventional maceration extraction led the scientists to focus
their efforts on developing novel environmentally friendly extraction techniques for the
extraction of valuable components from the food industry’s byproducts, and specifically
SCG. These novel methods are associated with minimization of energy consumption,
shorter operation time, and higher phenolics recovery yield [56]. The primary methods
studied for the recovery of phenolic components from the coffee industry’s byproducts are
presented in the following sections.

3.2.1. Ultrasound-Assisted Extraction (UAE)

UAE is considered to be a “green” extraction method, based on the application of
sound waves in the frequency range of 20 kHz-100 MHz. Improved extraction yields
achieved with UAE may be based on cavitational effects caused by the application of
high-intensity ultrasounds. Large-amplitude waves move through a medium resulting
in compression and shearing of solvent molecules and causing local changes in density
and elastic modulus. As a result, the sinusoidal compression and shear waves will be
distorted into shock waves at a limited distance from the ultrasonic transducer. The sudden
decrease in pressure at the edge of the wave in the negative pressure cycle leads to the
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formation of small bubbles that collapse in the positive pressure cycle and create turbulent
flow conditions [65]. Furthermore, ultrasound causes swelling, hydration, and enlargement
of the pores in the cell wall [66]. In addition, ultrasound collapse leads to a reduction
in the particle size and increases the number of cells exposed to extraction by solvent
and ultrasonic cavitation. An illustration of the UAE extraction method is represented
in Figure 6.

Ultrasonic Probe

rd

Solvent

rd
F s =3l
® @

Ultrasound Generator

Figure 6. Setup of ultrasound-assisted extraction.

In general, UAE is considered a simple and cost-effective treatment that can be utilized
on both small and large scales [67]. As a procedure, UAE is thought to be cost-effective due
to the need for lower extraction duration, lower solvent volume, and lower temperatures in-
volved (preservation of heat-sensitive components). Crucial parameters that must be taken
into consideration are the type of solvent, the extraction time, the extraction temperature,
the ultrasound power, and the liquid-to-solid ratio [68] (Figure 7).

Data Means
T (oC) EtOH (%)
154

10 ’,'/‘ /-0—-—-1\

— S
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3 20 30 40 50 60 0 25 50 75 100
= /S (mi/g) A (%)
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Figure 7. Main effects plot of temperature (T, °C), solvent concentration (EtOH, % v/v), liquid/solid
ratio (L/S, mL/g), and amplitude level (A, %) on yield (Y, mg GAE/g dry SCG) during ultrasound-
assisted extraction of phenolics from SCG (Reprinted from Sustainable Chemistry and Pharmacy
Vol 25, Nikoletta Solomakou, Anastasia Loukri, Panagiota Tsafrakidou, Alexandra-Maria Michaeli-
dou, Ioannis Mourtzinos, Athanasia M. Goula, Recovery of phenolic compounds from spent coffee
grounds through optimized extraction processes, 100592, Copyright (2022), with permission from
Elsevier [64]).
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As far as the recovery of SCG phenols is concerned, only a few studies have been
carried out using ultrasound-assisted extraction, achieving extraction efficiencies ranging
from 9.51 to 941.04 mg GAE/g of SCG, under conditions which are mentioned in detail
in Table 4.

Choosing the appropriate type of solvent plays an important role in UAE, due to its
important impact on effectiveness. Specifically, a crucial characteristic of the solvent should
be its low vapor pressure, increasing the collapsing of cavitation bubbles and therefore
resulting in the augmentation of extraction yield. According to Syahir et al. [68], the
most commonly used solvents in UAE are ethanol, n-hexane, and methanol. All studies
conducted on the extraction of phenolics from SCG using ultrasound-assisted extraction
employed the aforementioned solvents and, more specifically, aqueous solutions of ethanol
and methanol. As far as ethanol is concerned, under optimum extraction conditions,
ethanol was found to be at concentrations of 50-60% (v/v) and extraction of phenolics after
4.5 h at 28 °C was achieved up to 941.04 & 37.25 mg GAE/g dry sample [69]. On the other
hand, the use of aqueous methanol resulted in lower extraction efficiencies, leading up to
24.95 mg GAE/g. More specifically, according to Severini et al. [16], the maximum yield
using methanol was achieved with an ultrasound pulse length of 4 min, a treatment time
of 60 min, an L/S ratio of 50 mL/g, and a methanol/water ratio of 1.25.

