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ABSTRACT

Coffee is one of the major socioeconomic crops with a direct impact on
the development of producing countries. Aroma, resulting from a complex mixture
of volatile substances, is the most important quality and price determinant. The chemical
changes occurring in the volatile profiles of roasted Coffea arabica beans during storage
under two different conditions (room temperature, refrigerator) for the period
of 15 weeks have been characterized by means of HS-SPME in combination with GC-MS.
A total of 65 volatile compounds, including 7 potent odourants, were identified and
guantified in samples of four diverse geographical origins. No off-flavour compounds were
generated during the research in any of the samples. The only new substances emerged
were dodecane and p-cymene. The complete loss of 3-ethyl-1,2-cyclopentanedione was
detected in samples stored in the refrigerator. The total loss of another substance did not
occur, but the overall considerable volumetric decrease of volatile substances in roasted
coffee beans over time has been confirmed. Significant drops in volume have occurred,
beside others, in the case of 2-methylbutanal, 3-methylbutanal, and 2,3-pentanedione,
which are ranked among the important odourants. Only minimum of substances remained
completely inert to the different storage temperatures throughout the research.
In general, study demonstrated decreasing rate of loss of the volatile substance when
storing the samples in the refrigerator. Minor fluctuations in reactions to storage
conditions were also noted in accordance to coffee's origin. Disturbance of the balance
of potent volatile compounds was assessed as the main cause leading to coffee quality

degradation.
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1 INTRODUCTION

Coffee is the most traded tropical agricultural commodity (Smélikova & Zdrahal
2011). The earnings from its exports have a positive strong impact on the overall
economic situation and development of the producing countries, which are particularly
developing and least developed countries (Al-Abdulkader et al. 2017). A positive effect of
coffee drinking on the human body, along with a pleasant taste and aroma, makes coffee
one of the most popular beverages in the world. In 2016, 11 million hectares of land was
used for coffee growing (FAO 2018). Its production, processing and distribution employ
millions of people worldwide. Therefore, coffee is one of the major socioeconomic crops
with a direct impact on access to food, education, medical services, housing and the other

basic needs (Smélikova & Zdrahal 2011).

With increasing affordability of the beverage, demand for coffee is constantly rising
(FAO 2015; ICO 2017). The price of coffee is reflected by a quality of the bean, which
depends mainly on the plant species, growing conditions and processing method. The
quality of coffee is judged, in particular, in terms of its aroma. Aroma is one of the most
important properties of coffee, having a main role in purchase decision making process. It
is the result of a mixture of volatile substances, of which about 1,000 have been identified
in coffee so far (Yeretzian et al. 2003). However, revealing of the specific effect of all these
substances on the taste and smell of coffee is still in its beginning stages. Other
uncertainties are associated with the presence of volatile substances in coffee in relation
to the coffee's properties and storage conditions (Toledo et al. 2016). Clarification of the
effect of storage conditions on the composition of volatile substances in Coffea arabica L.

beans has led to the idea of starting this research.



2 LITERATURE REVIEW
2.1 COFFEE'S ORIGIN AND CONSUMPTION

The exact origin of coffee remains unclear to this day. Researchers trace that the
first coffee tree appeared in the forests of Ethiopia (Amamo 2014). It is assumed that
before the coffee began to be prepared in today's well-known manner, the coffee beans
were initially only chewed in their raw form. The first credible mention of coffee drinking
comes from Mocca, city of Yemen, and dates back to the late 14th or early 15th century
(Schivelbusch 1992; Topik 2000). Soon, the beverage began to enjoy great popularity and
its drinking gradually spread all over the world (Wolf et al. 2008).

Nowadays, coffee is the second most popular beverage, right after tea (Caprioli
2015; Batista et al. 2016). In 2010, more than 500 billion cups were consumed worldwide
(Farah 2012). The latest data released by the International Coffee Organization (ICO) refer
to the 9,078 billion kilograms of coffee consumed annually worldwide. The largest amount
of coffee is consumed by residents of the United States (US), Brazil, Italy, Japan and
Germany (Farah 2012). The highest coffee consumption per capita is in Scandinavian
countries and Germany (Smélikova & Zdrahal 2011). Considering only the weight of the
basic raw materials for making these two beverages, 80 % more coffee is consumed than
tea. But while we use about 45 grams of coffee beans to produce one liter of coffee, only
10 grams of tea leaves are needed to produce one liter of tea. For this reason, to compare
the quantity consumed, it is much more logical to measure the volume in liters. Then the
tea prevails over the coffee. For every cup of coffee there are three cups of tea drunk.
Choosing a preferred drink is affected by many aspects. Of course, tradition is important,
but income also has its influence. It turns out that people from high income classes usually
prefer drinking coffee over drinking tea, while people from lower income classes drink

more tea than coffee (Grigg 2002).

Consumption of coffee is continually increasing (Butler 1999; Maeztu et al. 2001;
Illy & Viani 2005; ICO 2017). Due to the swelling middle classes of the developing world

and their rising incomes coffee is becoming more a more affordable (FAO 2015).



