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The coffee plant Coffea spp. offers much more than the well-known drink made from the roasted coffee bean. During its
cultivation and production, a wide variety of by-products are accrued, most of which are currently unused, thermally
recycled, or used as animal feed.
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| 1. Introduction

The coffee plant is a special crop which, starting in Ethiopia, has now covered large areas of tropical and subtropical
cultivation. Coffee belongs to the family Rubiaceae and the tribe Coffeeae?. Currently, more than 100 species of the
genus Coffea are known, with the two varieties C. arabica and C. canephora being the most economically exploited
speciesil. The evergreen coffee plants produce white flowers which, after fertilization, produce mainly red fruits called
coffee cherriesit. About 3% of C. arabica also produce fully ripe yellow cherries. Other coffee species can also produce
black or black-and-yellow-striped cherries. Most varieties need 210 days from blossom to ripe cherry (e.g., bourbon or
catuai), whereas dwarf varieties (such as caturra and villa sarchi) require some days less, and tall and giant varieties
(maragogype and pacamara) around 230-240 days. The structure of a coffee cherry is shown in Figure 1. Under the
leathery epicarp (skin), which is green in the beginning and turns red with increasing ripeness, is the soft sweet mesocarp
(pulp). Beneath this is the strongly developed endocarp (parchment), enclosing the two seeds (endosperm) called coffee
beans, which are covered by their silver skin, a thin tegument!4!.

After harvesting the coffee cherries, there are different ways to produce green coffee (Figure 2). In dry processing, the
fruits are spread out immediately after harvesting and dried in the sun. Then, the dried pulp, parchment, and parts of the
silver skin are removed with peeling machines. This waste is called husk. The much more complex wet method can be
differentiated in three different sub-forms: i. pulped natural, ii. semi-washed, and iii. fully washed. In the first step of all wet
processing methods, the pulp of the coffee cherries is squeezed off the parchment beans in a pulper. The differentiation
between the sub-forms is directly connected to the treatment of the adhering mucilage. In the “pulped natural” method
(sometimes also referred to as “semi-dry” method), all mucilage is left on the parchment and dried on it, in order to allow
the sugars to enter the coffee bean by osmosis and create a very sweet coffee. In both the “semi-washed” and the “fully
washed” method, the mucilage is removed; the semi-washed technique is a mechanical cleaning, i.e., using brushes and
the friction of the parchment beans amongst themselves. In the “fully washed” method, the mucilage is broken down by
microorganisms, which occur naturally in the environment of the coffee pulping stations and the coffee plants. Bacteria,
yeast, and fungi break down the sugars and the pectins within the mucilage and produce acids and alcohols, thus creating
a broader spectrum of aromas, while the sweetness is decreased. It is still uncommon to use controlled fermentation as
done in the wine, beer, cheese, or bakery industry. In all cases, fermentation is a “spontaneous fermentation”, while the
created flavors differ a lot depending on the weather and other influencing factors during harvest and processing.

During roasting of the coffee beans, which usually no longer takes place in the countries of origin, the remaining silver
skin still adhering to the beans accrues as wastel®l. Spent coffee grounds are another type of waste produced either by
coffee consumers or by the industrial production of instant coffeelll. As a result, a large quantity of by-products is
generated during the production of coffee, and their recycling is becoming more and more important. Parts of the coffee
plant such as flowers, leaves, twigs and wood are equally classified as coffee by-products, because they arise during
cultivation. The most important by-products for food production are listed in Table 1.
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Figure 1. Cross section of a coffee cherry with its different layers.
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Figure 2. Coffee production-related by-products.

Table 1. Main uses of coffee by-products in the food sector.

Coffee By-Product Possible Use as Food
Flowers Beverages (tea): “coffee blossom tea"l®
Leaves Beverages (tea): “coffee leaf tea"AIBIRIL0LL]

Jam, juice, concentrate, jelly22;

Coffee pulp flour for breads, cookies, muffins, squares, brownies, pastas, sauces and
Coffee pulp beverages!!;

spirits/ethanoll4



Beverages (tea)[&][ﬁ][l_?];

spirits/2&/19l:

Husks, cascara, dried
, gishr (mixture with spices)22(21l;
coffee cherries

dietary fiber sourcellli22;

extraction of caffeine24

Dietary supplement(23l241(25],
Green unroasted beans
beverages (tea): “white coffee” (26][27]

Dietary fiber sourcel28l[29][30][31](32](33],

bakery products (breads, biscuits)24E3lE6137,
Silver skin
beverages (tea)28lE!:

smoke flavor additive

Historical: adulteration of coffee;

spirits42;

bakery products41142]43l.

