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by-products, categorized into four main areas: (1) agriculture, (2) biofuels and bioenergy, (3) biochem-
icals and biomaterials, and (4) food ingredients and nutraceuticals. Despite significant advancements
in research, the industrial application of coffee waste remains limited. This review summarizes
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well as prolonged heatwaves, multi-year droughts, and severe wildfires driven by shifts in
climate conditions. Increasing greenhouse gas emissions significantly contributes to the
rising global average temperature. More than 50 billion tons of greenhouse gas (CO; equiv-
alents) are released into the atmosphere each year, with no sign of slowing down, which
is mainly generated for energy production by burning fossil fuels such as coal, oil, and
natural gas. To manage the climate crisis, the scientific community has examined environ-
mentally friendly solutions to reduce greenhouse gas emissions, focusing on clean energy
and chemical production from bioresources, for example, bioethanol [1], and biodiesel [2,3].
Typically, conventional biofuel has been produced from human food-based crops (i.e., corn,
sugarcane, palm oil, etc.), which could negatively affect food supply chains. Accordingly,
utilizing non-food biomass and municipal solid waste (MSW) to produce various products
(foods, energies, chemicals, and medicines) has been increasingly investigated.

In 2016, the waste generation volume was globally estimated at 2.01 billion tons, and it
is expected to reach 3.40 billion tons by 2050 under a business-as-usual scenario. Notably, a
substantial portion of this waste comes primarily from the food and agricultural industries,
accounting for 44% of total global waste generation [4]. The waste is mostly managed
by disposing of it in landfills and open dumping; only 19% of the waste is recycled and
composted, and some is burned. Regarding the global food industries, approximately 30%
of food loss and waste have been generated during production, which amounts to 1.3 billion
tons per year. Due to improper management, soil, water, and air could be polluted, which
has a detrimental impact on the environment, human health, and animal life. To resolve
the environmental issue, the trend toward the utilization of food and agricultural waste
as a sustainable feedstock to produce various biorefinery products has gained increasing
attention. Food wastes, in particular coffee waste, have been considered a high potential
renewable resource due to their low price and high content of beneficial compounds such
as lipids, carbohydrates, proteins, and bioactive compounds (i.e., polyphenols, carotenoids,
dietary fiber, antioxidants, etc.) [5,6]. Consequently, searching for the efficient processing
and utilization of food waste and by-products is becoming an indispensable challenge [7].

Coffee waste is one of the most promising renewable resources among food and agri-
cultural waste generation. According to the International Coffee Organization report [8-10],
coffee is one of the world’s most popular beverages, with consumption increasing by ap-
proximately 10 million tons consumed every year since 2018.

Generally, coffee production involves multiple complicated procedures, beginning
with the processing of coffee cherries to generate coffee beans, followed by roasting, grind-
ing, and brewing to produce a coffee beverage. A significant volume of waste (approx-
imately 40—45%) is generated throughout the coffee production process, including skin,
pulp, mucilage, parchment, husk, and spent coffee grounds [11]. In this regard, a massive
amount of waste, about 4 million tons, is generated each year, which could be harmful to
the environment if disposed of without appropriate pretreatment due to the presence of
naturally toxic compounds such as polyphenols, caffeine, and tannins [12,13]. Therefore,
effective waste management is required.

Fortunately, a significant concentration of polyphenols, tannin, and caffeine in coffee
waste are biologically active substances that could benefit the human body. Extracted
tannin, for example, has been investigated as an active compound in food ingredients (for
energy drinks and energy bars) [14], whereas polyphenols, an antioxidant source, could
promote human health [15]. Furthermore, some bioactive compounds discovered in coffee
waste have been proposed to be utilized as a dietary fiber source and functional component
in bakery items and beverages [16,17], cosmetic and personal care products [18,19], as
well as pharmaceutical applications [20,21]. Other compounds (starch, lipids, proteins,
cellulose, enzymes, and pigments) found in coffee waste have been proposed for conversion
into various products, such as biodiesel [22], bioethanol [23], biochar [24], biosorbents for
heavy metal removal [25,26], bio-sources in polymers [27,28], supercapacitors [29], and dye
applications [30].
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The valorization of coffee waste can be accomplished using various processes, in-
cluding physical, chemical, and biotechnological processes such as anaerobic digestion,
composting, pyrolysis, extraction, etc. Various techniques have been investigated and
developed in recent years to fractionate potentially high-value compounds from coffee
waste and convert them into value-added products. Each approach has its advantages
and limitations, and the possibility of a valorization approach depends on the desired
component and its application.

Research studies for the utilization and valorization of coffee waste have continuously
gained increasing attention due to their potential to generate biofuels, chemicals, and
other products. However, most of the studies are conducted on a laboratory- and pilot-
scale. The purpose of this work is to provide an overview of the coffee component and
processing; subsequently, a review of the current state of research on the utilization and
valorization of coffee waste is provided, with emphasis on their potential applications in
different industries. In addition, this review provides a first-time summary of recent global
commercial projects, focused on value-added products derived from coffee waste. The
review also highlights the challenges and constraints that need to be addressed to navigate
the path to successful commercialization.

2. Coffee Processing and Its Composition

Coffee beverages are produced from a fruit called the coffee cherry, which is composed
of several parts, as shown in Figure 1. The cherry seed, also known as the green coffee
bean, is a commercially valuable commodity that can be extracted from the cherry through
many different methods. However, these processing techniques can be classified into three
major categories: wet-, dry-, and semi-dry processing [31,32].
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Figure 1. Coffee cherry structure.
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Dry processing, also known as natural processing, is a simple technique in which
freshly picked cherries are naturally dried under the sun or using a mechanical dryer. This
process can take several weeks, during which the cherries are repeatedly raked and turned
to ensure uniform drying and to lower the moisture content by 10-11%. Subsequently, the
dried cherries are dehulled to remove the outer layers, which include skin, pulp, mucilage,
and parchment, known as a coffee husk (CH) [33-35].

Conversely, wet processing (washed method) is a more intricate method compared
to the drying method, involving several essential steps. Firstly, the freshly picked coffee
cherries are cleaned and sorted (size and density) by immersing the cherries in water,
and then the skin and pulp are removed by a pulper machine. Subsequently, the beans
are subjected to fermentation, followed by thorough washing to eliminate any remaining
fermented mucilage. Finally, the washed coffee beans are dried and dehulled, in which the
parchment layer is removed [36,37].

Semi-dry processing, also known as the pulp natural, semi-washed, or honey method,
is a hybrid approach that combines wet and dry processes. The technique begins with
the same cleaning and sorting as wet processing, followed by depulping. The distinction
between semi and wet processing concerns the treatment step of the mucilage layer. There
are two techniques to demucilage coffee cherries for semi-processing: one is by directly
drying with the mucilage layer attached, and the other is via the mechanical demucilage
method, whereas wet processing involves fermentation (Figure 2) [38-40].
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Green bean coffee is obtained and disseminated globally after the separation of the
coffee cherry and seed. Once the green bean coffee has been roasted and ground, the
roasted ground coffee is then brewed using various techniques to make a coffee beverage.
During the roasting and brewing processes, coffee waste such as silverskin (coffee chaff)
and spent coffee grounds are produced.

3. Coffee Waste Composition

As demonstrated in Figure 2, brewing a cup of coffee can result in a variety of wastes,
depending on the coffee processing method. During the process from farm to cup, a
large amount of coffee waste, mainly coffee pulp, husk, mucilage, parchment, silverskin,
and spent coffee grounds, is generated, estimated at more than 10-15 million tons per
year [41,42]. Typically, the coffee waste could be divided into two categories based on
its origin:

- Primary waste obtained by coffee processing (to derive green beans)—coffee pulp,
husk, mucilage, and parchment.

- Secondary waste obtained by coffee beverage preparation—silverskin and spent
coffee grounds.

Each part of the coffee waste has variable characteristics and chemical compositions,
particularly coffee pulp, husk, mucilage, and parchment, which are significantly affected by
several factors such as coffee species, processing method, geographic location, climate, and
soil conditions. Understanding their compositions and characteristics is crucial for devel-
oping sustainable approaches for their utilization in diverse industries and simultaneously
reducing their detrimental effects [34,43,44].

3.1. Coffee Husk (CH) and Coffee Pulp (CP)

Coffee husk (CH) and coffee pulp (CP) are major forms of waste generated during
coffee processing. Although both CH and CP originate from the outer layers of the coffee
cherry, their composition varies depending on the processing techniques employed. Coffee
husk is produced through dry processing, where the dried outer skin, pulp, mucilage, and
parchment are all combined into a single fraction, representing about 12% of the coffee
cherry on a dry-weight basis. On the other hand, coffee pulp is the outer skin and pulp
obtained during the depulping stage of the wet-processing method, accounting for 37-43%
of the weight of the coffee cherry [45].

According to the chemical composition displayed in Table 1, coffee husk and pulp
have similar characteristics, which mainly consist of carbohydrates and lignocellulosic
compounds (i.e., cellulose, hemicellulose, and lignin). Furthermore, they contain proteins,
caffeine, tannins, and phenolic compounds. However, coffee pulp shows a higher moisture
content (ca. 85 wt%) due to its processing technique, as well as a higher concentration of
total phenolic content (1.5 wt%). Moreover, coffee pulp shows relatively high amounts of
total fiber and minerals when compared to coffee husk.

Table 1. Chemical composition of coffee waste (wt%).

Component Husk Pulp Mucilage Parchment Silverskin Spent Coffee Grounds
Processing Dry Wet Wet Semi-Dry/Wet Roasting Brewing
kg/100 kg of coffee cherry kg/100 kg of coffee bean
Yield
h 12-18 37-45 118 5.8-6.1 42 65
Moisture 7-18 75-90 80-94 4-9 5-7 50-85
Carbohydrates 58-85 35-89 5-46 04 44 54-82
Celluloses 16-43 18-63 8 35-54 10-24 7-23
Hemicelluloses 4-30 2-29 18 20-38 4-22 15-42
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Component Husk Pulp Mucilage Parchment Silverskin Spent Coffee Grounds
Processing Dry Wet Wet Semi-Dry/Wet Roasting Brewing
Lignin 6-24 14-26 - 27-35 18-31 0-26
Proteins 3-13 4-14 0.5-12 0.4-3 15-23 10-18
Lipids 2-7 1-5 0.12 0.3-0.9 2-6 2-24
mineral 3-7 6-10
Pectins 2-12 5.5-12.4 0.6-2.6 - 1 0.01
Total fiber 18-30 18-64 - 89-91 56-72 21-59
Ash 6 0.3-8.9 0.4 0.5-1 4-8 1-3
References [12,31,46] [12,37,46] [12,35] [12,35] [12,31,35] [12,31,35,47]

3.2. Coffee Mucilage (CM)

Coffee mucilage (CM) is a gelatinous or sticky layer found between the coffee pulp and
parchment. In the wet-processing method, CM is typically eliminated through fermentation,
although it is occasionally taken along with the pulp during the depulping stage and
then usually disposed of in the environment. Additionally, the dry-processing method
employs mechanical techniques, such as friction, to remove the mucilage, which accounts
for approximately 11.8 wt% of the coffee cherry [42,45]. Recently, mechanical demucilaging
through friction has gained interest since it is more sustainable and environmentally
friendly than fermentation. This method reduces water consumption and lowers power
requirements and processing costs [48].

The compositions of coffee mucilage are mainly water, protein, and sugar, of which
the majority are reducing sugar (63 wt%) and small amounts of lignin and pectin [49].
Regarding chemical compositions, CM has been examined for its potential in various
applications such as biopolymers [49,50], bioethanol [42,51], biohydrogen [52,53], and food
products [54,55].

3.3. Coffee Parchment (CPm)

Coffee parchment (CPm) is a protective layer covering the epidermis (silverskin) and
green beans, which is found beneath the mucilage. It plays a crucial role during the drying
process by aiding moisture removal and maintaining the quality of the coffee. This layer
can only be obtained through the wet-processing method. On the other hand, in the dry-
processing method, the coffee parchment (CPm) is removed along with other components
and obtained as a coffee husk.

Despite being produced through the wet-processing method, CPm contains only 9 wt%
moisture since it is generated during the milling process after the demucilaging and drying
stage. In terms of the composition, CPm accounts for approximately 5.8-6.1 wt% of the
coffee cherry [42,45,46] and primarily consists of lignocellulosic materials. Furthermore,
CPm contains valuable antioxidants, particularly caffeine and phenolic compounds like
gallic acid, chlorogenic acid, p-coumaric acid, and sinapic acid, as shown in Table 2. It is
worth noting that CPm possesses relatively high cellulose and total fiber content among
other coffee waste (see Table 1).

3.4. Coffee Silverskin (CS)

Coffee silverskin (CS), also known as coffee chaff, is a thin and papery layer covering
coffee green beans. It is produced during the coffee beverage preparation by the roasting
process. CS accounts for approximately 1.2 wt% of the coffee cherry [45] or 4.2 wt% of the
coffee bean [46].

The chemical compositions in CS are relatively similar to those of CPm, which are
mainly lignocellulosic materials. CS is also rich in dietary fiber (50-72%), including 7-15%
of soluble dietary fiber and 49-85% of insoluble dietary fiber [56-58]. In comparison to
CPm, the CS contains relatively high amounts of proteins and lipids, as shown in Table 1.



Processes 2024, 12, 2851 7 of 69

Like other coffee wastes, CS contains noticeable amounts of antioxidants such as caffeine,
tannins, polyphenols, and melanoidins (Table 2) [46]. CS is also a source of minerals,
particularly rich in potassium, calcium, magnesium, sulfur, phosphorus, and iron. In
addition, aluminum, copper, manganese, and zinc can be found in CS [59].

Table 2. Bioactive compounds of coffee waste.

e Coffee Waste
B Pulp Husk Parchment Silverskin SCGs
Caffeine (mg/g) 2.05-31 1.33-9.82 0.10-58.20 0.70-53.30 0.03-76.90
Tannins (mg/g) 1.80-60 18-93 17 2.50-7.66 0.9 mgCE/g
Trigonelline (mg/g) - 1.56-5.43 1.20-13.60 36.50 0.40-2.40
Melanoidins (mg/g) - 1.50 - 1.70-2.30 -
Phenolic acid and polyphenols
Chlorogenic acids (mg/g) 1.80-3.40 1.21-132.50 0.05-9.40 0.04-21.40 1.40-85
5-Caffeoylquinic acid (mg/g) 1.74-22.80 0.20-1.90 6.10 0.40-89 1.40-37
4-Caffeoylquinic acid (mg/g) 0.14-0.43 0.01-0.12 - 0.18-23.80 1.36-16.20
3-Caffeoylquinic acid (mg/g) 0.06-0.26 0.02-0.05 - 0.94-17.90 0.02-15
Dicaffeoylquinic acids (mg/g) - - - - 3.31-5.79
3,4-Dicaffeoylquinic acids (mg/g) 0.29-4.50 - - 10.43 2.89
3,5-Dicaffeoylquinic acids (mg/g) 0.20-1.13 - - 0.44-9.97 1.04
4,5-Dicaffeoylquinic acids (mg/g) 0.24-1.22 - - 10.56 1.65
Caffeic acid (mg/g) 0.09-4.29 0.06-28.20 0.004-0.007 0.08-0.54 0.004-6.10
Ferulic acid (mg/g) 0.05-4.30 0.01 0.001-0.003 0.004-0.230 0.01-0.03
5-, and 4-Feruloylquinic acid 0.01-0.20 0.07-0.19 . 192 .
(mg/g)
p-Coumaric acid (pug/g) 2-160 0.10-8.70 6.70-34 1-18 4.42-500
5-Coumaroylquinic acid (mg/100 g) - 3.50-6.20 - 5.70 -
3-Coumaroylquinic acid (mg/100 g) - - - 2.40 -
Sinapic acid (mg/g) - - - 0.18 0.01
Gallic acid (ug/g) 4.30 1.90-87 397 15.80-31.10 32.50
3-O-Metylgallic acid (ug/g) - - 2.30-5.30 - -
4-Hydroxybenzoic acid (ug/g) - 13.40 1.60-2.40 3.40 885-1813
Protocatechuic acid (ug/g) 85-4700 37-488 9.20-14.10 44 5.77-530
Gentistic acid (ug/g) - 27-77 - - 0.26
Syringic acid (ng/g) 0.06 - 3.50-8.60 39-78 341
Salicylic acid (ng/g) - 3.1 0.70-1.00 2.30 7.61
Vanillic acid (ug/g) 7 23 15.90-42.80 30-345 340-1103
Flavonoid
Quercetin (ug/g) - - - 1.53-3.56 3.20-3.76
Quercitrin (ug/g) - - - 0.12-0.59 0.13-0.83
Quercetin-3-O-rutinoside (rutin) 90700 9.85-114.95 - 125-10.65 236-9.65
(ug/g)
Quercetin-3-O-glucoside (1g/g) - 57-69.90 - - -
Quercetin-3-O-galactoside (ug/g) - 55 - - -
Catechin (ug/g) 60-630 0.82-1.70 - 10.20 14.55
Epicatechin (ug/g) 630—4360 8-25 - 151.10 10.08
Naringin (ug/g) - - - 0.32-0.45 86.94

Naringenin (ug/g) - 1.32-1.94 - - -
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e Coffee Waste
S Pulp Husk Parchment Silverskin SCGs
Kaemferol (ug/g) - - - 0.76-1.66 -
Kaempferol-3-O-galactoside (ug/g) - 123 - - -
Anthocyanidins (mg/g) 40-50 - - - -
Procyanidins (ug/g) 1200-8500 1.3-534 - - -
Total flavonoids (mg QE/g) 21.80-58.80 0.071-15.70 0.80 mg CE/g 2.73 2.11-8.29
Total phenolic content (mg GAE/g) 2.55-442 1.85-4.55 2.28-2.84 2.60-36 3.33-273.30
Antioxidant capacity (umol TE/g) 51-92 3136.40 14.50 21.35 20.04
[46,62,63,65,66,
g [62,63,65,66,69—-  [38,62,63,65,72, [46,62,65,66,74,
References [43,60-68] 771 73,75,78-80] 73,7517_%37]8,79, 78,81,83-87]

GAE, gallic acid equivalent; QE, quercetin equivalent; CE, catechin equivalent; TE, Trolox equivalent.