Generally, increasing extraction time provokes an increase in extraction yield. How-
ever, at a certain point known as the “equilibrium state”, further increase in extraction
time does not affect yield. According to the literature, UAE time typically ranges around
30 min [70,71]. Similarly, in the case of extraction of phenolics from SCG using ultrasounds,
it appears that the majority of researchers achieved satisfying extraction yields, rang-
ing from 18.54 to 33.84 mg GAE/g SCG, under extractions for approximately 30 min
(2040 min). However, Ansori et al. [69] achieved the highest recorded extraction efficien-
cies, extending the extraction time up to 4.5 h.

Increasing extraction temperature leads to increased extraction yield, but this is highly
dependent on the material under investigation. Higher temperatures result in increased
solubility of the extracted compounds in the solvent and increased bubble collapsing speeds,
thus increased solvent penetration into cell tissues. Generally, according to researchers,
the optimum temperature for UAE ranges from 30 to 50 °C [71,72]. Indeed, the majority
of studies on the extraction of phenolics from SCG utilizing UAE presented optimum
temperatures that fall within this range, as very high temperatures may lead to degradation
of phenolic compounds.

Extraction yield can also be influenced by ultrasonication power. More specifically, an
increase in ultrasonic amplitude can increase yield, as more cavitation bubbles are formed
that consequently collapse [68]. However, a certain plateau can be observed, beyond which
an increase of ultrasonic power may lead to degradation and decomposition of bioactive
compounds due to elevation of vapor pressure and temperature of the solvent [73].

Liquid-to-solid ratio greatly affects UAE, as it defines interactions between solvent
and the matrix, until the point at which solvent is saturated. This effect of L/S is based
on the driving force of the extraction, which is the concentration difference between the
compounds in the matrix and the solvent. However, further increase of L/S beyond a
certain point does not further increase extraction yield, additionally increasing operating
costs and waste during the process of extraction [68]. In the case of phenolics extraction
from coffee industry waste, conducted studies reported optimum conditions ranging from
9 mL/g, during which the minimum extraction yield was reported, up to 52 mL/g. During
the latter, according to Solomakou et al. [64], the optimum L/S ratio was not the highest
investigated (60 mL/g), leading to the conclusion that a plateau exists, a point beyond
which increasing the L/S ratio does not induce a further increase of yield.
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Table 4. Recovery of phenolic compounds from SCG using novel extraction methods.

