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VII 

Coffee is one of the most important internationally traded food commodities. After 

harvesting the ripe coffee “cherries” are processed to dry green coffee beans in the 

producer countries. 711 the consumer countries, roasting is the most important unit 

operation in converting green beans into roast coffee with its specific flavor. Apart 

from the primary process objective of flavor development, it is important to generate 

favorable bean properties for preservation of quality during storage. The present 

project contributes to the identification of important process factors and their 

influence on the product properties as a base for process optimization. 

Roasting trials were mainly carried out with a fluidized-bed hot air laboratory 

roaster, allowing for coffee roasting under well-defined process conditions. The hot 

air temperature profile and the air velocity were carefully controlled and, in addition 

to batch pile temperatures, the bean core temperature was measured. Humid air 

roasting and water quench cooling were operated optionally. A roasting chamber 

with sightglasses combined with an optical setup including a stereo microscope 

enabled optical online observation of a single bean in process. Measurements and 

trials on an industrial scale were carried out in order to receive information on in- 

dutrial roasting conditions? which served as a starting point and as a continuous 

standard for the laboratory trials. The structural, physical and chemical changes of 

the bean during roasting were followecl by volumetry, porosimetry, microscopy, and 

thermal and chemical analysis. Instrumental aroma analysis was complemented 

with sensory analysis. 

Green bean quality and initial water content in particular have a major impact on the 

process development and the resulting product properties. The t-emperature profile 

is the most crucial parameter in the process design. It determines both flavor 

formation as well as structural product properties. Different temperature profiles 

affect dehydration and the chemical reaction conditions in the bean which control 
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gas formation, browning and flavor development. A driving force for bean 

expansion as well as the structure resistance opposed to it are again temperature and 

dehydration related factors. High temperature roastecl beans exhibit a greater bean 

volume, a larger cumulated pore volume and larger cell wall micropores than low 

temperature roasted coffee of identical degree of roast. These properties are 

assumed to increase the undesired mass transfer and to accelerate the staling 

process. 

Hot air humidity must be considered as yet another important process parameter 

which influences the heat transfer rate and may affect various water content related 

developments. The amount of hot air in relation to the coffee batch size turned out 

to be critical for roaster design and opcratioa. Low air-to-bean ratios resulted in 

coffee of superior cup-quality? whereas excessive air streams led to products of 

bland, dull and flat sensory properties. A lower ratio is assumed to prevent physical 

aroma stripping and excessive contact with oxygen and may create a favorable 

“microclimate” enclosing the beans. These finclings also stress the important role of 

oxidation processes during roasting and storage. 

Process optimization requires specification of a compromising target quality 

because not all desirable product properties can be maximized at the same time. 

High aroma quality is achieved with moderate roasting processes at medium 

temperatures. Provided there is a low air-to-bean ratio, an optimal roasting time for 

a medium degree of roast sl~o~~lcl be 6 miu or longer? depending on the target flavor 

profile. Restrictive low temperature conditions yield a very stable product during 

storage, but a lack of aroma strength. High temperature cotlditions generally cause 

an unfavorable aroma profile and result in excessive gas formation and a very 

porous bean structure which is impairing quality retention during storage. Roasters 

should operate with a fairly high proportion of conductive heat transfer and at low 

air-to-bean ratios. For the most part, there may be no requirement for completely 

oxygen-free coffee technology. On the other hand, an oxygen-free final roasting 

stage may be worth to consider for further in\,estigations. 



Kaffee ist eine der wichtigsten international gehanclelten Rohwaren. Die reifen 

Friichte des Kaffeebam3les werclen noch in den Anbaul%ndern zu 1agerfSgen 

griinen Kaffeebohnen verarbeitet. In den KonsumeIltenl~~nclern ist das Riisten cler 

wichtigste Verarbeitungsschritt? wobci Griinkaffee in nusgeprggt duftenden, 

geschmackvollen R6stkaffee verwandelt wircl. Neben dieser primgren Prozess- 

Zielsetzung ist die Erzeugung von giinstigen Produkteigenschaften wichtig, die dem 

cirohenden Qualit2itszerfall wiihrencl der Lageruug entgegenwirken. Die vorlie- 

genden Untersuchungen leisten einen Beitrag zw Identifikation von wichtigen 

Prozessfaktoren uncl cleren Einfluss auf das Endproclukt als Basis zur Optimierung 

von Riistprozessen. 

Riistversuche wurden vorwiegencl mit einem Heissluft-Fliessbettriister im Labor- 

massstab unter exakt clefinierten Prozcssbedingur~geu clurchgefiihrt. Das Tempera- 

turprofil und die Luftzufuhr wurclen genau gesteuert. Neben den gebr%uchlichen 

Haufenternperaturen wurde such die Kerntemperutur der Bohnen erfasst. Es konnte 

wahlweise mit trockener oder feuchter Luft geriistet oder zustitzlich mit Wasser- 

quenche gekiihlt werden. Eine Sichtglas-Riistkammer kombiniert mit einem Stereo- 

mikroskop erlaubte optische online-Bcobachtullgen einzelner Bohnen itn 

Rijstprozess. Die Messungen uacl Versuche an Tndustrieriistern ergaben Daten zu 

den industriellen Rijstbedingungen, welchc nls Ausgangspunkt unct Massstab fiir die 

Lahorversuche dienten. Die strukturellen. physikalischen uncl chemischen Ver&cle- 

rungen der Bohnen wurclen mit Volumetrie, Porosimetrie, Mikroskopie, ther- 

mischer und chetnischer Annlyse verfoigt. Die instrumentelle Aroma-Analyse 

wurcte clurch sensorische Priifungen erg&X 

Die Rohstoffclualitlit uncl insbesondere der i~usgangstvnssergehalt beeinflussen den 

Prozessverlauf unci die Prociukteigenschaften wesentlich. Die griisste technolo- 

gische Bedeutung kommt jedoch dem Temperaturprofil zu. Die Riisttemperatur 
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bestimmt die Aromabildung uncl die strukturellen Ver2nderungen in entschei- 

dendem Ausmass. Sie beeinflusst den Trocknungsprozess und bestimmt. die spezi- 

fischen chemischen Reaktionsbedingungen, von welchen die Bildung von Gasen, 

Br~iunutlgsprodukten uncl Aromastoffen stark abhiingig ist. Die treibende Kraft znr 

Volumenznnahme und der entgegengesetzte Strukturwiderstand sind ebenfalls 

temperatur- und trocknungsabh%ngige Faktoren. Hochtemperatur-geriistete Bohnen 

weisen im Vergleich zu Tieftemperatur-geriisteten Kaffees verstiirkte Expansion, 

griisseres kumuliertes Porenvolumen und griissere Zellwand-Mikroporen auf. 

Vermutlich fijrdern diese Eigenschaften einen unerwiinschten Stofftransport bei der 

Lagerung und wirken sich negativ auf den Alterungsprozess aus. Die Heissluft- 

Feuchtigkeit darf ebenfalls nicht vernachl:issigt werclen, da sie den W%meiibergang 

beeinflusst und sich vermutlich auf wassergehaltsabh%ngige Rijstvorg2nge 

auswirkt. Das Verh5ltnis van Heissluftmenge zn Chargengriisse (Luft-zu-Bohnen- 

Verhdtnis, LRV) erwies sic11 als wichtige konstruktive und betriebliche G&se. Ein 

tiefes LBV ergab Produkte von hoher Aromaqualit?it, wghrend iibermiissige 

L,uftstriime generell zu Kaffees mit flacher uncl aromaschwacher sensorischcr 

Charakteristik fiihrten. Ein tiefes LBV schiitzt vor physikalischem Aromastoff- 

Austrag und iibermgssigem Sauerstoffkontakt und schafft ein vorteilhaftes “Mikro- 

klima” um die Bohnen. Die Ergebnisse belegen die herausragende Rolle oxidativer 

Prozesse w%hrenct der Rijstung und der Lagerung. 

Prozess-Optimierungen erfordern eine kompromissbereite Festlegung der Zielqua- 

lit& weil sich nicht alle im Proclukt erwiinschten Eigenschaften gleichzeitig 

maximieren lassen. Einc hohe Aromaqualitht. wird durch moderate Prozesse mit 

mittelhoher TelllperaturfiihrUn,n erzielt. Bei tiefem LBV sol1 die Rijstzeit fiir einen 

mittleren Riistgrad 6 min oder mehr betragen. Ausschliessliche Tieftemperatur- 

Bedingnngen ergeben ein zwar stabiles, jedoch aromaschwaches Produkt. 

Hochtcmperatur-Riistnng bewirkt ein starkes? aber unvorteilhaftes Aroma, eine 

iibcrmgssige Gasentwicklung und eine sehr poriise Bohnenstruktur. Riistanlagen 

sollten einen mittleren his hohen Anteil an konduktivem Wgrmeiibergang 

aufweisen uncl mit tiefem LBV operieren. Ein vollst%ndiger Ausschluss von Sauer- 

stoff in cler gesamten Herstellungstechnologic ist unniitig. Hingegen sollte ein 

Sauerstoff-f?eier letzter Riistabschnitt fiir weitere Untersuchungen in Betracht 

gezogen werden. 



Coffee presents one of the world’s most favorite beverages. It is greatly appreciated 

for its delightful smell and flavor as well as for the stimulating effects of caffeine. 

While the beverage is consumed mainly in Europe, North and Central America, the 

coffee plant grows at elevated altitudes in tropical and subtropical regions all around 

the world. More than 5 million tons o-f green coffee beans are annually produced 

worldwide. Among all internationally traded food commodities, coffee holds a 

unique position with the greatest trade volume in financial terms. Some 20 million 

people earn a living directly from coffee production. Post-harvest processing is 

accomplished in the producer countries, resulting in green coffee beans ready for 

shipping. In the consumer countries roasting is the most important unit operation in 

roast co-ffee manufacturing. 

Hot air roasting of coffee beans is a traditional thermal process. It-s primary objective 

is to produce roast coffee of the desired taste and aroma: but also to generate a dark 

color and a dry brittle texture. The bean that is exposed to roasting can be regarded 

as a natural complex “bioreactor” in which drying takes place, water is redistributed 

and extensive chemical reactions are induced, causing profound changes of both 

chemical composition and bean microstructure. Roasting results in a product of 

distinct quality concerning aroma and flavor, texture, extraction yield and 

appearance. Moreover, the product is subject. to substantial quality changes from 

immediately after roasting and during storage. Therefore, the protection of aroma, 

the prevention of excessive oil migration ancl the control of gas desorption during 

storage presents another challenge in coffee technology. The behavior of products 

during roasting and the resulting product properties are influenced by a series of 

important process parameters. such as roaster design. heat transfer? characteristics 

of the heat transfer media, cooling and water quenching. Since the developments 

and interactions occurring in the bean during roasting are inadequately understood 
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the roasting process in practice is still designed and operated mainly on an empirical 

base. 

The present investigation intended to contribute to a more fundamental insight into 

the coffee roasting process. They aim at the identification of important process 

factors and their influence on product properties so that process optimization 

becomes possible on a rational base. Thereby, industrial roasting conditions served 

as starting point and continuous standard. Consequently, some effort was devoted to 

monitor industrial roasters. The main part of the investigations was carried out with 

laboratory scale roastin g under well-defined process conditions. The laboratory 

scale roasting equipment used in a preceding research project on nut roasting 

(Perren, 1995) was adapted to coffee roasting, in particular with the addition of a 

cooling unit, allowing for efficient fluiclized-bed and water quench cooling. Struc- 

tural, physical and chemical changes were followed during laboratory roasting and 

in simulation experiments using the technique of Ihermal analysis, thus establishing 

the relations between roasting conditions and the resulting product properties. Based 

on the preceding project on nut roasting (Perren, 1995) initial emphasis was put on 

coffee bean microstructure, using volumetry. porosimetry and microscopy. lnvesti- 

gations on coffee aroma, which is the most outstanding product property of roast 

coffee, were then introduced. Marked interactions between structure and physico- 

chemical developments durin, 0 roasting and storage coulcl be established and 

evaluated for process optimization. 
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offee in perspective 

2.1 .l Taxonomy, appearance, cultivation and post-harvest 
processing 

The genus Cc?&~ belongs to the botanical family ofK7rbincme and comprises more 

than 70 different species. However, only the three species C. a7uhicnT C. cn7zepl~o1-c7 

and C. libel-ica are of commercial importance. As a result 0.6 modern breeding 

techniques some hybrids of C. LII^Q~?~CN and C. carz~~~hora have recently been intro- 

duced with success. Since CqJj%cz was first correctly described by Linnaeus in the 

mid eighteenth century, botanists have failed to agree on a precise classification 

system. The most widespread varieties are Typicn and Bourbon for C. arc&m and 

Robusta for C. cn77epho7-c1. Therefore~ C. crurepl~o~~ is often simply referred to as 

Kobustn. The geographical gene center of CqjS& lies in the Abyssinian highlands of 

Ethiopia. 

The coffee plant grows in tropical and subtropical regions of Central and South 

America, Africa and South East Asia, preferably in temperate and humid climates 

at altitudes between 600 and 2500 m. It is a shrub or a tree that may grow to a height. 

of 2.5 to 4.5 m (C. mr-cil?ictr) and 4.5 to 6.5 m (C. ~&rrs~a)~ depending on variety and 

growth conditions. Cultivated plants are generally kept at lower height. Oval shaped 

green leaves grow on the lateral branches together with clusters of white flowers. 

Each flower develops into n small ellipsoidical stone fruit of approximately 15 mm 

length, called “cherry”. ” T I he cherry ripens within 7 to 11 months, whereby its color 

changes from green to red. The ripe cherry consists of a red exocarp (skin), a thick, 

sweet gelatinous-pectic mesocarp (pulp) and usunlly two seeds (coffee beans). Each 

seed is wrapped in a thin silverskin and protected by ;1 parchment hull. This plant 

and fruit morphology has been described in detail by Illy and Viani (1995), Wrigley 

(198X) and Clifford and Willson (1985). 
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The two species C. arubicn and C. c~cr~eyl?o~n differ considerably in their botanical, 

genetic, agronomic, chemical and morphological characteristics. C. nrcrhicct 

varieties generally produce an oval convex seed with an S-shaped longitudinal slit 

(the central cut) on the flat side. C. ccrr~yho~tr seeds are more round with a straight 

central cut. C. urnbict~ usually grows at higher altitudes than C. cnnephom and is 

generally regarded as of superior quality. On the other hand, C. ca7~ylzo7-n is more 

resistant to pests and diseases. Illy and Viani ( 1995) provide a detailed survey on the 

characteristics of the two species. 

Harvesting is carried out by non-selective strippin g of whole branches or by 

selective hand-picking. The latter is very labour intensive, but results in a superior 

product quality because only ripe cherries are collected. The subsequent crop 

processing includes the separation of the beans from the pulp and is carried out by 

either the dry or the lvef process (111~ and Vinni? 1995, Thorn, 1995, Clarke and 

Macrae, I987 and many other authors). The cl,-!, /~e/hod presents the most traditional 

process and is simple and inexpensive. The harvested cherries are spread in small 

layers on tiled or concrete terraces and exposed to the SLHI and air for drying. The 

layers are raked over at regular intervals to prevent fermentation, and occasionally 

have to be covered to protect them from rain or low temperatures. Fermentation in 

heaps can optionally be included. After some four weeks the cherries are dry and the 

outer shell has become dark brown and brittle. The husk is finally broken up in 

dehullers and the beans are then stored in silos. 