Spent coffee grounds
dietary fiber sourcel441(45]

Defatted Coffea arabica seed powder (coffee flour) for savory and sweet recipes, in
bakery, confectionary, snacks, ready-to-eat products[48l

Parchment Food preservative, antioxidant(L4147]

| 2. Flowers

Coffee plants form white, multi-flowered, cymose inflorescences. Every year, an adult coffee tree produces 30,000—40,000
flowers!€! (according to the authors’ own observations, this number is probably for C. arabica, with C. canephora likely
expected to have a higher number of flowers). Because of colleters, which produce a glue-like secretion, the flowers
protect the plant from dehydration and insects8l. When the flower is starting to wilt off the plant, the blossoms are
plucked, so that the payload of coffee cherries is not affected®2. After drying, the flowers could be brewed as tisane.
Beside high values of total phenolic content, dried flowers obtained from C. canephora contain about 1 g caffeine/100 g
dry weight and also about 1 g trigonelline/100 g dry weightl8. Research in the field of coffee flowers is lacking, so there
are no toxicologically data available.

| 3. Leaves

The shiny, waxed leaves on the side of the main stem of the coffee plant are typically green®. For some species or
varieties, the young leaves can be bronzed-tipped and are green or dark-green when aging but never brown, except when
they are stressed or when they fall down. The leaves of C. arabica and C. canephora experience a life time of 8 months
and 7—10 month, respectively, until they reach a length of up to 15 cm (this literature value of 15 cm is probably for C.
arabica, while C. canephora leaves can reach a length of 30 cm and those of Coffea liberica W. Bull ex Hiern even up to
50 cm).

The leaves of the coffee plants have been used for a long time to prepare tea-like drinks. Especially in West Sumatra,
Ethiopia, Jamaica, India, Java, and South Sudan, the infusion is consumed as a traditional foodE[2E3], Regarding
species, C. arabica leaves have probably been used in Ethiopia, while C. canephora leaves have been used in India and
West Sumatra. According to Novita et al. the drink is called “kahwa daun” or “kawa” in Sumatral?d. In Yemen, it is called



“giser” and in Ethiopia “kuti”, “jeno”, or "jenuai”®4. Before preparing the drink, there are different production methods to
obtain coffee leaf tea. Most of them include leaf steaming, rolling, and drying®3. However, some manufacturers work
under a protective gas atmosphere to preserve the ingredients from oxidation=8IEZ58I9 - Alternatively, the leaves can
also be fermented®2. In some production methods, the drying process is supplemented by a roasting process/€dEl, To
produce a drink, the tea has to be extracted with water or aqueous solventsZ. Chen et al. found that a variation of the
production method (white, green, oolong, black; based on the production of tea from Camellia sinensis (L.) Kuntze)
produced different phytochemical compositions and different flavors(2L,

Besides their use as tea, coffee leaves are also used in ethnomedicine in the originating countries. The composition of
coffee leaves was recently reviewed by ChenBl. The leaves contain carbohydrates, protein and amino acids, organic
acids as well as a large spectrum of ingredients, such as alkaloids, flavonoids, terpenes, tannins, xanthonoids, phenolic
acids, flavonoids, phytosterols, amino acids, and carotenoids, which is held responsible for the diverse potential bioactive
effects typically known from in vitro studies only, e.g., antioxidant, anti-inflammatory, antihypertensive, antibacterial, and

antifungal activities!8IB2BAIE2AE3NE46S] ¢ arapica leaves contain 1.8 and 3.2 mg/g fresh weight of caffeine in mature and
young leaves, respectivelylZl. The content considerably changes during agingl.

Besides the use as food, coffee leaves are being tested in several other new applications, as vehicle perfumel®d, facial
cleanserl®, tobacco substitutel8I%  animal feed, Lactobacillus proliferating agentZ2l3], packaging materiallZ4,
absorbance padl’®, and deodorizerZ8],