3.5. Spent Coffee Grounds (SCGs)

Spent coffee grounds are the most abundant waste generated in secondary coffee
processing, which could be annually produced in an amount as high as about 15 million
tons worldwide [88,89]. It is obtained by the coffee brewing process, which is from domestic
use (including household, restaurant, coffee shop) and industrial use for instant coffee
production. On average, for every kilogram of ground coffee, about 0.91 kg of spent coffee
grounds are generated [90], while the production of one kilogram of instant coffee yields
around 2 kg of coffee sludge or wet spent coffee grounds [47,90].

The chemical composition of SCGs varies slightly depending on the composition of
the roasted coffee beans and the extraction techniques used in domestic (e.g., drip, espresso,
infusion, French press) or industrial production. Nevertheless, SCGs are mainly composed
of polysaccharides, specifically cellulose and hemicellulose, which account for almost 50%
of its composition. The other most abundant compounds are lignin and protein, comprising
approximately 20 wt%. SCGs also contain a significant amount of lipids (over 15 wt%),
primarily consisting of linoleic acid (45%) and palmitic acid (38%) [91,92]. In addition,
SCGs contain significant amounts of phenolic compounds, which have antioxidant activity
and some mineral content [93].

4. Valorization of Coffee Wastes

As mentioned in Section 3, the waste obtained from coffee processing is rich in ligno-
cellulosic materials and contains other crucial organic and bioactive components that have
the potential to be used as alternative raw materials for several applications including agri-
culture, animal feed, and livestock nutrition, food processing, pharmaceuticals, cosmetics,
energy, and other biomaterials.

The valorization of coffee waste transforms what was once considered waste into valu-
able resources, addressing environmental concerns and creating economic opportunities.
This section explores the application of coffee waste across the food supply chain, as shown
in Figure 3, beginning from farms to obtain raw feedstock, then passing through food
processing and transportation, subsequently obtaining high nutritional value products,
and distributing them to customers.
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Figure 3. Utilization of coffee waste in the food supply chain.

4.1. Agricultural Applications
4.1.1. Soil Amendment and Fertilizer

The use of coffee waste for agricultural applications, such as soil amendment, compost,
or fertilizer, is the most popular and simple way to recover and reuse the nutrients in organic
waste. This idea has gained traction among farmers, leading to notable improvements in
crop yields and soil health. The coffee wastes, rich in organic matter and nutrients, provide
an eco-friendly alternative to synthetic fertilizers. However, there are toxic compounds
contained in coffee waste, especially in spent coffee grounds, such as caffeine, tannins, and
chlorogenic acid, which have deleterious effects on soil microorganisms and the growth of
plants [94-96], and also a contaminant of soil and water [97].

Hardgrove et al. [96] studied the effect of directly applying fresh SCGs (untreated) on
horticultural plant growth. An improvement in the soil structure was observed, and the soil
water-holding capacity was increased, corresponding to increases in the SCG amendment.
However, all horticultural plant growth was suppressed, which could be due to phytotoxic
effects. The reduction in plant germination and growth was also observed in the field
experiment when untreated SCGs were applied, which was possibly related to the presence
of caffeine [98-100]. In addition, other phytotoxins including tannins and polyphenols in
untreated SCGs have been reported to have a negative effect on plant growth [101-103].

Composting

As mentioned earlier, coffee waste contains bioactive compounds that have been
evidenced to cause plant phytotoxicity. Therefore, the proper pretreatment stage should be
applied to eliminate or decrease the substances, especially when using the SCG amendment.
Regarding that, composting has been considered an effective way of detoxification.

Composting coffee waste not only aids in waste management but also produces a
valuable soil conditioner. The composting process involves the aerobic decomposition of
organic matter with bacteria, fungi, worms, or other organisms, resulting in a nutrient-rich
humus [104-107]. In addition, the composting process can significantly reduce the level of
phenolic compounds, caffeine, and tannins, making it safer for soil application [12,102,108].
Bernal et al. [109] emphasized that the primary requirement for compost to be safely
applied to soil is its stability or maturity. This indicates that the compost should have a
stable organic matter content and be free from phytotoxic substances as well as plant or
animal pathogens.

Among coffee wastes, CH, CP, and SCGs have been intensively investigated in this
application area. Several studies revealed that CP, CH, and SCGs were successfully com-
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posted alone or co-composted with other organic wastes such as animal manure, biomass
wastes, and municipal solid waste in different ratios.

Kasongo et al. [110] studied the effectiveness of using coffee waste (mixed CP and
CH) as an alternative fertilizer in improving the properties of sandy soils in humid tropical
conditions. The study has shown that coffee waste can help reduce the acidity of sandy
soil with a pH higher than 5.5 and immobilize Mn, also significantly reducing the level of
phytotoxic Al, which is a non-essential metal for plant growth [111]. Additionally, the CP
and CH notably increased the concentrations of essential nutrients, including N, P, K, Ca,
and Mg in the treated soil, and also improved its water-holding capacity [112].

The composting of coffee husks with cow manure and phosphate fertilizer was in-
vestigated in the growth of coffee plants in rural areas in Vietnam. The compost was
supplemented by 0.1% effective microorganisms and composted for 3 months before use.
The compost enriched soil fertility and enhanced nutrients in coffee leaves, as well as
increased coffee’s growth rate and yield up to 14% in comparison with using a pure chemi-
cal fertilizer. Furthermore, during 3 years of study, composted coffee husk could reduce
20-30% of the chemical fertilizer applied in coffee fields [113].

Additionally, Dadi et al. [114] studied the efficacy of coffee husk and pulp composted
alone and co-composted with source-separated municipal solid waste (SSMSW). They
revealed that all final samples are mature, stable, and sanitary compost, with a C/N ratio
of less than 25:1. The results indicated that co-composted coffee waste could yield a higher
head weight of cabbage when combined with the local soil, due to the higher concentration
of total nitrogen in the co-compost sample. Beneficial attributes in crop growth from soil
treated with composted coffee pulp and coffee husk have been reported. Topsoil mixed
with 20% coffee pulp compost improved soil physiochemical and biological properties of
poor soils in Ethiopia, resulting in enhancing the yield of chickpeas [115].

Jibril and Bekele [116] conducted a field experiment in Ethiopia to study the effects of
different proportions of coffee husk compost and blended NPSB fertilizer on the physio-
chemical properties of soil in a potato field with a 50% clay content. They discovered that
coffee husk compost alone had a positive impact on soil properties. Yet, when combined
with NPSB fertilizer, it yielded superior outcomes by increasing soil pH, total organic
carbon, and nitrogen; improving available phosphorus and sulfur; lowering exchangeable
acidity; and boosting cation exchange capacity and exchangeable bases, which in turn
enhanced potato production and productivity.

This result is consistent with the findings of Nduka et al. [117]. They found that
the combined application of inorganic fertilizer and coffee husk compost significantly
improved soil physicochemical properties and crop yield over using them separately. The
application of coffee husk/pulp is advantageous for raising soil pH [117], while solely
using inorganic fertilizers tends to increase soil acidity [118]. Although integrating coffee
waste with inorganic fertilizer or other organic wastes offers better improvement than using
them independently, finding the proper mixture ratio is crucial for optimizing soil fertility
and enhancing plant growth.

Additionally, spent coffee grounds (SCGs) have been thoroughly researched for their
potential use in agronomy as an alternative soil improvement material. Several studies
indicate that SCGs enrich soil with nutrients such as nitrogen, phosphorus, potassium,
calcium, magnesium, etc. [89,99,100,119], increase all organic matter fraction [96,103], and
enhance the presence of plant-growth-promoting bacteria (PGPB) along with the diversity,
richness, and evenness of bacterial community structures [120]. Furthermore, the addition
of SCGs significantly improved the physical properties of the soil by increasing the soil
aggregate size and total porosity, which consequently decreased soil bulk density [121-123].
SCGs also facilitate an increase in the water-holding capacity [123,124].

Santos et al. [102] found that the mixture of spent coffee grounds (SCGs), wheat straw,
and Acacia debris was successfully composted and significantly decreased total phenolics
and total tannins. The resulting compost exhibited maturity and stability. A higher germina-
tion of radish seeds (14-34%) was observed when the co-composting of SCGs (78-85%) with
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poultry manure (15-20%) was applied, implying that the compost highly provided useful
nutrients and exhibited low toxicity for plant growth. In addition, the compost enhanced
microbial community diversity, boosted antioxidant activity (scavenging of DPPH radical),
and decreased the phenolic content in pepper fruit, compared to commercial fertilizer,
resulting in raising the value of the commercial crops [125].

Furthermore, coffee silverskin (CS) is the primary coffee waste generated from the
roasting process. It contains relatively high amounts of nitrogen (IN) and potassium (K),
which are essential nutrients for plant growth, making CS a valuable material for generating
nutrient-rich composts [33]. However, as observed in other coffee wastes, phytotoxic
compounds, mainly polyphenol, and chlorogenic acid, are also found in raw CS, which
negatively impact plant growth and germination. Additionally, the characteristics of CS
itself can be problematic for the final compost quality and soil application if no attentive
management is provided, including acidic properties and high salinity. Moreover, CS can
easily compact together due to the low bulk density and water-holding capacity, leading to
pile compaction and risk of anaerobic conditions during composting, resulting in nitrogen
loss and a reduction in overall nutrient content.

To overcome these limitations, Picca et al. [126] investigated co-composting CS with
pruning waste and biochar with different ratios. The final composts had improved their
physicochemical properties, containing high essential plant nutrients which are rich in N
and K; water-holding capacities were also increased, and no phytotoxic effect was observed
in the germination test, which makes it safe for use as a soil amendment. This nutrient-
rich compost can reduce the dependency on mineral fertilizers and support sustainable
agriculture. Furthermore, these researchers showed the benefit of combining biochar during
the compost. As aforementioned, CS has some limitations due to its characteristics. The
addition of biochar increased the free spaces between particles, preventing the compaction
of the heap, and promoting aeration, which reduces heat loss and provides a favorable
environment for the proliferation and activity of microorganisms. The presence of biochar
in the composting also increased the stability of the final compost.

Finally, the authors showed that if all of the CS produced in Europe could be com-
posted, 2420-3481 tons of N and 1873 tons of K would be recovered, leading to the reduction
in mineral fertilizer demand. They also pointed out that further studies should determine
whether composting CS could be used as a peat for horticulture and gardening purposes,
aiming to reduce the reliance on finite resources and fragile ecosystems such as peat
bogs [126].

Peat has been the predominant component of growing media in horticulture due to
its extremely suitable physical and chemical properties. It has high porosity, structural
stability, and low bulk density, which provides good aeration and a high water-retention
capacity [127,128]. Rising demand for peat increases the environmental impact and sustain-
ability issues because peat is a non-renewable resource and extracting peat can destroy the
peatland and its biodiversity system [129]. Thus, exploring alternative growing media is
necessary to overcome the adverse environmental effects associated with peat extraction
and use.

Composted SCGs have been evidently revealed as a potential alternative component of
growing media for potting plants. Mixing SCG compost in commercial peat improved the
physicochemical of the growing media by increasing pH values (6.1-7.6) and soil salinity
(electrical conductivity values of 2.02-3.53 dS/m), which are greater than those values
provided by conventional fertilizer. The mixture of moderate SCG compost (40%) and
commercial peat showed the best results for tomato and basil development and were almost
similar to those results obtained from conventional fertilized peat media. This indicates
that SCG compost is effectively a partial substitution for commercial peat and conventional
fertilizer in the production of horticultural crops [130].

This finding is in agreement with Picca et al. [131], who found that co-composting
SCGs with biochar is a promising alternative peat substitution, which could effectively
replace up to 50% of peat. All the growing media mixtures revealed a germination index
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greater than 80%, implying that there are no phytotoxic effects. Also, fruit production
had significantly improved. However, the growth in the seedling development stage was
retarded, which probably impacts the fruit yield and its quality due to the high levels of
electrical conductivity (EC) of the medium, indicating a high soluble salt concentration,
which led to increasing osmotic pressure and interrupting nutrient uptake [129,132]. There-
fore, optimizing ratios of the substrate in the growing medium is necessary to balance the
nutrient supply without causing salinity issues.

Vermicomposting

Vermicomposting is a bio-oxidative process that produces nutrient-rich, well-aerated,
and more stable compost through the biodegradation of organic waste using earthworms
as bionatural reactors. This process involves the cooperation between earthworms and
microorganisms [133]. Earthworms play a crucial role in this process, as they are capable of
breaking down organic matter, mixing, fragmenting, enzymatically digesting substances,
and accelerating microbial degradation through their intestine [134-136].

Cervera-Mata et al. [103] demonstrated the effective ability of vermicomposting and
biocharization to detoxify phytotoxic compounds. They compared amendments derived
from different treatments of spent coffee grounds (SCGs), including fresh SCGs, compost,
vermicompost, biochar, ethanol/water-washed SCGs, and hydrolyzed SCGs. Vermicom-
posting and biocharization at 400 °C completely eliminated polyphenols, thus alleviating
the limitation on lettuce growth. However, the Zn, Cu, and Fe concentrations in lettuce
decreased compared to the compost with a high polyphenol content, likely due to the
reduction in chelating properties (polyphenols) that facilitate the uptake of elements in
plants [137]. Hence, the authors suggested that mixing fresh SCGs or compost with inor-
ganic fertilizer could simultaneously improve lettuce productivity and nutritional value;
however, the appropriate mixture ratio should be developed [103].

The vermicomposting of the mixture of SCGs and coffee silverskin with horse manure
in different proportions has been evaluated. The growth rate of earthworms and cocoon
production decreased significantly when coffee waste was used alone, especially coffee sil-
verskin, probably due to the release of toxic substances. Earthworms are highly sensitive to
nitrogen content in feedstock, and the relatively high ammonia detected in coffee silverskin
caused earthworm mortality. The best combination for the recent work involved 25% or
50% of coffee silverskin and 25% of SCG with horse manure, which showed high biomass
gain, growth rate, and cocoon production with no toxic effects on seed germination [138]. A
similar finding was also observed in another study [139]. Vermicomposting with SCGs only
reduced earthworm survival compared to the lowest SCG proportion mixed with straw
pellets, due to unsuitable conditions (lower carbon content, lesser aeration, and higher
bulk density) and toxic substances. Caffeine levels were reduced in all experiments, with
vermicomposting showing 38 times lower caffeine levels compared to treatments without
earthworms under the same conditions [139].

Meanwhile, the potential of using coffee pulp as a raw material for vermicomposting
has been reported [140]. Applying the highest rate (15 t/ha) of vermicomposting coffee
pulp (75%) and cow dung (25%) with Eisenia fetida revealed the highest total yield of hot
pepper (97.86%) compared to the control treatment, due to the availability of micro- and
macronutrients (organic carbon, N, P, K, Ca, Mg) to the plant root rhizosphere, along
with essential enzyme and growth hormones produced by earthworms, enhancing plant
growth and yield. In addition, the physicochemical composition of the vermicompost
varied depending on the natural ability of worm species utilized in the process [141].

Biochar

Biochar is a solid carbon-rich material produced through a thermal conversion of or-
ganic material. Typically, pyrolysis is the preferred method, in which biomass is treated in a
limited concentration or absence of oxygen at an elevated temperature
(T = 300-700 °C) [142]. Meanwhile, biochar can also be obtained as a by-product in
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gasification and hydrothermal liquefaction (HTL) for the production of syngas and bio-oils,
respectively [142-144]. For agricultural applications, biochar has been reported for its po-
tential as a sustainable soil amendment to enhance fertility and sequester carbon. However,
nutrient compositions, physical and chemical properties of biochar, as well as the amend-
ment rate are influenced by feedstocks” properties, pyrolysis conditions, soil type, and its
environmental conditions, leading to different soil improvement performance [145,146].
Therefore, several studies have extensively investigated the influence of the pyrolysis
temperature and feedstocks’ properties on the biochar characteristics [147-149].

For example, Lataf et al. [150] investigated the effect of pyrolysis temperatures (450,
600, and 750 °C) and eight different feedstocks on the agronomic properties and potentially
toxic elements of biochar through slow pyrolysis in a rotary kiln reactor. They found that
the pyrolysis temperature and feedstocks” properties significantly impact biochar yield,
composition, toxicity, and agronomic properties including pH, acid-buffering capacity,
electrical conductivity (EC), cation exchange capacity (CEC), water-holding capacity, and
stability. The biochar yield was reduced at higher temperatures due to the decomposition of
volatile compounds, while the stability and pH of biochar improved at higher temperatures.
In addition, the water-holding capacity is a crucial factor for retaining moisture in soils,
particularly in arid regions. At higher temperatures, biochar has greater porosity, resulting
in an increased water-holding capacity. Nevertheless, the pore structure might collapse
at excessively high temperatures, decreasing the water-holding capacity [146]. The study
also emphasizes the potential toxicity of biochar; biochar produced at the highest pyrol-
ysis temperature at 750 °C exhibited a relatively high concentration of some potentially
toxic elements (PTEs) including Zn, Cr, and Cu, and polycyclic aromatic hydrocarbons
(PAHs), potentially contaminating the soil, which negatively impact soil health and plants.
Therefore, this study recommends that the proper pyrolysis temperature should not exceed
600 °C for beneficial of agronomic properties and minimized potential toxic behaviors,
depending on the feedstock used.