Operating Conditions Solvent Yield Antioxidant Activity References
Ultrasound-assisted extraction
P: 244 W, T: 40 °C, t: 34 min, )
L/S: 17 mL/g Ethanol <33.84 £ 0.59 mg GAE/g - [74]
T:28°C, t: 45 h Ethanol, 60% v/ 941.04 £ 37.25 mg GAE/g dry 26:82 + 2.92 mg Trolox [69]
sample Equivalents/g dry sample
After hydrothermal
delignification of SCG, T: 40 °C, Methanol, 100% v /v 20.3 mg GAE/g - [75]
t: 40 min, L/S: 25 mL/g
P: 750 W, frequency: 20 kWh, o .
T: 50 °C, & 60 min, L/S: 20 mL/g, Ethanol, 60% v/v 12.67 + 0.31 mg GAE/g ECsp: 10.94 + 0.55 pg/mL [76]
Amplitude: 60%, T: 25 °C, o <0.89 + 0.04 mmol
t 15 min, L/S: 9 mL/g Methanol, 80% v/v <9.51 £+ 0.06 mg GAE/g FeSO,/100 g [56]
Ultrasound pulse duration: dmin, 00 1/ vater, 1.25 19.29-24.95 mg GAE/g 134.90-174.73 umol Trolox/g [16]
t: 60 min, L/S: 50 mL/g T ’ ' ’ '
Amplitude: 60%, T: 60 °C, o
£: 20 min, L/S: 52 mL/g Ethanol, 50% v/v 18.54 mg GAE/g dry SCG - [64]
Microwave-assisted extraction
P: 966 W, t: 49 s, L/S: 20 mL/ Methanol, 60% v/ <57.49 mg/g dry extract 1488 umoles Trolox [77]
’ TR 8 R = 8/8dry Equivalents/g
5 DPPH: <90.69%,
P:80 W, t: 40 s, L/S: 9 mL/g Ethanol, 20% v/v <398.95 mg GAE/g dry extract <3.02 mmol FeSO, /L [17]
o 36.56-98.24% DPPH:
P: 550 W, t: 180 s, L/S: 12 mL/g Ethanol, 20% v/v 31.216 mg/g dry SCG 2.62-6.66 mmol Fe?* /L [78]
P: 600 W, t: 5 min, L/S: 60 mL/g Ethanol, 68% v/v 31.79 £ 0.25 mg GAE/g dry SCG - [64]
High-pressure-assisted extraction
t: 60 min, L/S: 10 mL/g, T: 150 °C, o 43 + 0.8 mg caffeic acid 734 £ 11 pg trolox
P: 7 bar (0.7 MPa) Ethanol, 50% /v equivalents/g dried biomass equivalents/g dried biomass (7]
. 300— . 95 ©
P: 300-500 MPa, T: 25 °C, Methanol, 80% o/ i i [56]

t: 5-15 min, L/S: 9 mL/g

P: power, T: extraction temperature, t: extraction time, L/S: solvent-to-solid ratio.

3.2.2. Microwave-Assisted Extraction (MAE)

MAE is considered to be a potential alternative technology to the conventional sol-
vent extraction for the isolation of polyphenol components from different matrices, and
especially SCG [80]. Over the last few decades, solvent extraction is substituted with MAE
for efficient and effective extraction of valuable constituents from a variety of food and
agricultural residues [77]. Specifically, MAE is based on the use of microwave radiation
in order to heat up a solute-solvent mixture. The heat treatment accelerates the diffusion
of bioactive components out to the solvent, a fact that facilitates the recovery of value-
added compounds. As a procedure, microwave-assisted extraction is not time-consuming
(thus is less energy-consuming) and requires low solvent volumes [58]. According to
conducted studies, MAE has been used for the extraction of several phytochemicals, such
as polyphenols and specifically polyphenols of short-chain-like flavonoids and phenolic
acids, with adequate recovery yields in short times and with low volumes of solvents [58].
An illustration of the MAE extraction method is represented in Figure 8.
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Figure 8. Setup of microwave-assisted extraction.

MAE, as an efficient extraction procedure, enables the simultaneous use of different
variables, contrary to traditional methods. Moreover, surface overheating of the material
is prevented, as there is no direct contact with a heating source [81]. Finally, as the use
of chemicals can be avoided, MAE can be characterized as an ecofriendly method [82].
On the other hand, a possible drawback of MAE can be a phenomenon called “hot spot”,
during which a localized overheating can take place, caused by the uneven distribution of
microwaves [83]. As can be seen in Table 4, recovery of phenolic compounds from SCG
using MAE led to efficiencies ranging from 31.216 to 398.95 mg GAE/g dry SCG.

Crucial parameters that should be studied are the type of solvent, the microwave
power, the frequency of microwaves, the process duration, the moisture content and the
particle size of the solid matrix, the extraction temperature, the liquid-to-solid ratio, and the
number of extraction cycles. The most critical factor that affects the whole procedure is the
type of solvent, as it affects the solubility of the desirable compounds and the efficiency of
the method. The solvent must be selected taking into account the capability for microwave
radiation energy adsorption and its affinity to diffuse adequately. Solvents such as ethanol,
methanol, and water are considered to be ideal for this technique [84]. On the contrary,
solvents such as dichloromethane or hexane should be avoided owing to their inability
to heat up under microwave conditions [85]. This fact can be confirmed by the current
international literature, as researchers have solely used ethanol and methanol during MAE
of phenolics from SCG.