2.2 PRODUCTION, TRADE AND ECONOMY

In 2014, 8,790,005 tonnes of green coffee were produced worldwide. Over the past
50 years the production has risen considerably. Compared to 1994, the amount of coffee
produced more than doubled (FAO 2017). Coffee is currently grown by 70 countries (FAO
2015; Ilwasa et al. 2015). The five largest coffee producers are Brazil, Vietnam, Colombia,
Indonesia, and Ethiopia (ICO 2017; Statista 2017). The top three are responsible for more
than half of world production, headed by Brazil, which accounts for almost one third of
the world's coffee production (FAO 2017). A century ago, 90 % of all coffee was grown in

Brazil (Barter 2016).

Nowadays, 90 % of coffee comes from developing countries (Feleke & Walters
2005). According to Grigg (2002), it is even 100 % of the world's coffee that is being
produced in developing countries. The reason is that most of the developed countries do
not have suitable conditions for coffee growing. However, these countries are the most
important consumers. Only 25 % of the world's coffee consumption takes place in coffee
producing countries (Feleke & Walters 2005). The rest of the coffee becomes a part of the
business. Coffee is exported mainly in its unprocessed form. Around 7 million tonnes of
green coffee are exported annually, while the amount of roasted coffee exported per year
usually does not exceed one tonne (FAO 2017). In smaller quantities, coffee extracts,
essences, husks, skins and concentrates are also exported (Pokorna & Smutka 2010; FAO
2017). The most important coffee importers are European Union (EU), US, Japan and
Canada. Russia and Switzerland share the fifth place in the ranking (US Department of
Agriculture 2017). In 2014, the green coffee imported into the EU and EFTA was valued at
7.9 billion euros (Netherlands Ministry of Foreign Affairs 2016).

From the above figures and information, it is clear that coffee plays a major role in
the economy of many developing countries. It is a cash crop and the world’s most valuable
traded foodstuff (Barter 2016). Some sources claim that coffee is, right after the crude
petrol, the most important traded commodity of the world markets (Nair 2010;

Pokorna & Smutka 2010; Patay et al. 2016). About 500 million people are involved in the
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international coffee trade (Batista et al. 2016). Coffee cultivation is a vital source of
income for many people in the developing world. The livelihood of around 125 million
people worldwide is dependent on coffee. Only a small percentage of coffee comes from
large-scale plantations owned by multinational companies. 80 % of the world's coffee is
produced by 25 million smallholder farmers (Fairtrade Foundation 2017). In Indonesia, it is
even 96 % of the overall coffee productions that comes from the smallholders (Brata
2007). The livelihood of about 2,053,000 people in Central America is based on coffee
production. Due to the successful pursuit of greater diversification of exported products,
coffee is no longer contributing to the GDP of Central American states as much as it used
to be 30 to 40 years ago, but it still remains a very important commodity (Avelino et al.
2015). It is the top exported product of Honduras, second most exported product of
Nicaragua and San Salvador and third of Guatemala. Outside of Central America, coffee is

second to gold among legal non-petroleum exports in Colombia (Barter 2016; WITS 2017).

The coffee market is inherently unstable. Farmers face many risk factors such as
climate change, diseases, farmland losses and constant wide fluctuations in prices. Urban
migration and aging workforce are also increasingly becoming common problems

(Fairtrade Foundation 2017; Global Washington 2017).

2.3 TYPES OF COFFEE

Coffee plant belongs to the family Rubiaceae, genus Coffea. It is a perennial
evergreen shrub or tree that can grow up to 3 to 12 meters high. However, for easier
harvesting, the plants are regularly pruned and kept at a maximum height of 2.5 meters
(Belitz et al. 2009). Highly scented white flowers mature into deep red or purple fruits, so-
called cherries, that usually contain two seeds called coffee beans. Detailed structure of
coffee bean is presented in Figure 1. The fruits ripen irregularly which makes harvesting
difficult (Masarirambi et al. 2009). For this reason coffee is still predominantly picked

selectively by hand (Batista et al. 2016).
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Figure 1. Coffee bean structure
(Source: National Coffee Association of U.S.A. 2018a).

Coffea species grow in warm and humid climate of tropics and subtropics. Equatorial
regions with the altitude from 1,300 to 1,600 meters provide the most suitable conditions.
Nevertheless, coffee is grown especially at an altitude of 200 to 1,200 meters at
temperatures around 18-22°C (Rohwer 2002; Tesfaye 2013). The lifespan of a coffee
plantation can be over fifty years, but most of the plantations have an average lifespan

about thirty years (Wintgents 2009; Bunn et al. 2014).