These results are also observed by Domingues et al. [151]. They investigated the
performance of biochar derived from nutrient-rich biomass and woody biomass by varying
pyrolysis temperatures. The result revealed that biochar produced from chicken manure
had a relatively low carbon content compared to that from woody feedstock, and its
concentration decreased with an increase in pyrolysis temperature, indicating that the
organic compounds found in chicken manure are more labile. Meanwhile, the greater
H/C and O/C ratios of woody biochar were observed at high temperatures due to a high
degree of polymerization. As a result, woody biochar has greater carbon stability, which is
suitable for increasing C storage in soils and has environmental benefits by reducing CO,
emissions [146].

In addition, nutrient-rich feedstock such as chicken manure and coffee husk, con-
taining N, P, K, Ca, and Mg, resulted in higher liming values of biochar compared to
woody biochar. The higher pyrolysis temperature resulted in a higher pH value for all
biochar. Furthermore, the CEC value is inversely correlated with the temperature. At low
temperatures, all biochar exhibited a relatively high CEC value due to the exposure of
essential functional groups at the biochar’s surface, such as carboxylic, ketone, aldehyde,
and phenolic groups [151-153]. However, the CEC value not only depends on temperature
but also on the type of feedstock used [150]. Regarding the study, the author concluded
that biochar produced from nutrient-rich biomass has high agronomic potential, which
can be considered for use as a slow-release fertilizer, improving soil quality and further
crop productivity.

Typically, biochar has a high surface area and porous structure, which can help to
improve the soil structure. It can provide abundant space for soil, leading to increasing
soil aeration, and water-holding capacity, and reducing soil compaction, which can limit
root growth [154]. In addition, biochar generally exhibits an alkaline pH, which can adjust
the pH of the soil, particularly beneficial for acidic soils common in many tropical and
subtropical regions [155-157]. By increasing soil pH cooperatively with its high porous
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structure, applying biochar can increase the cation exchange capacity (CEC). As a result,
the soil has an improved ability to retain and exchange nutrients like calcium (Ca?*),
magnesium (Mg?*), potassium (K*), and ammonium (NH,*) [158,159], also preventing
nutrient leaching and improving fertilizer use efficiency [160,161].

Ngalani et al. [157] revealed biochar produced from coffee husk and cocoa pod biochar
could act as a source of P for soil fertility and facilitate I desorption to the soil solution,
thereby increasing P availability for plant uptake, particularly at a high amendment rate
and about 550 °C of pyrolyzed biochar. Additionally, a field experiment investigated
the performance of coffee husk biochar combined with inorganic NP fertilizer on soil
properties and potato cultivation in Ethiopia. Using pure inorganic NP fertilizer shows
significant increases in total nitrogen and available P, while the fertilizer combined with
biochar revealed a greater response for not only total N and available P level but also
for soil organic matter, leading to enhanced potato production [162], demonstrating the
economic benefits of this combined application [163].

Furthermore, the high surface area and porosity of biochar can serve as a proper
habitat for beneficial soil microorganisms, leading to the high abundance and diversity of
fungi and microbes in soils [164,165]. Consequently, soils have been improved and further
enhance plant growth and productivity.

Lima et al. [166] revealed that applying biochar to sandy soil significantly improved its
properties, particularly coffee husk biochar, by increasing soil pH, nutrient availability, and
water retention. As a result, the water use efficiency was increased, leading to improved
maize yields even under conditions of water scarcity, which is particularly important in
semi-arid regions. The nutrient (N, P) and C use efficiency were also improved, reducing
the leaching of the nutrients and boosting their availability to plants, compared to the
mineral fertilizer (NPK). Biochar produced from coffee husk has a relatively high specific
surface area (SSA) compared to coffee ground biochar, which makes it more effective in
improving soil properties.

A similar result was found in this study [167], which exhibited the influence of coffee
husk and coffee ground biochar on microbial biomass carbon, and enzymatic activity
in sandy soils. The application of coffee ground biochar resulted in greater enhanced
microbial biomass and activities of enzymes like 3-glucosidase and fluorescein diacetate
(FDA) compared to coffee husk biochar, which is important for carbon cycling and soil
fertility. This is because the coffee grounds have a relatively high availability of organic
nitrogen and carbon compounds, which are more easily metabolized by microbes, further
conducive to microbial colonization and activity. Another study exhibited that coffee
husk biochar application positively affects root colonization by arbuscular mycorrhizal
fungi (AMF). The improvement of soil conditions can provide a favorable habitat for
microbes, allowing AMF to thrive, and leading to improved nitrogen fixation and higher
crop yields [168].

As aforementioned, the porosity and surface area of the biochar are significant phys-
ical properties that influence their potential for soil improvement. As noted by another
study [169], hydrothermal carbonization (HTC) shows a favorable performance in produc-
ing biochar (called hydrochar) with a larger specific surface area (SSA), higher porosity, and
rich functional groups on the surface compared to slow pyrolysis. The SSA and porosity
size of biochar are in the order of hydrothermal carbonization (HTC) (210 °C) > torrefac-
tion (270 °C) > hydrothermal liquefaction (HTL) (270 °C) > slow pyrolysis (500 °C). Ata
temperature above 400 °C, the pore structure can be destroyed, resulting in a decrease in
surface area [170]. Regarding the properties of hydrochar, it is beneficial for enhancing
water and nutrient retention, promoting microbial colonization and diversity, and effective
for environmental application by water/soil remediation.

Unfortunately, phytotoxic compounds were highly found in hydrochar produced
at mild temperatures (175-215 °C), probably due to polyphenol compounds’ favorable
accumulation at lower reaction temperatures [171,172]. Also, the volatile compounds could
be condensed and absorbed into hydrochar during the hydrothermal treatment as it was
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a closed system [172]. Nevertheless, the phenolic fraction and caffeine were evidently
eliminated from hydrochar at elevated treatment temperatures (260275 °C) [142,173].

The same result was also observed on torrefied biochar [174]. The greater phytotoxic
compounds were detected at 250 °C, even higher than that of compounds in untreated spent
coffee grounds. This could be due to the incomplete breakdown of toxic compounds, and
certain toxic substances may remain in the biochar. Furthermore, a new toxic intermediate
compound could be formed at this temperature, leading to inhibit plant growth more
severely than the untreated SCG.

As previously noted, pyrolysis biochar is considerably suitable for agronomical appli-
cations due to its neutral to slightly basic pH, high nutrient content, and stability in the soil,
making it more versatile and beneficial across a broader range of agricultural applications.
Ultimately, the choice of the process depends on the purpose of biochar application, type of
feedstock, particularly, the specific soil conditions and crop requirements.

Remarkably, utilizing coffee waste as biochar not only benefits agriculture but also
contributes to environmental sustainability. The process of converting coffee waste into
biochar sequesters carbon, thereby reducing greenhouse gas emissions [175]. Additionally,
biochar application has been shown to decrease soil emissions of nitrous oxide, a potent
greenhouse gas, by enhancing soil microbial processes [176,177]. Coffee waste biochar has a
high capacity for immobilizing heavy metals, reducing their bioavailability and preventing
their uptake by plants, which aids in the remediation of contaminated soils [178-180].

4.1.2. Mushroom Cultivation

The application of coffee waste for mushroom cultivation is another approach to
utilize its valuable organic compounds, promote sustainable agriculture, and solve the en-
vironmental issue from waste management simultaneously, particularly, in coffee producer
countries like Colombia [181], Brazil [182], Mexico [183], and El Salvador [184]. A separate
discussion of mushroom cultivation from soil amendment and fertilizers is helpful because
it distinctly uses coffee waste as a specialized substrate that supports fungal growth. This
process not only recycles waste but also produces a high-value product, highlighting the
unique role of coffee waste in sustainable agricultural practices.

Edible mushrooms, macro-fungi that can be safely consumed, significantly contain a
variety of beneficial nutrients for human health, including carbohydrates, proteins (with
a good distribution of essential amino acids), vitamins (especially vitamins B, C, D, and
E), minerals (such as K, Cu Fe, Mn, and Zn), and also high dietary fiber with lower
lipids and calories [185-187]. Moreover, edible mushrooms are considered a crucial source
for therapeutic purposes due to the presence of various bioactive compounds that have
medicinal properties such as antioxidant [188], antiviral [189], antibacterial [190], anticar-
cinogenic [191], antithrombotic [192], anti-inflammatory [193], antidiabetic [194], antitu-
mor [190], hepatoprotective [195], hypocholesterolemic [196], and immune-modulatory
effects [197]. As such, edible mushrooms are considered global functional foods that
contribute to overall health and disease prevention.

Mushroom productivity, yield, and nutrient composition significantly depend on the
cultivation process, which includes environmental conditions, substrates, and cultivation
practices. The type of substrate significantly results in various levels of nutrient contents,
which directly affect the development of mushrooms and their concentration of bioactive
compounds [198,199].

For example, the oyster mushroom cultivated on nutrient-rich substrates such as
corncob and sugarcane bagasse has evidently improved its fruiting body and yield, and
also enhanced protein, fiber, and mineral (Ca, K, Mg, Mn, and Zn) contents compared
to those obtained from sawdust cultivation [200]. Meanwhile, using lignocellulose/fiber-
rich material as a substrate can provide a good environment for the mycelial growth rate,
which refers to the root-like network of fungal spreads over the substrate over a specific
period. Because the mycelia favorably grow on carbon-rich material [201], additionally, the
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porous structure of lignocellulosic material can provide high aeration and water-retention
properties, which are an effective factor in mycelial development [202].

Coffee waste, containing significant amounts of several beneficial components in-
cluding lignocellulose, nutrients, and minerals, is considered a potential substrate for
mushroom cultivation. The use of coffee waste has been reported to have a positive effect
on the yield and quality of edible mushrooms [203,204]. Fan et al. [205] investigated the
feasibility of using coffee waste, i.e., coffee husk, coffee leaves, and spent coffee grounds as
a substrate for different strains of Pleurotus species cultivation through solid-state fermenta-
tion (SSF). Among the tested substrates, coffee husk showed the best result for P. ostreatus
cultivation by achieving the highest biological efficiency (BE) with the shortest duration
for the first mushroom formation. The biological efficiency (BE) refers to the weight of
fresh mushrooms produced per the weight of dry substrate used, which is an indicator
reflecting the ability to utilize the substrate of the mushroom strain for its development
into harvestable mushrooms [205]. Additionally, caffeine and tannins in coffee husk were
significantly decreased after 60 days of fermentation. A small amount of caffeine (0.157%)
was found in the fruiting body with no tannin content, indicating that the fungal has the
capability of degrading phenolic compounds in the coffee husk, making it suitable for
mushroom cultivation without pretreatment, further enhancing the safety and utility of the
spent substrate.

Dissasa [203] used composted and non-composted coffee parchment and coffee husk
for substrate supplementation with cow dung (18%) and gypsum (2%) for the cultivation of
four different oyster mushroom species (Pleurotus species). Each Pleurotus species required
a different time for the development of the fruiting body and pinhead. Among four species,
P. ostreatus has required the shortest fruiting period, leading to the highest mushroom
yield. Composted coffee waste showed a higher efficiency in promoting mushroom growth
compared to the non-composted one. In a comparison of the two substrates, coffee husk
showed a superior effect on mushroom growth compared to coffee parchment, which
produced 6-10% more biological efficiency on average. This is probably due to the different
characteristics of the two substrates, including their chemical composition, C/N ratio,
and structure.

Coffee pulp is a suitable substrate for the cultivation of the edible mushrooms Pleuro-
tus [206], Lentinula, and Auricularia [183]. It showed a good result on the mycelial growth
rate and biological efficiency of Pleurotus species, leading to an increased yield and fruiting
body size [207]. Moreover, the use of coffee pulp as a substrate can provide a high protein
content of Pleurotus pulmonarius product of 17.8%, which is comparable to the value
found in eggs (14%) and peas (19.4%). This is due to the high nitrogen content in the coffee
pulp substrate, which is an essential nutrient for protein formation [181].

Additionally, the presence of some phenolic compounds in coffee pulp could promote
fruiting body formation [208], leading to shortening the duration of the cultivation cycle
to enhance the efficiency of commercial production [207]. This was also observed by
Fan et al. [209], who found that low amounts of tannins (<100 mg/L) in the coffee husk
substrate can stimulate mycelial growth.

Similarly, Gasecka et al. [210] used 25% of spent coffee grounds (SCGs) as an additive
in the substrate (beech sawdust + wheat bran) for P. eryngii cultivation. The result showed
an effect for improving the fruiting yield and enhancing the levels of phenolic acids in
fruiting bodies (particularly ferulic and p-coumaric acids), leading to higher antioxidant
activity. The supplementation of higher amounts of SCGs (50%) on the original substrate
resulted in a higher total phenolic content and antioxidant potential; however, the fruiting
yield was detected inversely.

Another study [204] found a negative effect of the incorporation of SCGs in the
organic substrate for the production of P. salmoneo-stramineus, in which the yield drastically
decreased by 85%, with a smaller mushroom size, lower total protein content, and high
total sugar content compared to the original substrate. P. citrinopileatus, on the other hand,
has no significant effect on its production yield, which achieved a maximum value of
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25.1%. Furthermore, this study emphasized the biological properties of the mushroom
extracts, which exhibited the potential of its activities, especially in terms of antioxidant
and prebiotic activities.

The detrimental effect of phenolic compounds in coffee waste substrates on mushroom
productivity has been further reported. The high amount of phenolic content (such as
caffeine, and tannins) can cause an inhibition of mycelial growth of Lentinula edodes (shiitake)
on coffee pulp, further affecting the shiitake fruiting body growth, as the incomplete
development of primordia was observed (the initial stage of mushroom fruiting body
formation) [211]. Similarly, a negative impact of SCGs was observed on the production of
P. ostreatus. The incomplete colonization of the mycelium was found when using a sole
SCG substrate, which may be due to the high level of caffeine content in SCGs, resulting in
inhibited mycelial growth [212]. According to the study of Gasecka et al. [210] and Carrasco-
Cabrera et al. [212], a ratio of SCGs in the mixed substrates below 50% is recommended.

Despite the inhibitory effects, P. ostreatus surprisingly shows its capability to partially
degrade caffeine into xanthine through sequential N-demethylation produced mainly by
theophylline and 3-methylxanthine. Additionally, other metabolites such as paraxanthine
and theobromine were observed, which were detected in both the substrate and fruiting
bodies of the mushroom. However, the levels of caffeine in the fruiting bodies have no
significant effect on human health. From the study, the authors highlighted that P. ostreatus
and other species in this genus may have the potential for the detoxification of coffee waste,
which is beneficial for environmental management [212]. In addition, the mycelial growth
rate also depends on the substrates” chemical composition and C/N ratio. The mycelial
growth rate improved when the strain was cultivated on a substrate with a high C/N
ratio and high cellulose and hemicellulose compositions. This is because cellulose and
hemicellulose supply energy for fungi and are more easily degraded into simple sugars
compared to lignin, making these compounds readily absorbed and metabolized by the
mycelium. Eventually, the mycelium rapidly grows, which further affects the yield and
nutrient profile of fruit bodies [211,213].

Conclusively, many parts of coffee waste revealed the feasibility of growing mush-
rooms and enriching nutrients. It is necessary to emphasize the appropriate selection
of the substrate and its combination, as well as preparation and sterilization techniques
directly affecting the mushroom’s quality and productivity. The substrate that meets
the specific needs of mushroom species results in a positive effect on their quality and
productivity [203,211].

4.1.3. Pesticides and Herbicides

The increasing demand for food has driven a surge in pesticide and herbicide use
within the agricultural sector. Over the past five decades, the application of these chemicals
has significantly boosted crop yields and improved product quality [214]. However, these
practices have introduced various negative impacts on food safety, the environment, and
human health, including soil quality degradation, nutrient cycling disruption, and water
pollution [215].

To address the drawbacks associated with conventional pesticides and herbicides, the
adoption of bio-based alternatives is essential. Bio-based pesticides and herbicides present
a promising solution, mitigating the adverse effects seen with traditional chemical coun-
terparts. These eco-friendly options offer high selectivity towards target pests, ensuring
minimal impact on non-target organisms and the surrounding environment [216,217].

Biopesticides

Spent coffee grounds (SCGs) can be utilized to produce biopesticides. The methanolic
extract derived from SCGs includes caffeine, an alkaloid, along with fourteen different
phenolic acids and five flavonoids [217]. Phenolic compounds are well-known for their
roles as antifeedants, digestibility reducers, and insect toxins [218]. A study conducted by
Chowdhury et al. [217] demonstrated that this phenol- and flavonoid-rich extract showed
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insecticidal effects and reduced oviposition rates against the main pests of green beans
(Phaseolus vulgaris).

In addition to the methanolic extraction method, SCGs can also be used to produce bio-
oil via fast pyrolysis. This bio-oil exhibits insecticidal and bactericidal characteristics [219].
Bio-oils produced at temperatures of 500 °C and 550 °C exhibited superior antibacterial
activity against S. scabies and C. michiganensis, while those produced at 400 °C and 550 °C
demonstrated the most pronounced bioactivity against the Colorado potato beetle.

Despite their diminutive stature, mosquitoes rank among the most perilous insects
worldwide. As vectors for numerous severe diseases, mosquitoes contribute to over 700,000
global deaths annually [220]. Poopathi and Mani [221] explored the use of coffee husk waste
(CHW) as a nutrient source to cultivate Bacillus sphaericus (Bs) and Bacillus thuringiensis
subspecies israelensis (Bti) for the production of mosquitocidal toxins. The results indicated
that the toxins produced using CHW were biochemically similar and equally effective in
killing mosquito larvae as those produced in a conventional medium (NYSM).

Bioherbicides

Weed management in agriculture is highly challenging, as weeds compete with crops
for essential resources such as nutrients, water, and space, significantly reducing both crop
yield and quality [222]. Various weed management strategies are employed, including
cultural, mechanical, chemical, and biological control methods [223].