As far as microwave power is concerned, generally, an increase in irradiation power
can lead to a higher extraction efficiency [86]. Although during high microwave treatment
an increase in temperature (superheating) can be observed, this phenomenon can be
potentially harmful to sensitive compounds. Currently, studies on the recovery of phenolics
from SCG utilizing microwaves have used microwave irradiation with power ranging from
80 to 966 W, with the highest yield being observed in the case of the lowest power. More
specifically, Pavlovi¢ et al. [17] achieved a recovery yield of up to 398.95 mg GAE/g dry
SCG using a power of 80 W with an extraction time of 40 s and an L/S ratio of 9 mL/g.

Furthermore, extraction time plays an important role. One of the advantages of
MAE over the conventional extraction method is the very short extraction time. Typically,
an increase in extraction time may positively affect the extraction yield, although, after
a period distinctive to the matrix used, a longer extraction time does not significantly
improve the efficiency [86]. Usually, extraction duration varies from a few minutes to
half an hour depending on the matrix to avoid thermal degradation and oxidation [87].
The irradiation time is mainly dependent on the dielectric property of the solvent, while
solvents such as ethanol, methanol, and water can rapidly heat, a phenomenon that can lead
to a degradation of thermolabile compounds during extraction [88]. One of the purposes
of MAE is the extraction of phenolic compounds in significantly shorter times, with the
simultaneous optimum recovery of such compounds. Typically, extraction times vary from
40 s to a few minutes, as can be seen in Table 4 and Figure 9.
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Figure 9. Contour plots for the effect of various factors on the extraction yield (a) and total polyphenol
content (b) during microwave-assisted extraction of natural antioxidants from spent filter coffee
(Reprinted from Separation and Purification Technology, Vol 118, Marija D. Pavlovi¢, Aneta V. Bun-
ti¢,Slavica S. Siler-Marinkovi¢, Suzana L. Dimitrijevi¢-Brankovi¢, Ethanol influenced fast microwave-
assisted extraction for natural antioxidants obtaining from spent filter coffee, 503-510, Copyright
(2013), with permission from Elsevier [17]).

The physical characteristics of the plant matrix and its moisture content may affect
the extraction efficiency. Finer particles increase the contact surface, providing the area
for higher penetration of irradiation, thus increasing the extraction yield [89]. However,
an excessively fine plant matrix may lead to technical difficulties during filtration or
centrifugation [90]. Generally, the suggested particle size ranges from 2 to 100 mm [87].
As far as sample moisture content is concerned, it has been reported that high moisture
content may be beneficial, as moisture acts as a solvent that evaporates during MAE and
causes the disruption of the cell wall by pressure.

Moreover, the liquid-to-solid ratio also plays a principal role in the process efficiency.
Generally, in conventional solvent extraction, the higher the solvent volume, the higher
the recovery yield. In the case of microwave extraction, two different aspects are re-
ported [84]. Possibly, in some cases, a higher solid-to-liquid ratio leads to lower recovery
yields due to the fact that the same amount of microwave energy corresponds to a larger
amount of solids, while the contact surface area decreases, thus decreasing the extrac-
tion of compounds [91,92]. Liquid-to-solid ratios reported in the literature for the MAE of
SCG phenolics vary between 9 and 60 mL/g, with the highest extraction efficiency being
reported by Pavlovic et al. [17], reaching up to 398.95 mg GAE/g dry SCG.

3.2.3. High-Pressure-Assisted Extraction (HPE)

High-pressure-assisted extraction is considered to be an emerging method that is
based on the application of high pressures (100-900 MPa) to a food matrix [93]. During this
procedure, pressure leads the air in plant tissues to leak, interrupting the cell membrane, a
fact that facilitates the contact between solvent and extracted phenolic compounds [94,95].
High pressures keep solvents below their boiling point (liquid state), leading to higher
solubility of solutes and higher penetration of solvent in the matrix [57]. Compared to
conventional extraction, high-pressure-assisted extraction is a novel rapid method that
requires smaller volume of solvents [96]. Table 4 presents studies on the extraction of
phenolic components from SCG with high-pressure-assisted extraction.