For risk assessment, a level of 7 mg/g of caffeine in dried leaves and 9.9-10.9 mg/L of caffeine in an aqueous drink
prepared from 20 g/L of these leaves was determined by the EFSA in the context of a novel food notification as traditional
food from a third country™. As specifications for a safe food, EFSA gives a reference of <100 mg/L for chlorogenic acid,
<80 mg/L for caffeine, and <700 mg/L for epigallocatechin gallate. The maximum levels for caffeine and chlorogenic acid
are based on the recommendations of the applicant, whereas the maximum level for epigallocatechin gallate is based on
the observed safe level according to Hu et al. and the intake of green tealZ879, The xanthine mangiferin was only found in
the leaves of C. arabica (5 mg/kg dry weight) and not in those of C. canephoral®2. Signs of exocrine pancreas toxicity of
mangiferin in rodents were observed at a dose of 1000 mg/kg bodyweight (bw)Y. Reddeman et al. found no evidence of
genotoxicity for mangiferin in the Ames test, but a clastogenic effect could be detected in the chromosomal aberration test.
However, this could not be confirmed in an in vivo mammalian micronucleus test with a dose up to 2000 mg/kg bw/day8Y.
Thus, the EFSA considers the presence of mangiferin in coffee leaves to be safelZd,

| 4. Stems, Twigs, Wood

Stems, twigs, and wood are by-products without potential food uses; minor amounts are tolerated in coffee trade as
“defects” and considered a contamination of green coffeel®2. For example, the German coffee regulation tolerates 2 g/kg
of non-coffee compounds in roasted coffeel83],

| 5. Cherry Pulp

A large part of the coffee cherry is the cherry pulp, which also typically contains the skin. It represents around 29% of the
dry matter. Cherry pulp is a by-product of all wet processing methodsB4l. Cherry pulps contain 4%-12% of protein, 1%-—
2% of lipids, 6%—10% of minerals, and 45%-89% of total carbohydrates(82. Phenolic compounds and caffeine (1.3%) are
also present in considerable amounts(88l. Possible uses of cherry pulps are jam, juice, concentrate, and jelly. Coffee pulp
flour can be used for breads, cookies, muffins, squares, brownies, pastas, and saucesl12li13], Currently, there are no
specific data about the toxicity of cherry pulps in the literature. It can be assumed that bioactive compounds, microbial
spoilage, and mycotoxin contamination may pose a safety risk.

| 6. Parchment

Coffee parchment is a lignocellulosic material that has been rarely studied and not efficiently utilized®Z. Parchment was
suggested as an antifungal additive with potential uses for food preservation®Z. Extracts of parchment have also been
suggested as biocomponents with antioxidant activityl. Recent literature shows the potential of this by-product as a
promising low-calorie functional ingredient for dietary fiber enrichment in foods to regulate blood glucose and reduce the
concentration of serum lipids.

Assessing the food safety of parchment, Iriondo-DeHond et al. detected the mycotoxin ochratoxin A at 2.7 pg/kgi22 [32].
They also investigated the acute toxicity of raw parchment in rats with a single dose of 2000 mg/kg bw and observed no
apparent signs of toxicity, abnormal behavior, or mortality22],



| 7. Cherry Husk

During dry processing, coffee cherries are dried in the sun, and then the beans are mechanically removed from the dried
husks. The remaining husks are composed of skin, pulp, and parchment. They contain 8%—11% of protein, 0.5%—3% of
lipids, 3%—7% of minerals, and 58%—85% of total carbohydrates!83. The fiber amount contains 24.5% of cellulose, 29.7%
of hemicellulose, and 23.7% of lignin&. Caffeine and tannins represent around 1% and 5% of the cherry husk,
respectively[8.

The production of a refreshing and stimulating beverage called cascara (from Spanish “cascara’, meaning husk) has been
described. During the preparation, the husks are infused with hot water, and the result is commonly known as coffee
cherry tea or cascaral®l, Traditional beverages from coffee cherries have been consumed in Yemen (called Qishr) and
Ethiopia (called Hashara)22[2LI89 pespite the Spanish word being commonly used worldwide for coffee husk or its
derived beverage, the authors have not observed any traditional use of cascara in Latin America.

The beverage cascara contains 226 mg/L of caffeine and 283 mg/L of gallic acid equivalents, which represents the total
polyphenol content!®], While studying the in vitro biological activity of aqueous extracts of cherry husks, associations with
biomarkers of inflammation, oxidative stress, adipogenesis, and insulin resistance were detected[2E4],

Cherry husks can also be used for the cultivation of microorganisms based on their high fiber content. Using fermentation,
the production of citric acid, gibberellic acid, and enzymes has been realizedX28]. Gouvea et al. claimed that cherry husks
are a potential residue-based ethanol production sourcel®d. Additional uses in foods are in spirits8Il8 and dietary fiber
supplementsdi22],