Among these, chemical herbicides offer a convenient, cost-effective, and efficient
solution, enabling reduced tillage and earlier planting dates in fields [224]. However,
chemical herbicides can harm the environment by reducing insect pollinator populations,
endangering species, and altering soil biodiversity, while also posing risks to human health,
including skin, eye, and nervous system issues, and cancer. Ecologically, they can lead to
weed resistance and affect crop resistance to pests and diseases [225].

An effective method for producing bio-based herbicides involves utilizing spent coffee
grounds as feedstock. Sant’Anna et al. [226] conducted a study on the antimicrobial,
antioxidant, and herbicide activities of an aqueous extract of coffee grounds. The results
showed that the spent ground coffee extract exhibited allelopathic activity, inhibiting lettuce
seed germination and reducing seed germination parameters and the germination speed
index. The results suggest that the aqueous extract of coffee grounds may serve as a natural
organic herbicide for crops.

4.2. Biofuels and Bioenergy

The ethanol production from agricultural waste offers an innovative solution to nu-
merous environmental and economic challenges we face today. A particularly noteworthy
example is the conversion of coffee waste, such as coffee husks, pulp, and SCGs, into
ethanol. As one of the most consumed beverages worldwide, coffee generates substantial
amounts of waste. Rather than discarding these SCGs, they can be transformed into biofu-
els, addressing significant waste management issues while providing a renewable energy
source. This environmentally friendly alternative to fossil fuels has the potential to reduce
our reliance on non-renewable resources significantly.

SCGs are rich in organic compounds and contain significant amounts of lignocellulosic
material, making them an excellent feedstock for biofuel production such as biodiesel,
bioethanol, biogas, and bio-oil. They generally have a high calorific value and boast various
beneficial components such as oils, carbohydrates, and proteins.

Utilizing SCGs for energy production can significantly reduce waste, lower green-
house gas emissions, and create new revenue streams for coffee producers and processors,
promoting the use of renewable and sustainable energy sources.

4.2.1. Bioethanol Production

Coffee waste, particularly spent coffee grounds (SCGs), has been found to contain a sig-
nificant amount of sugar, which exhibits the potential for conversion into bioethanol [227,228].
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The production of bioethanol from coffee waste encompasses four primary stages: (1) pre-
treatment, (2) hydrolysis, (3) fermentation, and (4) ethanol recovery.

Pretreatment

In bioethanol production from coffee waste, pretreatment is a crucial step for breaking
down the complex structure of lignocelluloses into a form that is easier to hydrolyze
and ferment. Pretreatment can enhance the interaction between lignocellulose-degrading
enzymes and the cell wall, significantly improving sugar recovery [229].

There are many approaches to coffee waste pretreatment. Many of them focus on
environmentally friendly methods. One of them is using ethanol in the pretreatment
step. Nguyen et al. [230] demonstrated that ethanol pretreatment at high temperatures is
effective. Using ethanol is considered an organosolv pretreatment, which is a promising
“green” method, allowing biomass fractionation with minimal or non-toxic by-products,
using recoverable solvents, and being straightforward [231]. Another approach, described
by Choi et al. [228], involves using a popping machine to pretreat coffee residue waste
or spent coffee grounds. The pretreatment is conducted at a pressure of 1.47 MPa for
10 min to enhance enzymatic hydrolysis. Employing this technique resulted in hydrolysis
and fermentation efficiencies of 85.6% and 87.2%, respectively [228]. Another approach is
using steam explosion. Chiyanzy et al. [232] demonstrated that steam explosion at 210 °C
for 15 min produced a substrate more suitable for enzymatic activity, necessitating lower
enzyme dosages for subsequent hydrolysis relative to untreated SCGs.

Hydrolysis

The hydrolysis step is crucial in extracting sugar from coffee waste. Hydrolysis
can be performed using either enzymes or strong acids [233]. Each method presents
distinct advantages and disadvantages. Chemical extraction is less favorable owing to
the risk of contamination by chemical extractants, whereas biological transformation is
characterized by a notably low efficiency. Many types of enzymes can be used, such as
pectinase and cellulolytic enzymes (cellulase and (3-glucosidase) [230,233]. Among these
enzymes, cellulases are especially important for breaking down cellulose, which is the most
abundant component of lignocellulosic biomass, into glucose, which can be fermented
into ethanol [234]. Submerged fermentation (SmF) is frequently employed for large-scale
enzyme production due to its ease of control and scalability. However, the high energy
demands associated with mixing and aeration make it a more costly option [235]. In
contrast, solid-state fermentation (SSF) is considered a more cost-effective and industrially
viable method, though it presents challenges in maintaining consistent process control and
scalability [236].

Selvam et al. [237] optimized the production of cellulase, an enzyme that breaks down
cellulose, using a newly isolated bacterial strain, Acinetobacter sp. TSK-MASC, in the SSF
system. The researchers explored using a novel combination of coffee pulp waste and
pineapple waste as the substrate for fermentation. The results showed that TSK-MASC
achieved high enzyme yields (888 U/mL) at a pH of 7.0 after 60 h of incubation, using
3.0 g/L of coffee pulp and pineapple waste. Catalan et al. [238] performed a life cycle as-
sessment (LCA) to evaluate the environmental impacts associated with cellulase production
from coffee husks using SSF. The study examined the entire production process, covering
everything from raw material acquisition to enzyme purification and including down-
stream steps such as extraction, filtration, ultrafiltration, and lyophilization. The results
showed that electricity consumption was the main contributor to the environmental im-
pacts in several categories, with the lyophilization process being the most energy-intensive.
Marin et al. [239] enhanced the downstream processing of cellulases produced from coffee
husk through SSFE. A combination of compost, coffee husk, and wood chips served as the
fermentation feedstock. The findings showed a maximum activity recovery of 108 £ 30%
during extraction with a 1:5 solid-to-solvent ratio, using static mode and distilled water.
This recovery rate, exceeding 100% compared to standard extraction methods, indicates
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the exceptional efficiency of these specific extraction conditions. Additionally, no activity
loss was detected after lyophilization for at least 50 days, as recovery values stayed around
100% throughout the storage period.

In addition, sulfuric acid can be utilized in the acid hydrolysis method. However,
when using acid hydrolysis, the resulting hydrolysate must be neutralized with an alkaline
substance like potassium hydroxide and peroxide [233,240]. Sometimes, a combined
approach of acid hydrolysis and enzymatic hydrolysis is employed. Morales-Martinez
et al. [240] reported that they used dilute acid hydrolysis (DAH) to remove hemicellulose,
followed by peroxide alkaline pretreatment (PAT) to remove lignin. Glucose was then
extracted from enzymatic hydrolysis using the Cellic CTec3 enzyme. The results indicated
that optimizing the pretreatments in coffee husk waste enhanced cellulose production and
facilitated the enzymatic process, leading to a high concentration of glucose. However,
the acid hydrolysis process not only releases sugars from the raw material structures but
also leads to the formation and release of several compounds, such as acetic acid, furfural,
hydroxymethylfurfural (HMF), and phenolic compounds. These substances can be toxic to
microbial metabolism, depending on their concentration in the fermentation medium [241].

Fermentation

In their study on fermentation, Nguyen et al. [230] developed an innovative approach
to simultaneously produce ethanol and D-mannose, addressing the limited supply of D-
mannose despite its extensive applications in biological research, pharmaceuticals, and
the food and feed industries. The main aspects of their process involve optimizing the
fermentation step to enable bioethanol-producing yeasts to consume nearly all the glucose
and galactose for ethanol production, while preserving significant amounts of D-mannose
in the fermented mixture. After the fermentation step, colored compounds and other
impurities in the broth were removed, and ethanol and D-mannose were separated using
the pervaporation technique. This innovative approach not only enhances the efficiency
of ethanol production but also provides a valuable source of D-mannose, expanding its
availability for various industrial applications.

The different parts of coffee waste have also been studied. Gouvea et al. [242] investi-
gated the potential for producing ethanol through the fermentation of coffee husks using
Saccharomyces cerevisize. They conducted batch fermentation experiments using whole
coffee husks, ground coffee husks, and an aqueous extract of ground coffee husks. The
study found that higher yeast concentrations led to lower fermentation yields. The optimal
conditions identified were whole coffee husks, a yeast concentration of 3 g per liter of
substrate, and a temperature of 30 °C.

Mussatto et al. [243] investigated ethanol production from three different yeast
strains—Saccharomyces cerevisiae, Pichia stipitis, and Kluyveromyces fragilis—when cultivated
in sugar-rich hydrolysates derived from the acid hydrolysis of coffee silverskin (CS) and
SCGs. The fermentation of CS hydrolysate yielded minimal ethanol production, likely due
to the low concentration of sugars present. In contrast, S. cerevisiae exhibited the highest
ethanol production from SCG hydrolysate, achieving 11.7 g/L with an efficiency of 50.2%.

Ethanol Recovery

Typically, distillation is the conventional method used for ethanol purification, and
it is known for its ability to achieve very high bioethanol recovery. However, distillation
presents some disadvantages in the purification of lignocellulosic bioethanol, such as
operating in batch mode and requiring high energy [244]. In contrast, Dadi et al. [233]
demonstrated that pervaporation membranes can effectively purify fermented broth. Their
study revealed that pervaporation achieved a bioethanol yield of 132.2 & 40 g/L from
coffee husk under optimal conditions. The sugar yield after hydrolysis and the ethanol
concentration after fermentation/pervaporation, yield, and productivity from various
studies in the literature, are presented in Table 3.
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Table 3. Comparison of ethanol production methods from different feedstocks.

Feedstock Hydrolysis Method Sugar Yield Ethanol Concentration Yield and Productivity Ref.
. . . Ethanol yield: 0.50 g/g
Spent coffee grounds Dilute acid pretreatment Glucose: 192 mg/g SCG 19.0g/L Productivity:1.90 g/L-h [245]
Dilute acid hydrolysis
followed by peroxide alkaline ) Ethanol yield: 0.41g/g
Coffee husk pretreatment, then Glucose: 115.6 g/L 48.19g/L Productivity: 2.4 g /L-h [240]
Enzymatic Hydrolysis
Acid hydrolysis and Glucose: 11.5g/L After fermentation: 36.6 = 0. 2 g/L s ]
Coffee husk enzymatic hydrolysis Xylose: 7.4 g/L After pervaporation: 132.2 =40 g/L Productivity: 3.05 g/L-h [233]
Acid hydrolysis and Glucose: 16.0 g/L After fermentation: 47.9 &+ 0.06 g/L N )
Spent coffee grounds enzymatic hydrolysis Xylose: 15.6 g/L After pervaporation: 51.7 £ 7.4 g/L Productivity: 4.00 g/L-h [233]
Ethanol pretreatment at high Glucose: 17.5 g/L Aftéjteérfs;m;«r;?(t)ﬁnill 2‘4 21;)/\/]\47 ¢
Spent coffee grounds temperature, then Galactose: 8.0 g/L pervap g © Productivity: 0.23 g/L-h [230]
enzymatic hydrolysis Mannose: 31.7 g/L ethanol from 150 g DW of
y yerowy e ethanol-pretreated CRW
Popping pretreatment
Spent coffee grounds followed by Fermentable sugar: 40.2 g/L 18/L 5 % ?Zfl{e\}\}];aHOI per e Productivity: 0.15 g/L-h [228]
enzymatic pretreatment ©
Acid hydrolysis followed by ——
Spent coffee grounds peroxide alkaline Sugar concentration: ~50 g/L 11.7 g/L Ethanol yield =0.26 g/ [243]

pretreatment

Productivity=0.49 g/L-h
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4.2.2. Biodiesel Production

The oil content in coffee grounds ranges from 11% to 20% of their weight, depending
on the type of coffee beans utilized. The typical oil extraction rate from used coffee
grounds is approximately 15% [246]. Various solvents have been analyzed to assess their
effectiveness in extracting this oil, and hexane is frequently used. Other solvents that have
been recorded include ethanol, methanol, acetone, butanol, petroleum ether, and dimethyl
ether [246-249]. A recent study by Veitia-de-Armas et al. [250] demonstrated the potential
use of environmentally friendly solvents such as ethyl acetate, ethyl butyrate, and ethyl
propionate for extracting oil from discarded coffee grounds. The researchers successfully
attained an oil recovery rate of 16.4% by employing ethyl propionate.

Fatty acids are the primary chemical constituents of extracted coffee oil [251]. Fol-
lowing the extraction process, the oil is frequently treated with an esterification treatment.
Typically, this procedure entails the use of methanol and a catalyst. Notable progress has
been achieved in the transformation of coffee oil into biodiesel. These methods encom-
pass the utilization of acid-base catalysts [246], solid catalysts derived from discarded
eggshells [252], and supercritical methanol [253].

In the conventional process, biodiesel production from SCGs is typically accomplished
through transesterification, using SCG oil extracted using an n-hexane solvent [254]. How-
ever, biodiesel production from SCGs via conventional processes requires a lot of SCGs. To
overcome this advantage, in situ transesterification has been invented, and this process has
been successfully used with canola, soybean, palm fruit, algae, cottonseed, and castor seed.
The difference between these two processes is shown in Figure 4.
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Figure 4. Comparison of conventional and in situ transesterification of spent coffee grounds.

For the in situ transesterification technique, Tuntiwiwattanapun et al. [254] found that
methanol and an alkaline catalyst can be employed as both a reactant and an extraction
solvent for biodiesel in the in situ transesterification process. This approach simplifies the
production system and reduces its size. The process starts by deacidifying the SCGs using
methanol washing, since the high acid value of the feedstock would deactivate the alkaline
catalyst used in the in situ transesterification, reducing the biodiesel product. Following the
deacidification process, the SCGs undergo in situ transesterification, producing biodiesel.
The residual product of this integrated procedure is the defatted SCGs, which are left over
after biodiesel extraction. The in situ transesterification process is one of the strategies
for enhancing biodiesel production. Najdanovic-Visak et al. [255] improved the in situ
transesterification of spent coffee grounds by utilizing sodium hydroxide as a catalyst. The
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highest yield obtained from the in situ transesterification was 96.0% under the following
specified reaction conditions: a 400 methanol to oil mole ratio, a temperature of 333 K, a
catalyst concentration of 0.2 mol/L, and a duration of 90 min.

Due to the high water content in SCGs, which can hinder traditional transesteri-
fication processes, many studies have focused on the in situ transesterification of wet
SCGs [22,253,256,257]. Tarigan et al. [22] reported the method for directly producing
biodiesel from wet SCGs utilizing a Soxhlet extractor comprising two primary sections:
an extraction chamber and a reaction chamber. At first, SCGs are placed in a small metal
container called a thimble, which is put inside the extraction chamber. A solution com-
prising methanol, hexane, and a catalyst is introduced into the reaction chamber. The
solvent mixture becomes hot during the reaction, evaporates, and condenses. This process
repeatedly occurs, causing the solvent to flow over the biomass in the extraction chamber.
This flow helps to carry out the in situ transesterification process. After the extraction,
the biodiesel that has dissolved in hexane is separated and subjected to several washes
with distilled water to eliminate contaminants. The hexane is subsequently evaporated to
acquire the refined biodiesel.

However, to avoid concerns regarding the free fatty acid content and reduce issues
related to water content in SCG oil during ester-based biodiesel production, advancements
in bio-hydrotreated diesel—also known as bio-hydrogenated diesel (BHD), hydrotreated
vegetable oil (HVO), green diesel, or hydrogenated esters and fatty acids (HEFA)—have
been explored. Instead of methanol, pressurized hydrogen was employed for heteroatom
(mainly oxygen) removal from lipid molecules [258]. As oxygen is removed, the result-
ing hydrocarbon products resemble fossil fuel, providing higher heating values and an
improved oxidation stability [259].

Combined Processes for Producing Biodiesel and Bioethanol

SCGs can be used as feedstock to produce both ethanol and biodiesel, while the resid-
ual solid waste is appropriate for composting or fuel pellets, simultaneously addressing
waste management and energy generation.

Passadis et al. [260] experimentally investigated the possibility of producing biodiesel
and bioethanol from SCGs. The researchers employed the Soxhlet extraction method,
utilizing methanol and hexane as solvents. Their results indicated that hexane exhibited
greater effectiveness as a solvent, achieving oil extraction yields of 73.15% to 97.21%. The
highest saccharification yield obtained during enzymatic hydrolysis was 44.20% for ethanol
production. This yield was achieved using a 0.3 M NaOH solution and a CellicCTec2
concentration of 75 uL/g cellulose. Their findings proposed that producing approximately
10.0 kg of biodiesel and 2.5 L of bioethanol from 100 kg of SCG is technically feasible.

Kwon et al. [261] developed a sequential process for producing biodiesel and bioethanol
from spent coffee grounds, which proved more efficient than direct bioethanol conversion.
Direct ethanol conversion was deemed less effective due to slow enzymatic saccharifica-
tion, which was hindered by triglycerides and free fatty acids (FFAs) in the raw materials.
They found that the acid /enzyme hydrolysates from spent coffee grounds after lipid ex-
traction contained a higher concentration of total sugars (66 g/L) than those from raw
spent coffee grounds (58.4 g/L). This difference highlights the inhibitory effect of lipids on
sugar extraction.

The sequential method starts by extracting lipids, which removes the inhibitory effects
on ethanol-producing enzymes and allows for a non-catalytic transesterification process
that is suitable for handling a high FFA content in biodiesel production. Using this method,
Kwon et al. [261] achieved a 97.5% biodiesel yield. After lipid removal, the remaining
material, rich in carbohydrates, becomes a more optimal feedstock for ethanol production.
Using this method, they achieved an ethanol yield of 0.46 g/g of consumed sugar.
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4.2.3. Bio-Oil Production

As mentioned earlier, using coffee waste for biodiesel production requires extracting
fat from the coffee waste. However, after lipid extraction, the remaining part, the defatted
coffee grounds, can produce bio-oil and biochar.