The wetprocess requires greater investment and more care, but. is generally believed 

to better preserve the intrinsic qualities of the bean and to produce a superior coffee 

quality. In contrast to the dry methocl~ during wet processing the pulp is removed 

from the bean prior to dryin g. As a first stepY the pulp is retnoved in a pulping 

machine, ideally within the first 12 h after harvesting. The separated beans in their 

parchment hull are washed and then essentially subjected to a fermentation for 

12 to 48 11. Then, they are SLUR dried or mechanically dried. At this stage, the wet 

process is completed and the beans arc knows as “parchment coffee”. The 

parchment is removed only before export by a hulling or peeling step. This 

operation is followect by polishitig~ ~ cmding and sorting. marketing and shipping. 
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2.1.2 Historical, socio-cultural and economical aspects of coffee 

As mentioned in section 2.1.1, the coffee plant originated in the highlands of 

Ethiopia, where it still grows wild today. There are numerous myths and legends on 

the discovery of coffee and its roasting and brewing. Coffee is said to have become 

a hot beverage as early as ,413 1000. However? it was in Yemen, formerly called 

Arabia, where spreadin g and horticultural propagation of coffee began in AU 575. In 

those days, Yemen was one of the busiest places in the world and its main port, 

Mocha, was the centre (Thorn, 1995). By the 13th century coffee was an established 

component of daily life and culture in Arabia (Heise, 1996). It was from here that 

coffee began its great journey around the world. Via Mecca it first arrived at Cairo 

and Constantinople (Istanbul), from where travellers brought it to Europe. By the 

early 17th century, German, French, Italian and Dutch traders introduced coffee to 

their overseas colonies. 

Coffee is one of the most important internationally traded commodities and is said 

to have the second largest trade volume in financial terms directly after oil. Some 20 

million people worldwide obtain their income directly from the coffee production. 

The annual coffee production is between 5 and 6 million tons of green beans. 

1989 42.0 % of the world production were producctl in South America, 20.4 ‘7/o in 

Africa, 18.5 oib in Asia and 17.9 % in North and Central America (D’Amicis and 

Viani, 1993). Major C. c/rcrhicn producer countries in 1993 were Brazil 

(1,275,OOO t), Colombia (1,080.OOO t), Mexico (lS4.000 t), Ethiopia (150,000 t), 

Guatemala (177,000 t), El Salvador (165.000 t)? Costa Rica (143,000 t) and 

Honduras (12 1,000 t). Major producer countries that mainly cultivate C. cnrzephorc1 

were Indonesia (441:OOO t), Ivory Coast (200,000 t). Uganda (177,000 t) India 

(169,000 t), the Philippines (111 :OOO t) and Cameroon (50>000 t) (Rehm and Espig, 

1996). Brazil mainly npplics dry processing? whereas Colombia produces wet 

processed C. ~TCI~?~CL~ coffees. 

Colombia is known as the largest producer of washed quality coffees in the world. 

More than any other producer? the country has been concerned to develop and 

promote its coffee product and industry. This effort, together with favor-able 

geographical and climatic factors, has given Colombian coffee its reputation for 
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high quality and flavor. Colombian coffees generally provide good “body” and 

acidity, rich flavor, and are superbly balanced (Thorn, 1995). 

The highest coffee consumptions are found in Europe. The Finnish are the biggest 

coffee consumers in the world with an annual per capita consumption of 12.6 kg 

(D’Amicis and Viani? 1993). The coffee consumptions of the other Nordic countries 

are also well above 10.0 kg p-’ yr-‘. while the figures are 7.5 kg for Switzerland: 

4.7 kg for the United States and 4.4 kg for Italy. Coffee imports that are actually 

consumed in Switzerland come to more than 56,000 tons, and the annual average 

coffee consumption amoimls to around 1000 cups per person. 

2.1.3 Chemical composition of green and roasted coffee beans 

Table 1 provides a general survey on the chemical composition of green and roasted 

coffee beans (Illy and Vinni, 1995). Other comprehensive data and reviews on 

coffee components are provided by Clarke and Macrae (1985), Viani (1993) and 

Maier (1993). The two species C. ambiccl and C. cn7wphom are different in compo- 

sition. Arabica beans contain more lipids: sucrose and trigonelline, while robusta 

contains more caffeine and c hlorogenic acids. The complex chemical reactions 

during roasting lead to a totally altered composition of the roasted bean. The compo- 

sition in roasted coffee is highly dependent on the roasting conditions and the degree 

0F roast in particular. 

Lipids account for IS to 18 g /lOO g (db) of arnbicn beans. Coffee oil contains 

mainly triglycerides, the principal fatty acids being C, s:2 (40 . . . 45 g 000 g db) and 

C16,o (25 . . . 3.5 g 000 g db). The lipid fraction also includes a relatively large 

unsaponifiable fraction that is rich in free diterpenes (mainly cafestol and kahweol). 

The nitrogen fraction of coffee includes caffeine, trigonelline, nicotinic acid, free 

amino acids and proteins. Since coffee is very much appreciated by co~~sun~ers for 

its stimulating erfects, but is also subject to discussions on health risks, a lot of work 

has been devoted to the alkaloid caffeine. The acids of coffee present a fraction 

appreciable in quantity which is of chemical and sensory interest (Maier, 1957). 

Among them, the group of chlorogenic acids is the most remarkable one because OF 

its high concentration in green coffee, and because of its antioxidative and cancer- 

protective effect. The sensorially perceived acidity is determinecl mainly by acetic 
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and citric acid. Melanoidins in roast coffee are poorly characterized so far (Viani, 

1993). They constitute a major heterogeneous group of brown to black polymeric 

material that is formed at roasting. In contrast, a lot. of research has been accom- 

plished on the volatile fraction of roast coffee. A literature review on aroma 

precursors in green beans and aroma compormds in roasted coffee is provided in 

chapter 2.4. 

Oligosaccharides and Polysaccharides constitute about one half of the raw bean dry 

matter (Viani, 1993). The polysaccharides present the principal structure building 

elements of the cell. Therefore, their composition and fate during roasting is crucial 

for the development of bean microstructure. Coffee polysaccharides have been 

studied extensively in the 1960s by Thaler and Arneth (196&t, 1968b, 1969) and 

Thaler (1975), and other authors. Thaler s gronp found four different fractions in 

green beans, composed of mannan. cellulose , galactan and araban. More recently, 

Bradbury and Halliday (1990,), using high resolution GC-MS, identified cellulose, 

mannan and arabinogalactan as the principle polysaccharides in coffee. Arabino- 

galactan was described as principally p( 1 --+ 3) linked galactan chain with frequent 

short side chains linked at CG to galactose residues 1 ---+ 3 linked to terminal 

arabinose residues. Mannan has been defined as a linear p( 1 -+ 4) linked mannan 

with only about 1 one-residue galactose stub at C6 per 100 mannose residues. These 

structure models were partially criticized in a more recent study by Navarini et al. 

(1999), who employed NMR spectroscopy in combination with classical methods. 

Arabinogalactan and Mannan were isolated from hot water extracts of dark roasted 

coffee. Mannan was described as a branched p( 1 -+ 4) -Dmannan substituted with 

small amounts of galactose and arabinose (an arabinogalactor~lar7nan). Both 

polysaccharides are structurally related to those originally present in the green 

coffee beans, even if the arabinogalactan appears to be more altered by roasting 

(Bradbury and Halliday, 1990). Yet, it is not clear if the two polysaccharicles in the 

isolate are individual components of a physical mixture? or if they are associated to 

form a complex assenlbly. Under the latter hypothesis, proteinaceous material may 

play an important role (Na\Tarini et al.. 1999). Leloup and Liardon (1993) found that 

roasting considerably reduces the molecular weight range of arabinogalactans and 

galactomannaris in coffee cell walls. 
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Tab. 1: Chemical composition of raw and roasted coffees in g /IO0 g db (I/y 

and Viani, 1995). 

Component Arabica coffee Kobusta coffee 
green roasted green roasted 

Polysaccharides 

Sucrose 
Reducing sugars 
Other sugars 
Lipids 
Proteins 
Amino acids 
Aiiphatic acids 
Quinic acids 
Chlorogenic acids 
Caffeine 
Trigonelline (including roasted 

by-products) 
Minerals (as oxide ash) 
Volatile c?roma 
Water 
Caramelization and condensa- 

tion products (by difference) 

49.s 38.0 54.4 42.0 
8.0 0 4.0 0 
0.1 0.3 0.4 0.3 
1.0 110 data 2.0 no data 

16.2 17.0 10.0 11.0 
9,s 7.5 9.5 7.5 
0.5 0 0.8 0 
1.1 1.6 3.2 1.6 
0.4 0.8 0.4 1.0 
6.5 2.5 10.0 3.8 
1.2 1.3 2.2 2.4 

1.0 
4.2 

traces 
St0 12 

-1 .o 
4.5 
0.1 

0 to 5 

25.4 25.9 

0.7 
4.4 

traces 
8to12 

0.7 
4.7 
0.1 

0 to 5 
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Roasting technology 

2.2.1 General considerations on roastin 

Roasting is generally defined as a dry heat treatment of foods with the intention to 

generate roast aroma componnds, to develop color, and often to create a crispy 

texture. These intentional product alterations make the explicit difference between 

roasting and simple drying (Perren, 1995). Heat can be transferred to the roasting 

goods by different modes. ln differentiation to frying or roasting nuts in oil? roasting 

of coffee beans is mostly regarded as to be carried out in a gaseous atmosphere such 

as hot air or steam. 

Roasting is applied to a number of foodstuffs, such as cocoa, nuts, chicory, coffee 

and other oil containing seeds. It is a time-temperature controlled process that 

usually involves clehyclration. reaction of free amino acids and short-chained 

peptides with free mono- and disaccharides during nonenzymatic browning, protein 

denaturation and subsequent changes in texture (Perren. 1995). 

2.2.2 Coffee roasting 

Process 

Roasting is the most important unit operation in converting green coffee beans into 

flavor-full roast coffee. The primary objective of the process is to produce a desired 

taste and aroma. Furthermore., coffee is roasted to generate, a dark color and a dry 

and brittle texture that makes grinding and extraction possible (Clarke and Macrae, 

1987, Johannessen, 1992). For coffee roasting in particular, temperatures higher 

than 190 “C are required (Dalla Rosa et al., 1980). Tlly and Viani (1995) provicle a 

summary table on the macroscopic effects of roasting on the coffee bean. 

Types of roasters 

The various principles of roasting systems cm be grouped regarding different 

criteria: 

Coffee beans can be roasted in batch. dually xvith industrial batch sizes of some 

hundreds of kilograms. or in continuous systems. Continuous roasters are generally 
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designed for large hourly capacities, whereas batch roasters provide more flexibility 

in process layout and control. 

The most commonly used systems arc found to be the horizontal rotating drum, the 

vertical fixed drmn with rotating mixing elements. the vertical rotating bowl and t-he 

fluidized-bed. The lnain task is to provide means for sufficient mixing of the beans 

in order to achieve homogeneous roasting and to prevent scorching o-fbeans. Clarke 

;md Macrae ( 1987) provide ;1n illustrated summery of different industrial roasters. 

Heat can be transferred to the beans by heat conduction at direct contact with hot 

metal surfaces, by free or forced convection due to a streaming media (hot air), or 

by radiation. Roasters generally make nse of all three types of heat transfer, but their 

relative contribution to the overall heat trmlsfer may greatly differ. Although 

infrared roasting has been reported (Kino and Takagi, 1905), this method is very 

unusual for coffee. Since coffee is exclusively hot 3ir roasted in industrial practice, 

it makes sense to limit distinction to systems with prevailing condr,rctive heat 

transfer and systems with prevailing corzvec~ive heat transfer. Xn this respect, it is 

also very useful to consider the operating air-to-bean ratio. 

The amount of hot air r~sccl in a roasting process in relation to the batch size of coffee 

beans is defined by Mnhlmann (1986) as air-to-lmm mtio (kg air per kg gl-een 

cqJ&). This ratio is a char:tcteristic parameter in a roasting process, but only applies 

for a given degree of roast. According to Mahlmann, figures can range from 1 in a 

typical “conventional” process up to 150 in f~llly fluidized-bed systems. 

Process factors of major importance 

The quantity of heat transferred to the beans presents the most important parameter 

of the roasting process. lt can be determined from the beau temperature and roasting 

time (111~ and Vi& 1995). According to a widespread opinion, the degree of roast 

in the product is correlated to the final roasting temperature (Sivetz. 1991, Illy and 

Vi& 3 995). During the last decade, the tilne/te111l)eratu~e profile has been the most 
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extensively discussed issue in coffee roastin g. Early traditional industrial roasting 

was carried out with conductive type equipment, applying slow heat transfer with 

long roasting times of more than 20 min. The introduction of gas fuel operated 

roasters enabled direct contact of beans with combustion gases and allowed for 

much faster heat transfer and fluidized-bed roasters (Illy and Viani, 1995, Sivetz, 

1975). During the 1970s and 198Os, there was even a trend to ultrafast roasting with 

roasting times cut down to less than 90 s. Inventors claimed process and product 

benefits, since this process was regarded as more efficient. economic, and turned out 

to give a low-density high-yield product (Sivetz? 1975 and 1991, Hubbard et al., 

1979, Stefanucci and Protomastro, 1982: Small and Horrell? 1993, and others). 

However, low density coffee did also cause a series of troubles and reservations. 

The entire microstructure of low density high yield coffee beans was found to differ 

considerably from that in “regular” coffees (Kazi and Clifford, 19S5, Puhlmann et 

al: 1986). Greater volume increase and more intense gas formation created a 

packaging problem (Radtke, 1975). Moreover, Fast roasted coFfees exhibited greater 

oil sweating which was regarded to be a sensory risk (Puhlmann et al, 19S6). In 

addition, these products have a somewhat higher final water content. Hence, they 

are more affected by oxidation and staling during storage (Radtke, 1979, Radtke- 

Granzer, 1982, Hinman, 1991). Last? but most important, high yield roasting has not 

been optimized organolepticnlly (Tlly and Viani, 1995). High yield coffees gave 

inhlsions that were bitter. burnt and astringent (Kazi and Clifford, 1985, Illy and 

Viani, 1995). For all these reasons? ultrafast roasting has been widely abandoned in 

industrial practice in recent years. Roasting times OF more than 4 min are commonly 

applied again today. Still, empirically optimized temperature/time profiles vary 

considerably from manufacturer to manufacturer and are well kept secret. These 

questions must be further investigated so that process development can be put on a 

more fundamental scientific understanding. 

The roasting process must be stopped by rapid cooling of the beans (111~ and Viani, 

1993. This is generally achieved by excess cold air and/or a precise amount of 

water sprayed on the hot beans (water quench cooling). The water is supposed to 

fully evaporate on the bean surface rather than to greatly influence the bean water 

content. This cooling process makes use of the high evaporation enthalpy of water, 
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2.2.3 Dehydration and chemical reactions induced by roasting 

According to Illy and Viani (1995) the roasting process can be roughly divided into 

a drying phase, a roasting phase, where a number of complex chemical reactions 

take place, and a final cooling phase. Durin, Q roasting the beans loose weight, 

generally between 14 and 20 %, depending on the green bean quality, the process 

conditions and the target degree of roast iClarke and Macrae, 1987). A major part 

of this weight loss is due to dehydration, whereas nnother substantial part (some 

5 to 8 % for 3 medium degree, of roast) is cnused by a loss of dry matt-er, primarily 

as CO,. The chemical reactions that convert organic matter into gaseous products 

also result in the formation of a considerable amount of water that is then again lost 

as water vapor (Clarke and Macrae: 1987). Illy and Viani (1995) reported that 70 % 

of the degradation products are water and 30 % carbon dioxide. Dehydration is 

widely regarded as a steady process. However, Puhlmann and Meister (1989) 

claimed a development of water release in three stages. They foound a first stage of 

slow dehydration below 100 “C, a stage of nccelerated bnt migration-limited 

dehydration and a. final stage of maximal dehydration rates due to microstructural 

changes of the bean. 

At first, chemical reactions are endothermic. whereas a number of authors state an 

exothermic final roasting stage. On the basis of caLorimetric measurements, Baltes 

(1977) reported the net result of reactions in coffee to become exothermic at 1 SO “C. 