According to Clarke (2003) the Coffea genus comprises more than 80 species. Other
sources mention even more than 100 identified Coffea species (Kochko et al. 2010; Davis
et al. 2011; Batista et al. 2016). Three best known are Coffea arabica L. (Arabic coffee),
Coffea canephora L. (Robusta coffee) and Coffea liberica L. (Liberian coffee). Only first two
are grown on a large scale and economically important as commercial products (Patay et
al. 2016; Herrera & Lambot 2017). While C. arabica accounts for about 60 % of the world's
production, remaining 40 % of coffee comes from C. canephora (FAO 2015; US
Department of Agriculture 2017). C. arabica is very sensitive to heat and prefers partial
shade. The shade should not cover more than 50 % of the cultivated area. In Central
America, Inga spp. and Grevillea robusta are the most commonly used shade trees,
planted with the density ranging from 83 to 100 trees per hectare at higher altitude or 156
to 204 trees per hectare at lower elevations. In Africa, farmers mostly use Albizzia spp. for
these purposes, while Erythrina indica is typical shade tree for India. Majority of shade
trees in Indonesia and Papua New Guinea belongs to the genus Casuarina (llly & Viani

2005).



Annual mean air temperature for C. arabica should range from 18°C to 23°C.
C. canephora generally tolerates higher temperatures and grows best in sun, but it is more
susceptible to cold. It grows best at temperature among 22°C to 26°C (Wintgents 2009;
Paes de Camargo 2010; Toledo et al. 2016). C. canephora is limited to grow at lower
latitudes than C. arabica, because it needs a climate with little intra-seasonal variability
(Bunn et al. 2014). C. canephora prefers lower altitudes, usually up to 800 meters above
the sea level, while most suitable conditions for C. arabica are at higher altitudes from
around 1,000 to 2,100 meters, as for example in hilly terrains of Central America and
Colombia (Paes de Camargo 2010; Toledo et al. 2016). C. canephora gives greater yields
and it is easier to grow, as it is less demanding and more resistant to pests and diseases

(Farah 2012; Toledo et al. 2016).

The overall quality assessment of coffee is based on its organoleptic quality as well
as physical properties. The organoleptic quality describes coffee's overall taste, flavour,
sweetness, aroma or fragrance and acidity, while the physical quality includes features
such as shape, weight, thickness, width, length and colour (Leroy et al. 2006). Arabic
coffee is generally considered to be of higher quality than Robusta coffee. Therefore,
Arabic coffee is better valued in the markets and it is more expensive. In June 2017 the
average price of Arabica on the US market was 144.10 US cents per pound, while you
could buy one pound of Robusta for 104.83 US cents. In October 2014, the price for
Robusta was even less than half the price of Arabica (IndexMundi 2017). The price
difference often leads to the fraudulent mixing of C. canephora coffee beans with
C. arabica coffee beans. The mixture is then sold at the same price as pure Arabica
(Schievano et al. 2014). Aroma of Robusta coffee is raw and earthy whereas Arabica's is
mild. Even so, most customers are unable to recognize the difference and never reveal the
truth (Knysak 2017). And of course, a coffee made from carefully harvested and properly
processed Robusta seeds will always be of the better quality than a coffee made from

Arabica seeds which has been handled improperly (Farah 2012).



2.4 CHEMICAL COMPOSITION

The chemical composition of coffee beans is a complex combination of a large
number of defined and still undefined substances. The basic constituents of coffee seeds
are polysaccharides, proteins, lipids and waxes, caffeine, chlorogenic acids, quinic and
caffeic acids, water, and minerals, primarily potassium, magnesium, calcium, phosphorus,
manganese and iron (Franca et al. 2005; Petrikovd & Patocka 2006). Other naturally
occurring minerals in coffee are sodium, copper, zinc, rubidium, strontium, vanadium,
cobalt, nickel, barium, boron. Minor amount of B, C, P and PP vitamins can be also found
(Patay et al. 2016). It is not possible to precisely pin down the composition of a coffee
bean in general. The individual constituents contained in seeds and their amounts vary
greatly. The final composition of a green coffee seed depends mainly on its genetic and
physiologic aspects, such as botanical species, variety, or degree of maturation. For
example, Arabica coffee normally contains lower amounts of antioxidants, less
chlorogenic acids and about two times less caffeine than Robusta coffee (Ky et al. 2001;
Campa et al. 2004; Farah 2012). Secondly, chemical compositon is also influenced, to a
lesser extent, by extrinsic factors such as soil pH, soil composition and its fertilization,
agricultural practices, drying method, processing and post-harvest techniques, climate and
storage conditions (Farah & Donangelo 2006; Selmar et al. 2006; Perrone et al. 2009).
Several scientists believe that higher altitudes and shady conditions have also a positive
effect on coffee quality. Only a small number of studies inquire into this phenomenon. It is
not yet clear, whether the two factors directly lead to a better coffee quality, or whether it
is just the fact that they dramatically reduce air temperature. Lower temperatures slow
down the ripening process, resulting in increased accumulation of aroma precursors

(Vaast et al. 2006; Joét et al. 2010).

