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Abstract: In recent years, the circular economy and sustainability have gained attention in the food
industry aimed at recycling food industrial waste and residues. For example, several plant-based
materials are nowadays used in packaging and biofuel production. Among them, by-products
and waste from coffee processing constitute a largely available, low cost, good quality resource.
Coffee production includes many steps, in which by-products are generated including coffee pulp,
coffee husks, silver skin and spent coffee. This review aims to analyze the reasons why coffee waste
can be considered as a valuable source in recycling strategies for the sustainable production of
bio-based chemicals, materials and fuels. It addresses the most recent advances in monomer, polymer
and plastic filler productions and applications based on the development of viable biorefinery
technologies. The exploration of strategies to unlock the potential of this biomass for fuel productions
is also revised. Coffee by-products valorization is a clear example of waste biorefinery. Future
applications in areas such as biomedicine, food packaging and material technology should be taken
into consideration. However, further efforts in techno-economic analysis and the assessment of the
feasibility of valorization processes on an industrial scale are needed.

Keywords: circular economy; food industrial waste; coffee waste; biotechnological conversion;
biofuels; polymerisation; material production; zero waste

1. Introduction

While the world experiences climate change and every year authorities adopt more sus-
tainable policies, the scientific community is investigating more environmentally friendly
solutions for the exploitation of food industrial residues.

Waste management encompasses reuse, repair and recycling. Food waste, either
derived from the agri-food industry or produced at the household level, is a good source of
renewable raw materials. A large amount of food waste is generated in the EU, an estimate
of approximately 100 million tons per year, nearly 30% of which comes from the agri-food
supply chain [1]. Such a production of waste and by-products induces high environmental
impacts in terms of land use and a high carbon footprint and blue water footprint [2]. The
global production of food waste is estimated to increase over 200 million tons by 2050 [3].
Therefore, an efficient waste management is necessary.

In parallel, it is known that today most commercially available organic chemicals,
synthetic polymers and fuels are derived from oil resources. The use of fossil sources brings
about a challenge in resource availability, cost fluctuation and very high impact in terms of
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carbon dioxide footprint and environmental consequences. For these reasons, chemical
industries seek sustainable and innovative strategies in order to replace the traditional
petroleum-based polymers and resins with new products that can still perform like their
synthetic counterparts [4].

Indeed, the bio-based market keeps growing despite the fact that bio-sourced plastic
represents only 1% of the 368 million tons of plastic produced annually. However, the
total bioplastic production capacity is predicted to increase from 2.11 million tons in 2020
to 2.87 million tons in 2025 [5]. The most valuable alternative to fossil-based resources
for the production of monomers and polymers is renewable biomass from vegetal and
animal origin, preferably derived from agro-food waste and by-products, in order to avoid
competition on the land use for the production of food and feed [2].

The search for sustainable alternatives to petro-sources has become increasingly inter-
esting also in obtaining fuels from bioresources. The conversion of biomass to biofuels can
be achieved via two major pathways, i.e., biochemical and thermochemical treatments [6].
A suitable biomass for biofuels production is characterised by a high content in sugar,
starch or oils. Bioethanol and biodiesel constitute the main products, mostly meant for
transport purposes. In this context, the energy produced from non-food/feed biomass
would allow for a neutral carbon dioxide balance as natural ecosystems are currently
unable to absorb CO, and other greenhouse gas emissions in the natural cycle. In the
European Union, the political targets for climate and energy by 2030 are: a 40% reduction
in greenhouse gas emissions, 27% renewable energy installed capacity for the entire EU
energy supply and a 27% improvement in energy efficiency [7,8].

It is clear that terms such as reuse, recycling and environmental sustainability are
outlined as priorities of the European Union. In addition, citizens pay increasing attention
to the ethical production of innovative and sustainable materials. These important new
trends translate into a growing interest for education and training promoting the urgent
need for sustainability and also by the increasing number of publications in international
journals specialized in the circular economy and bioeconomy. Companies and stakeholders
have realized the market value of sustainable materials and have turned their interest
in such a direction. For example, many natural fibers and fillers have been tested for
valorisation in biocomposites for a wide range of applications ranging from commodities
such as packaging or agricultural items to more demanding applications such as automotive
or construction panels, as well as energy production [4,6].

The increasing number of published studies on the use of plant-derived natural
extracts or agricultural waste products addresses our need to both reduce waste and find
new carbon resources. The low toxicity of plant-based materials favors their potential
applications in food packaging and biomedicine [9-11]. Polysaccharide-based materials
have been well investigated [12] and other renewable resources such as proteins and
poly(lactic acid) (PLA) have also been examined [13]. Formulated composites with PLA
as matrix and wastes deriving from the wine industry have shown improved mechanical
properties [14], thus suggesting further applications and uses of wine waste [15,16]. The
coffee plant is one of the agricultural resources for increased plant-based materials and its
use includes a cycle from crop cultivation and processing to coffee beverage consumption.

Considering that coffee is the second largest trade commodity with a global manufac-
ture of 105 million tons per year worldwide, its industry generates enormous amounts of
wastes during its processing from fruit to cup [17]. The annual coffee waste is estimated
to exceed 23 million tons per year. By-products mainly arise from the removal of shells
and mucilaginous parts from the fruits and depend on the processing method: wet or dry,
roasting and brewing. Solid residues include coffee pulp, coffee husks, silver skin and
spent coffee [18] (Figure 1). From a chemical point of view, coffee waste is an inexpensive
raw material that contains fatty acids, which could be used as a sustainable carbon source,
and it also represents an interesting source of bioactive compounds and fibers [18]. Indeed,
coffee residues were proven to be an excellent resource for the production of high-value
compounds [19,20]. The spent filter coffee (SFC) and the spent coffee grounds (SCG) [21],
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both widely produced at home or work, as well as the coffee husk (CH) and coffee pulp
(CP), that is the solid fraction wastes derived from coffee industries, constitute coffee waste
rich in polyphenols, carotenoids and organic acids [22-25]. The main compositions of the
various fractions are reported in Figure 1.