Raemy and Lambelet (1982) found a temperature of 140 “C. 111~ and Viani (1995) 

as well as Viani (1993) claim that the process changes from endothermic to 

exothermic at ~2 bean temperature of 160 “C. wherens Streuii (1973) reported 

exothermic reactions to start at 190 “C. Although Kaemy and Lambelet (1982) 

claimed a self-heating effect in the beans, the few temperature curves reported in 

literature (Puhlmann and Meister, 1989, Da Porto et al., 1991: Illy and Viani, 1995, 

Nicoli et al., 1997) do not show an increase in the final roasting stages that can be 

clearly attributed to exothcrmic reactions. 

The chemical reactions that take place during roasting have not yet been completely 

elucidated, the reasons for this being Freat difficulty in reproducing or simulating all 

the reactions that take place inside a bean in the laboratory. Nevertheless, significant 

information cc?n be obtained by comparing the compositions of green and roasted 
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coffee (111~ and Viani, 1995, Clarke Macrae, 1985, Viani: 1993). Some of the more 

extensive and complex chemical reactions during roasting affect the carbohydrates 

of green beans and include Maillard reaction, Strecker degradation, pyrolysis, 

caramelization, mainly resulting in aroma? flavor and color compounds. Roasting 

leads to protein denaturation and degradation. Free amino acids, pcptides and 

proteins with free amino groups react with reducing sugars to form glycosylamines 

and/or aminoaldoses and/or aminoketones by condensation. Amino acids react with 

a -dicarbonyls during Strecker degradation and form aminoketones (111~ and Viani, 

3 995). On roasting there is a reduction in the atnount of citric and malic acid and an 

increase of many of the other acids. in particular cluinic acid and volatile acids 

(Maier, 1987). Chlorogenic acids are strongly degraded (Leloup et al., 1995). The 

loss is about proportional to the degree of roast and can reach 80 o/o in dark roasted 

coffee. Caffeine is thermally quite stable, whereas trigonelline is partially degraded 

during the process. Triglycerides are little affected by roasting. The formation of 

aroma compounds is discussed separately in chapter 2.3. 

2.2.4 Appearance and general properties of roasted coffee beans 

In contrast to green coffee beans, roasted beans distinguish themselves by a certain 

“degree of roast”. While it basically means the extent of roasting, and the state into 

which the beans have proceeded by roastin g, there are several different possible 

criteria and definitions for the degree of roast. The overall weight loss or the organic 

roast loss may serve as an indicator for the degree of roast for a given raw material. 

The qualitatively determined or visually assessed external color of the beans is even 

more suitable in industrial practice (Clarke and Macrae, 1957). Color changes 

progressively during roasting from greenish-grey to a marked yellow, orange, 

brown, dark brown and almost black. Moreover it is said to be correlated with the 

bitter/acid ratio in the cup (Illy and Viani, 1995). Also for scientific purpose the 

instrumental color measurement is commonly regarded as the most appropriate 

measure of the degree of roast. However, color is a less reliable indicator in the case 

ofultrafast roasting, since the interior of the bean is less roasted than the outside (Jlly 

and Viani, 1995). On the other hand, some authors also suggested chemical 

properties as an indicator for the degree of roast, such as the methylpyrazine ratio 
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(Hashim and Chaveron, 1996)> isomers of quinic acid (Scholz-Biittcher and Maier, 

199 1) and the ratio of certain amino acid enantiomers (Nehrig and Maier, 1992). 

The ability to retain the gases formed during roasting presents one of the most 

remarkable properties of coffee beans. It is well known, that roasted whole beans 

contain large quantities of entrappecl carbon dioxide that is only released during 

more than 4 months of storage (Clarke and Macrae, 1987, Radtke, 1975). The 

amount of gas development is dependent on the degree of roast. According to Sivetz 

and Desrosier (1979), about half of the total CO, generated is retained in the roasted 

whole bean. Even though, measured at standard conditions NTP (20 “C, 101.3 kPa 

pressure), whole beans contain a quantity of approximately 2 to 5 ml CO, (Clarke 

and Macrae: 1987). This COG must be held under considerable pressure within a 

roasted bean, which for a typical case was calculated by Clarke and Macrae (1987) 

to be 6.4 at (648 Wa). Radtke (1975) calculated even higher pressures of 800, 570 

and 550 kPa, respectively, for 3 different frilly roasted coffees in the cold state. A 

substantial part of the errtrapped gas is only lightly bound in the bean, since it is 

easily released during grinding. 

The gas desorption process during storage is often accompanied by migration of 

coffee oil to the bean surface. The extent of oil migration is dependent on the green 

bean quality and possible pre-treatments, such as decaffeination. Decaffeinated 

beans are known to be more delicate to roast, since they tend to more “oil-sweating” 

(Lee, 1999). On the other hand it is also known that oil migration in decaffeinated 

beans is controllable by the roasting conditions and the target degree of roast. Darker 

roasted beans tend to a more severe oil migration. AL\pplying intensive heat during 

roasting is regardecl as migration promotin, 0: and detrimental to the roast coffee 

quality. The mechanisms of this mass transfer are poorly understood, since they 

have not been extensively investigated so far. 

The amount of dry matter that is transferred into the coffee beverage is dependant 

on a series of parameters. such as variety and origin of the raw material, the degree 

of roast and the roasting temperature. as well as the coltditions during the extraction 

procedures (Clarke and Macrne. 1987. Nicoli et al.. 1990> Hinz et al., 1.997). 

Extraction yields greater than SO % are achieved in industrial extraction technology 

by applying high pressures and temperatures. Conventional home-brewing leads to 
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an extraction yield below 30 % (Peters, 1991). The extraction mechanics are very 

complex and so far authors have failed to agree on a commonly accepted model of 

this process. 

.3 Structural properties of the 

2.3.1 Morphology of the green coffee bean 

Green coffee beans do not exhibit a nniform and hornogenous morphology. As illn- 

strated in Figure I, a specific folding, recognizable as a slice being folded upon 

itself, creates the typical shape with the central cut on the flat side (Biirgin, 1969, 

Dentan, 1985). At the periphery of the seed: there is one single layer of epidermal 

cells. The main bean part consists of parenchymatons storage cells (Dentan, 1985). 

In the middle part of a transverse section one can distinguish a thin layer of mucila- 

ginous material in which is embedded the small embryo. 

The cytoplasm of the parenchyma cells essentially contains lipids, proteins, carbo- 

hydrates and appreciable amounts of caffeine, chlorogenic acids and minerals 

(Dentan, 1985). The lipids are distributed homogeneously throughout the bean and 

located close to the plasmalemma, forming a layer of variable thickness. They are 

stored within numerous oil bodies with a diameter range of 0.2 to 0.3 pm (Wilson 

et al., 1997). These oleosomes are remarkably stable and do not aggregate or 

coalesce (Huang, 1996). Their surface is shielded by a layer of proteins, called 

oleosins. The stability of oleosomes seems to play an important role in the plant 

physiology during lipid biosynthesis and seed inibibition. The center of the 

cytoplasm is free of lipids and contains proteins and carbohydrates. Dentan (1985) 

described sotne sort of a vacuole in the cytoplasm filled with carbohydrates. 

The parenchymatous cell walls of ripe coffee beans are particularly thick and do not 

enclose any intercellular spaces (Dentan, 19S5). Reinforcement. rings give them a 

nodular appearance in cross sections. The bulk of the full grown cell wall consist of 

the secondary wall (Dcntan, 1977). In certain areas the cell wall is crossed by many 

plaslliodesmata (Dentan. 1985). Wilson et al. (1997) analyzed freeze-fractures by 

SEM and found no evidence of additional pre-existing channels within the wall of 

green beans. They observed cellulose microfibrils and described them as organized 
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in polarized orientation by FF/TEM. The general model concept of the organization 

of the plant cell wall sn,, ouests 21 network ofpolysaccharicle microfibrils that is stabi- 

lized by proteinatious cross-links and embeclcled in a gel of pectic-cellulosic 

material (Nultsch, 1996, Wilson and Fry, 1986). This complex cell wall architecture 

has been remarkczbly visualized with light micrographs of the onion primary cell 

wall in a study by McCann et al. (I 990). They sequentially extracted polymers from 

the native wrdl and analyzed the remaining structure in the microscope. Both above 

mentioned studies do not directly apply to coffee beans. Nevertheless, they give 

usefnl hints on the general structural architecture of‘ plant cell walls. 

/ 
Embryo 

uci la 

\ 
’ Parenchyma 

pidermis 

Fig. I: Schematic transverse section of a coffee bean (Dentan, 1985). A specific 

folding gives the bean its typical shape with a central cut on the flat side. 

The bulk of the bean consists of parenchyrnatous cells. 
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2.3.2 Changes of macrostructure during roastin 

The volume increase presents the most obvious macroscopic change of the bean 

structure during roasting. Clarke and Macrac (1957) described bean expansion as 

occurring progressively, but including a “popping phase”, leading to considerable 

decrease of density. 11 is not quite clear from this statement whether the term 

“popping phase” applies only to sounds accompanyin g the expansion, or if the 

authors suggest a phase of instantaneous expansion. Volume increase and density 

decrease is a fmction of the degree of roast? hut also of the speed of roasting (Clarke 

and Macrae, 1987). Dalla Rosa et al. (1980) fomd that the resulting bean volume is 

correlated with the final roasting temperature. Rem expansion is caused by a very 

rapid pressure build-up due to rapid formation of water vapor and gas within the 

bear% (Illy and Viani, 1995). 111~ and Viani (1995) reported a steady and continuous 

volume increase and fomd the development to be positively correlated to weight 

loss. They noted a swelling of the beans of 40 to 60 % at a weight loss of 18 u/o. No 

information on initial bean water content or roasting temperature was provided 

together with these data. Grryot et al. (1985) reported even greater expansion in the, 

case of rapid roastin g at high temperatures. Comparin g final products of the same 

degree of roast, he found a significant influence of the roasting temperature on the 

volume development. This relationship was clearly confirmed in a comprehensive 

study by OrtolB et al. (1998) including C. on-him and (7. cn71epho7a beans from six 

different origins. These coffees were roasted at temperatures of 220, 235, 250, 265, 

250 and 295 “C to an identical degree of roast. Values of relative volume increase 

ranged for Colombian hdlica coffee from 1 .S9 to 1.54, and for Robrum from 

Uganda from 1.37 to 1.55. 

Guyot et al. (1985) regarded the maximization of bean expansion as beneficial for 

quality. Also Small and Horrell (1993) aimed for nmxinmn volume increase in 

order to produce high yield coffee. They reported that fast roasting (‘I . . . 3 min) of 

pre-dried (< S g /lOO g ivb) coffee beans leads to greatly expanded or “puffed” 

beans with a high extraction yield. Their physico-chemical model concept of bean 

expansion features the chlorogeuic acids as key-components, since the authors 

detected a sharp decomposition of these acids with substantial CO, evolution in a 

temperature range close to the glass transition temperature T, of the bean. Instanta- z 



Literature review 18 

neons pressure builcl-up durin g a softened stage of the bean would result in a 

“puffing” effect. Small and Howell (1993) also realized the significant influence of 

the bean water content. They suggested to move the drying step outside the roaster 

in order to allow for more aggressive fast roasting conditions within the roaster. 

Concerning actual values of T,, they refer to a value mentioned in a patent Lippli- 

cation by Brandlein et al. (1988). The patent authors stated T, of coffee beans being a 
around 216 “C. They described the softening effect of water in glass transition 

theory and attributed greater expansion of fast roasted beans to the higher water 

contents retained during high tempernture roasting. 

2.3.3 Changes of cell and pore structure during roasting 

Chemical reactions, dehydration and the large volume increase during roasting are 

accompanied by profound structural changes of both the cell wall and the cytoplasm 

of the green bean. Wilson et 111. (1997) reported the proteinaceous/polysaccharide 

cytoplasmatic matrix of green beans starts to denature after the initial stages of 

roasting. Oil droplets coalesce and finally form a layer that “flows” around the inner 

surface of the cell wall. A further series of publications dealt with the microstructure 

in fully roasted beans. Roasted bean tissue presents excavated cells with the, at first 

glance, unaltered cell walls building a framework. This structure has been exten-. 

sively described using light microscopy, scnnning electron microscopy (SEM) and 

image analysis (Biirgin, 1969> Dentan, 1977, Dentan and Tlly, 1985, Puhlmann et al., 

1986, Massini et al., 1990> Guti&rez et al., 1993> Illy and Viani, 1.995, Wilson et al., 

1997). The voids of excnvated cells can be regarded 2s macropores and, apart from 

possible m+jor tissue cracks? make up for the main part of the bean porosity. Radtke 

(1975) reported porosity values in roasted beans ranging from 0.38 to 0.49 pm 

depending on the origin and pretreatment of coffee. Kazi and Clifford (1985) found 

different average cell sizes for “high yield” (34 . . . 40 pm) and “regular” 

(21 . . . 23 pm) coffees: respectively. Massini et al. (1990) described the development 

of pores in the course of roasting using SEM and reported the entire bean surface to 

be cracked after IO min of roasting. However? their micrographs of the roasted bean 

surface seem to be difficult to interpret. CJutidrrcz et al. (I 993) presented a. compre- 

hensive investigation on coffee bean porosity. Various physical methods L?S well as 

SEM and image annlysis were used to determine the porosity of coffees roasted at 



Literature review 19 

different temperatures to the same degree of roast. Again, high temperature roasted 

coffee was found to have a statistically significantly greater macropore area than 

low temperature roasted products. 

A number of authors assume that roasting alters the porosity of the cell wall (Saleeb, 

1975, Puhlmann et al.: 1986, Massini et al., 1990, GutGrrez et al., 1993, Ally and 

Viani, 1995, Wilson et al., 1997). So far, very little is known abont the formation of 

micu-opores in the cell wall as affected by roastin, 0 conditions. The fate of the 

plasmodesmata during roasting is unknown. Saleeb (1975) concluded from gas 

adsorption measurements that the macropores of roasted beans are accessible 

through very narrow micropores of molecular magnitude (2.8 nm radius) which 

form a so-called ink-bottle structure. I[n contrast, Wilson et al. (1997), using electron 

microscopy, found two different types of micropores of an average radius of 50 nm 

and 5 nm, respectively. 

Roasting-induced changes in pore structure have a major impact on the final product 

quality. The pore structure controls mass transfer phenomena during storage and 

may determine the high gas adsorption capacity and the gasdesorption properties 

(Saleeb, 1975, Radtke, 1975, Massini et al. 1990). Fine micropores are assumed to 

allow the mobilized coffee oil to migrate to the bean surface (Puhlmann, 1986, lily 

and Viani, 1995, Wilson et al., 1997). Moreover, the loss of aroma compounds and 

the staling process are probably related to microstructure (see chapter 2.4.4). 
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2.4 lavor profile of green and roasted coffee 

2.4.1 Analysis of coffee flavor 

Since the aroma of roasted coffee is based on a complex mixture oE organic 

compounds that occur only in traces and are volatile by nature, a sophisticated 

methodology is required for qualified research on coffee aroma. Although instru- 

mental analysis has been advancing on an incredible pace during the last three 

decades, the investigation of complex food aroma remains a demanding task. 

Generally, it involves the following steps (Marsili, 1997): 

i’ Isolation and concentration of volatiles 
:: Separation 
,’ Identification 
‘> Quantification 

Investigation of sensory properties and impact on human aroma perception 
2 (Validation of analytical results with the help of models) 

The methods used for isolation of food flavor compounds are most critical for the 

result of an aroma analysis. Sample preparation is complicated by a number of 

factors, such as low concentration levels, variation of volatility, instability, matrix- 

volatile interactions and the high complexity of aroma composition (Marsili, 1997). 