Roasting also significantly changes the chemical composition and physical properties
of the seed. The temperature of roasting and the exposure time are the most influential
factors (Gloess et al. 2014). Less important, but still insignificant, factors influencing the

chemical composition are the air-flow speed, roaster type, amount of coffee in the roaster



and other roasting variables. From a processing point of view roasting is a relatively easy
step. The great number of chemical reactions that occur in this process is, on the contrary,
so complicated that it has not yet been fully understood (Farah 2012). Easily perceived
physical changes associated with roasting are volume increase, weight loss, colour change
and decrease of density (Noor et al. 2015). Soluble fiber is partially degraded and
incorporated into melanoidins. The degradation of sucrose and polysaccharides rise the
levels of aliphatic acids (formic, acetic, glycolic, and lactic), which may increase the brew
acidity (Clarke & Macrae 1985; Ginz et al. 2000). Most of the chlorogenic acids are
degraded due to their thermal instability (Farah 2012). A degree of roasting affects the
amount of losses. Sever roasting can cause degradation of almost 100 % chlorogenic acids
(Trugo & Macrae 1984). A variety of compounds including nicotinic acid (3 %) and volatile
compounds such as pyrrols (3 %), pyridines (46 %), pyrazines, and methyl nicotinate are
produced by degradation of trigonelline (Flament et al. 1968; Trugo & Macrae 1984).
Although, caffeine as well as lipid fraction are relatively stable components, small losses
may also occur (Farah 2012). Water evaporation is the main reason for weight loss. Its
vaporization together with release of CO, and formation of volatile components leads to
the already mentioned increase in volume (Dutra et al. 2001). Key components that are
attributing to the coffee flavour and thus significantly influencing the coffee quality are
described in Table 1. The table also contains information on the behavior of individual

components during roasting.

Table 1. Changes of the key coffee components after roasting

Component Flavour attribute Influence of roasting References
P ived st th, bod d

Caffeine grcelve strength, body an Stable (Oestreich-Janzen 2010)
bitterness
0] Il ti ti

Trigonelline .vera aromatic perception, 60-90 % degraded (Clarke & Macrae 1985)
bitterness

Chl i

aCi(;)srogenlc Acidity, astringency and bitterness 59.7-98 % degraded (Trugo & Macrae 1984)

Sucrose Flavour precursor Disappear (Grosch 2001)

Lipids Flavour carriers, texture and Stable (Oestreich-Janzen 2010)
mouthfeel

Water >80 % vaporized (George et al. 2008)




Following Table 2 lists the basic components of the green coffee seeds and roasted
coffee beans of the two most common coffee species — Coffea arabica L. and Coffea
canephora L. The table shows percentages of each component in the seed/bean. Numbers
are not illustrative of extreme possibilities. They represent the most common values or
values around which the percentage typically fluctuates.

Table 2. Chemical composition of green seeds and roasted beans of Coffea arabica L. and Coffea
canephora L.

Concentration (g/100g)

Robusta Robusta Arabica Arabica Source
Carbohydrates/fiber
Polysaccharides 37.0 48.0-55.0 31.0-33.0 34.0-44.0 a
Sucrose 1.6 0.9-4.0 4.2 6.0-9.0 a
Reducing sugars 0.3 0.4 0.3 0.1 a
Pectins 2.0 2.0 2.0 2.0 a
Lignin 3.0 3.0 3.0 3.0 a
Nitrogenous compounds
Protein/peptides 7.5-10.0 11.0-15.0 7.5-10.0 10.0-11.0 a
Free amino acids - 0.8-1.0 - 0.5 a
Caffeine 2.4-2.5 1.5-2.5 1.1-1.3 0.9-1.3 a
Trigonelline 0.3-0.7 0.6-0.7 0.2-1.2 0.6-2.0 a
Nicotinic acid 0.014-0.025 - 0.016-0.026 - a
Lipids
Coffee oil 11.0 7.0-10.0 17.0 15.0-17.0 a
Diterpenes 0.2 0.2-0.8 0.9 0.5-1.2 a
Minerals (as oxide ash) 4.7 4.4-4.5 4.5 3.0-4.2 a
Water 1.5-5.0 8.5-12.0 1.5-5.0 8.5-12.0 a
Acids and esters a
Chlorogenic acids 3.3-3.8 6.1-11.3 1.9-2.5 4.1-7.9 a
Aliphatic acids 1.6 1.0 1.6 1.0 a
Quinic acid 1.0 0.4 0.8 0.4 a
Melanoidins 25.0 - 25.0 - a
Volatile compounds 0.1 traces 0.1 traces b

(Sources: °Farah 2012, "Oestreich-Janzen 2010)

2.4.1 CAFFEINE

Caffeine (methylxanthine, specifically 1,3,7-trimethylxanthine) is a heat stable
purine alkaloid that is synthesized in the immature coffee fruits and young leaves of
seedlings and gradually accumulated in these organs during the maturation process

9




(Ashihara et al. 2008; Farah 2012). In the case of fruit, caffeine is synthesized in outer part,
pericarp, from which it is translocated into the endosperm. Eight months after flowering
caffeine reaches its final value. Root system and brown parts of shoots do not usually
contain any caffeine (Zheng & Ashihara 2004). Caffeine biosynthesis is a four step process
starting with the methylation of xanthosine. Slow degradation of caffeine also occurs in
the plant. The basis for caffeine catabolism is the separation of the three methyl groups
and the formation of xanthine that is further degraded to CO, and NHs (Ashihara et al.