Vardon et al. [262] reported that the production of bio-oil from coffee waste involves
several key steps. Initially, 100 g of dry coffee waste is prepared as the feedstock. This
feedstock undergoes slow pyrolysis in a tube furnace, where it is heated to 450 °C at a
rate of 50 °C per minute, with a retention time of two hours under a nitrogen sweep gas.
Volatile products generated during this process are collected using an ice-chilled collection
vessel, while the remaining solids in the furnace, known as biochar, are weighed. The
collected liquids are then separated using solvent extraction into a bio-oil (solvent-soluble
phase) and an aqueous phase containing organics. The solvent is then removed from the
bio-oil phase through evaporation.

4.2.4. Biogas Production

Anaerobic digestion is a biochemical process in which microorganisms decompose
organic matter in the absence of oxygen, resulting in the production of biogas. Spent coffee
grounds (SCGs) are particularly suitable for this method due to their balanced composition
of proteins, carbohydrates, and minerals, providing essential nutrients for digestion. In a
study by Czekala et al. [263], the feasibility of using coffee production and consumption
waste in anaerobic digestion was assessed, highlighting SCGs’ potential to enhance biogas
generation. The experiment conducted under anaerobic digestion conditions revealed that
coffee husks had a total solid content of 93.37% and an organic matter content of 93.34%.
The efficiency of biogas production, measured in terms of fresh matter, was 329.50 m®/Mg.

However, some work proved that using SCGs as the sole feedstock can cause chal-
lenges, such as the lack of sufficient nutrients and trace elements necessary for the anaerobic
digester (AD) process. SCGs contain high levels of lignocellulosic materials, which are
complex plant materials that microorganisms find difficult to break down. These materials
are poorly bioavailable, meaning they are not easily accessible to the microbes involved
in the AD process [264]. The co-digestion of SCGs with other waste, such as cow and pig
manure, spent tea waste, food waste, or sewage sludge, can solve these problems.

Kim et al. [265] investigated varying ratios of spent coffee grounds (SCGs) to food
waste (FW) from 1:100 to 1:10 to utilize the spare capacity of existing digesters for SCG
treatment. This co-digestion approach enhanced methane production compared to digest-
ing food waste alone while maintaining process stability. However, increasing the SCG
ratio beyond 4% did not improve methane yield further.

4.2.5. Biorefinery Concept of Coffee Waste Variolization into Biofuels and Bioenergy

Coffee waste consists of various parts, each exhibiting a distinct chemical composition.
Within the biorefinery framework for transforming coffee waste, it is crucial to consider the
appropriate processes for each component to optimize the conversion and utilization of the
waste effectively.

Coffee waste materials, including the skin, pulp, and parchment (husk), are rich in
chemical compounds, like phenolic compounds, carotenoids, flavonoids, and antioxidants,
that have potential applications as bioactive compounds. In terms of energy production,
coffee husk is a good source of sugars that can be fermented by Saccharomyces cerevisiae
to produce bioethanol [242]. Both coffee husk and pulp have a high organic matter con-
tent, making them suitable substrates for biogas production through anaerobic diges-
tion [263,266]. The mucilage, which contains polysaccharides, can be effectively utilized in
fermentation processes [45]. Co-digesting mucilage with other organic materials, such as
glycerin and animal manure, through co-digestion, not only improves biogas yield but also
enhances the economic viability of biogas production [266].

However, among different parts of coffee waste, SCGs have attracted significant inter-
est in the biorefinery context for producing biofuels [93,267]. Rich in organic compounds,
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SCGs contain substantial amounts of polysaccharides, lipids, proteins, and bioactive com-
pounds [268], making them an excellent feedstock for producing biofuels such as biodiesel,
bioethanol, biogas, and bio-oil. Additionally, they have a high calorific value, typically
exceeding 20 M] /kg [174]. The biorefinery approach to coffee waste valorization for energy
production employs a variety of processes to convert SCGs into valuable energy products
and other useful by-products. Among the frequently explored sustainable solutions are
biofuels, such as biodiesel and bioethanol. SCGs can serve as a valuable resource in this
regard. Lipids extracted from SCGs can be utilized for biodiesel production, while sugars
in the residual biomass can be fermented to produce bioethanol. Additionally, glycerol, a
by-product of biodiesel production from SCG-derived oil, can be further transformed into
biohydrogen. Solid residues from SCGs can be used to produce fuel pellets or generate
biogas through anaerobic digestion. Furthermore, SCGs can be directly converted into
bio-oil and biochar through processes like pyrolysis. These applications not only provide
renewable energy alternatives but also promote a more sustainable waste management
strategy. Moreover, by-products like biochar can enhance soil quality, adding further value
to these processes. Figure 5 illustrates the biorefinery concept for converting spent coffee
grounds into energy.
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Figure 5. Biorefinery concept of spent coffee grounds valorization into energy.

4.3. Food Ingredients and Nutraceuticals

The food industry is increasingly recognizing the potential of coffee waste and by-
products as valuable resources. Coffee waste contains beneficial components such as
proteins, dietary fibers, antioxidants, and other bioactive compounds, which can enrich
food nutrition and provide additional health benefits for humans. This makes coffee
waste a promising source for a wide range of applications in food production and other
related fields.

4.3.1. Bakery Production

In bakery production, coffee waste has been widely used as a functional ingredient not
only to enhance nutrition, making bakery goods healthier, but also to improve the sensory
and shelf life.
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Bread

Coffee silverskin (CS) has been reported to have a high potential to be used as a
functional food ingredient with multiple health-promoting properties. The extract of CS
and CH was obtained by water extraction at 100 °C for 10 min, as described in the patent
WO/2013/004873 [269]. Gluten-free bread formulations enriched with these two extracts
have shown increased dietary fiber content and antioxidant activity. Total protein values
and total phenolic compounds significantly increased, particularly in bread in which the
CS extract was applied. Furthermore, the CS and CH extracts revealed the capability to
inhibit alpha-glucosidase activity, which is a health benefit for people with the particular
requirement of regulating postprandial glucose levels [270].

Coffee pulp can be processed into flour and used as a functional ingredient in gluten-
free bread products. Rios et al. [271] revealed novel gluten-free bread labeled as “high
in dietary fiber” and a “source of protein”, which was obtained by a coffee cascara flour
substitution of 3—4.5%. In the present study, coffee cascara was pretreated by water ex-
traction [269], then dried and milled to obtain flour. This flour was incorporated into
gluten-free bread formulations enriched in dietary fiber (~11%) and protein (~10%) with
relatively high glutamic acid and other essential amino acids. In addition, the total starch
content was reduced with increases in the coffee cascara flour content, due to the starch
being eliminated during the coffee cascara water extraction process, leading to a low caloric
content, and potentially decreasing the glycemic index of the bread. The author emphasized
that incorporating coffee cascara flour (with pretreatment) in gluten-free bread contributes
to a healthier possibility for people who have celiac disease and/or gluten intolerance and
require glycemic control.

Another study by Rivas-Vela et al. [272] investigated the properties of coffee pulp flour
prepared by an extrusion process for bread formulations. They found that the extrusion
temperature and feeding moisture are crucial factors for the increase in the water adsorption
index and water solubility index of the CP flour. The technique also significantly affects the
phenolic and caffeine content by an increase of up to 60% and 30%, respectively, compared
to the control, which may be because of the effect of shear, temperature, and pressure
during the process. The author highlighted the potential of using CP flour in wheat-based
and gluten-free bread formulations, which could be substituted in amounts of up to 15% of
CP flour, with no significant effect on its sensory characteristics. Additionally, the bread
formulated from this study provided good nutrition, including protein, caffeine, phenolic
compounds, and dietary fiber, which are comparable with these compounds in protein bars
for athletes.

Cookies, Cake, Biscuits

The potential for the nutritional enrichment of CS was also observed in cookies [273]
and cake [274] formulations. The results showed that as the CS level increased in bakery
formulations, the protein, fiber, phenolic compound, and antioxidant values increased. The
bioaccessibility of phenolics and antioxidants was examined using an in vitro enzymatic
digestion system [275]. The values increased up to 85% when a CS value of 7.5% was added
into cookie formulations [273].

Moreover, applying CS significantly affects both cookies” and cake’s sensory and
textural attributes by increasing moisture and making the goods darker and more bitter
compared to the control sample. The bitter test of the baked goods is related to the high
caffeine content in CS [274].

Ates and Elmaci [276] reported that using water-treated CS (up to 30%) in cake
provided favorable sensations (no bitterness), texture, and moisture content, which is
comparable to cake without the CS addition. They also suggested that water-treated CS has
more efficiency as a fat replacer, as it provided a lower fat content in cake products with no
significant effect on sensations and texture compared to the control sample.

Similarly, Koay et al. [277] revealed the potential of spent coffee grounds as a fat
replacer. A similar fat content and oiliness were observed between SCG-enriched shortbread
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and the control sample. In addition, the incorporation of SCGs improved the properties
and enriched the nutritional composition in shortbread biscuits, including higher moisture,
fiber, protein, and total phenolic content, leading to higher antioxidant activity, with lower
carbohydrates and calorie content. The shortbread with 10% SCGs exhibited the most
preferable aroma and a softer texture, as well as greater shelf-life stability, which is related
to a high total phenolic compound content and high antioxidant activity, which could slow
lipid oxidation during the storage period.

Another study by Martnez-Saez et al. [16] found that the incorporation of 4% of SCGs
in biscuit formulations contributed to high nutritional and sensorial qualities. In this
study, SCGs were applied directly with stevia, maltitol, and oligofructose. SCGs were
detected as having a high amount of antioxidant dietary fiber, essential amino acids, and
notable amounts of proteins, caffeine, and chlorogenic acids, with low glycemic sugar. The
study emphasized the potential of combining SCGs with a sucrose replacement to reduce
Maillard reaction products (MRPs) and decrease the formulation of advanced glycation end
products (AGEs), which is related to various chronic diseases such as diabetes and obesity.
Eventually, the author suggested that these innovative biscuit formulations probably benefit
people with reduced energy intake and particular requirements.

Martnez-Saez et al. [278] further investigated the potential of innovative biscuits
on human health benefits by simulating biscuit digestion in in vitro oral gastrointestinal
human digestion conditions. After digestion, galactomannan was found in coffee fiber
biscuits, and a higher amount of antioxidants were released compared to the original
biscuits, providing benefits to weight management by reducing weight gain, adiposity,
liver fat, and blood glucose levels [279].

In addition, coffee fiber biscuits exhibited a significant inhibitory effect on x-glucosidase
activity, aiding in reducing postprandial glucose levels. This effect is probably associated
with phenolic compounds being released (particularly chlorogenic acid), which could act
as o-glucosidase inhibitors [280,281]. A novel finding was that serotonin and glucagon-like
peptide-1 (GLP-1) were significantly released by increasing their secretion by 335% and
273%, respectively, compared to the basal level during the digestion of antioxidant coffee
fiber biscuits. Both hormones play an important role in reducing appetite suppression by
stimulating satiety signals [282] and improving glycemic control [283].

Consequently, these results imply that consuming coffee fiber biscuits can regulate
food intake and aid in weight management, further contributing to reducing the risk of
chronic diseases such as obesity and type 2 diabetes.

4.3.2. Yogurt

Apart from baked goods and beverages, coffee waste has been studied in the dairy
production context, specifically for yogurt, in order to create a healthier food with high
nutrition and satisfactory sensation. Whole milk-generated yogurt was supplemented
with arabica and robusta coffee silverskin (CS) at 2%, 4%, and 6% [284]. The presence of
CS significantly influenced the physicochemical properties of the yogurt, with higher CS
levels causing greater syneresis (whey separation), pH, and firmness values. The addition
of CS increased the nutraceutical value of yogurt, improving its dietary fiber and total
phenolic content. Furthermore, to analyze the bioaccessibility of bioactive compounds
and antioxidant activity after ingestion, in vitro simulated gastrointestinal digestion (SGD)
was performed as described by Minekus et al. [285]. This study highlighted that bioactive
compounds, including phenolic compounds, caffeine, and chlorogenic acid in CS-added
yogurt, are bioaccessible after digestion, leading to the significantly increased antioxidant
potential of yogurt, particularly using arabica CS, while robusta CS contributed a greater
caffeine content. As such, this CS-fortified yogurt may help reduce oxidative stress, which
causes chronic diseases such as cancer, cardiovascular disease, type 2 diabetes, and neu-
rodegenerative disorders (e.g., Alzheimer’s, Parkinson’s) [286-288], as well as improve
physical and cognitive performance [289].
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In addition, yogurt containing a coffee cascara extract and inulin revealed the possibil-
ity of regulating carbohydrate metabolism, providing benefits in blood sugar control due
to the glucosidase inhibitory effect of the cascara extract [290]. In this study, a high inulin
value of 13% further increased the prebiotic fiber content, promoting gut health; however,
it was associated with gastrointestinal discomfort (such as abdominal cramps, bloating,
flatulence, and gastrointestinal rumbling), probably due to its indigestible fiber.

4.3.3. Innovative Beverages

Although coffee waste has been extensively investigated as an ingredient in food
and bakery products for human health benefits, its utilization in beverages has been
rarely found. One study exhibited that antioxidant beverages developed from a coffee
silverskin (CS) extract can be used for body fat reduction and body weight control. The CS
extract enriched bioactive compounds in the beverage, including chlorogenic acids (CGAs),
caffeine, and melanoidins, which were found to have a significant effect on antioxidant
capacity and fat body reduction through an in vivo analysis with nematodes (C. elegans).
The fat body reduction in the beverage could be enhanced by the synergic effect of the
food matrix, in which complex molecules such as dietary fiber, proteins, and melanoidins
could influence the bioaccessibility and bioavailability of CGAs and caffeine. In particular,
the Robusta CS extract beverage showed a significant effect on lipid oxidation and its
metabolism, comparable to a commercial dietary supplement. Additionally, the presence
of melanoidins in the beverage contributed to significant antioxidant activity and sensory
attributes, such as flavor and color [291].

Cascara tea, another antioxidant beverage, was developed from coffee cherry pulp.
The result showed the that bourbon variety coffee pulp from Congo has the highest caf-
feine and total phenolic compound content, dominantly including protocatechuic acid
and chlorogenic acid, and notable amounts of rutin and gallic acid, leading to the highest
antioxidant capacity. The beverage brewed from this coffee pulp variety contained signifi-
cant amounts of caffeine of 226 mg/L, which is comparable to coffee brew, while the total
polyphenols content was lower than that found in coffee brew [43].

Another study highlighted the potential of coffee pulp (CP) in developing functional
probiotic beverages using kefir cultures. Prior to the beverage formulation, CP was pre-
pared with different pretreatment methods (steam and viscozyme) followed by aqueous
extraction (5 g pulp + 50 mL distilled water 90 °C, 10 min). The result showed that the steam
pretreatment had a maximum value of polyphenols, flavonoids, anthocyanins, chlorogenic
acid, and caffeine, leading to high antioxidant activity with no cytotoxicity. In addition,
the extracted CP revealed the capability to manage the hyperglycemia-induced disorder,
significantly inhibiting alpha-amylase and alpha-glucosidase activities, probably due to the
presence of anthocyanins [292]. CP probiotic beverages have been shown to be beneficial
not only in enhancing the nutritional profile and physicochemical properties, but also
in improving sensory attributes and shelf life, with probiotic organisms surviving up to
30 days [293].

An alcoholic beverage is another application for which coffee wastes were utilized.
Coffee pulp and mucilage waste obtained from wet processing, which are rich in sugars,
have been used to successfully create alcoholic beverages by fermentation, which contain
significant levels of alcohol content [54]. Superior sensory qualities were obtained from an
alcoholic beverage fermented from coffee pulp compared to pure mucilage and mucilage
with beans. This result could be attributed to the concentration of phenolic compounds
in the beverage, as chlorogenic acid has been reported to relate to the coffee fragrance
and flavor [294]. Greater amounts of ester, tannin, and polyphenol contents in coffee
pulp-derived alcoholic beverages could positively influence the aroma, taste, and aftertaste,
providing more satisfactory sensory attributes. However, the appearance of the coffee
pulp-derived alcoholic beverage is reddish, like red wine, which correlates with the coffee
skin pigment.
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Similarly, new distillate beverages developed from coffee pulp and coffee wastewater
fermentation with a sucrose addition lead to a high-quality spirit with an ethanol content of
38%. Several volatile compounds, particularly ethyl esters and terpenes, contributed to flo-
ral, sweet, and fruity aromas in the beverage. Comparatively, the coffee pulp-derived spirit
provided more impressive sensory attributes (taste and aroma) compared to a sugarcane
spirit [295].

The other two studies explored the potential of using the extraction of spent coffee
grounds to create sustainable beverages. For spirit preparation, the bioactive compounds
in SCGs were extracted through hydrothermal [296] or microwave-assisted processes [297];
then, the SCG extract was supplemented with sucrose and potassium metabisulfite before
fermentation with the yeast Saccharomyces cerevisiae, followed by distillation to produce spir-
its with an ethanol content of 38—40%. According to the chemical compositions, the spirits
showed a remarkable taste and aroma, which is reminiscent of coffee. The sensory profile of
the SCG-derived alcohol changes significantly based on their production by fermentation
and distillation processes. The final spirits exhibited superior sensory qualities compared to
the fermented beverages, which appeared as clear and brilliant, and had complex profiles,
including coffee, toasted beans, alcohol, and frankly, aromas with astringent and pungent
tastes, which gave panelists a feeling of elegance and finesse. Additionally, caramel and
vanilla aromas were observed in the spirit [297].