Headspace analysis and distillation techniques are the most suitable isolation 

methods (Clarke and Macrae, 19SS). Solvent extraction and vacuum distillation are 

commonly used distillation techniques. However, each method implies preferential 

isolation of some compouncls and discrimination of others. Therefore, it is strongly 

recommended to nse at least two different isolation lnethods in order to be able to 

compare the results (Marsili, 1997). 

The simultaneous distillation/extraction (SD-E) according to Likens and Nickerson 

(1964) is one of the most widely nsed and valuable solvent extraction techniques for 

roast coffee. The SDE apparatus provides for the simultaneous condensation of the 

steam distillate and an immiscible organic solvent. Both liquids are continuously 

recycled, and thus the, steam distillable. solvent soluble compo~u~cis are transferred 

from the aqueous phase to the solvent (Marsili, 1997). This method has been 

successfully applied to coffee in a series of investigations by various authors (e.g. 
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Bade-Wegner et al., 1993 and 1997, Holscher et al., 1990, Vitzthutn et al.: 1990). It 

is convenient, requires simple handling: gives good recovery and limits time 

consumption (Holscher and Steinhart, 199 1). One of the disadvantages of the 

method was found to be the relatively great heat impact. on the sample that might 

generate artefacts. 

Vacuum distillation, more accurately described as direct solvent extraction with 

subsequent high vacuum transfer, presents another widespread isolation technique 

applied on coffee (e.g. Clarke anti Macrae, 198S, Blank et al., 1991 and 1992, 

Holscher et al., 1990 urd 1991). A solvent extract is obtained from ground coffee. 

The aroma fraction is then separated from the non-volatile compounds by means of 

a high vacuum transfer to a series of cryo-traps. It yields an aroma isolate with an 

odor that resembles very much the odor of the original sample. The main advantages 

of this method lie in the relatively low heat impact to the sample and improved 

isolation of polar and hydrophilic volatiles, since no water is in contact with the 

sample. 

The complex composition of coffee aroma usually makes it impossible to separate 

all volatile compounds in one gas-cliroiiiatopral~l~ic run. A pre-fractionation is 

generally required, which in most cases is carried out by column chromatography or 

preparative high performance liquid chromatography (prep-HPLC). A description 

of these procedures can be fohuncl in Bade-Wegner et al. (1993), Blank et al. (1992), 

Holscher et al. (1990), Vitzthum et al. (1990). Subsequent separation by gas 

chromatography (GC) requires a high performance capillary column. For the same 

reasons as outlined above for isolation techniques, it is recommended to use at least 

two cliEferent types of these stationary phases (Marsili, 1997). 

Usually, the flame ionization detector (FID) is the preferred device for quantifi- 

cation of GC separated compounds. Accurate quantification can be difficult for 

certain flavor compounds which occur frequently in extremely low concentration 

levels (Grosch et al., 1990). Stable isotope dilution assay (SIDA) is a suitable 

technique to overcome this problem. Generally, the identification of compounds is 

performed by gas chromatography mass spectrometry (GC-MS). 
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Gas chromatography olfactometry (GC-0), sometimes referred to as “GC-sniffing”, 

is an important analytical tool in aroma research because it characterizes the odors 

of single compounds emergin g from the sniffing port of the instrument (Marsili, 

1997). Here, the human nose acts as the detector used for evaluating the effluent of 

the GC colu~nn. Extract dilution techniques. such as CHARM (Acree et al., 1954) 

or AEDA (Grosch, 1993), provide means to even evaluate the relevance and impact 

of a single compound within the entire aroma profile. They involve stepwise 

dilution of the extract and are based on the principle, that the higher the dilution at 

which the compound can be detected by GC-0, the greater its contribution to the 

aroma of the food. However. GC-0 also implies a series of limitations. Marsili 

(1997) describes the “ant of context effect”, the “contrast effect”, human limitations 

and systematic limitations imposed by the test design. Therefore, the result of such 

an analysis should be checked and confirmed by sensory analysis of models 

(Marsili, 1997, Grosch. 1995). 

2.4.2 Flavor of green coffee beans 

Although green coffee beans are not consumed as such and are generally regarded 

as having no pleasant aroma or flavor, the volatiles of green beans were investi- 

gated, since they do possess a large number of’volatiles (Clarke and Macrae, 1985). 

55 new compounds were added to 52 volatiles already known by Vitzthum et al. 

(1975). Surprisingly, the authors identified even I 3 pyrazines, although these are 

generally regarded as products resulting from heat treatment. They found that the 

odor of green coffee beans is mainly caused by methoxypyrazines. According to 

recent literature by Holscher and Steinhart (1995) more than 200 green coffee 

volatiles have been identified so far. Only a small number of these compounds 

actually have an aroma impact on the typical flavor of green coffee. Holscher and 

Steinhart (1995) also added some 30 newly identified volatiles from their experi- 

mental work. They found that a majority of all identified compounds possess a 

carbonyl fnnction and are known breakdown products generated during antoxi- 

dation of lipids. The list includes hydrocarbons (e.g. ethane, i-pentanc, etc.), 

aldehydes and ketones (e L .F. cthanal. propanal. n-butanal. I ‘)-butanone? 2,3-butane- 

&one, 2,3-pentanedionc etc.). acids, esters, lactones, nitrogen componnds, sulfur 

compouncls (e. g. methional) ethers? halogens. phenols and flirans (e.g. 2-methyl- 
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hIran, f&-fural, etc.). Among the newly identified compounds were for instance 

hexanal, (E)2-nonenal, (f:;i,Z)2,4-clecadier7-al, (E,E)2,Gdecadienal, linalool. 

p -damascenone, 3-methyl-3-butel7-- I -01 and 2- as well as 3methylbutyrate. 

Moreover, most of these compounds are also fo~md in roast coffee. 

2.4.3 Flavor profiles of roasted coffee 

The chemical reactions that are induced by roasting produce a vast amount of 

different volatiles. So far, more than 800 different volatiles from a wide range of 

chemical classes have been identified in roast coffee (Nijssen et al., 1996, Flament, 

1989). Investigations on the Maillard reaction and the volatile fraction of roast 

coffee have been reviewed among others by Clarke and Macrae (1985), Clarke 

(1990), Ho et al. (1993) and Reineccius ( 1995). 

The reaction pathways of roast aroma formation have been reviewed by Holscher 

and Steinhart (1994). As they are of a very complex nature, a number of studies has 

been devoted to aroma formation in model systems. Stahl and Yarliment (1993) 

reported on the generation of 3-f~u=f~rylthiol in cysteine-ribose model systems and 

founcl increasing quantities with increasing temperatures and roast time. Also 

Hofmann and Schieberle (1998a) investigated the formation of 2-furfurylthiol in 

various precursor systems. They suggested that different formation pathways for 

2-furftlrylthiol may run in parallel during food processing. The authors also found 

the formation of various pyrazincs. 2-acetyl- and 2-propionyl-2-thiazoline from 

cysteine and carbohydrates to be dependent on the system water content (Hofmann 

and Schieberle, 1998b). Heat treatment in dry systems and increasing temperatures 

favored pyrazine formation. Wohnenstengel and Baltes (I 992) reported on well 

known and newly identificcl volatiles resulting from asparagine/glucose and aspartic 

acid/glucose mixtures under roasting conditions. 

So far: very little information is available on the formation development of aroma 

compounds in coffee beans c/rr7-irzg roasting and the influence of different roasting 

conditions. Silwar and IAilh~~ann (1993) reported on this sul,ject in an investigation 

with Rohstn coffees. Coffee samples were roasted on a laboratory scale roaster at 

different temperatures for a constant length of time of 5 min, resulting in products 

of various degrees of roast. The authors stated from cup testing that aroma formation 
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starts around 170 “C, when a peanut-like roast note can be perceived. At. 

180 to 190 ‘C coffee-like flavor arose, whereas the “real” flavor of roasted coffee 

only appeared at 220 to 230 “C. After passing this point, the flavor was judged to be 

slightly over-roasted (240 “C) and typically over-roasted (250 . . . 260 “C). This 

study did also demonstrate a continuous increase of the total amount of volatiles 

with increasing temperature up to 250 “C, followed by decreasing quantities beyond 

this temperature. Similar developments were described for hlrans and pyrazines. 

Furans and caramel compounds were found to be fully developed at 230 to 240 ‘C. 

2-hlrfnrylthiol continued to be formed up to 260 “C. The formation of pyrazines 

generally reached a maximnm at 250 “C. Beyond this temperature they are assumed 

to be incorporated in melnnoidins. Still, the group ofpyrazines is heterogeneous and 

the respective compounds were found to react individually. 

Another recent study by Mayer et al. (1999) dealt with the influence of coffee origin 

and the degree of roast on concentrations of aroma compounds in blends of C. 

nrahicn. For a series of compountls. the authors found considerable differences in 

concentration depending on the origin of blend. The degree of roast (light, medium 

and dark) had the greatest impact on propanal: 2(5)-ethyl-4-hydroxy-S(2)-methyl- 

3(2H)-fnranonc, guaiacol, 4-ethyl-guaiacol. 2-fnrfurylthiol, 3-methyl-2-buten- 

I-thiol and methanethiol. In blends of Colombia and Kenya coffees guaiacol and 

2-fLnfurylthio1 developed unhindered and were greatly increased with increasing 

degree of roast. Other compounds such as 2,3-butanedione and 2,3-pentaneclione 

developed to a maximum for a medium degree of roast and exhibited lower concen- 

trations in dark roasted coffees. 

In recent years, more research has been addressed to the sensory relevance of 

volatile componnds and the identification of key odor-ants in coffee. Olfactometric 

investigations revealed an impressive variety of different aroma qualities in coffee. 

However, they also showed that only a small number of potent aroma compounds 

actually dominate the sensory perception (Holscher et al., 1990). These most 

important aroma contributors were tcsmed (YRWICI inlplyirct conll,ol~lcls, CWOV~~ key 

co~~pxu~d~, cflrtrvlcter irllynct odorcults or just potent nc1m-m~. An overview on 

selected frequently cited aroma impact compounds is provided in Table 2. 



Tab. 2: Selection of frequently cited aroma impact compounds in roasted 

Arabica coffee. 

References (incomplete) 
2,3-Butanedione (= Diacetyl j 
B-Damascenone (= 2,6,6-Trimethyl- 

1,3-cyclohexadienyl) 
2,3-Diethyl-5-methyl pyrazine 

2-Ethyl-3,5-dimethyl pyrazine 

4-Ethyl guaiacol 

5-Ethyl-3-hydroxy-iC-methyl- 
2(5H]-fkanone (= Abheson) 

2-Furfurylthiol 
(= Furful-yl-mercaptal?) 
(= 2-Furanl7lethanthiol) 

Guaiacol 

3-Hydroxy-4,5-dimethyl-2[5H]- 
furanone (= Sotolon) 

4-I-Zydroxy-2,5-dirr7ethyl-3[?FI:l- 
fktnone (= Furaneol) 

2-Tsobutyl-3-methoxy pyrazine 
3-Isobutyl-2-methoxy pyrazine 
Linalool 
3-Mercqto-3-methylbutyl formiate 

Methional (= 3-Methyithio-l- 
propanal) (= 3-Mcthyl- 
lnercal,to-propionalileh~~ile~ 

2-/3-Methyl butanal 
3-Methyl-2-buten- 1 -thiol 

2-/3-Methyl butyric acid 
2-Methyl-3-furanthiol (= S- 

Mercapto-2-methylf~~ran 
2,3-Pentanedione 

2.3:5-Trimethyl pyrazine 
Vanillin 
4-Vinylguaiacol 

Blank (1992), Grosch (95, 96), Semmclroch (19951, 96) 

Holscher (1990). Lilank (199 1, 1992), Grosch (1995, 
19961. Semmelroch (I 99Sa, 199Sb, 1996) 

Blank (1991. 1992). Grosch (1995, 199~3, Semmclroch 
( 1995:~ I995b. 1996) 

Blank (1991, 1992), Groscli (1995, 1996), Scmmelrocli 
(~ 1995x 199%. 1996) 

Blank (I 99 I. 1992). Groscl~ (1995, 1996), Semmelroch 
i I ‘)9Sa, 199Sb. 1996) 

Blank ( 199 I . 1992). Grosch (I 996), Semmelroch ( 199513, 
1996) 

Hulscl~er (1990), Blank (1991, 1992), Grosch (1995, 
1996). Se1ni1~4r0~1~ i 1995a, 1995b, 1996) 

I~olscllcr(l!Bo), Blank(1991. 1992), G~oscll(1995, 
1996). Sclnrn~lrucll (199Sa, 199513, 1996) 

Blank (1991. 1992). Grosch 

Holsclw ( 1990), Blank (199 I. I 992), Grosch ( 1996), 
Semmelroch (199%. I 996) 

Holscher ( I990), Grosch (1996) 

Hlalk (1991) 

Blxlk(1991. 1992) 

Holscllcr (1990, 199I~.Blar~k(l991, 1992),Groscl1 
( 1995. 199~3, Scmmel~ocl~ (1995a. 199Sb, 1996) 

Holsclm (1990). Blank (1991. 1992), Grosch (1995, 
1996), SCl1lrnelrocll i 19osn; 199Sh, 1996) 

Grosch (1995. 1996). Semmelrocl~ (I 99Sa, 1996) 

Holscl~~ (1990. 1991). Blank (1991, 1992), Gmsch 
(19%. 19961. Semmelrocl~ (199%~) 

Holscher (I 990), Blank (1992) 

Holsclxr (I 990). Blank (1991. 1992), Grosch ( 1995, 
1996) 

Blank (1991. 1992). Grosch (1995, 1996), Semmclroch 
I 1 9953. 1996i 

l3larik (1X)1. 1992). Grosch 

13lailh ( I')'fl, 1997,. Senmlclrocll (~1995kl, 199%. 1996) 

~Iolsch~r (1990,. Blmk (1991. 1992). Groscll (1995. 
1996). Sem~nelrocl~ (1995~ 199Sl>. 1996) 



Tress1 and Silwar (1981) investigated sulfur-containing aroma compounds and 

determined the threshold of 2-furhuylthiol. They found that in concentrations as 

low as 0.0 1 to 0.5 ppb 2-furfurylthiol was perceived like freshly roasted coffee. 

From 1 to 10 ppb it possessed the aroma of stale coffee with a sulfury note. Thus, 

the authors stated that 2-furfurylthiol may be considered either as an aroma impact. 

compound or an off-flavor compound, depending on the concentration. Vitzthum et 

al. (1990) regard 2-methyl isoborneol as responsible for the harsh, earthy and moldy 

aroma character of Rohstrl coffees. Holscher et al. (I 990) determined the aroma 

impact compounds of roasted colombian coffee. As the most important compounds, 

they listed 2-methyl-3-furanthiol , 2-furfurylthiol, methional, 3-mercapto-3-methyl- 

bu tylformate, 2-isobutyl-3-methoxy pyrazine, 2-metylbutyrate, p -damascenone 

and furaneol. Three of the animal-like, catty smelling sulfur-containing aroma 

impact compounds were further described by Holscher and Steinhart (1991). 

Another extensive list of aroma impact compounds was provided by Blank et al. 