2008). The molecular structure of caffeine is shown in Figure 2.
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Figure 2. Molecular structure of caffeine
(Source: Oestreich-Janzen 2010).

The reason for the presence of caffeine in plants is explained by two theories.
According to the first one, “chemical defence theory”, caffeine, as a toxin which can be
lethal in certain doses to many living organisms, acts as a protection of young soft tissues
against herbivores and pathogens. The second theory, called “allelopathic or autotoxic
function theory”, is based on the fact that after the abscission caffeine still remains in the
leaves. Its release into the soil inhibits germination of seeds around the parent plant and
thus regulates spacing and suppresses competitive plants (Anaya et al. 2006; Ashihara et
al. 2008). Caffeine is considered as a major pharmacologically active compound in the
coffee. It is soluble in hot water. It has a form of white crystalline substance and bitter
taste (George et al. 2008; Farah 2012). However, it is responsible only for small
percentage of perceived bitterness of the beverage and thus plays minor role in flavour
(Flament et al. 1968). Caffeine intake results in stimulation of the central nervous system,
peripheral vasoconstriction and myocardial stimulation. People do not drink coffee just

because of its delicious flavour, but also because of caffeine's ability to enhance cognition
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and mood, support wakefulness and produce stimulatory effects (Lieberman et al. 2002;

Haskell et al. 2005).

2.4.2 TRIGONELLINE

Trigonelline (1-methylpyridinium-3-carboxylate) is a pyridine alkaloid synthesized by
enzymatic methylation of nicotinic acid also known as niacin or vitamin Bs. As with
caffeine, biosynthesis occurs in fruits and leaves (Ashihara 2006; Ashihara et al. 2011).
Trigonelline can be found in all organs of coffee plant, including roots (Ashihara 2015).
While caffeine is still present in detached senescent leaves in relatively high amounts,
trigonelline is almost completely absent in them (Ashihara 2006). Another difference from
caffeine is thermal instability of trigonelline. At higher temperatures it degrades and is
demethylated back to nicotinic acid (Farah 2012). From a biological aspect, trigonelline
helps plants to survive and grow thanks to its regulatory functions (Garg 2016). It also
serves as a reservoir of nicotinic acid (Ashihara 2006). In terms of coffee drinking, its
importance is primarily associated with the development of characteristic flavour, as
trigonelline and some of its thermolytic products, including pyrazine, furans, pyrroles and
alkyl-pyridines, undoubtedly contribute to aroma and taste (Wei & Tanokura 2015).
Trigonelline promotes glucose utilization and stimulation of respiratory activity (Riedel et
al. 2014). Firgure 3 shows molecular structure of trigonelline and its precursor, nicotinic

acid.

(A) (B)
COs™
Z | 2
CO-H
4+ = 02
N |
CHz \N

Figure 3. Molecular structures of (A) trigonelline and (B) nicotinic acid
(Source: Farah 2012)
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2.4.3 CHLOROGENIC ACIDS

Chlorogenic acids are known to have DNA protective functions and many other
positive effects such as anticancer, antibacterial and anti-inflammatory activities (Henry-

Vitrac et al. 2010; Lou et al. 2011; Xu et al. 2012).

2.4.4 VOLATILE COMPOUNDS

Among the factors influencing the perception of the taste of food, the aroma is
unequivocally dominating. Both academic and popular literature, mention that 75 to 90 %
of what we consider to be ‘taste’, in fact, derives from the sense of smell. Even though the
number needs to be taken with a caution, since it can be slightly tricky to indicate the
exact value of the perception of the senses, it is clear that the influence of the aroma on
the taste is undeniable (Spence 2015). Roasted coffee is one of the most aromatic food
products with more than 900 volatile compounds identified (Flament 2002). While
Yeretzian et al. (2003) speak even of up to 1000 of volatile substances identified in the
roasted coffee, Franca et al. (2005), are more restrained and mention just over 800 of
them. The most common classes of volatile compounds (in order of abundance) are
furans, pyrazines, ketones, pyrroles, phenols, hydrocarbons, acids and anhydrides,
aldehydes, esters, alcohols, sulfur compounds, and others (Flament 2002). From which
sulfur compounds, such as thiols, and pyrazines has the strongest influence on coffee

flavour (Nijssen et al. 1996).

Customers often base their purchase decisions of food on aroma, which makes it
one of the main food attributes (Toledo et al. 2016). However, the question remains which
of the hundreds of substances and their corresponding precursors relevantly contribute to
the flavour and to what extent (Franca et al. 2005). Current assumptions estimate that
human nose can sense to varying degrees only about 5 % of volatile compounds derived
from coffee, so probably only a small fraction of a large number of substances is capable
to impact coffee's aroma (Yeretzian et al. 2003). Not only the odour compound itself but
also its concentration plays a huge role. Each substance has its unique threshold
concentration which, when exceeded, causes the substance to be perceived.
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Concentrations well above the threshold lead to the "bloom out" of the odour, which can
then become identifiable or dominant (Toledo et al. 2016). Normal concentration levels
are ranging from parts per million (ppm) to parts per trillion (ppt) (Grosch 2001; Buffo &
Cardelli-Freire 2004).