The most critical parameters influencing the recovery yield are pressure, solvent type,
liquid-to-solid ratio, time, and temperature. As far as solvent type is concerned, the solvent
should be selectively soluble with polarity close to that of the target compounds [97].
Ethanol (20-100%) is considered to be the most common solvent in high-pressure extraction
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of compounds, such as phenolic compounds, flavonoids, anthocyanins, etc., from plant
materials [97-99]. As far as the extraction of SCG phenolics using HPE techniques, although
the literature is rather scarce, da Silva et al. [79] used 50% (v/v) ethanol, achieving a yield of
43 mg caffeic acid equivalents/g dry SCG, with the main effects on total polyphenol yield
and antiradical power being presented in Figure 10, whereas another study conducted by
Okur et al. [56] utilized 80% (v/v) methanol.
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Figure 10. Response surfaces plots for the effect of various factors on total polyphenol yield (TP)
(a) and antiradical power (ARP;) (b) for high-pressure-assisted extraction of phenolics from SCG
(pressures ranging from 2 to 20 bars) (Reprinted from Chemical Engineering Research and Design,
Vol 177, Milena Fernandes da Silva, Margherita Pettinato, Alessandro Alberto Casazza, Maria Inés
Sucupira Maciel, Patrizia Perego, Design and evaluation of non-conventional extraction for bioactive
compounds recovery from spent coffee (Coffea arabica L.) grounds, 418-430, Copyright (2022), with
permission from Elsevier [79]).

Pressure during HPE can generally be increased up to 600 MPa [100], whereas higher
pressure assists the extraction of desired compounds and lowers the required extraction
time. This phenomenon is based on the fact that increased pressure can lead to increased
solvent strength and solubility of compounds and decreased dielectric constant of water [97].
Regarding studies specifically on the use of HPE on coffee industry wastes, operation
pressures ranged from 0.7 to 500 MPa.

Generally, the raw material to solvent ratio affects the efficiency of extraction in HPE.
As the ratio increases, the extraction yields show an increasing trend; however, an increase
above a certain point, namely, a plateau, does not lead to a further increase in efficiency [97].
Similar L/S ratios have been employed in the few studies performed on HPE of SCG
phenolics, i.e., 9 and 10 mL/g, while the investigation of this effect on the total yield should
be considered a topic of interest.

Higher temperatures during HPE can increase efficiency, as diffusion of the solvent
into the material is favored. Meanwhile, the desorption of solutes from the raw material
is also increased [100]. Temperatures during this type of extraction can typically range
between 20 and 60 °C [101]. Another effect of higher temperatures is the decrease of
viscosity and surface tension of liquid solvents [97].

The efficiency of HPE is highly dependent on the extraction time. Longer times assist
in the complete contact of solvent and matrix, thus increasing yield. In addition, this
prolonged contact can cause the inflation of the matrix, increasing the amount of solvent
that can penetrate the raw material [102]. As can be seen in Table 4, this parameter has been
investigated in the field of SCG phenolics recovery in the ranges of 5 to 60 min.
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4. Use as Biosorbents

Lately, limitations of commercially available adsorbents have led the research commu-
nity to the development of novel adsorption materials (biosorbents) from industrial and
agricultural byproducts. These biosorbents are low-cost, abundant, and effective, whereas
their revalorization is beneficial as these solid wastes can be reused and not be disposed of
in landfills, posing a severe threat to the environment.

Only a few studies have been carried out using coffee industry byproducts as biosor-
bents, and these are presented in the following sections. The first report on the revaloriza-
tion of coffee wastes for the removal of pollutants from wastewaters was published in
2003. Matos et al. [103] investigated several biosorbents, including coffee bean skins, for
the elimination of zinc and copper ions in swine breeding wastewater. Recently, treated or
untreated spent coffee grounds have become one of the most investigated coffee byproducts
for the removal of toxic components [33].