Packaging production from coffee waste organic acids is a novel, quite promising
research area, aimed at producing bio-based, low toxicity polymers [26]. In addition, coffee
waste has been successfully used for the production of biocomposites [27-30]. Further-
more, biotechnological processes have been developed for biofuel production from coffee
waste [31,32].

Coffee by-products Main composition

Carbohydrates

Proteins
Coffee Pulp (CP) Minerals

Coffee fruit from we;fprOfceﬁsing of Tannins
cotfee fruit Polyphenols

Caffeine

bean (endosperm)  canter cut

silver skin (testa, epidermis) Coffee Husk (CH) Carbohydrates
parchment (s, Saucarm) /-) from dry processing Prqtems
. 5 Moisture
pectin layer of coffee fruit Ash
U (mcsie) Lipids
outer skin (pericarp, exocarp)
~— Coffee Silver Skin (CSS) Fibers
from roasting process Polyphenols
Proteins
N 3 Spent Coffee Ground (SCG)
Spent Filter Coffee (SFC) Sugars
from coffee brewing Proteins

Figure 1. Schematic representation of coffee by-products and their main components.

2. Challenges and Opportunities for Coffee Waste Utilization

A number of sustainable and low environmental impact technologies can be applied
for converting biomass or waste from the food sector to traded chemicals and energy in a
way that is similar to crude oil refinery [6]. In the last decade, the biorefinery concept has
been well described. It integrates sustainability and includes environmental, economic and
social aspects [33]. However, when focusing on coffee biorefinery systems, some issues are
still unclear. The fact that the data collected show some inconsistency and that different
methods were used in the various studies make it more complicate to assess the various
biorefinery concepts. In addition, key stakeholders from different disciplines need to get
together to deploy multidisciplinary knowledge. The novelty in this area makes for another
important gap in appraising coffee biorefinery.

The price of polymers is gradually increasing, and plastic consumption exceeded
5 million tons in Germany and Italy in 2017. These two countries were ranked first in
terms of coffee consumption in 2018 [34]. In their case, following a circular economy
concept seems practicable. Coffee waste could easily be employed for polymer production,
applying the ‘local production for local consumption’ concept.

Furthermore, European strategies such as the ‘EU Strategy for Plastics in a Circular
Economy’ and ‘Plastics 2030 aim to change ‘the way plastic products are designed, pro-
duced, used and recycled in the EU’. Plastic manufacturers are committed to ensure that
60% of their plastics for packaging will be re-used and recycled by 2030.

Biofuel production is also an opportunity to explore. Indeed, advanced biofuels can be
produced from lignocellulosic and non-lignocellulosic sources (forestry and food or agro-
derived residues) by means of thermochemical conversion, mainly based on gasification or
pyrolysis [6].

Consequently, there is an urgent need for better understanding the benefits of estab-
lishing a coffee based biorefinery. In order to take part in such an effort, the present review
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aims at summarizing and describing in detail the most recent work carried out in monomer,
material and fuel production from coffee waste.

3. Sustainable Polymers from Coffee Waste

The need to move towards a circular economy requires rethinking the entire plastics
value chain from raw material to recovery and recycling options at the end of polymer
lifetimes. Several polymers based on renewable feedstocks (Table 1) were developed as
an alternative to fossil-based products. There is a main advantage in bio-based plastic
materials as compared to their conventional versions: they enable saving fossil resources
by using biomass, which regenerates annually and has the unique potential of carbon
neutrality [5]. The attractiveness of bio-based polymers has increased in recent decades.
Thanks to the significant development of biorefineries, a wide variety of bio-based building
blocks can be produced. The global production capacity of bio-based plastics was estimated
at 2.1 million tons in 2019 [5]. Packaging remains the largest field of application for
bioplastics with almost 53% (1.14 million tons) of the total bioplastics market in 2019.
Two main classes of material can be produced starting from renewable biomass. One
is related to the synthesis of traditional plastics such as bio-poly(ethylene) (bio-PE) and
bio-poly(ethylene terephthalate) (bio-PET), which are almost non-biodegradable, but help
replace fossil-based building blocks with identical molecules. The other class relates to the
production of biodegradable materials, including thermoplastic starch, aliphatic polyesters
like poly(lactic acid) (PLA), polyhydroxyalkanoates (PHAs) and poly(butylene succinate)
(PBS). In addition, not all biodegradable bioplastics are readily degradable. In fact, the
process of biodegradation depends on the surrounding environmental conditions (e.g., pH
or temperature), on the material morphology and on the application (e.g., biomedical or
agricultural) [35].

Table 1. Commercial polymers obtained entirely or partially from renewable resources.

Polymer Chemical Structure
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Today, bioplastics are mostly produced starting from carbohydrate-rich plants such as
corn or sugar cane, the so-called food crops or first-generation feedstock. First-generation
feedstock is currently the biomass that produces the highest yields of bioplastics [5], even
if the competition with food and feed production is evident.

The bioplastics industry is also developing the use of non-food crops (second and third
generation feedstocks). Innovative technologies are focusing on non-edible by-products
from the production of food crops, which inevitably generates large amounts of waste.
There are significant potential volumes for use in biotechnological processes to create
platform chemicals for industrial purposes such as the production of bioplastics.

The valorisation of by-products and waste flows as raw materials in a biorefinery
provides a great advantage and reduces pressure on arable land [36,37]. The use of food
waste can be a solution for the development of sustainability by meeting environmental
and resource challenges.