Some of the common coffee volatile substances, including the description of their

fragrance, are listed in Table 3.

Table 3. Odour description of the volatile compounds naturally occurring in roasted coffee beans

Aroma compound Odour description References
Indole Burnt, mothball 5
Octanoic acid Sweet cheesy 5
4-Ethylguaiacol Smoky, spicy, phenolic 1,4,5
Phenol Smoky 5
Difurfuryl ether Coffee-like, toasted odour 5
1-(1-H-pyrrol-2-yl)ethanone Nutty, musty 5
Maltol Caramel 5
1-Furfurylpyrrole Hay-like, mushroom-like, green 5
2-Furfuryl methyl disulphide Coffee-like 5
Hexanoic acid Fatty-rancid, acrid-acid 5
Butanoic acid Sour 5
Furfuryl alcohol Burnt 5
Pyrrole Nutty, hay-like, herbaceous 5
2-Acetylfuran Balsamic-sweet 5
Acetic acid Sour 5
2-Furfural Bread, almond, sweet 5
Trimethyl pyrazine Nutty, roasted 5
2-Ethyl-6-methylpyrazine Roasted, hazelnut-like, peanuts 3,5
Dimethyl trisulphide Onion 5
2,3-Dimethylpyrazine Nutty, roasted, green, hazelnut 2,5
2-Ethylpyrazine Nutty, roasted, peanuts 3,5
2,6-Dimethylpyrazine Nutty, sweet, fried 5
2,5-Dimethylpyrazine Nutty, roasted, grassy, corn, hazelnut 2,5
Dihydro-2-methyl-3-furanone Sweet, roasted 5
2-Methylpyrazine Nutty, roasted, chocolate 5
Furfuryl methyl ether Nutty, coffee grounds-like, rich, phenolic 5
Pyridine Bitter, astringent, roasted, burnt 5
2,3-Hexandione Buttery, cheesy, sweet, creamy 5
3-Methylthiophene Ash 5
Hexanal Grassy, green oily, butter rancid 3,5
2-vinylfuran Ethereal, rum, cocoa note 5




Dimethyl disulphide Onion 5
2,3-Pentadione Oily buttery 3,4,5
2,3-Butanedione Buttery, cheesy 1,2,3,4,5
2,5-Dimethylfuran Ethereal 5
2-Methylbutanal Malty 5
3-Methylbutanal Malty 5
1-Octen-3-one Mushroom-like 1
2-Hydroxy-3-methyl-2-cyclopenten-1-one Sweet, caramel 2
Propanal Roasted, fruity 3,4
2-Methylpropanal Malty, fruity 3,4
3-Methylpropanal Roasted cocoa 3

2-e 4-Methylbutanal Buttery 2,3,4
(E)-2-nonenal Buttery 2
Methional Cooked potato 1,6
Methanenthiol (mercaptan) Cooked potato 3,4
4-Methyl-2-buteno-1-thiol Smoke, roasted 2,4
Furfuryl mercaptan Meat 1,4
5-Dimethyl-trisulfide Sulfur 1,4
2-Furfurylthiol Roasted, toast 1,4,6
2-Furanmethanethiol Smoke, roasted 2
2-(methylthiol)propanal Soy sauce 2
2-(Methylthio-methyl)furan Smoke, roasted 2
3,5-Dihydro-4(2H)-thiophenone Smoke, roasted 2
2-Acetyl-2-thiazoline Roasted 1
4-Methylbutanoic acid Sweet, acid 1,2
(E)-1-(2,6,6-Trimethyl-1-cyclohexa-1,3- Cooked apple, sweet, fruity 1,2,4
2-Ethyl-furaneol Caramel 1
2,5-Dimethyl-4-hydroxy-3(2H)-furanone Caramel, sweet 1,2,4,6
4,5-Dimethyl-3-hydroxy- 2(5H)-furanone Spicy, toast 1,4,6
5-Ethyl-3-hydroxy-4-methyl-2(5H)-furanone  Spicy, honey 1,6
2-Ethyl-4-hydroxy-5-methyl-4(5H)-furanone  Sweet, caramel 2
2-Methoxyphenol (guaiacol) Phenolic, roasted, plastic 1,2,3,4,6
4-Methoxyphenol Phenolic 1,2
2-Methoxy-4-vinylphenol Clove 1
4-Ethenyl-2-methoxyphenol Phenolic, cloves 2,6
3-Methylindole Coconut 1
4-Hydroxy-3-methoxybenzaldehyde Vanilla 1,4,6
2,3-Diethyl-5-methylpyrazine Hazelnut, roasted 1,2,4
2-Ethyl-3,5-dimethylpyrazine Earth, hazelnut, roasted 1,2,3,4
3-Ethyl-2,5-dimethylpyrazine Earth 1
3-Isopropyl-2-methoxypyrazine Earth 1
3-Isobutyl-2-methoxypyrazine Earth 1
2-Etenyl-3,5-dimethylpyrazine Earth 1,4
2-Etenyl-3-ethyl-5-methylpyrazine Earth 1,4
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6,7-dihydro-5H-ciclopentapyrazine Hazelnut, roasted 2