(1991 and 1992). 3,S-dimethyl-S-ethyl pyrazine, p -damascenone, 3-mercapto- 

3-mcthylbutylformate and 2-ethyl-3,5-dimethyl pyrazine turned out to be the three 

most powerful aroma contributors of ground coffee in this shady. However, these 

investigations also displayed that the situation in ground coffee may considerably 

differ from the one in the beverage. Semmclroch et al. ( 199Sb), using stable isotope 

diIution assays, showed that the quantities of 14 aroma impact compounds differed 

significantly between i-luthicn and Rohustcr coffees. Grosch et al. (1995) provided 

another comprehensive list of aroma impact cotnpouncls in coffee. Semmelroch et 

al. ( 1995b) determined from headspace analysis the following key odorants in 

ground coffee powder: 2,3-butanedione. 2,J-I-7entanediolle, 3-methyl-2-butenthiol, 

methional, 2-furfurylthiol and 3-mercapto-3-methylbutylformiate. A subsequent 

investigation by Semmelroch and Grosch (1996) with stable isotope dilution assays 

and sensory experiments yielded yet another list of aroma impact compounds of 

coffee brews. A summery on studies concerning the aroma of roasted coffee was 

given by Grosch et al. (1996). Finally. a recent investigation on the influence of 

various arotna impact con~pounds on sensory perception indicated a great influence 

of 2-furfurylthiol and 4-~%~ylguaiacol. 
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Concerning the aroma composition, some interesting parallels to coffee can be 

found in other roasted foodstuffs. 2-ethvl-3,S-di~~lethylpvrazine, 2,3-butanedionc~ _ 4 
1 -octen-3-one and 3-methylbutanal were identified as important contributors to the 

aroma of roasted chicory (Raek and Caclwallader, 1998). Ziegleder (199 1) reported 

on the aroma fraction of roasted cocoa. About 20 aroma compounds were identified 

for the first time. The listing also includes major contributors to coffee aroma, such 

as 4-hydroxy-2:5-dimethyl-3[2H]-furanone (furaneol), 2-/3-methyl butyrate, guaia- 

col, 2,3-butanedione and linalool. Another comprehensive source for comparison of 

coffee, cocoa and tea is provided by Flament (1989). 

Sensory perception of coffee. beverages is not esclusively determined by aroma 

compounds, but also by other important flavor compounds, such as organic acids 

like acetic acid and citric acid, and bitte,r components. In addition, the content OF 

solids in the beverage contributes to the “body” of the beverage and thercforc affects 

the sensory product properties. Illy and Viani ( 1995) provide a detailed description 

of the factors that constitute the “cup quality” of a coffee beverage. 

2.4.4 Staling of roast coffee 

Since the unprotected aroma of freshly roasted coffee is subject to severe quality 

losses during storage, aroma freshness becomes a crucial quality parameter. It was 

realized early that adecluate packaging can signi tkantly extend shelf-life of roast 

coffee. On the other hand: it is not easy to measure the freshness of coffee. Vitzthum 

and Werkhoff (1979) suggested the use of certain quantity ratios of selected 

indicator substances, such as 2-methylfuran in relation to 2-butanone or methanol in 

relation to tnethylfLuzi. They showed the promotion of staling due to elevated 

storage temperatures, as well as the accelerated staling process of ground coffee as 

compared to whole beans. Kwasny and Werkhoff (1979) used the same measure for 

freshness and found greater staling rates in dark roasted cof’fees as compared to light 

roasts. Arackal and Lehmam~ (19’79) confirmed the beneficial effects of newly 

cleveloped vent packaging materials on shelf-life. Tress1 et al. (1979) pointed out the 

important role of fL~rfi~rylmercal~t~~~l in the staling process. Spaclone and Liardon 

(1989) used a combined approach for the investigation of staling, including 

headspace analysis. multivariate statistics and sensory analysis. The authors 

reported significant qualitative changes of roast coffee, even when stored under the 
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best possible conditions. High product humidity and elevated temperatures were 

fohund to be the most detrimental storage parameters. 0, had an influence on coffee, 

samples stored in cans. Similar extent of aroma modification was detected .for 

sample series gassed at levels of 1 5% and 3 % O,, whereas maximum staling was 

found in coffee samples packed in air. Rather unexpectedly, the aLlthor fomd both 

O2 dependent and independent chemical reactions involved in the staling process. 

Kallio et al. (1990) investigated the development of headspace volatiles during 

storage of ground coffee in air tight packages filled with COz and air, respectively. 

Surprisingly? they reported similar rates of alteration of most of the volatiles 

analyzed for both storage conditions, though conceded methodological limitations. 

Steinhart and Holscher ( I99 I) suggested that coffee freshness is constituted by low- 

boiling components: such as low-molecular sulh~r compounds, Strecker-aldehydes 

and a-dicarbonyls. The authors regarded methane thiol as the most important 

indicator of coffee freshness. Leino et al. (199 1) characterized the headspace of 

stored c. amhiccr and c. curq~hora coffees and the sensory properties of the 

respective beverages. The ratios of 2-methylfLlran/2-butanone, acetone/propanal 

and 2-methylfman/propanal were used as indicators of coffee freshness. Storing the 

coffee for 18 months at room temperature led to several changes in the aroma 

compounds profile, whereas the perceived odor intensities did not change during 

storage. Hence, the concluclecl that certain compound ratios are suitable to monitor 

the ageing process, but are inadequate to predict the sensory quality of the beverage. 

Jn a fLirther study these ratios were Lrsed to investigate the staling process of two 

commercial Finnish coffee blends (Leino ct al., 1992). Holscher and Steinhart 

(1992a) used headspace cryo-focusin g analysis, GC-olfactometry and statistical 

discriminant analysis. As reported earlier, they foouncl again great correlation 

between the loss of methanethiol and the loss of coffee freshness during storage. ln 

an additional study Holscher and Steinhart ( 1992b) formulated a two step model 

concept of staling in roast coffee. They stated that a first step is determined by 

physico-chemical processes that lead to a decrease of volatiles. A second step is 

characterized by oxidati\re reactions. resulting in aroma-relevant oxidation 

proclucts. 
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erimenta 

3.1 Raw material 

Raw material selection was basically targeted to mnximum continuity of coffee 

quality over a long-term period. Green beans of defined varieties and single origin 

were used in order to minimize product inhoniogenity. Still, using different lots 

from the same supplier but from different crop years, the coffee quality varied in a 

considerable, but acceptable range. Coffees were obtained from two Swiss import 

companies. 

In general, if not specified otherwise? 2 wet-processed C. nr-ahicn Linn. variety from 

Colombia with a water content of 10 to 11 g / 100 g (wb) was used. Some experi- 

ments were carried out with a wet-processed C-i. nrcrbicn Linn. variety from Costa 

Rica. 

For trials with the intention of a comparison of different raw materials, coffees from 

both species C. nmhim and C. cnrqhora were roasted. Wet-processed C. arabica 

beans originated in Colombia, Costa Rica and Guatemala~ dry-processed Santos was 

imported from Brazil. Hems of C. co77epl1om originated in Uganda. 

In trial series involving industrial scale roasting a. commercial blend of 100 % 

(2 ambicn beans was used. Furthermore. a number of roast coffee brands was 

purchased for color comparison. 



Roasting 

3.2.1 Laboratory roasting trials 

Fluidized-bed hot air laboratory roaster 

Roasting experiments were carried out with a fluidized-bed hot air laboratory 

roaster in batches of 100 g green beans. The roaster was built by G.W. Barth GmbFI 

& Co., D-Freiberg/Neckar, for a research project on nut roasting (Perren, 1995) and 

adapted for coffee roasting. It allowed for coffee roasting under well-defined 

process conditions with accurnte control of hot air temperature, air velocity and bean 

core temperature. Fluidizeci-bed roasting and cooling were performed in separate 

sections. Steam injection into the hot air inlet and water spray injection into the 

cooling air provided options for humid atmosphere roasting and water quench 

cooling, respectively. 

A schetnatic drawing of the roaster is given in Figure 2> and technical data are 

provided in Table 3. 

Roasting section: Air of ambient temperature was sucked in by a radial fan RD2 

(Elektror, D-Esslingen/Neckar). Air velocity was controlled by means of a flap 

valve in the inlet stream in front of the fan and measured by an airflow meter (Schilt- 

knecht, CH-GossaulZH). The air was heated to roasting temperatures by two 

parallel electrical heaters SlOOOO 8D8 (Leister, CH-Kiigiswil). Optionally, satura- 

Tab. 3: Characteristic technical data of the laboratory roaster. 

Hot air temperature 20 ..I 300 “C 
Max. deviation of hot air temperature 
(isothermal processes) k 1 “C 
Hot air velocity 1.0 . . . 3.0 11x-1 

Hot air flow rate 0.47 . . . 1.41 m3 min-1 
Capacity 100 g geen beans 
Cooling air flow rate 0 . . . 2.8 m3 min-’ 
Cooling time for 100 g beans to achieve 
Tbean < 40 “C (without water quenching) 60 s 
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FQ. 2: Fluidized-bed hot air laboratory roaster. I: Airflow meter for inlet air 

velocity. 2: Inlet air flap valve. 3: inlet air radial fan. 4: Electrical heaters. 

5: Optional steam injection. 6: Static air mixing element. 7: Temperature 

probe PTIOO for airi,,(confrorrer;) temperature. 8: Thermocouple for airi, 

temperature. 9: Thermocouple for recording coffee pile temperature. 

IO: Roasting chamber. I I: Cooling chamber. 12: Cooling air inlet flap 

valve. 13: Cooling air radial fan. 14: Water quench spray injection. 

15: Pressurized water container. 

ted steam was fed to the hot air stream (176 g mu3 air). ‘The air stream was equili- 

brated by a static mixing element ME SMV-X DNIOO (Sulzer Chemtech, 

CH-Winterthur). The roasting chamber for batch roasting consisted of a stainless 

steel tube of 10 cm diameter and a height of 24 cm with a wire mesh bottom for air 

inlet and a removable wire mesh cover on the top. Silver skins coming off during 

roasting were collected at the air outlet by a ~xu~un suck in system. Hot air tempe- 
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rature was measured by a PTlOO temperature probe right before the roasting 

chamber and used to control the heater’s power. 

Cooling section: The roasted beans were transferred manually to the cooling section 

by removing the roasting chamber and pouring the beans into the cooling chamber. 

An air stream of ambient temperature ensured a fast fluidized-bed cooling of the 

beans in the cylindric coolin g chamber. For water quench cooling cold water was 

sprayed through a hollow cone, nozzle 212.054.1’7.AC (Lechler, D-Metzingen) into 

the air stream before the chamber. 

The control and data acquisition system consisted of a PDT-controller KS 4580 

(Philips, D-Kassel), an analog-to-digital converter/amplifier MIDAS (DMP, 

CH-Hegnau-Volketswil) and a PC with the software FLOWCHART (ComTec, 

D-Jiilich). 

Measurement of bean core temperature 

For determination of bean core temperature 2 or 3 beans per batch of 100 g green 

coffee were prepared for placement of thermocouples in the bean core. Fine holes 

were drilled into the bean tissue using a hand drill of 0.3 mm diameter. A thermo- 

couple type K with 0.25 mm diameter (Thermoconx, F-Sur&snes) was inserted into 

the holes in a barb arrangement as illustrated in Figure 3a. Special attention was paid 

to ensure that the point of measurement lay in the bean core tissue and not in the 

folding gap. The mounted thermocouples were installed in a special fixation device 

described by Perren (199S) and in a patent by Perren et al. (1994), by which the 

thermocouples could be lead into the cylindric roasting chamber. Additional 

thermocouples were placed in the vicinity of the beans in order to measure pile 

temperatures. The batch of green beans was added to the chamber before trans- 

-ferring the entire setup illto the pre-heated laboratory roaster. This arrangement 

allowed for partially free motion of’ the thermocouple-equipped beans within the 

fluidized batch without loosing them. All thermocouples were connected with the 

data acquisition system of the roaster and tenqxrntures were monitored and 

recorded online. At least 10 temperature curves from individual beans were 

averaged in order to overcome bean inliomogerrities. 
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Single bean roasting and optical online process recording 

A roasting chamber with sightglass and an optical setup including a stereo inicro- 

scope was developed for optical online process recording. Two plane and thermore- 

sistant sightglasses (7x 12 cm) were installed parallel in a cylindric stainless steel 

roasting chamber (0 10 cm. height: 27 cm) changing the shape of cross section , 

gradually from circular to nearly square in the glass part and back to circular again. 

One green coffee bean was prepared for core temperature measurement and fixed 

by two tightened thermocouples inserted as illustrated in Figure 3b. Again, the 

special fixation device described by Perren (1995) was integrated in the roasting 

chamber in order to lead the thermocouples inside. A stereo microscope SZ 604STR 

(Olyrnpus~ CH-Volketswil) was placed in a horizontal position in front of the sight- 

glasses. For bright illumination four cold light sources were focused on the bean. A 

color 3CCD video camera KY-F55B (JVC, CH-Oberwil) was attached to the stereo 

microscope for image acquisition. Pre-heating of the roaster was only partially 

possible. 

Fig. 3: Fixation of thermocouples in the bean for measuring bean core tempera- 

ture. 3a: Scheme for one thermocouple (t}, allowing for partially free 

motion of the bean (b). 3b: Scheme with two thightened thermocouples (tl 

and t;) to keep the bean (b) in a fixed position for optical observation. 
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Isothermal roasting processes 

Isothermal processes are suitable to investigate the general influence of temperature 

in the roasting process. For the ma,jority of experiments green coffee beans were 

roasted in either a high-temperature short-time roasting process (HTST) at 260 “C, 

or in a low-temperature long-time process (LTLT) at 220 “C according to the 

process characteristics as given in Table 4. ln some experiments, a medium-tempe- 

rature medium-time process (MTMT) with a hot air temperature of 240 “C and a 

roasting time of 300 s was applied. In order to be able to compare the two main 

processes roasting was targeted to the same clcgree of roast,, based on roast loss and 

final product color. Typical product properties arc also presented in Table 4. 

Tab. 4: Roasting parameters for the HTST and LTLT process and typical prop- 

erfies of roasted products. 

HTST 

roasting 

LTLT 

roasting 

Process parameters: 

Hot air temperature 260 T 
Hot air flow rate 1 .OS d min.-l 

Hot air velocity 2.3 111 s-1 

Roasting time 155 . . . I SO s 

Cooling air flow rate 1 .4 1 n$ mill- I 

Product properties (typical values): 

Color (L,‘k/n’k/b:Y) 24.06 19.26 I 1 1.33 
Roast loss (RV) 15.33 % 

220 “C 

1.08 m3 min- I 

2.3 m s-1 
540 . . . 720 s 

1.41 in3 min-l 

24.02 / 9.27 / il.17 
15.Sl % 

Water content 2.65 g /lOO g (wb) 2.15 g /IO0 g (wb) 

Roasting processes with temperature profile 

ln industrial practice coffee is not roasted under isothermal conditions. Therefore. 

the effects of pre-heating, continuous temperature increase or reduced temperature 

in the final stage of roasting on product properties \\Terc stuclied by developing four 

temperature profile processes (Table 5): (a) high temperature with a reduced final 

stage (HL), (b) continuous temperature increase from low to high (LHC), (c) prc- 
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heating telnperature with subsequent LHC process (PLHC)? (d) pre-heating temper- 

ature, high temperature at medium stage and reduced temperature at final stage 

(PHI,). 

Tab. 5: Temperafure-time profiles for non-isofhermal roasting processes (Set 

values). 

Process Temperature Time Total 

HL, 240 OC 
220 “C 

roasting time 

150 s 
210 s 360 s 

CHC 

~- 
PLHC 

PHI, 

---. ^.. ..-. continuous increase 1SO -3 240 “C 

240 “C .I_ 
150 “C 

continuous increase 150 --+ 240 YZ 

240 “C 
-- 

-_ 
is0 “C 
no hot air flow (technical) 
240 “C 
220 “C 

270 s 

55 s 325 s 
180s 
270 s 

50 s 500 s 
180s 

---- 

90 s 
140 s 
210 s 620 s 

Roasting of beans with adjusted initial water con tent 

Trial series dedicated to the influence of initial green bean water content on roasting 

properties were carried out by acljjustin g the original water content of 11.1 g / 

100 g (wb) of a C. n~cihi~ variety from Costa Rica. Reduction of water content was 

achieved by v~uurn freeze dryin g and resulted in products with water contents of 

7.3, 5.5, 5.0 and 3.2 g /lOO g (\vb) beun. respectively. An increase of water content 

was accomplished by exposin g the beans to a hunkI atmosphere with a water 

activity of a, = 0.90 at a telnperature of 37 “C for variable periods of time. Green 

beans with water contents of 14.4. 15.9 and IS.2 g /lOO g (wb) bean were obtained. 
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3.2.2 Industrial roasting trials 

Roasting trials and measurements on industrial scale were carried out in three 

different roasting systems. Commercial roasting conditions were recorded in the 

Probat RZ 3SOOY and the Gothot Rapido-Nova systems. With the Barth CR-1250 

system a series of new roasting processes were tested. 