For the further development of coffee-based alcoholic beverages, Liu et al. [298] stud-
ied the effect of using non-Saccharomyces wine yeast on SCG alcoholic production. In
this study, SCGs were defatted and hydrolyzed before fermentation using T. delbrueckii
Biodiva and P. kluyveri FrootZen. They found that the beverages obtained from these two
non-Saccharomyces produced a lower ethanol content compared to the beverages from Sac-
charomyces; however, the addition of yeast extracts in the fermentation enhanced the growth
of yeast, leading to high ethanol production [299], particularly P. kluyveri. In addition, the
supplementation of yeast extracts in the SCG fermentation process increased the production
of volatile compounds, such as alcohols and esters, leading to more sensory complexity.
Significant amounts of glycerol and ethyl ester were detected in the beverages prepared
from these two non-Saccharomyces, which contributed to the mouthfeel, smoothness, and
sweet tastes [300], and fruity and floral aromas, respectively. Regarding the findings in
this study, yeast extracts help improve the fermentation process, leading to achieving a
more balanced flavor profile and enhancing the overall sensory quality of the alcoholic
beverages derived from SCGs. The utilization of coffee waste as a functional ingredient in
food production is summarized in Table 4.
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Table 4. The utilization of coffee waste as a functional ingredient in food production. (CP: coffee pulp; CH: coffee husk; CM: coffee mucilage; CPm: coffee parchment;

CS: coffee silverskin; SCGs: spent coffee grounds).

Food Products Coffee Waste Process Functions Ref.
. e  Substitution of wheat flour.
CP powder Baking e  Fiber enrichment increased by 89% of dietary fiber. [301]
e  Multipurpose flour.
e  Extrusion increases phenolic compounds and caffeine.
CP flour Extrusion/Baking . Reducing phytic acid content. [272]
° Providing good nutrition and antioxidants (phenolic compounds, caffeine, protein,
and dietary fiber).
Cpffee cascara Water extraction/Baking ° High dietary fiber of 11%, comparable to whole-grain bread. [271]
isolated fiber
Bread
. Enriches dietary fiber and the antioxidant capacity in gluten-free bakery products.
CPm ground Baking Decreasing oxidative stability and lowering the presence of HMF. [302]
Alkaline hydrogen peroxide Increased water retention.
S powder pretreatment/Baking Low caloric density and high dietary fiber. [303]
e Antioxidant capacity and a-glucosidase activity (chlorogenic acid and
. . phenolic compounds).
CH and CS extracts Water extraction/Baking Reducing the risk of chronic disease related to blood-glucose levels. [270]
Natural coloring.
e  High moisture, protein, fiber, phenolic compounds, and antioxidant activity.
SCG powder Baking o  Lower carbohydrates and calorie content. [277]
) Delaying lipid rancidity and increasing the shelf-life stability.
Biscuits e  Natural coloring.
CS fiber /SCG e  Richin insoluble dietary fiber and amino acids.
powder/dietary Extraction/Baking ° High levels of antioxidant activity with low calories. [16,20,278,304]
fiber extracts e Low levels of aerobic microorganisms, acrylamide, and hydroxymethylfurfural (HMF).
e  Inhibitory effect of the x-glucosidase.
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Table 4. Cont.
Food Products Coffee Waste Process Functions Ref.
e  Phenolic compounds and flavonoids content.
. Isopropanol e  Antifungal, antibacterial, antimycotic, and anti-ochratoxigenic properties.
Brownies SCG extracts extraction/Baking e Moderate cytotoxic effects against liver cancer cells (Hep-G2) [305]
e  Significantly reduced ochratoxin A levels during dough incubation.
e  Increased antioxidant activity and fiber of CS-added cake.
Cake CS powder Water treatment/Baking e  Improves moisture, oiliness, and sweetness. [274,276]
e  Used as a fat replacer up to 30% in cake formulations.
e  Provided high dietary fiber, protein, and bioactive compounds such as
Cereal CS grounds Extrusion and Baking chlorogenic acid. [306]
. High dietary fiber and antioxidant activity.
coffee flour Baking High amounts of coffee flour made the cookies harder, darker, and bitter. [307]
CPm powder trealtjrlr:grllst(;%r;iing ° Low fat, high fiber, and antioxidant content. [308]
60% of phenolic compounds of 60%.
CS powder Baking High antioxidant bioaccessibility of 85%. [273]
More bitterness at high amounts of CS incorporation.
Cookies
. High total phenolic and flavonoid contents and high antioxidant activity.
SCG powder Baking Nitrite scavenging activities and lipase inhibitory activities. [309]
High fiber and phenolic compounds with high antioxidant activity.
SCG powder Baking High hardness at high SCG content. [310]
Increasing fiber, fat, and total phenolic content.
SCG powder Baking Reducing moisture and protein content with higher SCG content. [311]
Decreasing antioxidant activity at 25% of SCGs
Alternative to butter as a healthier ingredient in bakery products.
SCGoil Ethanol extraction/Baking 20% of SCG oil substituted in cookies enhances antioxidant properties. [312]
Natural coloring.
French Meringue  Coffee fresh skin extract Ethanol extraction Anthocyanins (mainly cyanidin 3-glucoside). [313]

Providing color close to synthetic pigments.
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Table 4. Cont.

Food Products Coffee Waste Process Functions Ref.
Increased total phenolic compounds, fiber, and antioxidant activity.
Muffins SCG powder Baking Light—rgasted SCG has greater amounts of‘cglffeine, trigonelline, chlorogenic acid, total [314,315]
phenolic compounds, and antioxidant activity.
Glucosidase inhibitor and a source of dietary fiber.
Cascara extracts Water extraction/ .Inoculated Inulin improves digestive health and the texture of the yogurt. [290]
fermentation Help modulate hunger and fullness.
Yogurt . . L . . .
Increased dietary fiber (mainly insoluble fiber), phenolic compounds (chlorogenic
CS powder Inoculated fermentation acid), and caffeine. ) ) [284]
Increased whey separation (syneresis) over storage.
o Low glucose, high total fiber, and high water-soluble proteins.
Antioxidant CS extracts Extraction and /Infusion High to.tal anti.oxidant capacity (melanoidins and chlorogenic acid) and caffeine. [291]
Beverage Promoting weight control.
_ High nutrition with low caffeine and acrylamide levels.
Instant Cascara CH extract powder EX'U.‘ actlon-Fr.eeze L(?w fat, low sugar, an.d high fiber, potassiurp, magnesium, and Vitamip C.. [316]
d0) dried/Infusion High levels of melanoidins and total phenolic compounds (Chlorogenic acid).
Rich in phenolic compounds (chlorogenic acid, protocatechuic acid, gallic acid,
. . and rutin).
Cascara Beverage CP powder Milled /Infusion Coffee variety and type of processing significantly affect the content of phenolic [43]
compounds and caffeine.
High total polyphenol and flavonoid content, and high antioxidant activity.
Cascara Dried whole CH Steeping/Fermentation Antlk.Jac.terlal agfnnst pathogeplc bacteria. . . [317]
Kombucha Prebiotic potential by promoting the growth of probiotic strains.
_ Significant amounts of protein, fiber, potassium, and calcium.
Probiotic Viscozyme or steam High antioxidant activity, Chlorogenic acid, caffeine, and total
Beverace Dried whole CP pretreatment/Infusion/ flavonoids (anthocyanins). [293]
8 Inoculated Fermentation a-amylase and «-glucosidase inhibitory effects, indicating antidiabetic potential.
o . . High ethanol.
Distilled Wet or dried CP in Fermentation /Distillation Coffee-like aromas, floral, and fruity flavors, due to the presence of ethyl ester [295]
Beverage coffee wastewater and terpenes.
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Table 4. Cont.

Food Products Coffee Waste Process Functions Ref.
High alcohol content (8.86% ABV) with great antioxidant capacity.
Alcoholic Wet CP and CM Fermentation Reddish color and fruity aroma like red wine, contribute to flavonoid (anthocyanins), [54]
Beverage chlorogenic acids, and ester content, respectively.
Hydrothermal e  Coffee aroma and acceptable organoleptic qualities.
SCG Spirit SCG extract extraction/Fermentation/  ® Alcohol and esters (e.g., ethyl acetate) are the major volatile compounds, contributing [296]
Distillation to the aroma and flavor of the spirit.
e  Different yeast types affect aroma and flavor.
Alcoholic Acidic-enzymatic e  More complex aroma and flavor with ester and alcohol.
Beverage SCG hydrolysate hydrolysis/Fermentation e  Yeast extract improves fermentation efficiency and flavor outcomes. [298]
e  Enriching the fruity and floral notes.
Coffee-Flavored SCG hydroalcoholic . e Create coffee-flavored liquor with designable sensory qualities.
Liquor solution Ethanol extraction e  Matched sensory expectations. [318]
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4.3.4. Food Preservatives

Coffee waste contains several essential bioactive compounds, leading to high antioxi-
dant activity, which could be used as natural food preservatives. Antioxidant properties of
coffee waste could contribute the preventive food spoilage by inhibiting micro-organism
(e.g., molds., yeast, bacteria) activity and/or chemical reactions (e.g., oxidation), lead-
ing to extended shelf life and preserved qualities of food (including texture, color, order,
and taste).

As such, using a coffee waste extract as a preservative for whiteleg shrimp has been
reported. The fraction of the coffee extract exhibited a high potential for antioxidant
activity and anti-tyrosinase, which plays a crucial role in preserving the qualities of shrimp
and is associated with the presence of high phenolic compounds, especially flavonoids.
High tyrosinase activity can accelerate the formation of black spots (Melanosis) in shrimp,
resulting in deterioration and shortened shelf life during refrigerated storage. Commonly,
sulfites and their derivatives, anti-browning agents, have been applied for the prevention
of melanosis in the food industry; however, they cause negative clinical effects for sensitive
people, including urticaria, flushing, dermatitis, hypotension, diarrhea, abdominal pain,
and asthmatic reactions. Treating whiteleg shrimp with coffee waste extracts also inhibited
the growth of aerobic microorganisms and Enterobacteriaceae, which can cause food
spoilage and a wide range of illnesses. Therefore, coffee waste extracts can effectively be
used as shrimp preservatives and alternatives for sulfite agents [319]. Moreover, recent
studies have highlighted the ability of antioxidants in coffee waste for raw, cooked, and
frozen meat preservation, such as beef [320], pork [321], and chicken [322].

Lipid and protein oxidation is recognized as a major cause of meat product dete-
rioration, which can negatively affect the flavor, color, texture, nutritional quality, and
shelf life [323,324]. To overcome these issues, synthetic antioxidants such as butylated
hydroxytoluene (BHT), butylated hydroxyanisole (BHA), propyl gallate (PG), and tert-
bytylhydroquinone (TBHQ) are commonly used; however, these synthetic agents have
been reported to have carcinogenic effects, resulting in health concerns [325].

Due to health concerns about synthetic antioxidants, natural antioxidants have been
examined. For example, rosemary extracts have been widely reported as effective inhibitors
of meat lipid oxidation [326-328], which are commercially used in the meat industry. Coffee
wastes, rich in natural antioxidants, have been considered as a promising candidate. Several
reports revealed the ability of spent coffee grounds to inhibit lipid oxidation, similar to the
effects of rosemary. Dark-roasted SCGs were found to have the greatest antioxidant effect
on raw beef, which significantly reduced thiobarbituric acid reactive substances (TBARSSs)
and aldehyde (especially pentanal and hexanal), which are associated with lipid oxidation
and rancidity, respectively [329]. This effect was comparable to the rosemary effect, which
had a greater effect when incorporated with sodium chloride. However, treating beef
with rosemary led to a higher redness quality than beef treated with SCGs, which is an
important factor that influences customers’ buying decisions [320]. Similar results have
been reported in the works of Hashimoto et al. [321] and Jully et al. [330]. They explored
the antioxidant effects of various coffee forms (ground, lyophilized brew, and spent coffee
grounds) on pork, focusing on raw, cooked, and frozen pork patties. The studies showed
the potential of dark-roasted coffee in different forms (especially lyophilized coffee) to
inhibit lipid oxidation in cooked and raw pork without inhibiting protein oxidation. The
antioxidant effects of this coffee treatment were comparable to rosemary extracts. In terms
of sensory qualities, the added coffee had a slight effect on the flavor changes on the third
day; however, it did not affect the participants” acceptability.

Another study evaluated the antioxidant activity of SCGs extracted by ethanol and
water as a preservative for chicken fillets over 15 days. The ethanol extracts showed a
higher total phenolic compound content, total flavonoid content, and antioxidant activity
compared to those obtained from water extracts, leading to effectiveness in preventing
lipid oxidation in chicken fillets, which is similar to or greater than synthetic antioxidants
(BHT). Surprisingly, added SCG ethanol extracts exhibited the ability to inhibit several
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food-borne bacteria strains (such as Bacillus cereus, Staphylococcus aureus, Streptococcus
faecalis, Pseudomonas aeruginosa, Salmonella sp., and coliform) and fungal strains (mold and
yeast). The values of total bacterial count (TBC) were in the range of acceptable limits for
fresh meat according to the International Commission on Microbiological Specifications
for Foods (ICMSF), while the meat treated with BHT was over the acceptable limits after
12 days [322].

Kim et al. [325] also observed the potential of SCG antioxidant activity extracted by
ethanol over the aqueous extraction. The result showed effectiveness in preventing lipid
oxidation in oil emulsions and raw meat. Nevertheless, the effectiveness was reduced
in cooked chicken patties after 3 days of refrigeration. Results similar to those reported
by Marques et al. [331] were obtained; TBARS values (an indicator of lipid oxidation) for
raw chicken burgers were found to be higher than the values of grilled burgers, but these
two values were still higher than the meat without coffee husk extracts. These results
could be attributed to the levels of antioxidant activity of treated meat, which is associated
with the concentration of bioactive compounds in the extracts. Furthermore, during the
cooking process, the meat matrix would be destroyed by heating and exposure to oxygen,
releasing phospholipids which would interact with pro-oxidants. Hence, pre-cooking
before storage tends to increase oxidation activity, making cooked meat deteriorate more
quickly compared to raw meat [332].

Overall, the studies collectively demonstrate that coffee waste can serve as a natural
antioxidant in various meat products. Its use not only reduces lipid oxidation and antimi-
crobial effects that cause food spoilage, but also maintains the sensory qualities and extent
of shelf life. The future of food preservation could see more widespread use of coffee as a
natural, sustainable additive in a variety of food products.

4.4. Biochemicals and Biomaterials

Coffee waste contains large amounts of crucial compounds, as shown in Tables 1 and 2,
which can be converted into valuable chemicals and materials, with potential for transfor-
mation into a variety of commercial products. For example, spent coffee grounds (SCGs)
have a high lipid content, which can be used in applications such as biodiesel produc-
tion [91,254,262], food additives [312], cosmetics [333,334], and poly-(-3-hydroxybutryate)
(PHBs) production [32]. Additionally, coffee waste is rich in polysaccharides, which can be
incorporated into polymer matrices such as high-density polyethylene (HDPE), polypropy-
lene (PP), polyethylene (PE), polylactic acid (PLA), etc., to create functional and eco-friendly
bioplastics and biocomposites. The utilization of coffee waste in polymer production has
been extensively reviewed [7,46].

Additionally, several bioactive compounds (Table 2) and organic acids such as citric
acid [335], gibberellic acid [336], lactic acid [337], succinic acid [338,339], and levulinic
acid [340] can be derived from coffee waste, serving as essential ingredients for the food
and pharmaceutical industries, as well as in monomeric production [341,342].

In food applications, coffee wastes show significant potential, being rich in bioac-
tive compounds and polysaccharides, which can be used to develop colorants [313] and
active packaging materials [343,344]. These materials not only provide antioxidant and
antimicrobial properties, but also maintain sensory and nutritional quality.

4.4.1. Natural Colorants

Regarding the colorant capability of coffee waste, coffee husk and coffee silverskin
have been reported to promote a darker color in coffee-added gluten-free bread, which
provides the typical color of whole-meal bread [270].

Similarly, it was reported that as coffee waste incorporation levels increased, the
bakery products were darker but they had subtle differences. For example, in comparison
with the control sample, the incorporation of cascara (pulp+husk) resulted in a redder and
more yellow color of bread [271], while SCGs led to a lower red and yellow color [314]. The
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distinct color appearance of various coffee wastes significantly depends on their chemical
compounds, which are further influenced by extraction methods [274,276].

Natural pigment compounds are typically classified into four groups, including be-
talains, chlorophyll, anthocyanins, and carotenoids, which are obtained from many parts
of plants, including, leaves, flowers, and fruit [345]. Focusing on the pigment of coffee
waste, anthocyanin is the majority compound found in coffee waste, particularly coffee
pulp and husk [346,347], which is related to the red color appearance in the bakery products
mentioned earlier. In addition, carotenoids (beta-carotene, lutein, and astaxanthin) are
highly found in coffee husk and pulp [64,348], while coffee silverskin and spent coffee
grounds have significant amounts of melanoidins, which are brown pigments obtained
from the Maillard reaction during the coffee-roasting process [349].

Melanoidins are high-molecular-weight compounds formed during the heat treatment
of food and during beverage processing through the Maillard reaction between reducing
sugars and amino acids. In coffee, melanoidins are found to have phenolic compounds,
particularly chlorogenic acids (CGAs), incorporated into their structure [350,351]. In the
incorporation of coffee waste in food production, melanoidins are strongly responsible for
the dark brown color of the products. One study on instant cascara beverages examined
the formation of melanoidins during the coffee cascara sun-drying process, indicating that
they play a significant role in the beverage’s color and flavor profile. As the concentration
of coffee cascara increased, the color of the beverage became darker, which was confirmed
by the similar UV-visible absorbance spectra to the caramel standard (E-150d). However,
the color significantly changed to a lighter and lower red tonality when the beverages
were exposed to a temperature over 40 °C and light for 72 h simultaneously; thus, a cooler
temperature and dark conditions seemed to be the best conditions to preserve the qualities
of the beverages [316].

