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Coffee is one of the most consumed beverages in the world, and is a world-wide trade 

commodity. Coffee processing has been an art, with only recent scientific interest to understand 

the many chemical and physical mechanisms involved. Also, there has been an increasing 

demand for specialty coffee from different origins and roasted differently.  

Kopi Luwak is the most exotic and expensive coffee known, with a price range from $600 

to $1200/Kg. Its annual production is only about 150 Kg. This coffee is produced by a marsupial 

called Luwak, who eats and partially digests the ripest coffee cherries and excretes them into the 

fields. This partially “processed” coffee is picked, cleaned, and roasted. It is believed that the 

acids and enzymes in the digestive tract of the Luwak cause its unique aroma and taste.  

If the chemical and physical principles behind the transformation of the beans through the 

Luwak can be understood, then this process can be achieved without the Luwak, in a more 

controlled, consistent, and economical way.  

The objective of this project was to initiate the research to develop a coffee processing 

technology, which enhances the flavor and aroma of coffee by acid and enzyme treatments, and 

to quantify the effects of these treatments by sensory analysis, electronic nose, color analysis and 

scanning electron microscope analysis. 
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Coffea Arabica L, Limani variety was cultivated and harvested at the University of Puerto 

Rico’s “Experimental Station” in Adjuntas, PR. The coffee was treated with Pepsin and HCl. 

The treated coffee and its controls were roasted using an Ambex Y-15 roaster to 228oC for 18 

minutes. Taste panels were performed using a triangle test to detect significant differences, and a 

trained panel to quantify changes in bitterness. Sensory analysis showed that treated samples 

were significantly less bitter than controls. An electronic nose was used to sniff the headspace of 

samples. Discriminant function analysis of e-nose data resulted in a good separation between 

treated and control samples. A scanning electron microscope (SEM) was used to analyze the 

surface of the green treated beans and controls, showing that the enzymes penetrated the beans 

and affected the surface. Color and texture primitives and contours of images of the treated 

samples and its controls of the SEM images were analyzed with ANOVA. Significant differences 

were found between treated and control samples. A machine vision system was used to measure 

color of green and roasted beans before and after treatments. For green and roasted beans 

significant differences for L*, a*, and b* values were found between treated and control samples.  

Acids and enzymes can be used to treat coffee beans and enhance the aroma and flavor, 

and reduce the bitterness of coffee. The next step is to quantify the changes using GC-O, GC-MS 

for aroma compounds, and HPLC for chlorogenic and other acids, to optimize the acid and 

enzyme treatment combinations and to do a trained panel for consumer preference. 

The development of this method to consistently enhance the quality of coffee will be of 

great significance scientifically and industrially. This process would be able to produce coffee of 

the highest quality and will be able to be scaled for commercial applications, which will help the 

development and enhancement of value added agriculture in the US, as well as the agricultural 

sector of different countries by the production of a commodity of higher value. 
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CHAPTER 1 
INTRODUCTION 

Coffee and its origins can be traced to the highlands of Ethiopia, but Arabs first cultivated 

it in the 14th century. It was brought to the new world and to the rest of the sub-tropics by the 17th 

century (Smith 1985, Wrigley 1988). The coffee plant belongs to the Rubicacea family. It is now 

cultivated throughout the whole world and it is one of the most consumed beverages.  

Coffee quality depends on many aspects, and starts from the proper selection of the plant 

and growing conditions, to processing and later brewing to reach the final cup quality. 

Processing the coffee beans is the most crucial part due to the influence of many factors 

that affect the quality of beans. An important step in coffee processing is roasting. During 

roasting many physical changes occur to the bean and many chemical reactions take place, 

producing thousands of chemical compounds through several mechanisms (Franca and others, 

2005; Bonnlander and others, 2005). These changes are critical for the development of the 

aroma, color and final characteristics of the coffee. Over 1000 volatiles have been identified in 

the aroma of roasted coffee (Lee and Shibamoto, 2002).  

Much of the ancient tradition of coffee preparation has not been understood, most 

differences have been found in terms of composition and presence of aroma compounds in 

relation to the degree of roast and origin of the bean. Many other studies are needed to 

understand the changes that occur when variations to the typical process occurs.  

Kopi Luwak is the most exotic and expensive coffee known to date. Its price ranges from 

$600 to $1200 per Kg. and its annual production is only about 150 Kg.  This exotic coffee is 

“created” by the Luwak, a tree-dwelling animal that picks the ripest and reddest coffee cherry 

beans from the trees to eat, therefore the name Kopi Luwak. These cherries, while in the 

digestive tract of the animal, undergo a partial digestion and fermentation process with acids and 
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enzymes. These beans are deposited in the fields where they are hand picked by the natives, 

washed and processed. It is believed that the partial fermentation and digestion give Kopi Luwak 

its unique flavor, aroma, texture, body, smoothness and richness after roasting. 