In recent years coffee by-products received much more attention as a promising
renewable feedstock for various processes and for their conversion into high value-added
products through biorefinery techniques.

Taking into consideration the presence of different chemicals in coffee by-products
such as hydroxy acids, it is worth mentioning that some molecules such as caffeic acid
represent interesting building blocks for the preparation of bio-based polymers such as
polyesters, polyamides and poly (anhydride esters). Thus, valorizing coffee residues opens
up new possibilities for a wide spectrum of applications [38].

Bio-active molecules derived from coffee by-products can also be valorized in poly-
mer formulation in order to impart specific properties to the polymeric matrix such as
antioxidative or biocidal properties. The content in valuable molecules such as caffeine or
chlorogenic acid can be exploited by using coffee wastes as fillers in biocomposites [20]. The
following sections highlight the recycling potential of coffee by-products for monomer and
polymer production, material formulation as well as for biofuel and bioenergy production.

3.1. Monomer Production

A number of integrated conversion technologies for the transformation of coffee by-
products can result in the recovery of chemical building blocks that can be used for the
production of monomeric units such as lactic acid, succinic acid, levulinic acid, alcohols
and polyols.
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3.1.1. Lactic Acid

Lactic acid (LA) is the simplest hydroxyl acid with an asymmetric carbon atom and
two optically active configurations, namely the L and D isomers (Figure 2). LA is a well-
established bio-based chemical and its global annual production amounts to approximately
270 kilo tons per year [39]. It finds applications in several sectors ranging from the food
industry to cosmetics and pharmaceuticals, and it is also employed for the synthesis of PLA,
which is by far the most commercially developed bio-based plastic that is mainly applied in
packaging and in pharmaceutical industries. LA can be produced through a petrochemical
route or biotechnologically by exploiting renewable feedstocks, mainly corn [40], but also
food wastes and by-product streams [41-43]. Currently, the industrial production of LA is
mostly carried out by microbial fermentation of carbohydrates, since higher purity products
can be obtained. The majority of the fermentation processes use species of Lactobacilli,
which give high yields of LA. Some organisms predominantly produce the L isomer, such
as Lactobacilli amylophilus, L. bavaricus, L. casei and L. maltaromicus, whereas L. delbrueckii, L.
jensenii or L. acidophilus produce the D isomer or a mixture of L and D [44].

Recently, it was reported that wastes from the coffee-processing industry such as coffee
mucilage, CP and SCG were converted into LA trough Bacillus coagulans. B. coagulans is a
very interesting L-lactic acid producer due to its ability to ferment pentoses. Furthermore,
its thermotolerant nature (50-55 °C) minimises the need for sterile conditions. Hudeckova
etal. [45] described the use of SCG as a promising raw material substrate for LA production.
SCG was first hydrolyzed and then used as substrate for culturing several lactic acid
bacteria and LA producing B. coagulans. Among them, Lactobacillus rhamnosus CCM 1825
was identified as the most promising producer of LA on SCG hydrolysate, giving a yield
of 98% in LA. The same substrate was also investigated by Breton-Toral et al. [46] and
compared with other food waste carbon sources such as potato peel and almond shells.
They used an undefined mixed culture isolated from coffee mucilage and also studied the
application of several biomass pretreatment and calcium carbonate as a buffer to increase
the release of fermentable carbohydrates from the wastes.

Neu et al. [47] investigated the use of coffee mucilage as carbon source in the produc-
tion of L-lactic acid with B. coagulans and yeast extract as an additional source of nitrogen.
The raw material in this case was a liquid suspension containing several free sugars. The
experiments resulted in the production of pure (99.8%) and highly concentrated (930 g/L
L-LA) lactic acid formulation.

CP hydrolysate was investigated by Pleissner et al. [48] for the lab production of LA
and in pilot scales using B. coagulans. The raw material, with a high content of lignocellulose
was first hydrolysed by means of thermochemical treatments and a subsequent enzymatic
digestion. The fermentation was performed in presence of yeast extract and gave rise, at
both scales, to a highly concentrated (937 g/L) and pure (99.7%) L-lactic acid.

An engineered Saccharomices cerevisige strain was used in a preliminary study as an
alternative to B. coagulans for the fermentation of acid-pretreated SCG by Kim et al. [49].
The results proved the feasibility of using SCG for the selective production of LA, being
the LA produced 0.11 g per g of SCG after 24 h.
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Figure 2. Monomeric units from coffee by-products.

3.1.2. Succinic Acid

Succinic acid (SA) (Figure 2), an intermediate in several chemical processes, has
emerged as one of the most competitive bio-based chemicals. The major drivers for
the growth of this market are the increasing applications using SA and the trend of the
chemical industry to increasingly search for bio-based sustainable chemicals. Among
industrial applications based on this building block, butanediol, PBS and its copolymers
and polyurethanes (PUs) have the largest share of the market. The conventional process
for SA production is carried out from petrochemical raw materials starting from n-butane
or butadiene. Petrochemical production has remained stable for years, but recent advances
in fermentation from different glucose sources, including mixed food waste, agricultural
waste and textile waste [50-52], succeeded in making bio-based SA economically attractive,
and now the fermentative SA production has outcompeted its conventional production.

It was recently reported [23] that coffee husk, i.e., a waste obtained from process-
ing coffee cherries, could be used as substrate for bio-succinic acid production with A.
succinogens. More specifically, three pre-treatment methods were compared (thermal, ther-
mochemical and fungal hydrolysis). The thermochemical pre-treatment was proven to be
the most effective and led to the highest SA yield (0.95 g SA per g of reducing sugars) and
productivity (0.54 gL=! h=1).