Recording of the roasting conditions in a Probat RZ 3500Y roaster 

The RZ 3SOOY (Probat? LI-Emmerichj is a batch roasting system of the rotating- 

bowl type (Clarke and Macrae, 1987) as shown in Figure 4 and was operated at a 

capacity of 320 k, b 0 Oreen beans. Coffee beans are fed into the center of a rotating 

horizontal bowl with a vertical shaft and are carried to the periphery of the bowl 

through centrifugal force assisted by hot air entering from the bowl bottom. On 

reaching a fixed multi-plate rin g> they fall back to the center in spiral-shaped circuits 

surrounded by hot air. At the elld of the roasting, the beans are discharged over the 

periphery and fall clown into the cooling bowl that works on similar principles. 

Water quenching is applied first in the roasting chamber, and then in the cooling 

chamber. Exhaust air is partially recirculated to the burner. 

A shaft cover on top of the roaster provided access to the roasting chamber. Through 

this cover, 4 thin stainless steel tubes (@ 2.5 mm) of various lengths (0.5 . . . 1.2 m) 

were inserted into the roasting chamber: each of them leading one thermocouple 

type K of 1 .O mm diameter (‘I‘hermocoax~ F-&u&es) to the points of measuring 

(MP2 in Figure 4). Additional thermocouples were inserted through existing 

pipework into the hot air supplies and the air discharge stream near to the roasting 

chamber (ML’1 and ML’? in Figure 4). Thermocouples were connected to a converter/ 

amplifier MIDAS (LIMP. CH-Hegnau-Volketswilj and a PC-notebook with data 

acquisition software. A delv-point hygrometer was placed at MP, (Figure 4) to 

measure air humidity. The coffee \vas roasted in a 3-stage process with a total 

roasting time of approx . 270 s. In order to record roasting dynamics, samples were 

removed at regular intervals during roasting, cooled immediately and analyzed. 
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Fig. 4: Probat RZ 35OOY industrial roasting system with a capacity of 320 kg 

(operation manual, Probat, D-Emmerich). I: Burner. 2: Hot air supply 

blower. 3: Rotating cooling bowl. 4: Rotating roasting bowl. 5: Bowl drive. 

6: Air discharge cyclone. 7: Air discharge blower. 8: Cooling air supply. 

MP: Points of temperature measurements, I: Air inlet. 2: Roasting 

chamber. 3: Air discharge. 
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Recording of fhe roasting conditions in a Gothot Rapid0 Nova roaster 

The Rapido-Nova roaster (Gothot, D-Emmerich) consisted of a vertical drum for a 

coffee batch of 400 kg and a set of rotating paddles to increase the rate of heat 

transfer. A standard-type roaster of this kind has been described and illustrated by 

Clarke and Macrae (1987). In a similar way as for the Probat RZ 35OOY, 4 thermo- 

couples were inserted into the roasting chamber and measurements were carried out 

in the same manner. A two-stage process with a total roasting time of approx. 354 s 

was used. 

Roasting trials with a Barth CR-1250 roaster 

The CR-1250 roaster (G.W. Barth Ludwigsburg GmbH Xr. Co., D-Freiberg/Neckar) 

is a 50 kg batch roaster based on the design principles of the partially fluidizing nut 

roaster NR (Barth), described by Perren (1997). Different roasting processes with 

various temperature-time profiles were carried out, targeted to different degrees of 

roast. 

3.3 General analytical methods 

3.3.1 Roast loss 

The overall weight difference between the green coffee batch and the roasted batch 

immediately after roas tin g and cooling was defined as ~~n,rt loss (RL): 

111 I --I lq..,~jl 
RI-,= loo. gtecn ‘i 

(9%) 
111 

(equation 1) 
greC?ll 

where: %reL’,, . . weight of green coffee beans (g) cc 

%n5t ‘ : weight of roasted coffee beans (8) 

The loss of organic dry matter was defined as or-gic71ic rmst loss (ORL) and was 

calculated by taking the water content of preen and roasted beans and the roast loss 

into account: 



dl-il. 
ORI., = 100- (NO-RL) 1 cd$;ant 

I 
(%) (equation 2) 

g1 een 

where: RL: roast loss (%) 

dllLreen cc : dry matter of green beans (g / 100 g, wb) 

drill roast : dry matter of roasted beans (g / 100 g, wb) 

3.3.2 Color 

Color was measured with a tristirnulus calorimeter Chroma Meter CR-3 10 (Minolta, 

CH-Dietikon) with c? reflection area of 19.6 cn<- ‘. Samples of coffee beans were 

ground finely in a. household two-disk coffee grinder Espresso E20 (Turmix, 

CH-Rapperswil). The ground coffee was transferred into a petri dish and gently 

pressed to form an even surface. Color values were depicted in the CIE Ii:~u:!:l~:~ 

color space. Chromaticity was defined C”:= J a2 -t- b” , 

3.3.3 Water content 

Samples of roasted beans were gr-o~mcl finely in a household two-disk coffee grinder 

Espresso E20 (Turmix, CH-Rapperswil). Gravimetrical determination of roast 

coffee water content was carried out using either oven dehydration or ;111 infrared 

dehydration apparatus. 

Oven method: The determination was carried out according to the Swiss Food 

Manual (1973). 5 g grouncl coffee were dried nt 103 “C for 5 h. 

Infrared dehydration: Approximately 1 g gound roast coffee was weighed 

accurately into the loading tray of an infrared dryer LP 16 (Mettler, CH-Greifensee). 

The coffee was dried at 120 “C for IO min. 

Green coffee beans are hard and tough and not suitable for grinding. However, after 

a first dehydration step, the bea~ls become more brittle and ready for grinding. 
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Therefore, a two-step dehydration proceclure was used according to the Swiss Food 

Manual (1973). A pile of 100.0 g green beans was oven dried for 2 h at 103 “C and 

the weight loss recorded. The beans were then ground to particles smaller than 

0.63 mm. A quantity of 5 b ~ u Ground coffee was oven dried again during 5 h at 

103 “C. The total water content was calculated combining the two weight losses. 

3.3.4 Extraction yield 

The determination of extraction yield was carried out according to the Swiss Food 

Manual (1973). A sieving fraction of ground coffee with a particle size between 0.25 

and 0.63 mm? accounting for more than 30 % of the total coffee weight, was used 

for the analysis. A quantity of 10.0 g coffee was extracted with 200 mL water under 

specified conditions. 25 mL of the filtered extract were carefully evaporated on a 

water bath and oven dried for 3 11 at 103 “C. The extraction yield is given as percent 

dry extract based on coffee dry matter. 

3.3.5 Surface oil 

Batches of roasted beans were stored in 500 nlL, septum flasks as used for gas 

desorption analysis. Oily beans were spreacl on a soft plate and thoroughly blotted 

off from the surface oil with absorbent Kleenex paper. Coffee oil residues on the 

flask were removed by ethanol. The amount of surface oil was then determined 

gravimetrically. 

3.3.6 Antioxidative potential 

The antioxidative potential of roast coffee due to the formation of antioxidant 

compounds during roasting was estimated by modifying a method for measuring the 

oxidation induction period as described by Haclorn and Ziircher (1974). Roast coffee 

was ground finely and 200.0 tng thereof with a particle size < 500 pm were put into 

the reaction vessel of a 679 Rancimnt (Metrohm. CH-Herisau) together with 5.0 g 

soy oil. The reaction vessel \vns heated and kept at 100 “C and an air stream led 

through the oil. Headspace exhausts afere lead into a Ltater-filled measuring vessel 

and water conductivity was continuously measured. A sharp increase in co~~cIuc- 

tivity indicates the encl of the induction period, 
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3.4 Characterization of structural and physical 
properties of coffee beans 

3.4.1 Volumetry 

A displacement method based on ~1 system described by Mohsenin (I 986) was used 

to determine bean volume and bean density. A small container was filled with 

peanut oil (density 910 kg n~-~ at 25 “C) and placed 011 a balance. A lot of 30 g of 

roasted beans was weighed into a wire basket which was suspended on a support 

beside the balance. The basket was immersed into the oil and moved up and down 

for 15 s in order to release air bubbles trapped between the beans. Immersion was 

carried out likewise with the empty basket. From the weight difference of the 

immersed basket with and without coffee beans and using oil density the bean 

volume was calculated. Bean density was computed as ratio of bean weight in air 

and bean volume. Relative bean volume was based on the volume of green beans, 

taking into account the weight loss during roasting. 

3.4.2 Mercury porosimetry 

Mercury porosimetry makes use of the properties of mercury as a non-wetting liquid 

and is based on the mensure of mercury intrusion into the pores of a sample at 

various pressures. Higher mercury pressures allow for the intrusion of increasingly 

smaller pores. The inversely proportional relntionship between the size of an 

intrudable circular pore and the applied mercury pressure is described by the 

Washburn ecluation (Adamson, 1990): 

(equation 3) 

where: r: pore radius (m) 

“i& : surface tension of mercury (q{H,: = 0.5Nm-‘) 

$Jg : contact angle of mercury (O,, = 130°) 

p: pressure, (Pa) 
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A mercury-porosimeter Carlo Erba 2030 (Carlo Erba Strumentazione, I-Rodano), 

with a macro- and a micropore unit was used. About 0.4 g roast coffee (4 - 6 bean 

halves) were placed in a dilatometer and evacuated in the macropore unit for some 

15 min. The dilatometer was carefully filled with mercury and the sample was 

checked for macropores by increasing the pressure gradually to 100 kPa (1 bar). The 

dilatometer was then transferred to the micropore unit, where the pressure was 

gradually increased to 400 MPn (4000 bar) durin g 45 min and the volume of 

intruded mercury recorded. Pressure values were converted into values of “equi-. 

valent pore radius” using the Washburn equation. Assuming a mercury contact 

anele of 130° and a surface tension of 0.5 Nm-lY measured macropores ranged from u 
r = SO pm to 6.43 pm and micropores from 642s nm to 1.61 m-n. The pore radius 

corresponding to the maximum in the distribution function was defined rmain = 

maximum dV/d log (r/r& where V is the cumulated pore volume and rg = 1 m 

(normalization, dimensionless exponent). The r5,~ value describes the equivalent 

pore radius at which 50 % of the total cumulated pore volume is filled with mercury. 

Porosity I was defined as the ratio of absolute volume per g bean and absolute 

volume of intruded mercury per g bean. 

In applying high pressures to foods a thorough evaluation of potential artefacts due 

to sensitive structures and careful intqretation of the results is required. This was 

accomplished for roast coffee beans by tneans of cryo-scanning electron 

microscopy and energy-dispersive X-ray microanalysis (Scherrker et al., 1998). 

Further successful applications of mercury porosimetry to food have been reported 

for roasted nuts (Perren, 1995), air dried vegetables (Karathanos, 1996) and other 

foods. 

3.4.3 Dynamic mechanical thermal analysis (DMTA) 

DMTA was used to investigate softening phenomena of coffee bean structure during 

heating. Green coffee beans were manually ground with sandpaper to slices of 

approximately 3 mm thickness and with two parallel plain sides. One slice per run 

was clamped in a plate plate measuring geometry of a Solids Analyzer RSA II 

(Rheometrics, NJ-Piscataway? USA). A constant pre-load of 0.5 kg was kept on the 

sample while carrying out dynamic testing (oscillation) at a frequency of 1 Hz, and 
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a strain amplitude of 1 % of the slice thickness. The temperature was continuously 

increased from ambient to 260 “C with a heating rate of 5 “C mill-l. The RSA II was 

operated with Firmware version 5.0.0 and Rhios software version 4.2.2. Storage 

I~O~UIUS G’ and loss ~nodulus G” were calculated online. 

3.4.4 Electron microscopy 

Cryo-scanning electron microscopy (Cryo-SEM) 

The bean tissue structure was investigated by cryo-SEM, with a Philips 5 15 micro- 

scope (Philips, The Netherlands) equipped with :I SEM cryo unit SCU 020 

(Ral-Tee, FL-Ralzers). Pieces of beans were frozen in liquid nitrogen, fractured by 

a scalpel and transferred to the cold stage of the preparntion chamber. The samples 

were exposed to -80 “C for 10 min under p < 2 I lo-” Pa and cryo-sputter-coated 

with 15 nm platinum. The specimens were examined at c?. temperature below - 

130 Y3 at an accelerating volttlge of 12 kV. 

Energy-dispersive X-ray microanalysis 

Elemental analysis was performed in a Philips SEM, equipped with a TracorO 

Northern energy-dispersive X-ray analysis system and as described in detail by Frey 

et al. (1996). The microscope was operated at an accelerating voltage of 25 kV nnd 

a working distance of 12 mm. Elemental milppin g was carried out by energy 

window mq~ping. The spatial resolution was 64 x 64 pixels with a dwell time o-f 

0.1 s. All spectra in the spot mode were acquired at a magnification of 10 000 for 

60 s (live time) and a dead time of 23 s (40 5%) in the energy range of 0 to 13 keV. 

Scanning electron microscopy (SE/W) of chemically fixed specimens 

Small bean pieces were fixed by a 4 c/c ,olutaralclehydc solution in 0.1 cacodylate 

buffer (pH 7.4) at 4 “C, rinsed in the same buffer? post-fixed by 1 % Osmium 

tetroxide in cacoclylate buffer at 4 “C and again rinsed in the same buffer. Specimens 

were dehydrated in a gr&cl series of ethnnol, transferred into water free acetone 

and critical point dried. They were sputter-coated with 50 nm of Au/Pd ancl 

analyzed with ~1 field emission SEM Hitachi S-700. Images were recorded digitally 

with a Gatan Digi-Scan interface at an accelerating voltage of 10 kV. 
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Analysis of the microfibril network in the cell walls was carried out likewise using 

an in-lens field emission scanning electron microscope Hitachi S-900. Small tissue 

bars were fixed by a 3 % glutaraldehyde solution in 0.1 cacodylate buffer (pH 7.4) 

at 4 “C, rinsed in the same buffer, dehydrated in a graded series of ethanol, defatted 

in diethylether, transferred into acetone and subjected to critical point drying. The 

specimen was glued with conducting carbon colloid in a holder, placed into a freeze- 

fracture device RAF 300 and fractured at room temperature. Electron beam evapo- 

ration was carried out with 200 Hz of platinum carbon from an angle of 45 ’ and 

100 Hz of carbon perpendicular with rotating sample. The sample was transferred 

into the microscope. Micrographs were recorded digitally using the BSE-image with 

a Gatan D&i-Scan intert-ace at an accelerating voltage. of 10 kV. 

Transmission electron microscopy (TEM) 

Specimen preparation for TEM analysis was carried out with a modified procedure 

according to Angermiiller and Fahimi (1982). Small bean pieces were fixed in 

half-strength Karnovsky‘s fixative at room temperature for 1 hour. After washing in 

0.1 M phosphate buffer postfixation was done for 1 h in 1 % osmium tetroxide in 

0.1 M imidazole buffer. Samples were then rinsed in distilled water and dehydrated 

in a graded series of ethanol with stepwise embeddin g in Epon/Araldite resin. 