Anthocyanins are responsible for a wide range of colors, from red to purple, which
have been developed in various food productions such as dairy products [352], drinks [353],
bakery items [313], confectionery items [313], etc. However, the utilization of anthocyanins
in food production is challenging due to their high sensitivity to all changes during food
production including the pH, temperature, light, the presence of other phenolic compounds,
solvents, proteins, oxygen, sugars, enzymes, sulfites, and metal ions [354-356].

For instance, the reaction between anthocyanins and phenols can generate a brown
color in prune juice [357]. Remarkably, among all, pH variations significantly influence the
anthocyanins’ structure changes, resulting in forming other compounds with a different
color appearance, including red (at pH below 2), colorless (at 3-6), purple (at neutral),
blue (at pH 7-8), and yellow (chalcone) (at 8-9) [354,358,359]. As such, anthocyanins
have been reported to have favorable stability conditions at a low pH and temperature
(<40 °C) [358,360].

Parra-Campos and Ordoéfiez-Santos [313] studied the utilization of coffee peel as a
natural pigment (anthocyanins) in French meringue. They found that the intenseness of
the color increased as the concentration of anthocyanins increased. Nevertheless, high
concentrations of anthocyanins resulted in high acidity, which negatively affected the
qualities of the meringue (shape, texture, and taste), because extremely acidic conditions
can cause the irreversible denaturation of protein, leading to a lower stability of egg
white foam.

Carotenoids have been reported to have poor stability during processing and stor-
age [359,361]. On the contrary, carotenoids favor stability at a high pH and moderate heat,
but are highly sensitive to oxygen, light, peroxide, acid, heat metal ions, and enzymes,
which cause oxidation and isomerization [355,362].

To overcome this issue, encapsulation techniques have been evaluated to increase
the stability of natural color compounds and protect these pigments [363-365]. Therefore,
prior to applying anthocyanins and carotenoids as natural pigments in food or dietary
supplement products, a stabilization process is required.
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Using these natural compounds as alternative colorants not only contributes to promot-
ing food quality but tends to increase health benefits due to their antioxidant, antimicrobial,
anti-inflammatory, antihypertensive, or prebiotic activity, compared to synthetic coloring
agents [62,363,366].

4.4.2. Active Food Packaging

Food packaging, another food-associated application, is used for protecting food
from environmental contamination, further damage, and decaying during storage and
transportation. In terms of active packaging, some additional functions have been designed
to meet the requirements of food, preserving freshness, improving quality and safety, and
extending the shelf life. This type of packaging typically works by absorbing or releasing a
substrate that is associated with food property changes, including oxygen, water, ethylene,
carbon dioxide, and antimicrobial and antioxidant agents [367,368].

Coffee wastes are rich in polysaccharides, which are considered as natural polymers,
and antioxidants (phenolic compounds and caffeine), resulting in several beneficial proper-
ties, which make them a promising substance for incorporation into biopolymer matrices
for active food packaging. To utilize coffee waste in food packaging, it can be applied
in a raw form with or without modification, and as extracts into several biopolymers
such as polylactic acid (PLA), polybutylene adipate-co-terephthalate (PBAT), starch, and
carrageenan, among others.

Using raw coffee waste without modification has advantages, as it is simple to process,
with a reinforcing ability. The coffee waste is dried, then milled into powder, and passed
through a sieve before being incorporated into polymer matrices. For example, coffee
silverskin (CS) powder has been applied in polylactic acid (PLA) and PLA /Polybutylene
succinate (PBS) composites. The addition of CS could improve the elastic modulus, crys-
tallinity, and biodegradability of the composites. However, at higher amounts of CS, a
reduction in the tensile strength and a 7% decrease in the water contact angle was observed,
indicating that CS slightly increases the hydrophilicity in the polymer matrix [369].

Similar results were observed when spent coffee grounds (SCGs) were used as a
filler in polybutylene adipate-co-terephthalate (PBAT) composites. Compared to coffee
silverskin, SCGs showed more hydrophilic behavior, with a higher 50% decrease in the
tensile strength and 30% reduction in the water contact angle at the same amounts of coffee
silverskin added. This indicates that SCGs significantly decrease the hydrophobicity of
PBAT composites. To address this issue, the author added PEG as a plasticizer, which had a
positive effect by improving mechanical properties and thermal stability. This improvement
was attributed to the enhanced SCG dispersion and compatibility in PBAT composites [370].

As aforementioned, the compatibility of substances in the polymer matrix is a crucial
factor for the improvement in mechanical properties of biocomposites. Several pretreatment
processes have been proposed to improve interfacial adhesion between coffee waste filler
and the polymer matrix, resulting in better mechanical properties. For example, the salin-
ization of coffee silverskin before incorporation into polybutylene adipate-co-terephthalate
(PBAT)/Poly-3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) composites exhibited en-
hanced interface compatibility between CS and biopolymers, resulting in a high tensile
strength and ductility [371].

The torrefaction of spent coffee grounds (SCGs) at 250 °C and 270 °C) can improve
SCG hydrophobicity by degrading water-attracting functional groups. During heating
treatment, less stable compounds such as hemicellulose and some parts of cellulose were
broken down, leading to reduced hydroxyl (-OH) and carbonyl (C=0O) groups, which
can enhance moisture resistance in the composites. The incorporation of torrefied SCGs
into PBAT composites enhanced SCG dispersion in the PBAT matrix, leading to improved
mechanical properties and thermal stability. Although the tensile strength of the composites
increased with 10 wt% of torrefied SCGs, the values decreased with an increasing SCG
content [372]. This result is associated with the interfacial adhesion between the fiber
and polymer matrix [371]. At a higher fiber content, it can cause an agglomeration effect
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within the polymer matrix, leading to non-uniform dispersion and the discontinuity of the
polymer matrix, resulting in a lower tensile strength [373,374].

The development of functional composites is another possible application of coffee
wastes, as these materials contain antioxidants. Typically, coffee waste extracts have been
applied as a source of phenolic compounds in a polymer matrix. The ethanol extraction of
coffee parchment (CPm) yields significant amounts of phenolic compounds, including gallic,
chlorogenic, p-coumaric, and sinapic acid, along with caffeine, which is a major component
of the extracts. The addition of the CPm extracts into gellan gum films demonstrated
antifungal properties, which are related to the presence of antioxidants and caffeine. The
resultant films showed the significant inhibition of fungal growth against Fusarium sp.,
C. gloeosporioides, and F. verticillioides. In addition, the presence of CPm extracts increased
film thickness, while decreasing the humidity and water activity of the film [79].

Coffee cascara extracts combined with gelatin and glycerol yield a dark yellowish
edible film, with significant antioxidant activity that retained strong activity (>45%) even
after tenfold dilution. The film showed good water vapor and oxygen barrier properties,
which can be varied depending on the concentration of glycerol and gelatin content due
to the hydrophilic properties of substances. Coating roasted hazelnuts with the cascara
film effectively maintains their quality and potentially doubles their shelf life compared to
uncoated hazelnuts, due to the film's efficient inhibition of lipid oxidation. However, the
color and taste of the cascara-based coatings need to be developed to meet the consumer’s
satisfaction [375].

Phenolic extracts and cellulose fibers from coffee husk (CH) showed a positive effect
on thermoplastic starch films, which provided significant antioxidant and antibacterial
activity against L. innocua and E. coli. In addition to the active extracts, the water vapor
permeability (WVP) and oxygen permeability (OP) were reduced by 30% and 50-85%,
respectively, depending on the extract’s concentration. CH fiber has no effect on barrier
properties but improves mechanical properties [376]. Similarly to the incorporation of
CH extracts and CH-derived carbon dots (CDs) into carboxymethyl cellulose (CMC), the
resultant film exhibited high water and gas barrier properties, high antioxidant activity
with 95.1% DPPH, and antibacterial efficiency against L. monocytogenes (51.2%) and E. coli
(46.6%), which are bacteria that causes foodborne illness. Moreover, the developed films
displayed a brownish hue, which significantly changes depending on the concentration
of coffee husk incorporated. The films also exhibited the capability to block UV light
(especially in a range of 200—400 nm). According to the findings, these formulations are
suitable for active food packaging, which is confirmed by preservative testing of fresh-cut
apples. Fresh-cut apples commonly have a short shelf life due to exposure to air, moisture,
and microbial contamination; using the resultant films can slow down its browning and
weight loss, and prevent bacterial growth, resulting in extending the shelf life up to 7 days
at 4 °C [377]. The effect of phenolic-rich coffee extracts on UV light absorption was reported
by [373,377].

SCG extracts exhibited greater UV light barrier properties when incorporated into
whey protein edible films compared to the control sample, which has the capability to block
UV light (at 280-350 nm). The extracts also resulted in increased antioxidant activity of
the films up to 73.2%, which retains a high of 60.9% after 12 months of storage. However,
the SCG extract tends to increase the water vapor permeability of the films, probably due
to increasing hydrophilic characteristics from phenolic compounds in the extracts. This
implies that the films have a lower moisture prevention ability when incorporated with
SCG extracts [378].

On the contrary, incorporating oil extracted from SCGs resulted in a decreasing tensile
strength and water content of the edible k-carrageenan film, due to the hydrophobic
property of SCG oil. The low water content of the edible film is an advantage for preserving
food quality, because the high water content in the package or film can ingress into food
and accelerate food deterioration [379].
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Isolated cellulose nanocrystals (CNCs) fractionated from coffee husk demonstrate
significantly improved properties of corn starch/PLA blend films, compared to cellulose
fiber (CF). When combined with CNCs, the films exhibited a 148% increase in elastic
modulus and a 45% improvement in tensile strength, resulting in significantly enhanced
stiffness and strength. However, the effectiveness of CNCs as a reinforcement depended
on the method of incorporation, with better results achieved when CNCs were directly
applied at the starch phase. Moreover, the water vapor permeability (WVP) and oxygen
permeability (OP) in CNC-reinforced films decreased by 28% and 42%, respectively, while
the OP of CF-incorporated films increased by 40% [380]. All these findings are associated
with the crystalline structure of the blended films, since the nanoscale of CNCs leads to
good dispersion and strong interaction with the polymer matrix, forming stronger and
more durable films. Simultaneously, a tortuous path within the matrix was promoted
during the formation of a hydrogen-bonded structure and percolation network, which
impeded the penetration of H,O, O,, and CO; through the films. This effect significantly
improves the blended films” mechanical, thermal, and barrier properties [380].

In a similar study [381], it was discovered that the properties of PLA nanocomposite
films significantly improved with the addition of cellulose nanocrystals (CNCs) extracted
from coffee silverskin (CS). However, the tensile strength decreased at higher concentra-
tions of CS-CNC (e.g., 5%). This reduction could be attributed to the agglomeration of
CNCs, leading to poor dispersion and weaker interfacial bonding. As a result, the study
recommended an optimal CS-CNC content of 3%.

In a related study, Yang et al. [377] observed a similar trend to a previous study
on CMC-based composite films. They found that an optimal concentration of nano car-
bon dots (CDs) at 3% significantly enhanced the tensile strength and elasticity modulus,
greatly improving the film’s mechanical durability. The film’s tensile strength increased
by 130% compared to the pure CMC film but showed a tendency to decrease at higher CD
concentrations.

Consequently, the addition of coffee waste to these polymers can enhance not only
mechanical properties such as tensile strength and flexibility, but also functional properties
including antioxidant and antimicrobial activities, and the barrier effect. These enhance-
ments make them suitable for active food packaging. The specific reinforcement functions
in final products can be determined by material selection and incorporating methods.

5. Navigating the Path to Commercialization: Current Status and Key Challenges
5.1. Present Commercialization Situation

According to the literature review, coffee wastes are generated in high amounts
annually and have been commonly discarded in landfills [40,108]. Remarkably, there
are several essential compounds found in coffee waste such as proteins, fibers, lipids,
antioxidants, and bioactive compounds that have potential benefits in various applications
such as agriculture, energy, food, pharmaceuticals, personal care products, and plastics,
among others. Utilizing coffee waste into valuable products has gained significant attention
in recent decades, since they are not only reducing environmental impacts and costs related
to waste management but also creating new revenue streams for coffee farmers and coffee-
related processors.

Integrating coffee waste into the food supply chain could help increase consumer
demand for sustainable products, since consumers become more aware of their ecological
footprint, and the appeal of upcycled, waste-reducing products increases. Coffee waste has
been particularly appealing in the eco-conscious market, where both environmental and
health benefits influence purchasing decisions.

Recently, several startups and established companies have been creating novel prod-
ucts, offering products ranging from coffee cultivation to products in the processing sector,
such as fertilizers, biofuels, food ingredients, beverages, food preservation items, and
packaging items, as shown in Table 5. Spent coffee grounds (SCGs) are more favorable for
large-scale upcycling compared to other coffee wastes due to their high content of bioactive
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compounds that can be used as raw materials in various industries, as mentioned earlier.
Additionally, SCGs are the biggest form of waste generated from coffee beverage produc-
tion annually worldwide [382], particularly in developed countries that have advanced
processing technologies and higher investment capabilities for upcycling [383,384].

For instance, Nestlé, the world’s largest company in the coffee market [385], produces
over 800,000 tons of coffee products annually [383]. Considering the substantial waste
generated from coffee production, Nestlé has converted this waste into alternative energy,
which aims to use SCGs as fuel in all Nescafé factories. This approach allows Nestlé to
reduce waste and energy consumption by approximately 20% per ton of production, while
also decreasing CO, emissions by more than 48,000 tons per year [386]. Similarly, small to
mid-sized companies such as Bio-bean, Caffee Inc., Coffeefrom, Ecobean, Kaffee Bueno, and
Kaffeeform have established strategies to transform coffee waste into valuable products.
In the case of Bio-bean, spent coffee grounds collected from coffee-related businesses in
the UK have been converted into products including coffee logs, biodiesel, and other
coffee-based materials. However, the drying of SCGs leads to high production costs due
to high energy requirements. Despite its innovative efforts, Bio-bean collapsed in 2022
due to a major equipment fire and financial challenges related to reconstruction costs and
inflation [387-389].

In contrast, other types of coffee waste such as coffee pulp, coffee husk, and coffee
parchment are not frequently upcycled on a large scale. These waste materials generally
remain in coffee-producing countries, which are predominantly in developing regions with
limited access to information, infrastructure, technologies, and investments. The lack of
these resources leads to fewer innovations and scale-up opportunities for the utilization
of coffee waste. Furthermore, using coffee waste in food products requires strict testing
and regulation to ensure food safety, as coffee pulp and mucilage are more susceptible
to microbial contamination, necessitating significant handling and treatment processes.
Therefore, laboratory analyses and food safety guarantees are essential, which increases
the difficulty of developing scalable and cost-effective solutions [390].

Collaboration with large companies in developed countries could help to overcome
these challenges. For example, companies like Nestlé, Starbucks, and The Cherry Coffee co.
are partnering with coffee farmers to upcycle coffee waste such as coffee pulp and husk,
creating new valuable products, helping farmers manage coffee waste, and generating
additional revenue streams.
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Table 5. Current landscape of coffee waste commercialization.

Main

Company/

City/

Application Application Type Coffee Waste Project Country Financial Report Finding Ref.
o Growing high-quality oyster
mushrooms and chicory in SCGs
e Profit in 2023 of EUR combined with fruit peeling
Substrate for growin: . Brussels, 87,000 (USD 95,000). and straws.
mushroom 8 & sCGs PermaFungi Belgium e  Gross margin of EUR e Harvesting over 1000 kg of mushroom ~ [391-394]
483,000 (USD 530,000). and chicory monthly.
e Recycling over 61 tons of SCGs
since 2014.
e A small Irish coffee roasting business
Coffee silverski Imbibe coft Dubli that delivers wholesale roasted coffee
C t offee silverskin mbibe cottee ublin, N/A to over 80 cafés and restaurants. 395
Ompos (Chaff) roasters Ireland / e  Providing high nitrogen content coffee [39]
chaff to improve soil health for free.
Agriculture
FY2023
e  Total organic growth reached
7.2%, a decrease of 1.5%.
e  The trading operating profit
(TOP) margin was 15.6%.
. e  Total sale revenue CHF e  Using SCGs to make compost and
Compost SCGs Nestle Switzerland 93 billion (USD 108 billion). fertilizers by local winemakers. [397,398]

e Nearly 27% of this revenue
came from the Powdered
and Liquid Beverages
category including coffee,
cocoa, and malt
beverages [385,396].
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Table 5. Cont.

Main
Application

Application Type Coffee Waste

Company/
Project

City/

Country Financial Report

Finding Ref.

Agriculture

Compost SCGs

Starbuck

FY2023

. Total net revenue of USD
36 billion, increased by
12% compared to FY2022.
usAa . Cash and investments were

USD 4.2 billion.
e International operating
margin of 16.4% [399].

e  Creating the program “Grounds for
Your Garden” to encourage customers
to recycle their coffee grounds.

e  Providing free SCGs for interested
customers to enrich soil and plants, as
well as to repel common garden pests
(ants and slugs).

e  Noting that SCGs are provided in
some stores in the USA, Canada,
and Thailand.

. Aiming to reduce carbon, water, and
waste by 50% by 2030.

[400,401]

Biofuels and
Bioenergy

Biomass pellet, Fire

log, Biodiesel SCGs

Bio-bean

Total equity funding is
approximately USD 7.3 M in

Cambridgeshire,
UK 7 rounds (2014-2022).

e Collecting and processing
approximately 50,000 tons of
SCGs annually.

e  Reducing 6.8 tons of CO, emissions for
every ton recycled.

e  Providing various products such as
coffee logs, biomass pellets, biodiesel,
and bio-based raw materials for other
applications (bioplastic).

e  The processing involves sifting and
drying SCGs before organic solvent
extraction to remove any remnants of
coffee odor and oil that are processed  [387-389,402]
to biodiesel.

e The solid remaining is filtered and
pressed into pellets.

e The company collapsed in March 2023
due to factory fire and
monetary inflation.

e  The drying SCGs process requires high
energy and bespoke machinery,
leading to high production costs.

o The company’s assets were acquired
by Envar Composting Ltd. (UK) in
July 2023.
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Table 5. Cont.