The use of CSS was investigated at lab scale by Niglio et al. [53] for the production
of SA and butanol by fermentative process. CSS was first subjected to alkaline hydrolysis
pre-treatment and enzymatic hydrolysis to maximize sugar release. The medium obtained
was subjected to fermentation with Clostridium acetobutylicum to obtain a mixture of acetone,
butanol and ethanol (ABE) in the molar ratio of 2:5:1, respectively, a yield of 7.3% in butanol
per g of sugars and a productivity in ABE of 0.06 gL~! h~!. The same medium, subjected
to fermentation with A. succinogens, gave a SA production yield of 84% per g of sugars and
a productivity of 0.15 gL~ h~L.

3.1.3. Levulinic Acid

Levulinic acid (Figure 2) is considered as a promising platform chemical due to its
high reactivity conferred by the presence of carboxylic acid and ketone functional groups.
Levulinic acid is a versatile building block for the production of pharmaceutical, plasticizer
and several chemical derivatives such as SA, y-valerolactone and 1,4-pentanediol [24,54].

Up to now, levulinic acid is exclusively produced from petroleum sources. The
conventional production of levulinic acid is based on chemical conversion employing
mineral acids or heterogeneous catalysts like zeolites. In recent years, several biomass
wastes, such as rice straw, corn stover, microalgae, etc., [55-57] were used for its production.
In particular, Tukacs et al. [24] reported the use of SCG and cooked tea leaves for the
production of levulinic acid, valorising their lignocellulosic content. They studied the
influence of water presence and microwave pre-treatment. Interestingly, they discovered
that the drying process of biomass can be avoided, and the microwave technique can
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drastically reduce reaction times while enabling the same conversion yields. In particular,
in the case of a commercial arabica-based SCG, the yield in levulinic acid, calculated on the
average cellulose content of biomass waste, was 12.9%, while in the case of robusta-based
SCG, the yield was 14.6%.

SCG was also used as a starting raw material by Kim et al. [58] to produce levulinic
acid and formic acid by using a catalyst-free hydrothermal biphasic system, thus avoiding
corrosion and undesirable side reactions. A single and a double steps conversion consist-
ing in a lipid separation, followed by the conversion of levulinic and formic acids were
investigated. In addition, several other parameters (pre-treatment conditions, temperature,
reaction time, solvent amount and moisture content) affecting reaction yields were investi-
gated and optimized. Thus, the yields of the two acids were maximized when SCG was
used with water in a molar ratio of 1:8.33 at 180 °C for 3 h and a maximum yield of 47 and
29 wt.% (based on convertible monosaccharides in raw SCG) in levulinic and formic acid,
respectively, was obtained.

3.1.4. Quinic Acid

Quinic acid is a polyhydroxy molecule (Figure 2) with interesting biological activity
(growth promoting property) and chirality that is useful in pharmaceutical applications. It
can be extracted from several plant sources and from coffee beans [59].

Besset et al. [9] reported for the first time the use of quinic acid as a monomer for the
synthesis of polycarbonates from renewable sources as an alternative to polycarbonates
obtained using bisphenol A, which is a highly toxic and hormonally active compound.

3.1.5. n-Butanol, Isopropanol and Polyols

Today, alcohols and polyols are produced almost exclusively from petrochemicals,
but the industrial production of these chemicals by fermentation from renewable and
sustainable resources has recently increased worldwide. n-Butanol can find broad appli-
cations as an intermediate in pharmaceuticals and polymers production, as food grade
solvent in the food and flavor industry and, recently, as fuel [60]. Isopropanol is one of
the main short alcohols for industrial application. In addition to its use as a solvent, it
is also employed as a chemical intermediate and a fuel additive. Polyols instead became
increasingly interesting for the preparation of polyurethane, and several researchers are
exploring different biomass residues to obtain bio-based polyols [61]. Thus far, Clostridium
beijerinckii is the most widely used strain for fermentation to produce n-butanol and iso-
propanol from biomass [62]. Procentese et al. [32] investigated for the first time the use of
alkali pre-treated and enzymatically hydrolysed coffee silverskin as a carbon source for
Clostridium beijerinckii fermentation for the production of n-butanol and isopropanol. Low
yields were obtained for both alcohols in aqueous medium: 0.86 g and 1.66 g per 100 g of
dry CSS for isopropanol and butanol, respectively.

Spent coffee grounds were used to obtain liquefied polyols via sulfuric acid treatment
using polyhydric solvents (polyethylene glycol and glycerol) at moderate temperatures [37].
Three key parameters were optimized to increase conversion, namely temperature, sulfuric
acid concentration and reaction time. From an industrial point of view, the established
process proved to be very interesting, as it only generated 8 wt.% of residue per total
mass of polyols with 70 wt.% of conversion. Moreover, the obtained polyols showed
adequate characteristics for the substitution of existing commercial polyols (produced from
petrochemicals) in the synthesis of polyurethane foams. To this aim, isocyanates were
reacted with the polyols obtained from spent coffee grounds [63].

In Table 2, the main examples discussed in Section 3.1 are summarized.
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Table 2. Example of monomers from coffee by-products.

Monomer Coffee By-Product Organism Yield Ref.