The exploitation of spent coffee grounds wastes for the removal of pollutants has
recently emerged, as is shown in Table 5, whereas a common setup of this process is
presented in Figure 11. Regarding the use of SCG for the removal of pollutants from
wastewaters, Franca et al. [104] studied the recovery of dye (methylene blue) from aqueous
solutions, pretreating SCG with drying at 105 °C for 5 h and achieving yields up to 98%.
Meanwhile, Hirata et al. [105], using microwave-treated SCG, investigated the adsorption
of the same dye and also gentian violet. Similarly to Franca et al. [104], Solomakou
etal. [106] also used coffee industry waste after pretreatment at 105 °C until a final moisture
content of 4%, for the removal of phenolics from another food industry waste, namely,
olive mill wastewater, and pure gallic acid aqueous solutions. The literature on the use
of SCG for the removal of phenolics compounds is rather limited, while yields achieved
(45.44 and 70.69%, respectively) are considered to be satisfactory, given the fact that SCG
was not chemically or thermally activated. Indeed, it has been proven that adsorption
capacity can be considerably boosted after thermal or chemical pretreatment. Generally,
pretreatments increase the number of available adsorption sites and improve adsorption-
related physicochemical properties, such as porosity and surface area [107].

Column | Column i Column 1lI Column IV

Wastewater —»—g—'—

Peristaltic Pump

Biosorbent / A

Outer

Figure 11. Fixed-bed columns setup for continuous adsorption on SCG.

With the ultimate purpose of increasing yield, several studies have employed the use
of pretreated SCG for the removal of different types of dyes. More specifically, Namane
etal. [108] used chemically activated SCG with ZnCl, and H3POjy for the removal of phenols
and dyes from aqueous streams, Ramén Gongalves et al. [63] studied KOH-treated SCG for
the adsorption of methylene blue, and Safarik et al. [109] used magnetically modified SCG
for the treatment of water-soluble dyes and xenobiotics, presenting yields that reached up
to 73.4 mg of dye/g of SCG.

Finally, many researchers focus their studies on the development of innovative tech-
niques using SCG for the removal of heavy metal ions and depollution of contaminated
waters [110-113], achieving remarkable adsorption capacities up to 97%.
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Table 5. Use of SCG as biosorbent.

Pretreatment

Conditions Adsorbed Compound Yield References

Drying at 105 °C

stirring 100 rpm, pH 3-11, r: 5-30 g/L,

Co: 50-500 mg/L, T: 25 °C, Methylene blue from

47-98% [104]

for5h t 15 min-12 h aqueous solution
} pH 2-10, r: 25 g/L, Cp: 0-200 mM, . o
T:25°C, t: 2 h Cadmium <91.04% [110]
Grinding, sieving, washing, and stirring 300 rpm, 1: 10 g/L, Lead ions from aqueous <979, [111]
drying at 110 °C for 3 h Cp: 10mg/L, T: 25°C, t: 3h solutions =707
Drying until decrease of moisture . . s o
content by 50%, carbonization at 333 g/L, Cto '13J03 mg/L, T:25°C, Indigo carmine 100% [114]
800, 1000, and 1200 °C s b days
Drying to constant weight, . . an o
chemical activation with ZnCl, r:10g/L, Ctg .50a5 g/L, T:30 °C, Phenols and ciyes from B [108]
and HyPO, : 5 days aqueous steams
Treatment with hot water, drying at
100 °C for 24 h, soaking in 1M pH 7-9, Cy: 2040 ppm, T: 25 °C, e o
KOH for 24 h, drying at 105 °C for t:2-4h Aniline yellow dye <88.72% [115]
12 h, carbonization at 500 °C
Treatment with potassium _ .
hydroxide, carbonization at 850 °C stirring 350 rpm, Cy: 10 mg/L Methylene blue - [63]
. e . . . Water-soluble dyes 734 mg of dye/g
Magnetic modification r:3g/L,t:3h and xenobiotics dried adsorbent [109]
. . & 20 min, T: 30 °C, pFt: 8, Cp: 1625 mg/L, OMW phenolics, 45.44% (OMW)
Removal of phenolics, drying S/L:0.02 g/mL (OMW) ure gallic acid 70.69°% [106]
at 100 °C t: 20 min, T: 40 °C, pH: 6, Cy: 50 mg/L, apuemi solutions (sallic - q
S/L:0.03 g/mL (gallic acid) q &
r:0.1and 1 g/L, Cy: 100 mg/L, Lead ions from drinking o
) T:24°C,t: 24 h water <95% [112]
Air drying Cu, Zn, Cd, and Pb cations
. . < 00 3
for6h r:10g/L,t:12h from aqueous solutions =94.9% [113]