Ultrathin sections were cut using a Reichert-Jung ultramicrotome and stained with 

uranyl acetate and lead citrate, before examining ill a Hitachi H-600 transmission 

electron microscope at 100 kV. Images were recorded digitally using a Gatan slow- 

scan CCD camera. 
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3.5 Gas desorption measurement and gas analysis 

Batches of 100 g green beans were placed in 500 mL septum flasks immediately 

after roasting. Each flask was closed tight with a special rubber septum of 12 mm 

thickness and then evacuated in the headspace analysis system with a Trivac D8B 

vacuum pump (Leybold, D-Kijln) during 2 min. The flasks were stored at room 

temperature in darkness while bean gas desorption took place. 

Sampling of headspace was carried out with the equipment and method described 

by Bertoli (1989) and Margadant (199 1). Total headspace pressure was recorded. 

Two gas chromatographs were operated in parallel to monitor 02, N2, CO2 and CO 

on one hand, and short-chain hydrocarbons and other gases on the other hand. 

Details on analytical conditions are given in Tables 6 and 7. 

Tab. 6: Analytical conditions for determination of 02, N2, CO,, CO and Ar in 

coffee headspace. 

Gas chromatograph 

Packed col~~nx~ 1 (right) 
Packed column 2 (left) 

Hot wire detector 

Oven temperature 

Injector temperature 

Carrier 

Carrier flow column 1 

Carrier flow co1~i1nti 2 

Polarity 

Sample injection 

Software 

Fisons GC 8340 (Brechbuehler, CH-Schlieren) 

Yorapak Q 80/t 00 mesh; 3 m x 2 mm glass 
Molecular sieve 5A 60/80 mesh; 3 m x 2 mm glass 

Body temperature 1 SO “C; filament temperature 
240 OC: attenuation 1; gain 10x 

60 “C. isothermal 

100 “C 

Helium 5 .O 

24.0 mL min-1 (DPFC flow mode) 

75.0 mL inin- (DPFC flow mocle) 

Polarity change after elution of column 1 peaks 

E‘:,lectro-activateci measuring valve with 2 sample 
loops of 250 ~11, volume each 

Chrom-Card, version 1.17 



Tab. 7: Analytical conditions for determination of short-chain hydrocarbons and 

other gases in coffee headspace. 

Gas chromatograph 

Packed column 

FID-detector 

Oven temperature programming 

Injector temperature 

Carrier 

Carrier tlow 

Detector gases 

Sample ilijection 

Software 

Fisons S330 
(Brechbuehler, CT-I-Schlieren) 

Aluminn Fl, 60/80 mesh; 3 m x 2 mm glass 

3 10 “C: Range 1; attenuation 0 

Iso-stage 1: 90 “C, 1 min 
Rate 1: I S “C min-l 
Iso-stage 2: 300 “C 
Cooling 

250 Yz 

Helium 5 .O 

DPFC flow mode, 20.0 mL, min-l 

Air ‘120 kPa; Hydrogen 60 Wa; 
no make up gas 

Measuring valve with 2 mL sample loop 

Chrom-Card, version I. 17 

The total amount of gases released from the beans was calculated from the 

headspace pressure. An esternal standard gas misture of CH1, CpH6, C3Hg, nC&Ilo, 

nCgHlz and nCbH14 (2 vpm ench, in Nz: Garbagas, CH-Zurich) was used for quanti- 

t:ttive detertninations of hydrocarbons. Identification of peaks was accomplished by 

comparison of retention times from reference substances. 
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3.6 Analysis of coffee aroma compounds and flavor 

3.6.1 General methodological considerations 

Due to the technological nature of the present project on coffee roasting, the 

analytical effort in the analysis of coffee volatiles was restricted, as otherwise flavor 

research would have been a full project on its own. The methodology chosen in the 

present work intended to employ the most important elements of qualified aroma 

analysis and, at the same time, to limit time-consmnption by making minor metho- 

dological concessions. Ne\rertheless, two different techniques for isolation of 

volatiles were applied in order to avoid potential artefacts in the most critical step of 

flavor analysis. A single high resolution capillary Coleman catered for maximum 

separation performance, however, with no prc-fr1~ctionation of the isolates. Aroma 

relevance of a compound was evaluated using gas chromatography olfactometry. 

Quantification was performed in a relative manner by comparing between diffe- 

rently roasted products. Stable isotope dilution analysis was not used. 

3.6.2 Isolation of the volatile fraction 

Simultaneous distillation/extraction (Likens-Nickerson) 

Simultaneous distillation/extraction (SDE) was carried out with a Likens-Nickerson 

apparatus (Likens and Nickerson, 1964) reviewed by Marsili, 1997). The procedure 

appropriate for coffee has been described by Holscher et al. (,1990). A portion of 

30 g ground coffee was combined with 500 mL distilled water and an internal 

standard of 2-Butanol (Flub 19025, CH-Buchs) and was extracted with SO mL 

solvent (pentane / diethyl ether mixture 1:l) for 2 h. After drying with anhydrous 

sodium sulfate the extract wx concentrated to less than 1 ml, by means of a Vigreux 

column (10 cm height, @ 1 cm). 

Vacuum distillation 

A modified apparatus according to Schieberle and Grosch (1983) and described by 

Holscher et al. ( 1990) \vas used for VXLILIIII distillation, comprising 3 cryo-traps 

connected with a vacuum pump Trivac 48B (L.eybold, D-Kiiln). 100 mL solvent 

(pentane / diethyl ether mixture 1 : 1) were added to 30 g ground coffee and to an 

internal standard of 2-.Butanol (Fluka 19025, CH--Buchs). The mixture was frozen 
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with liquid nitrogen and exposed to vacuum distillation at room temperature for 3 h 

(p < 0.005 mbar) and in a second step at 70 “C for 2 h (p < 0.008 mbar). 

Dehydration and concentration of the isolate was carriecl out as described above. 

3.6.3 Gas chromatography FID (GC-FID) 

A GC with flame ionization detector (FID) was used for separation and semi-quanti- 

tative evaluation of aroma compounds from isolates as well as for characterization 

of an extensive series of reference substances. The analytical conditions for 

separation are given in Table 8. Peaks in the chromatograms were characterized by 

retention indicts (RI) calculated according to Van den Do01 and Kratz ( 1963). The 

relative amount of a compound X was defined as: 

(equation 4) 

where: QFIDs : relative amount of compound X as compared 
to the internal standard 

Ax: peak area of compound S 

AIstd : peak area of internal standard 

Tab. 8: Analytical conditions for GC-F/D analysis of coffee volatiles. 

Gas chromatograph HeLvlett Packard GC 5890 series II 
(Hewlett Packard. CH-Basel) 

Capillary col~unr~ Supelcowax lo> 60 m, ID 320 pm, film 
thickness 0.25 pm (Supelco, CH-Buchs) 

Detector FID, 250 “C 
Injector temperature, 220 “C1 

0ven temperature programming &o-stage 1: 46 “C? 3 min 
Rate 1: 4 “C min-1 
Iso-stage 2: 240 “(-1, 5 rnin 

Carrier Helium 5.0 
Carrier flow 90 kPa col~mm head pressure 
Injection volume 1 pI., 
Tnjection mode Split 1: II 
Software Chemstation, \Tersion A.0334 
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3.6.4 Gas chromatography mass spectrometry (GC-MS) 

Analytical conditions for GC-MS measurements (‘Table 9) were kept close to those 

applied in GC-FID analysis. Peak retention indices (RI) were calculated according 

to Van den Do01 and Kratz (1963). In alternative to senri-quarrtitative evaluation via 

GC-FID, relative amounts of a few compo~mds were calculated using GC-MS peak 

areas (RIC), corresponding to equation 4. In some cases of co-eluted compounds a 

semi-quantitative evaluation according to equation 5 wc?s applied, based on a 

characteristic ion of the compound in question. Compo~mls were generally 

identified by comparison of mass spectra and RT with reference substances. 

Tab. 9: Analytical conditions for GC-MS analysis of coffee vola tiles 

Gas chromatogqh Fisons SO65 (BrechbWer~ CH-Schlieren) 
Mass spectrometer SSQ 710 (Finnigan MAT> CA-San Jose, USA) 
Capillary column S~q~lcowa~ lo> 60 m, ID 320 pm? film thick- 

ness 0.35 pm (Supelco. CH-Buchs) 
Injector temperature 
Oven temperature program- 
ming 

22-J “C 

&o-stage 1: 46 “C, 3 min 
Rate 1 : 4 “C min-1 
Iso-stay 2: 240 “cl, 5 min 

Carrier Helium 5 .O 
Carrier flow 90 kPn colum~i head pressure 
Injection volume 0.5 pL 
Ionization potential 70 ev 
Interfztce heating 240 “C 
Mass range 40 . . . 300 arnu 
Software ICIS. version 7 
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(equation 5) 

whcse: Relative amount of compound X as com- 
pared to the internal standard, based on 
characteristic ion 

MS peak area (RIG) of compound X and 
co-eked conipound 

peak area share of characteristic ion (%) 

MS peak area (RTC) of internal standard 

3.6.5 Aroma extract dilution analysis by gas chromatography 
olfactometry (GC-0) 

The GC-FID system was equipped with a coluum end split, leading to a sniffing port 

for olfactometry (Marsili, 1997). Aroma extract dilution analysis was carried out 

with m-diluted isolates and dilutions 1:4: 1: 16, 1:32, 1:64, 1:128, 1:256. 1:512 and 

1.: 1024. Each sequence of GC effluents was sniffed by at least two persons. They 

marked onset and end poitlt of a perceivable odor by pressing a button and indicated 

odor quality to an assistant person. The ouline acquired data of a complete dilution 

series were processed into CHARM response chromatograms (Acree et al., 1984; 

reviewed in Marsili, 1997). The FD-factor for a specific compound was defined as 

the greatest dilution at which this compound was still perceivable in the GC effluent. 

It represents a measure for the aroma relevance of a compound. Aroma cotnpounds 

with a FD-factor higher than 256 were regarded as key compounds. Compounds 

with a FD-factor of 1024 or more were specified as “aroma impact compound” 

(AIC) for the respective roast coffee,. 
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3.6.6 Sensory evaluation 

Sensory evchatior~ by cm expert ymwl 

A quantity of 12 g ground roast coffee was placed in a porcelain drinking bowl, and 

0.3 L boiling water was poured over it. The coffee suspension was stirred and 

allowed to cool down to approximately 50 ‘C, while coffee particles deposited. 

Three expert coffee tasters sipped the beverage using spoons. 

Flavor profiling by 21 trained industrial panel of 10 panelists was carried out in a 

standard sensory room and with a professional support service. Filter coffee was 

prepared immediately before sensory analysis, using 55 g ground coffee per liter 

water. Profiling of samples according to selected sensory attributes was carried out 

using a 10 cm line scale ranging from “attribute not marked” to “very marked”, 

provided with 2 mark for the reference. Data were evaluated statistically by analysis 

of variance (ANOVA), least significant difference test (LSD) and Student’s t-test. 
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4.1 Characterization of process 

4.1 .I Heat transfer and development of bean temperature 

The heat impact and the temperature required to roast coffee are high as compared 

to other roasted food products, such as nuts, malt or chicory. In general, temperature 

must exceed 190 “C for a minimal length of time to provide a sufficiently reactive 

roast environment. Therefore, the residence time and a relevant process temperature 

must be measured to descrihc the overall thermal impact. IJsually, the temperature 

of the bean pile is recorded for practical reasons although the measurement of the 

bean core temperature tvo~~ld be preferable for more precise description of the 

roasting process. 

The development of pile and bean core temperature durin, 0 isothermal roasting in 

the laboratory roaster is shown in Figure 5. The high air to bean ratio resulted in a 

rapid convective heat transfer. The temperature increase was steady without any 

discontinuities such as described for hazelnuts (Perren, 1995). After a similar, short 

initial heating stage in all three processes, heating rates were found to be dependent 

on the hot air inlet temperature. The bean core temperature was exceeded by the 

batch pile temperature in each process. Neither of them ever reached hot air inlet 

temperature. Even during excessive roasting beyond usual degrees of roast a 

constant tempcraturc difference between the hot air inlet and the bean core 

remained. This difference disappeared completely when bean models made from 

aluminium were heated. Therefore, it seems unlikely that an undesirable heat flow 

off through the very thin thermocouple has affected the measurements. The results 

point rather to a particular situation regarding the proportions of heat conduction, 

convection of heat and radiation due to the small batch size in the laboratory roaster. 
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Figure 6 shows the bean temperatures during roasting in industrial roasters as 

compared to the temperature development in the laboratory roaster. Generally, 

industrial roasting systems use much lower air to bean ratios as the laboratory 

roaster, resulting in lower heat transfer to the beans. Nevertheless, product tempe- 

ratures that exceed 225 “C were achieved in the final stages of industrial roasting. 

When roasting was carried out to the same degree of roast, both industrial roasting 

times were found to be between those of the HTST and LTLT laboratory processes. 

A series of industrial roasting trials with the Barth CR- 1250 roaster and experiments 

with various temperature profiles demonstrated (data not shown here), that final 

bean temperatures are generally not related directly to the degree of roast. Coffee 

batches of identical degree of roast may originate from roasting processes with 

different end temperatures. Therefore. data on bean final temperatures supplied by 

many authors are merely of relative value because they only apply for a given raw 

material and given process conditions. 

Tnternal heat generation due to esothermic chemical reactions in the beans has beet1 

suggested by various authors (Baltes. 1977, Raemy and Lambelet, 1982, llly and 

Viani, 1995). However, a substantial additional temperature increase in the final 

roasting stages caused by such reactions was neither found in the laboratory nor in 

the industrial roasting processes. In the laboratory roaster, the expression of an 

exothermic stage in tetnperature curves during excessive roasting might have been 

suppressed by radiation phenomena or by superior inverse heat transfer from the 

beans to the air. In the industrial trials the target degree of roast may have been too 

low and the process terminated before proceeding into any exothermic final stage. 

In fact, only the observed unhindered temperature increase in spite of reduced air 

-flow rate and heat transfer in the final stage may suggest the existence of an 

exothermic stage. The heat generation as measured by difYerentia1 thermal analysis 

might be too moderate to greatly influence bean temperatures in a roasting process, 

or substantial influence occurs only with high degrees of roast. The present results 

are consistent with the few literature data on temperature development (Da Port0 et 

al., 1991; Severini ct al.. 1991: Tlly and Viani, 199S), where also no significant 

additional temperature increase in the final roahting stage is shown. 
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A more detailed analysis of the temperature development during roasting with the 

Probat RZ system is provided in Figure 7. Pile temperatures diferecl considerably 

depending on the position in the rotating bowl. The actual bean core temperature 

was lower than the pile temperatures. Therefore, literature data concerning product 

temperature development must be interpreted with clue care, as they are most often 

termed as bean temperature, while in fact they generally represent pile temperatures. 

From Figure 7 it may also be noted that with the Probat RZ roaster a reduction of 

heat transfer in roasting stages 2 and 3 of the 3-stages process is achieved by 

reduction of air flow rate instead of hot air inlet temperature. 
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Fig. 5: Temperature of bean pile (thick curves) and bean core (thin curves) during 

isothermal laboratory roasting at 260 “C (HTST), 240 “C (MTMT) and 

220 “C (LTLT), and subsequent cooling. Curves are averaged (HTST: 

n-6, MTMT: n=lO, LTLT: n=lO). 
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Fig. 6: Temperature developrnent in the laboratory roaster and in industrial 

roasters during roasting to the same degree of roast. (Industrial roasting: 

blend of 100 % C. arabica, laboratory roasting: C. arabica, Colombia). 
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Fig. 7: Industrial roasting with the roaster Probaf RZ35OOY (Commercial blend of 

100 % C. arabica). 7a: Hot air inlet temperature (MP,) and temperature at 

different positions in the roasting bowl (MP~) during roasting. 7b: Cross 

section of the roasting bowl with the locations of measuring position A, B, 

C and D, 
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The properties of green coffee, in particular the initial water content, affects the 

temperature curves. Figure 8 presents the temperature curves during HTST 

laboratory roasting of coffee beans with different initial water content. For these 

measurements, coffee with a water content of 11.1 g /lOO g (wb) was dried or 

humidified as described. Higher initial water contents result in slower heat transfer. 