Saccharomices cerevisiae 0.11 g/gscc [49]

Spent coffee ground

L. Bacillus coagulans 98.0% [45]
Lactic acid
Coffee mucilage Bacillus coagulans 99.8% [47]
Coffee pulp Bacillus coagulans 99.7% [48]
Coffee husk Actinobacillus succinogens 0.95 [23]
Succinic acid g/ 8reducing sugars
Coffee Silver skin Actinobacillus succinogens 84% [53]
/ 13-15% [24]
Levulinic acid ~ Spent coffee ground
/ 47% [58]
n-Butanol Coffee Silver skin Clostridium beijerinckii 0.0086 g/gcss [32]
Isopropanol Coffee Silver skin Clostridium beijerinckii 0.0066 g/gcss [32]
Polyols Spent coffee ground / 70% [37]

3.2. Polymer Production

As stated above, bio-based polymers have become increasingly attractive in recent
decades thanks to the significant development of biorefineries, which allow the production
of a wide variety of bio-based building blocks or the exploitation of naturally produced
biopolymers. The production of polyhydroxyalkanoates (PHAs) directly from coffee by-
products is described here as a main example of polymer production.

PHAs are a family of biopolyesters synthesised as intracellular products by various
microorganisms. These microorganisms use PHA as a form of carbon and energy storage.
They are very versatile polymers, mostly used in the packaging industry. Due to their
biocompatibility and biodegradability, they are also employed in the medical field and as
carrier materials in agriculture, food technology or pharmaceutical sectors.

PHAs can be produced from natural resources, classically from highly nutritional
substrates such as glucose, starch or edible oils. Several researchers recently approached the
possibility of using a broad range of industrial- and agro-waste as well as wastewater. The
description of conversion of SCG or oils extracted from SCG into PHAs is well documented
in the scientific literature.

Kovalcik et al. [64] investigated the potential of Halomonas halophile to produce PHA
from three different acid-treated SCG hydrolysates: unmodified, defatted and defatted
without phenols. It was shown that all the different samples gave rise to high carbohydrate
releases. However, the presence of phenols negatively affected the cultivation of the bacte-
rial strain. The purified sample, without phenolic contaminants, enabled the production of
high molecular weight poly(3-hydroxybutyrate) (27 wt.% of dry cell weight).

Obruca et al. [25] studied several strains for the production of PHAs from SCG: Cupri-
avidus necator H16, Bacillus megaterium or Burkholderia cepacia. In particular, oil extracted
from SCG proved to be the best substrate for the poly(hydroxybutyrate) homopolymer
production among the waste oils tested. C. necator H16. B. megaterium or B. cepacia were
tested for their capacity to use SCG hydrolysates. B. cepacia demonstrated higher PHAs
yields and production coefficients. In addition, this strain was able to accumulate the
copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate), which possesses better mechan-
ical properties as compared to the homopolymer produced by B. megaterium. Probably,
the presence of levulinic acid in the substrate induced the biosynthesis of valerate units
by B. cepacia. The same authors also investigated various detoxification methods prior to
hydrolysis for the removal of microbial inhibitors such as phenols present in SCG in order
to improve PHAs production yield.

Bathia et al. [65] studied the use of coffee waste oil as a source of fatty acid for
the production of (3-hydroxybutyrate-co-3-hydroxyhexanoate) copolymer by genetically
engineered Ralstonia eutropha without additional precursor feeding. Several parameters,
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such as the solvent for coffee extraction, concentration of coffee oil and concentration
of nitrogen source and time, were optimized. The final production of PHA copolymer
obtained was 69 wt.% based on cell dry weight.

The use of oil extracts from SCG for the production of poly(3-hydroxybutyrate) by
wild type Ralstonia eutropha was previously investigated by Obruca et al. [66]. The authors
reported that copolymers could be obtained with the wild strain only by feeding additional
precursors, such as propionate.

Finally, Cruz et al. [67] reported the application of supercritical carbon dioxide ex-
traction to improve oil extraction from SCG to be used as a substrate for C. necator strain
culture for the production of poly(3-hydroxybutyrate). The final yield was 77% of PHA
based on SCG oil weight.

3.3. Composite Materials Production

Coffee silver skin (CSS), also called spent coffee chaff, is the tegument of green coffee
beans. CSS is obtained as a main by-product from the roasting process [68] and consists
principally of lignin (29 wt.%), polysaccharides such as cellulose (24 wt.%) and hemicellu-
lose (17 wt.%) [69]. Silver skin may be valorised as poultry feed and/or as a raw material
for paper production. None of these methods used for the valorisation of CSS is an ideal
solution in terms of value addition, especially if one considers the large availability of
such residue. Therefore, to date, most CSS is simply disposed in landfills as industrial
waste [28].

A potential low-cost and largely available alternative for the sustainable exploitation
of this residue is its use as a filler in polymeric matrices. Actually, silver skin turns out
to be a suitable starting material for obtaining high value polysaccharide derivatives
such as cellulose nanocrystals (CNCs), which have attracted a lot of attention given their
interesting and remarkable mechanical properties such as high specific resistance (10 GPa)
and relatively high elastic modulus (150 GPa) [70].

Furthermore, their low cost, availability, renewable nature, ease of chemical and
mechanical modification and high aspect ratio have led to the use of CNCs as reinforcing
fillers for polymeric composites. In the work of Sung et al. [28] bio-nanocomposite films
based on a PLA matrix reinforced with CNCs were produced by using a twin-screw
extruder. These CNCs were extracted from coffee silver skin by alkali treatment followed
by sulfuric acid hydrolysis. The nanocomposites were prepared at different concentrations
(1%, 3% and 5% of CNCs), resulting in increasing tensile strength, Young’s modulus and
barrier to oxygen, while barrier to water was lowered.