6,7-Dihydro-5-methyl-5H- Hazelnut, roasted, cotton candy 2,6
3-Mercapto-3-methylbutyl formate Cat, green, cassis 1,2,4
3-Mercapto-3-methylbutanol Hazelnut, roasted 2
B-damascenone Fruit 6
2,4,5-Trimethylthiazole Plastic 6
Limonene Lemon, minty, orange 7
Linalool Flowery 7

(Sources: * Sanz at al. 2002; 2 Akiyama et al. 2005; * Maeztu et al. 2001; * Czerny et al. 1999.
®> Flament 2002, © Deibler et al. 1998’ Qiao et al. 2008)

Among substances that are likely to negatively contribute to the final coffee aroma
is, for example, pyrazine with its characteristic sweet, pungent and slightly ammoniacal
odour (Toci & Farah 2008). Another undesirable compound is hexanoic acid whose acrid-
acid, heavy, fatty rancid aroma notes resemble the smell of sweat (Flament 2002). Burnt,
roasted or typical soy sauce flavour is attributed to 2-methoxy-4-ethyl-phenol (4-
ethylguaiacol) that occurs exclusively in defective beans (Maga 1978). Identification of 2-
phenyl-1-ethanol, methyl 2-phenylacetate, 2-isoamyl-6-methylpyrazine, 1H-pyrrole, 4-
methylthiazole and 1H-pyrrole-2-carbonitrile is also characteristic for defective beans
(Czerny, & Grosch 2000; Agresti et al. 2008). 2,3-butanediol has been associated with so
called stinkers — healthy looking coffee beans that inadvertently ferment which leads to

the production of an unpleasant flavour (Flament 2002; Bee et al. 2005;).

Composition of volatile substances varies with species and cultivars. Generally,
arabica species contain higher concentrations of 4,5-dimethyl-3-hydroxy-2(5H)-furanone
(sotolon), 5-ethyl-3-hydroxy-4-methyl-2(5H)-furanone (abhexon), 2,5-dimethyl-4-hydroxy-
3(2H)-furanone (furaneol), and 2,3-pentanedione, while Robusta is richer in phenol and
phenol derivatives, such as 2-methoxyphenol, 4-ethylguaiacol, and 4-ethenyl-2-
methoxyphenol (Pypker & Brouwer 1969; Blank et al. 1991; Freitas et al. 2001; Mondello
et al. 2005; Akiyama et al. 2005; Korhonovd et al. 2009). Deeper investigation of
differences between cultivars is needed. Mathieu et al. (1996) published one of a few
studies devoted to this topic and observed substantial differences between fresh berries

of different cultivars of arabica and robusta species.
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A deeper research is also required to clarify the influence of coffee's geographical
origin on the content of its volatile substances. Several studies comparing samples of
identical coffee originating from different countries illustrate differences in the content of
some volatiles, but in general we cannot draw any provable conclusions from these
studies as they are not considering many other relevant parameters, such as postharvest
treatment, sun/shade grown, altitude and various others (Toledo et al. 2016). For example
Cheong et al. (2013) compared roasted coffee beans obtained from 4 coffee varieties
coming from 3 countries — China (Yunnan province, annual mean rainfall of 1500 mm,
temperate climate, C. arabica L. cv. Catimor), Thailand (Doi Chang city, annual mean
rainfall of 1415 mm, hot temperate climate, C. arabica L. cv. Catimor) and Indonesia
(Sidikalang city, annual mean rainfall of 2536 mm, tropical climate, C. arabica L. cv.Typica,
two samples with different postharvest processing). Although, the result revealed huge
similarity between the aromatic profiles of coffees coming from Thailand and China, there
is no evidence that similar climatic conditions are the cause, as they also share the same
cultivar. Despite sharing the same origin location and cultivar two samples of Indonesian
coffees presented slight differences in aroma profiles, probably caused by different
postharvest treatment of two samples. Another article, published in 2012 by Bertrand et
al., studied the influence of altitude and temperature on the fruit development. The
authors summarized that Arabica coffee produced in warm climate and at lower altitude
evince lower aroma quality. There is no clear relationship identified between coffee

aroma quality and annual rainfall (Toledo et al. 2016).