In industrial practice, this fact makes far-reaching standardization of the green bean 

water content mandatory. Small and Horrell ( 1993) even suggested pre-drying of 

green beans before altering the roasting process in order to improve the temperature 

development for achieving high yield coffee. 
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Fig. 8: Influence of initial water content of green beans on the pile temperature 

during isothermal HTST laboratory roasting. Original wafer content 

X = 11.1 g /IO0 g wb (C. arabica, Costa Rica). 
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4.1.2 Dehydration and lass of organic matter 

During the roasting process, the water in the green beans is vaporized, and dry 

matter is partially transformed into volatiles. Moreover, a substantial amount of’ 

water is generated as a result of chemical reactions and again vaporized. Generally? 

coffee beans loose between 14 and 20 o/o of their weight during roasting, depending 

on green bean quality, roasting conditions and the degree of roast. 

The relationship between roast loss (RL), organic roast loss (ORL) and water 

content for HTST and LTLT roasting is shown in Figure 9. The greatest rate of roast 

loss was found in the early process stages, mainly caused by dehydration, whereas 

loss of organic matter was initiated later during more progressive roasting. The 

roasting temperature was found to have a major impact on bean weight loss and 

dehydration. Dehydration, RL and ORL, proceeded faster and more extensive during 

HTST roasting than during LTLT processing. Low temperature processing even 

seems to be incapable of ever achieving ORL values as high as in HTST roasting. 

The results confirm the conclusions made by Dalla Rosa et al. (1980) that the loss 

of dry matter is much more controlled by temperature than by residence time. 

Dehydration during isothermal roasting took place in a steady and continuous 

manner. Stepwise dehydration due to different dehydration mechanisms as 

suggested by Puhlmann and Meister (1989) was not observed and must have been 

the result of their particular roasting conditions. It should be noted that accurate 

determination of water content in coffee beans is di-Fficcult. Roasted beans are very 

hygroscopic and may take on some water from surrounding air, while some water 

may be lost durin g grinding. Moreover, gases are also removed during analysis of 

water content, and thus, affecting the result. Therefore, data on water content have 

to be interpreted with due care. 

Figure 10 cotnpares dehydration in the laboratory and industrial roasting processes. 

The decrease in bean water content was delayed in both industrial processes as 

compared to laboratory roasting, which is primarily due to a different temperature 

development. In industrial roasting, the major part of water was removed only 

during the second half of the process. Both industrial final products exhibited 

identical colors, but a slightly lower water content was achieved with the Gothot 

Rapid0 Nova process. 
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The effect of roasting time on the final water content and RL of products with 

identical color was confirmed with laboratory roasting trials as shown in Figure 1.1. 

Longer roasting times resulted in products of slightly lower water content and 

greater RL as compared to short time roasted samples. The findings are in agreement 

with data on final water content provided by Kazi and Clifford (1985) and by 

Hinman (1% I), and indicate a diffusion-limited dehydration process. 

Figure 12 shows the in-truence of initial water content on roasting behavior. A high 

initial water content lead to greater dehydration rates and a faster increase of RL. 

Water contents converged after a certain time, and the final products did not differ 

in moisture nor in ORL. They did, however, differ in RL. ORL seems to be only 

slightly affected by different initial water contents. The additional energy 

consumption required to vaporize the additional water causes a delay in temperature 

increase in beans with higher initial water content (Figure 8). 

The humidity of hot air presents another important parameter influencing the 

roasting process. Figure 13 demonstrates significant differences during isothermal 

laboratory roasting in dry and humid hot air at the same temperature. RL and ORL 

progress slightly Faster at elevated air humidity. Even dehydration runs slightly 

faster after an initial lag phase. It can he assumed that the heat transfer in humid air 

is more efficient due to its greater specific heat capacity. The effect of a smaller 

vapor pressure gradient between the beans and the humid air may be compensated 

by a faster temperature increase aild therefore cause a faster progress of roasting. 

Measurements of air humidity revealed, that a substantial amount of water can be 

found in the hot air of industrial roasting systems. As a major part of the hot air is 

recirculated for economical reasons: water from the beans alld from water quench 

cooling may accumulate and generate a humid atmosphere in the roasting chamber. 

Further investigations on air humidity and its effects on product quality are required. 
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Fig. 9: Development of roast loss (RL), organic roast loss (QRL) and bean water 

content (X) during isothermal HT.57 and LTLT laboratory roasting 

(C. arabica, Costa Rica). 
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Fig. 11: Relation between roast loss and lightness of WEST and LTLT roasted 

coffees in a range of medium degree of roast. 
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4.1.3 Development of bean color 

During roasting, the color of coffee beans change from pale green-grey to yellow, 

orange, brown and finally dark brown and black. This color development is shown 

in Figure 14 for the HTST and the LTLT laboratory processes in the CTE L2ica%:k 

color space as well as in the LYY plane. The color changed faster with higher 

temperatures, but followed the identical pathways regardless of the type of process. 

Lightness decreased continuously, whereas chromaticity first increased in an early 

stage of roasting (yellow phase), and then decreased again continuously. 

The decrease of lightness in isothermal processes seems to follow a first order type 

of reaction. It was found to be highly correlated with RL and ORL. Therefore, color 

is a suitable indicator of the degree of roast for a given raw material. However, 

roasting trials with beans from different origin revealed that the relationship 

between RL and color can vary in a wide range depending on the green been quality. 

Figure ‘I 5 illustrates the development of bean color in laboratory and industrial scale 

roasting. Browning rates leveled off during laboratory roasting, although the highest 

bean temperatures are achieved in the final roasting stages. Apart fi-01x1 temperature 

and concentration of reactants the presence of water seen-s to be a key factor for 

non-enzymatic browning in coffee. From a certain point of dehydration onwards the 

rate of non-enzymatic browning gradually falls, as the bean enters a more and more 

glassy state (cf. chapter 4 .2.2). The effect OC glass transition on rates of non- 

enzymatic browning is known for other food systems (Karmas et al., 1992). In turn, 

the influence of temperature on color development is in parallel to the influence on 

organic roast loss. Temperature seems to set a limit of maximum color development 

that cannot be overcome by longer residence time. Higher temperatures led to a 

greater browning potential and potentially lower L’k values. Roasting below 190 “C 

allows only for moderate color development and incomplete roasting (Dalla Rosa et 

al., 1980). As was expected from the different temperature development in 

laboratory and industrial roasting, the color development in industrial roasting was 

greatly delayed. In the Gothot roaster. the color change was not initiated before 

180 s of roasting, but a high rate, of lightness decrease was fonnd during the second 

half of roasting. 
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While using the same color describing system, color values for a given coffee 

product measured by different authors and devices can vary considerably. The color 

characteristics of IS different roast coffee brands (commercially available, mainly 

from the Swiss market) are given in Figure 16. The data are intended to relate 

I.,:‘: values in the present thesis to usual degrees of roast found in commercial 

products. Within a narrow range of degrees of roast the relationship between 

lightness and chromaticity is almost linear. 
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Fig. 74: Development of bean color during HOST and LTLT laboratory roasting. 

14a: Presentation in the C/E L*a*b* color space. “/4b: Presentation in the 

L * C” plane. 
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Fig. 16: Relationship between lightness L* and chromaticity C” within the range of 

commercial degrees of roast and color characteristics of 18 different roast 

coffee brands. 
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4.1.4 Gas formation 

During roasting, a substantial amount of gases is formed as a result of pyrolysis and 

Maillard reaction. Figure 17 illustrates gas formation during HTST and L,TLT 

isothermal laboratory roasting, measured as headspace pressure after storing bean 

samples for 4 months. Any gas loss during roasting itself was not taken into account. 

As expected from the development of dry matter loss? the major part of gases was 

formed only in the second half of the process. For a given raw material the rate of 

gas formation was highly dependent on the roasting conditions, as the higher 

roasting temperature in HTST led to greater rates than the lower temperature in 

LTLT. 

Figure 18 presents the influence of LTLT, MTMT and HTST laboratory roasting to 

the same degree of roast (color) on the amount of different gases released dnring 

storage. The increase of total gas in final products with increasing degree of roast 

and higher roasting temperatures observed here was also reported by Radtke (I 975) 

and Meister and Puhlmann ( 1989). CO? is the most dominant component in coffee 

gas. CO and Nz present further major components. The influence of process para- 

meters on CO2 formation follows the trend observed for total gas formation. Tn 

contrast, CO and NT quantities seem to be independent of the roasting temperature. 

Clarke and Macrae (1987) have provided a percentage value for CO2 of 87 %. Tn our 

case, the percentage of CO, in the total coffee gas was shown to be dependent on 

the applied roasting temperature. 

Figure 19 shows the clevelopment of short-chain hydrocarbons, that went in parallel 

with the development of the amount of total gas. High formation rates were found 

in the second half of the process. Dnring HTST the same compounds as during 

LTLT roasting were formed, but in greater amounts with the exception of pentane 

(Figure 20). Since methane, ethane and pentane, are secondary products of lipid 

oxidation, their presence might have indicated progressing of oxidation reactions. 

However, the influence of roasting temperature on headspace concentrations of 

these oxidation products was not consistent. Hence. most probably they cannot be 

accounted for lipid oxidation. Munari et al. ( 1997) reported a coinciding picture of 

an overall increase of minor volatiles formation during roasting. Although their 
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work shows that the development of single aroma compounds such as 2 methyl 

propionalclehyde, methylfnrane or 2.3 butandione may differ considerably from the 

general trend. The sabject of aroma compounds formation is covered in 

chapter 4.33. 

Tertiary butyl methyl ether (t-BME) was identifiecl in the roast coffee headspace 

(Figure 20) and found to bc formed during roasting (Figure 19). A similar trend in 

formation of this unexpected compound was four~l in each case with several coffee 

bean varieties from different origin. Art&acts due to the headspace analysis 

procedure were carefully rnleci out. t-BME is known as a widely used solvent in wet 

chemistry, is volatile and has a characteristic odor. So far, it has not been described 

as a roast coffee component, except for one study by Wang et al. (1983) where 

t-BME has been mention& in the context of contaminants. Ethers in general are not 

well known to contribute to the volatile fraction of foocls. However, since all 

hmctional groups to produce t-BME can be found in other compounds occurring in 

roast coffee, chemical formation of t-BME in coffee does not seem unreasonable. 

Still, the formation pathway of t-BME is ~mknown. t-BME is dependent on the 

roasting conditions in the same way as the majority of other minor coffee gas 

components. It may contribute to the aroma of roast coffee. 

Considering the fact that the major part of gases formed during roasting remains 

within the bean and is only releasecl during storage, the great amount of entrapped 

gases must canse an extensive pre,ssure builcl-up inside the bean. If the measured 

headspace gas pressures are relatecl to the free vohlme within the beans and the 

roasting temperatures are taken into account, a model of bean pressure build-up can 

be developed as shown in Figure 2 1. Gases lost during roasting were not considered. 

The model goes in parallel with the gas formation, except for a temporary stagnation 

at the stage of greatest volume increase. The model suggests that the bean pressure 

may easily exceed 10 bar (1000 ISa), and it confirms that the highest bean pressures 

are found in the final roasting stages. At the end of excessive high temperature 

roasting, bean pressures of more than 20 bar can be assumed. Radtke ( 1973 calcu- 

lated bean pressures of three different fillly roastecl coffees in the cold state to be 8.0, 

5.7 and 5.5 bar. Assuming a final process bean temperature of 230 “C, the pressures 

at this temperature are 13.5, 9.62 and 9.28 bar, respectively. Thus, they are exactly 



within the same pressure range as in the model outlined above. On the other hand, 

it is conceivable that the internal gas is only partially pressure-effective> since a 

substantial part of the gas may be present in an absorbed state. At any r&e, the gases 

together with water vapor are the driving force for berln expansion during roasting. 

400 

200 

000 ----e--e- HTST roasting 
i ,’ 
i ’ i,’ I 

800 

600 

-.-I-.- LTLT roasting 

400 

200 
of roast 

0 

0 2 4 6 8 IO 12 14 16 18 20 

Roast loss RL (%) 

Fig" 17: Gas formation during HTST and LTLT laboratory roasting expressed as 

headspace pressure after 4 months storage, and related to progressive 

roasting as expressed by RL. Data represent released gases from 

immediately after roasting to complete gasdesorption. Gas losses during 

roasting are unconsidered. 
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Fig. 18: Quantities of major gases (expressed as headspace pressure) formed 

during LTLT, MTMT and HTST laboratory roasting to the identical roast 

color. Percent distribution (mean and standard deviation s, n-4) as 

calculated from headspace partial pressures. Data represent gases 

released during 4 months storage. Gas losses during roasting are 

unconsidered. 02 and Ar were not separated. 
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Fig. 19: Development of minor components gas formation during high 

temperature labora tory roasting (HTST), Headspace concentrations 

expressed as GC peak areas. The development of total gas formation 

(headspace pressure) is given for comparison. Gas losses during roasting 

are not included. 
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Fig. 20: F/D-chromatograms of headspace samples from HTST (top) and LTLT 

(middle) roasted coffee beans of identical degree of roast. One of the 

major peaks was identified as tertiary butyl methyl ether (t-BME) by GC- 

MS, by comparison of retention time, and by in-situ adding of reference 

t-BME (bottom). 
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Fig. 21: Model of gas pressure build-up inside a coffee bean during high 

temperature roasting (HTST), based on measured gas formation, 

temperature, volume increase and porosity. 



Results and discussion 77 

4.1.5 Extraction yield 

Figure 22 shows the development of extraction yield as influenced by HTST and 

LTL’T laboratory roasting. During LTLT roasting the relatively high extraction yield 

for green beans continuously decreased and reached 23 o/ for LTLT roasted beans 

of a medium degree of roast. The development of yield in HTST roasting initially 

followed more or less the same trend, but started to deviate after a roast loss of 6 %. 

The extraction yield increased LIP to 30 %, before it started to fall again during the 

final roasting stages. The extraction yield of a high temperature roasted coffee of a 

medium degree of roast was aromd 29 % and thus, much greater than of the compa- 

rable LTLT roasted product. This result confirms earlier reports of greater 

extraction yields achieved by high temperature roasted low-density coffees (e.g. 

Dalla Rosa et al., 1980, Kazi and Clifford, 1985> Maier, 1985, Small and Horrell, 

1993). 

Thaler and Arneth (1968a) and ‘Thaler (1975) reported that a substantial part of 

green bean polysaccharides are water soluble. Moreover, since the applied method 

for the determination of yield includes all types of dry matter: other soluble consti- 

tuents of the green bean ioligosaccharicles, mcrose, various sugars, minerals, acids, 

etc.) result in considerably high extraction yields of green and moderately roasted 

beans. Most of these non-polysaccharide soluble green bean constituents enter 

chemical reactions during roasting and are com:erted into volatile or insoluble 

compounds. Tn turn, roasting induces major changes 011 the polysaccharide fraction 

and a substantial part of the initially insohrble cell wall polysaccharides is tram- 

formed into soluble matter and contributes increasingly to the extraction yield. 

Apparently, the net result of these two counter-current developments is a general 

trend to lower yield with the continrration of roasting. This trend was clearly 

observed during LTLT roasting. However: it may only reflect the potential of 

extractable solids. The extraction yield is also affected by structural properties of the 

roasted coffee bean tissue. r1 more porous microstructure and greater surface area 

for mass transfer in HTST roasted samples may super-compensate the general trend 

of decreasing extraction yield. 
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Fig. 22: Development of extraction yield during high and low temperature 

laboratory roasting of C. arabica beans from Costa Rica. A medium 

degree of roast is achieved at a roast loss of 15 %. 