Some examples of biocomposites with silver skin fibers are reported. Zarrinbakhsh
et al. [71] prepared composites with silver skin and spent coffee ground in a polypropylene
(PP) polymeric matrix, resulting in non-biodegradable composites due to their polyolefin
content. The morphology, mechanical and thermal properties of such composites were
investigated with up to a content of 25% by weight of filler in a homo-polymeric matrix.
The analysis of the biocomposite’s properties showed that coffee silver skin is a better rein-
forcing agent than spent coffee ground given its denser fibrous structure, lower fatty acid
content and higher thermal stability. Poor interfacial adhesion between both coffee silver
skin and spent coffee ground with polypropylene was observed due to the hydrophilic na-
ture of coffee by-products and hydrophobic nature of PP. Thus, the use of a compatibilizer,
such as maleic anhydride, was recommended to improve the final properties. Considering
the possibility to achieve production of PP from renewable resources, these biocomposites
have potential for a high bio-based content. In the work of Essabir et al. [27] PP and spent
ground coffee (SCG) were prepared by extrusion compounding and injection molding
using different SCG contents (0, 5, 10, 15 and 20 wt.%). The authors investigated the effect
of particle loading on the thermal, rheological and mechanical properties. In this study,
the effect of the use of compatibilizers such as silane and styrene-ethylene-butene-styrene-
graft-maleic anhydride on the properties of the biocomposite prepared at 15 wt.% was also
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examined. As expected, bleaching and the use of a coupling agent improved the adhesion
between the matrix and fibers resulting in improved tensile strength.

In the work of Dominici et al. [72], the use of BioPE-based composites containing
CSS was evaluated. To improve the adhesion properties, a grafted PE was used as a
compatibiliser. Moreover, a hydrophobic treatment of CSS with palmitoyl chloride showed
a positive effect in promoting the interfacial adhesion, consequently improving mechanical
properties and in particular increasing the strain at break values. The amount of CSS was
up to 20 wt.%, which resulted in an adequate compromise between tensile strength and
Young’s modulus.

When the polymeric matrix is compostable, the use of coffee by-products allows for
the production of potentially biodegradable composites. The biodegradable and petro-
derived polymer, poly(butylene adipate-co-terephthalate) (PBAT), was blended with coffee
by-products and the resulting composites were adapted for rigid food packaging appli-
cations [26]. In this work, the torrefaction process (a mild thermal treatment occurring
at 200—300 °C under nitrogen atmosphere) was optimised in order to increase the hy-
drophobicity of the coffee grounds (CG), thus improving adhesion with PBAT matrix. The
torrefaction process highlighted a significant enhancement in thermo-mechanical proper-
ties for PBAT /torrefied coffee grounds as compared to PBAT/coffee grounds composites.
In the PBAT-based composites with untreated coffee grounds, a consistent decrease in
tensile strength values was observed. In contrast, the addition of 10 wt.% of torrefied
coffee grounds to PBAT conferred better tensile properties as compared to neat PBAT,
while the strain at break was slightly decreased. Beyond 10 wt.%, the tensile strength
and strain at break began to decrease gradually but their values were still better than the
untreated CG/PBAT composites. The water contact angle values were clearly increased
proportionally to the torrefied CG content in the matrix, resulting in highly hydropho-
bic biocomposites. Considering the high biodegradability of PBAT, such composites are
valuable for the production of biodegradable rigid items usable in the packaging or agri-
cultural sectors.

Of note, Sarasini et al. [30] studied the effect of coffee silver skin size, variety, dis-
tribution and content on the processability, thermal and mechanical properties of bio-
composites based on a biodegradable blend of PBAT and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHB-HV). The authors showed the feasible use of coffee silver skin in the
production of biodegradable composites with improved stiffness and tensile strength com-
pared to the blend without coffee silver skin. Recently, coffee capsules, based on PHB-HV
copolymers and CSS, have been produced by injection molding; the migration properties
in contact with simulants are very promising for applications of these composites as plastic
materials for food contact [73].

Composite materials based on PLA and torrefied SCG (TSCG) were also reported
in the literature [74]. In order to improve the compatibility, maleic anhydride-grafted
polylactide (PLA-¢g-MA) and cross-linked spent coffee grounds were used. Compatibilised
materials exhibited improved mechanical properties. This effect was attributed to great
compatibility of the grafted polymer and the natural filler. The dispersion of spent coffee
grounds in the PLA-¢g-MA matrix was homogeneous due to ester formation and resulted in
branched and cross-linked macromolecules. Moreover, the PLA-g-MA /TSCG composites
exhibited low melt viscosities and were therefore easy to process. The water resistance of
the PLA-¢g-MA /TSCG composite was greater than that of PLA/SCG and the mass losses
following burial in soil compost indicated that both materials were able to disintegrate,
especially at high levels of coffee ground content.

Biocomposites containing PBS have also been reported [75]. Their production from
renewable resources is possible with up to 30% by weight of silver skin. In PBS-based
composites, silver skin increased tensile strength and Young’s modulus and had negligible
effect on crystallinity.

Table 3 presents some examples of biocomposites containing coffee by-products.
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Table 3. Example of biocomposites with coffee by-products as filler.

Polymer . Compostable/
Matrix Coffee By-Product Bio-Based Biodegradable Ref.

Coffee Silver skin/ No/Yes
PP spent coffee ground Possible with bioPP No 711

No/Yes
1
PP Spent coffee ground Possible with bioPP No [27]
bioPE Coffee Silver skin Yes No [72]
Grafted- . .2
bioPE Coffee Silver skin Yes No [72]
PBAT Coffee grounds No/ Yes Yes [26]
. . Partly (PBAT No,

PBAT/PHBV Coffee Silver skin PHBV and CSS Yes) Yes [30,73]
PLA Spent coffee ground 3 Yes Yes [74]
PLA Nano C(?llulose'produced from Yes Yes 28]

coffee silver skin
PLA/PBS Coffee Silver skin Yes Yes [75]

1

maleic anhydride.

compatibilizer silane and styrene-ethylene-butene-styrene graft-maleic anhydride; 2> compatibilizer palmitoyl chloride; 3 compatibilizer

4. Biofuels Production from Coffee Waste

According to the Food and Agricultural Organisation (FAO), biofuels are classified
in wood fuels and agro-fuels. The latter are fuels obtained as a product of agricultural
biomass and by-products at farming level, and/or the industrial processing of raw material
(agro-industries). The term covers mainly biomass that is derived directly from fuel crops
(see Table 4 for examples) and agricultural, agro-industrial and animal by-products [76].