Method of postharvest processing technique also substantially affects composition
of volatile compounds in coffee beans, which affect quality of the beverage. We
distinguish between 3 different main types of coffee processing — wet (humid), dry
(natural) and semi-dry (natural depulping) methods (Toledo et al. 2016). In 2012, Aruda et
al. analysed impact of the processing method on aroma profiles of roasted Arabica coffee
seeds. In his experiment, he discovered increased levels of phenols, ketones and esters in
seeds, which were processed by wet or semi-dry method. Their common feature is the

wet depulping process.
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2.5 ROASTING

Nothing affects the flavour of coffee as significantly as roasting. During roasting, the
beans are subjected to high temperatures, varying typically between 180 °C to 240 °C. By
this short-term process, lasting usually from 8 to 15 minutes, an added value of 100 —
300 % can be achieved (Yeretzian et al. 2002; Sunarharum et al. 2014). Sometimes, the
roasting time can be shortened to as little as 90 seconds as in the case of high-yield
coffees, or on the contrary extended to 90 minutes, which is typical of Brazil (Buffo &
Cardelli-Freire 2004). In the initial phase of roasting moisture content is reduced from 8-
12 % to below 5 % and simultaneously colour of the beans become yellowish. Second
(actual) roasting stage drastically modifies chemical composition by formation of
hundreds of new substances and releasing carbon dioxide. It is an essential stage for
flavour, aroma and colour development. During the last (third) stage coffee is rapidly
cooled down to halt roasting. Depending on final colour of the beans, that has been
accepted as an index of roasting, 3 basic roasting categories are distinguished — light,
characterized by producing sweet, cocoa and nutty aromas, medium and dark, typical for
sour, burnt/acrid, pungent and ashy/sooty notes (Buffo & Cardelli-Freire 2004; Hernandez
et al. 2007; Franca et al. 2009; Bhumiratana et al. 2011; Gloess et al. 2014). The most
critical parameters of roasting are the applied temperature profile and the mode of heat
transfer (Schenker et al. 2002). According to Yang et al. (2016), higher roast intensity is
associated with loss of organic acids (butanoic acid, hexanoic acid, acetic acid) and greater

formation of products of Maillard reaction and lipid breakdown.

Because of the complexity of the reactions, the chemical processes occurring during
roasting have not been fully elucidated yet. A large number of precursors, from which not
all have been identified so far, react together and produce intermediates that are
subjected to further reactions. In addition, the reaction varies considerably depending on
temperature, pressure or moisture content. In terms of volatile compounds formation, the
most prominent known reactions occurring during roasting are Maillard reaction and

Strecker degradation of polysaccharides, sugar, proteins and other components (Flament
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2002; Schenker et al. 2002; Gloess 2014). New substances are also produced by amino
acids breakdown, degradation of lipids, trigonelline, quinic acid and pigments or by
thermal decomposition of ferulic acid leading to the formation of 4-vinylguaiacol, one of
the key aroma substances (Buffo & CardelliFreire 2004; Gloess et al. 2014). Roasting
dramatically increases the levels of acetaldehyde, pyridine, pyrazine, methylbutanal,
furans and acetic acid in the bean (Yeretzian et al. 2002; Somporn et al. 2011). Figure 4
shows simplified scheme of roasting reactions that lead to volatile compounds formation
from non-volatile precursors present in green beans. Non-volatile compounds do not act
only as precursors for volatile compounds, several of them also directly affect sweetness,

bitterness and astringency of flavour to some level (Toledo et al. 2016).
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Figure 4. Simplified scheme of roasting reactions that lead to volatile compounds formation from
non-volatile precursors present in green beans
(Source: Yeretzian et al. 2002)
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2.5.1 MAILLARD REACTION

Maillard reaction, or so-called browning, is a complex non-enzymatic chemical
reaction between reactive carbonyl group of reducing sugars and nucleophilic amino
group of amino acids, proteins or peptides. During this reaction, hundreds of compounds
of different molecular weights responsible for developing the flavour, aroma and colour of
products are formed. That ranks the reaction among the indispensable parts of many food

industry sectors (Wang et al. 2011).

2.6 STORAGE CONDITIONS, STORAGE LIFE AND SPOILAGE

Exposure of the green coffee to the high temperature during roasting makes roasted
coffee a shelf-stable product with a very low water activity (Makri et al. 2011). Roasting is
also associated with the emergence of Maillard reaction products, that are characterized
by antimicrobial properties and thus contribute to the preservation of coffee (Daglia et al.
1994). Although, there is almost zero risk of spoilage due to microbial and enzymatic
processes, coffee undergoes several chemical and physical changes, which can cause a
rapid decline in quality (Nicoli et al. 1993; Illly & Viani 2005; Anese et al. 2006, Marin et al.
2008). The most critical quality factor of coffee is its freshness (Poltronieri & Rossi 2016).
Loss of freshness is known as staling and depends on moisture, temperature conditions
and, especially, on oxygen availability (Nicoli et al. 1993; Smith et al. 2004; llly & Viani
2005). In general, the major changes in chemical composition reflecting the sensory
properties of the coffee are associated with the oxidation and loss of volatile compounds,
and with oxidative reactions to which the coffee oil is subjected (Marin et al. 2008). Rancid
coffee flavour is one of the consequences of lipid degradation. Although, lipids account for
only about 15 % of the dry weight, their impact on the coffee