r: Adsorbent dosage, Co: initial concentration of the adsorbed compound, T: adsorption temperature, t: adsorption time.

5. Future Challenges

The extraction of phenolic compounds from SCG allows the sustainable production
of bioactive compounds and should be the way forward. However, the food industry
is slow at embracing the valorization approach for valuable compounds wastes. The
degradation and/or consistency of SCG wastes as raw materials for the production of other
food ingredients can be a major concern or issue. The stability of SCG and of its phenolic
extracts has to be considered, since there is limited research in this field. Published works
have mainly been focused on a single theme: extraction efficiency. Future investigations
should pay more attention not only to the thorough collection of SCG but also to the
purification and stability of its products.

In addition, most of the studies on the valorization of SCG are restricted to the labora-
tory scale and only very few studies have been commercialized to scaling-up processes so
far. This demands multidisciplinary approaches to transform the studies related to SCG
valorization from the laboratory scale to the industrial scale. Valorization of SCG could be
developed by establishing links between academia and industry, estimating how the type
and quantity of byproducts can be inserted, for example, in the agricultural sector, treating
these byproducts adequately in addition to a possible undertaking to give added value
to byproducts by taking advantage of their nutritional characteristics. Future research is
needed to strengthen the available knowledge in this area, including characterization of
bioactive compounds, and practical applications in the food and pharmaceutical industries.

Although coffee waste has been successfully exploited in the food and pharmaceutical
industries, other areas, such as renewable energies, remain poorly explored. SCG has a
relatively high caloric value and, thus, it could be exploited through combustion as fuel. It
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remains necessary to increase the production yield of bioethanol, which is severely affected
by the presence of phenolic compounds.

6. Conclusions

The coffee industry is one of the most profitable in the world, as it is not only limited
to the preparation of beverages and food. Wastes derived from coffee processing owing to
their composition have a high potential for use as a source of phenolic compounds, lipids,
and carbohydrates for the production of many value-added products. Many studies have
been carried out to extract phenolic compounds from SCG. Solid-liquid extraction is the
conventional method. However, nonconventional extraction techniques remain a develop-
ing field. In addition, the production of adsorbent materials for decontamination processes
has been extensively studied in recent years. SCGs and their carbonaceous materials show
a high removal capacity for heavy metals synthetic dyes, drugs, and pesticides.
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Nomenclature

Symbol Description

A Amplitude level

ARP1 Antiradical power

Co Initial concentration of the adsorbed compound
CH Coffee cherry husk

CP Coffee pulp

CQA Monocaffeoylquinic acids

diCQA Dicaffeoylquinic acids.

DES Deep eutectic solvents

DPPH «, a-diphenyl-B-picrylhydrazyl (free radical scavenging method)
EC50/IC59p  Concentration of the sample necessary to decrease the initial DPPH concentration by 50%
EtOH Aqueous ethanol

GAE Gallic acid equivalent

HPE High-pressure-assisted extraction

L/S Solvent to solid ratio

MAE Microwave-assisted extraction

r Adsorbent dosage

SCG(s) Spent coffee ground(s)

T Temperature

t Time

P Microwave power

UAE Ultrasound-assisted extraction
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