Table 4. Fuel crops and agriculture derived main product.

Biomass Type Derived from Plants Type
Crops mainly devoted to the production of ethanol. Fuel mainly used in
Sugar/Starch transport (alone or blended with gasoline). Produced by fermentation of

glucose derived from sugar-containing plants (e.g., sugarcane) or starchy
materials after hydrolysis.

Oleaginous plants (e.g., sunflower and rape) planted for direct energy
Oil use of vegetable oil extracted, or as raw material for further conversion
into a diesel substitute, using transesterification processes.

Plants and specialised crops more recently considered for energy use,
such as: elephant grass (Miscanthus), cordgrass and galingale (Spartina
spp. and Cyperus longus), giant reed (Arundo donax) and reed canary
grass (Phalaris arundinacea).

Other

Thus, advanced biofuels can be produced from lignocellulosic and non-lignocellulosic
sources (forestry and food or agro-derived residues) by means of thermochemical conver-
sion, mainly based on gasification or pyrolysis plus a potential catalytic fuel production
stage [77]. Biorefinery schemes based on this approach may vary, as well as their efficiency
as per the configuration of the process itself and the final products.

Spent coffee grounds after a thermal water extraction still possess more than 700
volatile compounds, insoluble and un-extractable, with high quality, organic and energy
content. Moreover, spent coffee grounds contain tannins, polyphenol and caffeine that can
result toxic if disposed into the environment [78].

Even spent coffee waste can be used for bioethanol, biodiesel, bio-o0il, biochar, re-
newable diesel or biogas production by anaerobic digestion, hydrogenation, esterification-
transesterification, fermentation or pyrolytic reactions [79]. There are several references
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addressing the valorisation of spent coffee grounds for the production of different types
of biofuels such as bioethanol, biodiesel, fuel pellets, biohydrogen, bio-o0il, biogas and
hydrocarbon fuels [80,81].

Table 5 reports some examples of coffee by-products valorisation in energy production,
the methods used and the secondary products obtained.

Table 5. Some examples of coffee by-products valorisation in energy production.

Coffee By-Product Methods Fuel Secondary Products
Hydrolysis/fermentation Bioethanol Fuel pellets (soil amendment)
Spent coffee ground (SCG)
Pyrolysis Bio-oil Biochar, syngas
‘Che.mlcal conversion/enzymatic/ Biodiesel Glycerin to bio-hydrogen
Spent coffee grounds oil (SCGO) in situ
Enzymatic conversion Biodiesel Glycerin to bio-hydrogen
Defatted spent coffee grounds Hydrolysis/fermentation Bioethanol Fuel pellets
(DSCG) Pyrolysis Bio-oil Biochar

As summarised in Figure 3 and described in the next paragraphs, several approaches
can be used to valorise coffee by-products for the production of fuels and energy.

Defatted en(oﬂo“ » Bioethanol
‘ spent  fe
‘ GCOfer Ayropyg; ., Bio-char
rounas .
Coffee SPent  gyiraction Bio-oil
eans Coffee
Grounds
o= Extracted transesterification . .
% > . » Bio-diesel
Oils
Anaerobic digestion .
» Biogas

Figure 3. Schematic examples of coffee by-products valorization in energy production.

4.1. Biodiesel

In the literature, several studies report how coffee crops can result in more oil per
unit of land area than other traditional biodiesel crops with e.g., 386 kg/ha compared to
375 kg /ha for soybean [81,82].

For SCG, an oil yield of 21.5% is reported to be converted into biodiesel with an 82%
yield [83].

Kondamudi et al. [84] suggested to extract the oil from spent coffee grounds and then
convert it to spent coffee grounds oil methyl ester (biodiesel), while glycerin can be further
processed into biohydrogen. The spent coffee grounds can be represented as triolein with
formula CsyH104Og, which can be transesterified using methanol to form methyl oleate
(C19H3607) and glycerol. Being low in caffeine (CgH;9N4O3), spent ground coffee has
limited NOx production. Another process [83] converts spent coffee ground oils into fatty
acid methyl ester or fatty acid ethyl ester via a non-catalytic transesterification process.

Most recent studies have focused on oil extraction from SCG with different types
of non-polar (hexane, toluene, n-pentane, etc.) or polar solvents (alcohols, acetone). In-
novative technologies such as two-phase oil extraction [85], ultrasound-assisted solvent
extraction [86] and supercritical fluid extraction using CO, [87] achieved about 0.61-0.81 of
n-hexane soxhlet extraction value.
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Transesterification can be carried out with catalytic alkaline-based transesterification
or acid-catalysed esterification using methanol/carbon dioxide mixtures or with enzymatic
catalysis; with a catalytic two-step reaction of acid-catalysed esterification followed by
alkaline-based transesterification; by non-catalytic esterification; or by in situ transesterifi-
cation [88]. In the last process, the production of biodiesel from spent coffee ground oils
can be carried out by reacting directly spent coffee ground (in-situ) with no need for the
solvent extraction process, followed by pyrolysis with biochar production [89].

4.2. Bioethanol

The direct conversion of SCG to bioethanol (without oil extraction) was reported as
unfeasible due to the existence of triglyceride and fatty acids, which inhibits the activity of
the enzymatic saccharification process [90].