Mycotoxins are mainly produced during the drying process of coffee cherries and could be of toxicological concern.
Paterson et al. described that ochratoxin A was formed in coffee cherry pericarp while sun-drying and found its highest
contaminations in husks23, Iriondo-DeHond et al. also detected quantities of ochratoxin A (4.3 pg/kg) in the insoluble
fraction of husks!22. They also investigated the acute toxicity of raw husk in rats with a single dose of 2000 mg/kg bw and
observed no apparent signs of toxicity, abnormal behavior, or mortality22. The EFSA determined a tolerable weekly intake
for ochratoxin A of 120 ng/kg bw!24. The preparation of cherry husks aiming to avoid microbial spoilage is very important
to achieve low mycotoxin amounts. Nevertheless, the investigation of mycotoxins in dried husks is an essential measure
for food safety.

| 8. Green Coffee

After coffee cherries have been cleaned of skin, pulp, mucilage, and parchment by dry or wet processing, green coffee
beans remain, which are traded on the international market22J[4. These beans are still mostly covered by their silver skin.
In a further, optional polishing step, this silver skin can also be removed28E7. Green coffee has a mild, green, bean-like
aromal98l,

The main constituents of green coffee are insoluble polysaccharides (~50%) such as celluloses and hemicelluloses. In
addition to complex carbohydrates, it contains mono- and oligosaccharides, oils and waxes (8%-18%), proteins and
amino acids (9%—12%), minerals (3%-5%), and polyphenolic compounds4878]1100](101](102][103] 114, 106,108-112]. The
most common alkaloid in green coffee is caffeine (1%—4%), whose concentration strongly depends on variety and growing

conditions, followed by trigonelline (~0.8%)204[05](106] 113_115]. Trigonelline is partially degraded during coffee roasting,
forming N-methylpyridinium ions by decarboxylation and nicotinic acid by demethylation107I10811109] 1116718,

Green coffee is included in the context of coffee by-products as novel food because typically only roasted coffee is
consumed by end consumers. Nevertheless, green coffee can be marketed as such (without roasting), and an infusion
(from non-selective water extraction) can be prepared from the chopped beans!23l22l25126][27]  Extracts, customized to the
needs of the food industry, can generally also be produced by extraction with hot waterll1 alcohol®ll, or mixtures
thereofl®8l. Such selective extracts require a separate assessment as novel food. They are available in capsules as food
supplements or are used for the preparation of beverages or chewing gum. Due to the high content of chlorogenic acids,
which would be partially lost during roasting, the extracts are sold with reference to their potential, diverse, health-
promoting effects, some of which have yet to be proven[22l. Watanabe et al. examined green coffee extract in a placebo-
controlled human intervention study and found no serious side effects. The subjects received an extract containing 140
mg of chlorogenic acid per day for 12 weeks22l. |n a rat study of green coffee oil, which is rich in kahweol and cafestol,
no signs of toxicity could be found. The acute administration of 2000 mg/kg bw and the subacute administration of up to
75 mg/kg bw exhibited no toxicological effects, but the relative weight of heart and thymus increased without
histopathological changes*3l.



Caffeine is known to affect the central nervous system and is therefore popular for its stimulating effect. However,
overdosing can also have adverse effects, so that, especially when placing food supplements on the market, the
recommendation for maximum daily intake of caffeine (400 mg/day) by the EFSA should be observed14],

Especially in the production of extracts, it should be noted that mycotoxins can also be enriched. Vaclavik et al. found up
to 136.9 pg/kg of ochratoxin A, 20.2 ug/kg of ochratoxin B, 415.0 pg/kg of fumonisin B1, and 395.0 ug/kg of mycophenolic
acid in green coffee extracts112],

| 9. Silver Skin

The coffee silver skin forms a thin tegument, which is located directly around the two beans of the coffee cherry. It
accumulates in large amounts as a by-product of the roasting process. The coffee silver skin is composed to a large
extent of dietary fiber (60%—80%)R4l. Pertinent fiber components are cellulose, hemicellulose, and lignin. The main
monosaccharides in coffee silver skin hemicellulose are xylose, galactose, arabinose, and mannose. A relevant amount of
the total dietary fiber is soluble, which gives coffee silver skin the potential to be used as raw material in the development
of functional foods!23l. There is no significant difference of the dietary fiber content between C. arabica and C. canephora
coffee silver skin®4. The protein content in coffee silver skin is around 18%[RBUE3l The ash value is high, which is
attributed to minerals. Other nutrients such as fats and reducing carbohydrates are found in lower concentrations2.