Main
Application

Application Type

Coffee Waste

Company/
Project

City/

Country Financial Report

Finding Ref.

Biofuels and
Bioenergy

Biomass (for
steam boiler)

SCGs

Nestle

Australia

Biogas

SCGs

Nestle

As mentioned above in Nestlé
company.

Switzerland

Biomass (for
steam boiler)

SCGs

Nestle

Spain

Generating energy from SCGs and
sawdust, more than 113,274 gigajoules
in 2020 (about 60% of the energy used
by the factory).

Providing steam power for the Nescafé
factory in Gympie, Queensland.
Reducing waste transportation [403]
and disposal.

Investigating the potential utilization
of coffee production by-products as
components for bio-based

packaging materials.

Partnership with Groupe E Greenwatt.
Generating biogas from fermented
SCGs and providing electricity for the
HENNIEZ bottling plant and the
Swiss power grid.

Using 3800 tons of SCGs per year for
biogas plants (accounted for 13% of
total organic co-substrates).

[397,398]

45,000 tons of coffee grounds are
generated annually at Nestlé’s

Girona factory.

Aiming to generate steam from 80% of
the SCG production.

Annually, 125,000 tons of steam will be
generated, representing a 25%
reduction in natural gas consumption.

[404,405]
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Table 5. Cont.

Mai - C / City/ g ] g
A;;;Il‘ication Application Type Coffee Waste P:J}::Einy Ct»tl)l,ntry Financial Report Finding Ref.
e  Partnering with Douwe Egberts
Master Blenders (DEMB) to develop
reusing SCGs and reduce the
FY2023 company’s consumption of natural gas
e  Sale revenue of EUR for instant coffee production.
45 billion (USD 49 billion), e  Veolia is a developing service company
i Biomass (for steam ) growth of +9% at constant that helps find solutions for partners.
gigiﬁf’g;nd boiler) ( SCG Veolia Netherlands scope and exchange rates. e Suppling SCGs in a boiler to generate ~ [#06-409]
e Increasing current net steam for a drying and combustion
income up +14.9% to EUR system.
1.3 billion (USD 1.5billion). ¢ Using 33,000 tons/year of SCG.
e  Reducing 70% of CO, emissions
(equivalent to 14,000 tons of
CO, /year).
e  Creating a network of partners to
collect SCGs in the Netherlands.
Funding USD 4.4 million (EUR e  Saving 400 kg CO, with every ton of
. . : ; ) unding - mutlion (Bt processed SCGs.
Brlsjchemlca]s Eﬁ%};gﬁltlscal& SCGs Caffeinc.nl ﬁgﬁs{frrgil;s’ 4 million) by Amsterdam Chmate e Providing raw materials for personal [410-412]
aBiomaterials and Energy Fund (ACEF) in 2022. care, biomaterials, and coffee colorants

for eco-friendly dyes with a capacity of
850 tons/year.




Processes 2024, 12, 2851 45 of 69

Table 5. Cont.

Main

Company/ City/
Application

Application Type Coffee Waste Project Country

Financial Report Finding Ref.

e Developing
SCG-incorporated thermoplastics.

e Processing 600 tons of SCGs annually.

e Mainly suitable for injection molding
and 3D printing in various
applications including automotive,
tableware, and packaging products.

e  Collaborating for R&D with the
Department of Chemistry “Giulio
Natta” of the Politecnico di Milano
and Fondazione Politecnico di Milano.

e  Filing patent application for
“extraction of nanocellulose from the
coffee ground and its

g offeefrom starteél with d seed . fililrlrfit;?gntaohiznaglirg;; SCGs contained at
i i tstrapping an urs
aBrllcéchemlcals Polymers SCGs Coffeefrom Italy ir?‘?e:tmgrﬁ ir% 2023 stkelioueghstehee least 50% in the developed materials. [413,414]
Biomaterials Terra Next accelerator program. o  Creating many sustainable materials

including the following:

e 100% biodegradable material from
PLA and SCGs (10-20% in variable
composition).

e 100% recycled material from SCGs
(10%) and recycled LDPE which is
flexible, lightweight, and
translucent properties.

e  High thermal resistance material
combining from HDPE and
SCGs (10%).

e  Collaborating with local social
enterprises and creating a social
economy impact.
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Table 5. Cont.

Main
Application

.. Company/
Application Type Coffee Waste Project

City/
Country

Financial Report

Finding

Ref.

Biochemicals
and
Biomaterials

Coffee oil, Antioxidant
compounds, Polymers, SCGs Ecobean
and Lignin

Poland

Total equity funding of USD
9.59 million (2022-2023).

Aiming to introduce coffee-derived
chemicals to the market with the
lowest carbon footprint possible.
Expecting to process up to 1000 tons of
coffee waste annually.

Developing a process for completely
valorizing coffee waste into
low-carbon footprint chemicals by
collaborating with Warsaw University
of Technology.

Generating sustainable chemicals
including the following:

Coffee oil: rich in aroma and color, also
abundant in fatty acids and
antioxidants, such as caffeine, vitamin
E, sterols, tocopherols, and diterpene.
Antioxidants: rich in polyphenols

and flavonoids.

Polylactide (PLA): biodegradable and
compostable polymer with properties
similar to PET and PS.

Protein additives: powder combining
of gypsum and lactic acid bacteria
(rich in proteins and vitamins).
Lignin: constituted about 20-25% of
dry coffee waste.

Inventing technology for fractionation
of coffee oil extracts to be used as fuels’
additive, collaborating with Prio liquid
fuels distributor.

Building collaboration with other
companies such as Starbucks, Delta,
Vattenfall, and Econti to create a
sustainable community.

[415,416]
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Table 5. Cont.

Main

Company/ City/
Application

Application Type Coffee Waste Project Country

Financial Report Finding Ref.

e Working with the coffee farmers in
Yunnan, (glhinz;).l 4 ol
Eco-composite . ) e Creating durable and reusable cups.
polymer to Coffee husk Huskee Australia ﬁ?éies?aﬁg;i;}rﬁlnali;[sn 112%’%) 0 via Preventing 600 tons of coffee husk [417-420]
reusable cup paignm ) waste diverted from landfill.
e  Selling around 2.67 million Huskee
cups in 57 countries.

e The world’s first coffee biorefinery.

e  Using sustainable technologies
including green chemistry, biotech,
and nanotechnology to produce
valuable compounds from
coffee waste.

e  Processing 500 tons of coffee grounds
annually, with plans to expand to a
capacity of 1500 tons soon.

e  Generating active and multifunctional
ingredients for a wide range of

. . industries, including the following:
aB;lc:ichemmals e  KAFFOIL: coffee—de%ived lipophil(oi’c
Biomaterials extracts for personal care and

cosmetic formulations.

e  KLEANSTANT: bio-based anionic

Total equity funding of USD surfactant with cleansing, emulsifying,
8.13 million (2020-2024) with foaming, and antioxidative properties. = [421-424]
annual revenue of USD 28.7 K. e  KAFFAGE: amphiphilic biopolymer

extracted from defatted coffee,

containing high polyphenolic groups,

benefits for anti-aging and sun care.

e  KAFFIBRE: a natural exfoliating
ingredient with a particle size of <150
um, replacing plastic microbeads and
contributing to a more gentle and
scratch-free exfoliation.

e  KAFFAIR: active ingredient for hair
and scalp which helps fortify cuticles
and follicles, defending against hair
loss (available test in vitro, now
ongoing in vivo).

e Ongoing development of upcycled
coffee waste for animal health and
agrochemical industry.

Biochemicals,
Antioxidant Copenhagen,
compounds, Bio-oil, SCGs Kaffe Bueno Denmark

and Polymers
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Main
Application

Application Type Coffee Waste

Company/
Project

City/
Country

Financial Report

Finding

Ref.

Biochemicals
and
Biomaterials

Polymer SCGs

Kaffeeform

Berlin,
Germany

Private financing of EUR
40,000 (USD 44,000) in 2016.

Petroleum-based free materials.
Generating from coffee grounds

and biopolymers.

For the processing, SCGs are collected
from local cafés by bicycle, and then it
is dried and processed with other
plant-based polymers.

Transforming them into lightweight
and durable materials that can be
molded into various shapes and sizes.

[425,426]

Coffee Pulp +

Polymer Silverskin

PTT

Thailand

. Total revenue THB
3.2 trillion (USD 95 billion).

e Net profit margins of 4.94%.

e Net profit growth of 22.87%
in FY2023.

Combining coffee chaff with other
polymers to create bioplastics,
commodity plastics, and

recycled plastics.

Producing either non-biodegradable or
biodegradable plastic.

Coffee chaff-derived bioplastic is 100%
degradable with 2-5 years of lifespan
depending on the thickness and
biodegradability.

Reducing manufacturing costs,
particularly for bioplastics.

These materials are safe for

food contact.

[427-429]

Food
ingredients
and

nutraceuticals

Beverage (called

NESCAFE NATIV
Cascara)

Coffee husk
(Cascara)

Nestle

Australia

As mentioned above in
Nestlé company.

A carbonated soft drink based on
organic cascara with free from
preservatives, artificial colors,

and flavors.

Infusing sun-dried cascara with water
and native Australian botanical
flavors, obtaining unique flavors with
floral and fruity.

Containing caffeine content as the
same as one cup of coffee.

Reducing waste from coffee farming
and providing farmers with a new
revenue stream.

[430,431]
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Table 5. Cont.

Main
Application

Application Type Coffee Waste

Company/
Project

City/
Country

Financial Report

Finding

Ref.

Food
ingredients
and
nutraceuticals

Beverages (called Coffee husk
Cascara Latte) (Cascara)

Starbuck

USA

As mentioned above in
Starbucks company.

Coffee latte with cascara syrup and
cascara sprinkle (first introduced

in 2017).

Making a syrup by boiling coffee husk
with water and sugar.

Mix coffee husk extracts with cane
sugar for a cascara sprinkle.

It can be used in various food products
including in bakery and beverages.

[432,433]

Beverage

(called Tabifruit) Coffee husk

Supracafe Ltd.

Spain

The total amount of the operation
was EUR 600,000 (USD 658,000)
in 2017.

Producing 365,000 kg of coffee
annually, accounting for 50 million
cups of Arabica coffee.

Creating infusion tea bags from coffee
husk combined with other fruits (such
as passion fruit, orange, and berries) to
make flavor and aroma varieties of the
beverage.

Containing high

antioxidant properties.

[434-436]

Functional ingredients

for food products Coffee cherry pulp

The Coffee
Cherry Co.

Seattle, USA

N/A

Producing highly nutritious coffee
cherry powder (11.4 g of protein, 51 g
of fiber, 530 mg of caffeine per 100 g of
coffee cherry powder).

Creating new jobs at coffee processing
mills, particularly for women in
coffee-growing communities.
Decreasing CO, emissions by reducing
fruit decaying in the field.

Creating new revenue for farmers.

[437]
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5.2. Challenges and Constraints

To minimize waste and balance ecological, social, and financial sustainability in the
coffee value chain, several challenges and constraints must be faced for successful industrial
applications on both the producing and consuming sides. On the production side, technical
barriers present significant challenges to the transition towards a circular economy, indi-
cating a lack of necessary technologies to implement circular economy practices [267,438].
Many of the valorization technologies remain at the laboratory stage. Scaling up from
the bench scale to the pilot scale and ultimately to the industrial scale is very crucial and
requires significant investment and effort. Additionally, there is a need for innovative,
cost-effective technologies that can more efficiently extract specific components from coffee
waste while reducing the overall costs of product development [439]. Knowledge mobi-
lization and technology transfer from leading companies, typically based in developed
countries, to local firms in agricultural nations rich in upstream waste resources, will signif-
icantly accelerate the international utilization of coffee waste. Economic feasibility is also a
key element to evaluate the profitability of the process. However, there is relatively limited
research focused on economic investments. For instance, the use of coffee husk waste to
produce animal feed and cascara tea was investigated, showing the potential for these
products [440]. Additionally, another research studied biodiesel production from spent
coffee grounds (SCGs), comparing SCGs with eight other common oil feedstocks. They
found that producing biodiesel from SCGs required the highest initial capital investment
(USD 15,120,000), but the lowest operational cost (USD 1,913,250 per year) compared to
other feedstocks. SCG biodiesel had the lowest operating cost at USD 0.24/kg, while other
raw materials were significantly more expensive, including peanut oil (USD 1.78), tallow
(USD 1.35), rapeseed (USD 1.19), coconut oil (USD 1.09), soybean oil (USD 1.06), sunflower
oil (USD 0.99), palm oil (USD 0.87), and Jatropha oil (USD 0.77) [441]. Recent research also
highlights the use of coffee grounds in biorefinery processes. One study [92] explored the
supercritical fluid extraction (SFE) of SCGs for biorefinery. The process involved operating
24 h a day, 330 days a year, with three 1 m3 extraction beds, and a 2 h extraction time at
300 bar and 50 °C, using 30 kg of CO; per kilogram of SCGs per hour. This setup resulted
in an optimal production yield of 454 tons of SCG oil per year, costing EUR 2.4 million
(including labor, utilities, waste treatment, and raw materials), with a net income of EUR
56.6 million. For producing bioethanol using multiple coffee crop residues (stems, pulp,
and mucilage), its production cost is USD 0.504-0.515 per liter for large, medium, and small
capacity. The CO, emissions were slightly affected by the scale of the plant [442]. Regard-
less of how environmentally friendly a method may be, it will not succeed in industrial
production if it fails to provide sufficient economic benefits to cover all costs and generate
income. This perspective aligns with findings from various studies emphasizing the im-
portance of economic feasibility in the adoption of biorefinery technologies [267,443,444].
Therefore, a holistic viewpoint of technological-economic—environmental evaluations, in-
cluding techno-economic analysis (TEA) and life cycle assessment (LCA), along with the
inclusion of life cycle emission costs, is necessary for decision-making.

The heterogeneity of wastes from various sources, influenced by coffee type, brewing
method, and processing conditions, complicates the standardization and optimization of
extraction processes [445]. This variability can lead to inconsistencies in yield, quality,
and consistency of the extracted compounds, making it challenging to develop universal
extraction methods suitable for all types of coffee waste [446]. Logistical difficulties, par-
ticularly the collection of SCGs from coffee shops and households, also pose significant
obstacles [445]. The viable pathway towards circular bioeconomy is significantly influ-
enced by logistical challenges associated with the collection and transportation of raw
materials [267]. Due to the relatively small volume of coffee grounds generated from coffee
shops, these establishments often lack the time and human resources necessary to manage
recycling efforts independently [447,448]. Community engagement would be essential for
advancing the circular economy of coffee waste, involving various stakeholders, partic-
ularly the agricultural stakeholder network, including, e.g., farmers, local communities,
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and agricultural cooperatives for upstream coffee waste, and the brewing stakeholder
network, comprising roasters and coffee shops, as well as waste management services, to
support effective collection, repurposing, and upcycling initiatives. Laws and regulations
are addressed in the literature on challenges to circular economy [438,449,450]. Regulatory
drivers appear to be the most prevalent type of circular economy drivers [451]. Regulatory
interventions ensure safety in circular economy innovation. So, regulations should be
tailored to fit the specific needs and capabilities of different players in the industry [452].

On the consuming side, consumer interest and awareness of circular economy prod-
ucts, especially those derived from coffee waste, are growing, driven by sustainability
trends and eco-consciousness. Consumers play a pivotal role in the loop of the circular
economy. Their purchasing decisions, preferences, and behaviors directly influence the
demand for sustainable products and the success of circular practices [453,454]. Consumers
are generally willing to engage with circular economy products but may be obstructed by
practical barriers such as insufficient product information and market availability. Price,
satisfaction, and the quality of products (including durability and repairability in cases
such as container and furniture applications) remain key factors influencing purchasing
decisions [438,453,455]. Consumer behavior: The role of consumers and users in the circular
economy is powerful, as it can drive shifts in purchasing habits and influence how products
are utilized [456]. Circular behaviors extend beyond individual products and are deeply in-
tegrated into consumers’ lifestyles. As consumers actively engage in initiatives supporting
the circular economy, factors such as food supply security, convenience, and social pressure
to recycle emerge as powerful motivators driving their participation [456,457].

6. Conclusions

The availability and variety of coffee waste—including pulp, husk, mucilage, and
parchment from the upstream process of deriving green beans, silverskin (coffee chaff), and
spent coffee grounds from the downstream processes of roasting and brewing—position
these materials as promising raw inputs for biorefineries aimed at a bio-circular economy.
Numerous researchers are exploring the various components of these by-products, and in
recent years, several viable options for their utilization have emerged, which were discussed
in this review. The authors consolidated the research and development on coffee waste
valorization into four categories: (1) agriculture, (2) biofuels and bioenergy, (3) biochemicals
and biomaterials, and (4) food ingredients and nutraceuticals.

Despite the extensive research conducted, the application of coffee waste remains
largely limited to an industrial scale. This review summarized the current commercial-
ization landscape worldwide. Among these materials, spent coffee grounds (SCGs) are
the most favorable for large-scale upcycling, followed by husk and silverskin. SCGs are
commercially upcycled for applications across almost all categories, including agricul-
ture (as composting materials), biofuels (such as biodiesel and biogas), biomass for steam
boilers, and biochemicals and biomaterials (including coffee oil, antioxidant compounds,
polymers, and colorants). However, in the food ingredients and nutraceuticals category,
coffee husk predominates. The challenges and constraints involved in navigating the path
to commercialization were also discussed.
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