In the work of Go et al. [91] the SCG was first hydrolysed with sulfuric acid extracting
sugars, that can be then fermented to bioethanol. Lipids remained intact even after hy-
drolysis and were successfully recovered from the hydrolysed SCG known as spent coffee
grounds oil (SCGO) to produce biodiesel and glycerin. The solid residues after hydrolysis
were ~68% of the initial biomass having a moisture content of ~65%, thus reducing the
total amount of moisture to be removed as well as the energy required in the drying step
prior to lipid extraction [92]. The obtained bioethanol can be converted to bioesters for the
EU gasoline market.

The defatted spent coffee grounds (DSCG) can be valorised as fuel pellets or soil
amendment agents. In the work of Haile et al. [93], oil was extracted from dry SCG up to
19.73% w/w and further used to produce biodiesel with a yield of about 73.4% w/w. The
solid remaining after extraction was used to produce bioethanol through acid hydrolysis
(H25S04) and fermentation (Saccharomyces cerevisiae), which resulted in a 8.3% v /v yield. The
biomass remaining after bioethanol production can be used for the production of compost
and solid fuel pellets with a 21.9:1 carbon to nitrogen ratio (C/N) and a 20.8 M] /kg heating
value, respectively.

4.3. Bio-Oil

Spent coffee grounds and defatted SCG are a potential source for bio-oil and biochar
obtained by means of pyrolysis. The process of pyrolysis is based on thermal decomposition
of biomass under inert atmosphere (nitrogen), with limited oxygen and at relatively high
temperatures in the range of 500 to 1000 °C. The biomass degradation produces bio-oil,
water phase, biochar and syngas.

These bio-oils are used as fuels or chemicals [94] while biochar can be used as energy
source or soil amendment [95]. The co-pyrolysis process was investigated and led to
improved oil yield and crude oil quality. The best performing conditions were set at 250 °C
and a mixing ratio of 1:1 of SCG.

The co-pyrolysis (co-liquefaction) of SCG with PP [96], paper filter, corn stalk and
white pine has been reported to lead to interesting results [97].

4.4. Biogas

SCG is a valuable material for fermentation in both mesophilic and thermophilic
processes due to its suitable elemental composition, C/N ratio and chemical composition
(content in polysaccharides, proteins and minerals). Several papers report the production
of biogas from SCG by anaerobic digestion. For example, in the study of Vitez et al. [98],
methane production ranged from 0.271-0.325 m?/kg dry organic matter under mesophilic
conditions. To improve the methane recovery, an alkaline pre-treatment was applied to
SCG through anaerobic digestion. The highest concentration of NaOH (8% w/w) led to
the best anaerobic digestion performances (392 mL CH,4/gVS, calculated by dividing total
volume of methane by measured total Volatile Solids) as a consequence of the slightly
higher lignin degradation, which was 24% higher than that of the untreated substrate, and
of the higher dissolved organic carbon concentration [99].
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Integrated biological and physico-chemical process was studied by Lee et al. [100]
for the production of fatty acid methyl ester, lignin and biogas from SCG. A maximum
recovery of 62.4% and 55.5% of fatty acid methyl ester and lignin was obtained. The solid
remaining after extraction was anaerobically digested and had a maximal methane yield of
36.0 mL CHy4/gVS.

Due to their reduced O/C and H/C ratios, torrefied coffee grounds are an interesting
feedstock for the production of syngas. Torrefaction is actually a good process to enhance
the efficiency of biomass and waste uses for renewable energy applications [101].

5. Conclusions and Future Perspectives

This review summarizes the most recent studies concerning monomer, material and
fuel production from coffee waste. Through a series of integrated conversion technologies,
chemical building blocks can be recovered from coffee by-products and used for the
production of monomers such as lactic acid, succinic acid, levulinic acid, alcohols, etc.,
obtaining especially high yields for lactic acid. Polymers such as polyhydroxyalkanoates
can also be directly produced from coffee waste with adequate yields. In parallel, coffee by-
products can be used as fillers in composite materials leading to an improvement of the final
properties if a good interfacial adhesion is achieved, and, in any case, composite materials
with very high bio-based content can be obtained. Provided these materials contain the
appropriate co-polymeric matrix, they are potentially compostable or degradable in soil.

Coffee by-products can even find a very valuable exploitation in energy production.
Indeed, biomass derived from spent ground coffee can be used for the production of
biodiesel, by transesterification of the extracted lipids. Then, the defatted SCG can be con-
verted in bioethanol by means of fermentation or in bio-oil and biochar through pyrolysis
with no waste material. SCG can also be used directly for the production of biogas by
means of anaerobic digestion.

Future applications might involve the development of new materials for application
in biomedicine, active food packaging and smart materials. However, research must also
focus on a techno-economic analysis and feasibility of industrial scale production.
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Abbreviations

ABE mixture of acetone, butanol and ethanol
CH coffee husk

CG coffee grounds

CNCs cellulose nanocrystals

CP coffee pulp

CSs coffee silver skin

DSCG defatted spent coffee grounds

LA lactic acid

PBAT poly(butylene adipate-co-terephthalate)
PBS poly(butylene succinate)

PE poly(ethylene)



Sustainability 2021, 13, 6921 16 of 19

PEF poly(ethylene 2,5-furandicarboxylate)
PET poly(ethylene terephthalate)

PHA polyhydroxyalkanoates

PHB-HV poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA poly(lactic acid)

PLA-¢-MA  maleic anhydride-grafted-polylactide
PP poly(propylene)

PTT poly(trimethylene terephthalate)

PUs polyurethanes

SA succinic acid

SCGO spent coffee grounds oil

SFC spent filter coffee

SCG spent coffee grounds

TSCG torrefied spent coffee grounds

VS volatile solid
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