The coffee silver skin contains phenolic compounds and has a high antioxidant activity. Additionally, it contains Maillard
reaction products, which are formed during the coffee roasting processl. The caffeine content in roasted coffee silver
skin ranges between about 0.8 and 1.4 g/100 gl218l. Canephora coffee silver skin has a significantly higher caffeine
content than Arabica coffee silver skin. Iriondo-DeHond et al. determined the caffeine content in extracts from C. arabica
and C. canephora silver skin. Coffee silver skin extracts also contain other bioactive compounds such as 5-caffeoylquinic
acid, a chlorogenic acid, and flavonoids such as rutinZ, Thus, coffee silver skin has the potential to be used as a natural
and sustainable ingredient in foodsZ2LL7],

Primarily coffee silver skin could be deployed as a source of antioxidant dietary fiber in foods. For example, coffee silver
skin extracts may be used as a natural colorant and as a source of dietary fiber in biscuits22. Furthermore, coffee silver
skin may improve the quality, shelf life, and sensory quantities of barbari bread24. There are also applications of coffee
silver skin in antioxidant beverages2d. Due to its roasting-derived flavors, it could be used to impart the smoke aroma into
other foods, e.g., as a smoked salt (authors’ own observation).

In addition to the abovementioned amounts of caffeine, coffee silver skin also contains acrylamide, as this contaminant is
produced during roasting!2d23l Contamination with mycotoxins, especially ochratoxin A (18.7-34.4 pg/kg) is also
possible28l, |riondo-DeHond et al. investigated the acute toxicity of an aqueous extract of coffee silver skin in rats with a
single dose of 2000 mg/kg bw and observed no apparent signs of toxicity, abnormal behavior, or mortalityZ. The extract
also showed no cytotoxicity in the MTT assay on HepG2 cells. Also in the MTS and lactate dehydrogenase (LDH) assays
in HaCaT and HFF-1 cells, no in vitro cytotoxic effects could be detected19. The comet assay for in vitro genotoxicity
testing in HepG2 cells showed that at concentrations up to 1000 pg/mL of coffee silver skin extract, no relevant strand
breaks or oxidized bases were induced. In a subacute toxicity study, in which rats received 1 g/kg bw of aqueous
coffee silver skin extract orally, no negative effects on hormone secretion and antioxidant or anti-inflammatory biomarkers

were observed!29,

| 10. Spent Coffee Grounds

Spent coffee grounds are formed both during the extraction of coffee powder with hot water to produce a coffee beverage
and during the production of instant coffee preparationstl. For each kg of instant coffee, 2 kg of wet spent coffee grounds
waste are produced, which corresponds to an annual amount of about 6,000,000 t worldwide[LI[221],

In the food industry, coffee grounds could be used as a source of dietary fiber#443 or in bakery products1#243] a5 well
as to produce alcoholic distillates9. After drying the spent coffee grounds, subsequent extraction of coffee oil with
supercritical CO,, and sterilization, a “coffee flour” is produced, which is highly fibrous, high in protein, and gluten-free. It is
intended for use as a novel food ingredient in savory and sweet recipes, bakery products, confectionery, snacks, and
ready-to-eat products 8. The novel food approval is currently pending.

Polysaccharides are the main component of spent coffee grounds, with hemicelluloses accounting for approximately 39
g/100 g dry weight and celluloses for 12 g/100 g dry weight!23l122l123] Besides sugars, proteins, and minerals, spent
coffee grounds also contain fat, which can be extracted as coffee oil and contains the diterpenes kahweol and cafestol24]



(125 pye to the good water solubility of caffeine, lower caffeine contents are measured in spent coffee grounds (0.007%-—

0.5%) than in roasted coffee. The caffeine content depends on coffee variety and extraction process228l127],

The two food processing contaminants acrylamide and hydroxymethylfurfural result from the Maillard reaction during
coffee roasting28l, Spent coffee grounds contain 37.2 + 0.4 pg/kg of acrylamide and 61.3 + 0.4 mg/kg of
hydroxymethylfurfural (dry weight), respectively®2. Of alkyl pyrazines, which are formed during roasting by the Maillard
reaction, about 70%—80% pass into the domestically prepared coffee beveragel22d. |t can therefore be deduced that the
rest remains in spent coffee grounds. In humans, alkyl pyrazines are metabolized to their corresponding carboxylic acids
and almost completely excreted renally23%, Spent coffee grounds are susceptible to contamination with mycotoxins,
therefore Iriondo-DeHond et al. investigated this. They could not detect aflatoxin B1 and enniatin B but found ochratoxin A
in an amount of 2.31 pg/kg. They also carried out an acute toxicity study in rats, in which no visible signs of toxic effects
were observed at a dose of 2000 mg/kg bw of spent coffee grounds[t23l,
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