The only published scientific literature on Kopi Luwak to date is by Marcone (2004) which 

reported on the comparison of various physicochemical properties between the palm civet coffee 

(Kopi Luwak) and the African civet coffee. He found major physical differences. Kopi Luwak 

compared to the control, showed color differences, surface micro-pitting, breakdown of proteins, 

etc. After roasting, there were significant differences in the flavor profile of the Kopi Luwak vs. 

controls through electronic nose analysis of the volatile aroma compounds. One of the most 

important differences found were in terms of bitterness. Kopi Luwak was found to be less bitter 

than controls. Since proteins are responsible for some of the flavor and particularly bitterness, the 

lower protein content of the Kopi Luwak may be the reason for the less bitter coffee. 

Normal bitterness of coffee is one of the most common reasons why many people don’t 

drink coffee. The low bitterness of Kopi Luwak and its unique aroma are some of the attributes 

worthy of its high price. 

If the chemical and physical principles behind the transformation of the beans through the 

Luwak can be understood, then this process can be duplicated without the Luwak, in a more 

controlled, consistent, and economical way.  

The development of this method to consistently enhance the quality of coffee could be of 

great significance scientifically and industrially. This project would be able to produce coffee of 

the highest quality by acid and enzyme treatment and it will be able to be scaled for commercial 

production, which will help the development and enhancement of value added agriculture in the 

US, as well as the agricultural sector of different countries by producing coffee of higher value. 
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CHAPTER 2 
LITERATURE REVIEW 

Coffee: Composition, Production and Overview 

The origin of coffee has been traced to the highlands of Ethiopia and nearby highland areas 

of Sudan and Kenya (Charrier and Berthaud, 1985). Coffee was first cultivated by Arabs during 

the 14th century and introduced into the New World and much of the tropics during the 17th 

century (Smith 1985, Wrigley 1988). Currently coffee is cultivated throughout the world, and 

certain regions are well known for producing the highest quality coffee (Anzueto and others, 

2005) (Figure 2-1).  

 

Figure 2-1.  Coffee producing regions of the world  

The Coffee plant belongs to the Rubiacae family. Under free growth it may reach 4.12 m 

high depending on the variety.  In cultivation, the plant is pruned to a manageable size depending 

on the type of harvesting used, either manual or mechanical (Anzueto and others, 2005). After 

planting, coffee goes through several steps for a period of three to four years, to reach the 
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flowering stage and about 6-8 weeks after, the little fruitlets expand to almost their final size 

(Anzueto and others, 2005) (Figure 2-2). 

 

Figure 2-2.  Various stages from the bean in parch up to the emergence of the first foliage leaf 
pair  

Fruits, also called cherries, will be processed when ripe (or over ripe if dry processed), 

which takes 7-11 months from the date of flowering. Fruits will turn yellow or red depending on 

the variety (Anzueto and others, 2005) (Figure 2-3). 

 

Figure 2-3.  Fruit development  
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The cherry consists of an endosperm with a small embryo at the base and is enveloped by 

the silverskin and fibrous endocarp or parchment. The fruit normally contains two seeds under 

the pericarp or skin and the mucilage layer (Wikipedia encyclopedia, 2006; Bee and others, 

2005) (Figure 2-4). Some fruits may contain only one round seed called peaberry. The normal 

seeds are plano-convex in shape and grooved (Anzueto and others, 2005).  

 

Figure 2-4.  Cross section of the coffee cherry (left) and stereo microscope view of the coffee 
cherry (right)  

Commercial coffee production is based on two species, Coffea Arabica L. (Arabica coffee) 

and C. canephora Pierre ex Froehn. (Robusta coffee). A third species, C. Liberica Bull ex Hiern 

(liberica or excelsa coffee) constitutes less than 1% of world coffee production (Anzueto and 

others, 2005).   

Arabica coffee is mainly used for specialty coffee, while Robusta is normally used for 

instant coffee in supermarket-grade blends. Treatment or process aside, there are many 

compositional differences between the species that explain the differences in their final cup 

quality (Anzueto and others, 2005). Arabica coffee has almost half the caffeine (one of the most 

bitter compounds in nature) of Robusta, also lower amounts of amino acids and chlorogenic acid 

in comparison to Robusta, but 60% more total oils. The low bitterness of the Arabica coffee cup 

is due to low caffeine content, the final cup quality of Arabica is associated with the reduced 

amounts of chlorogenic acid, which contributes to astringent notes, and to the amount of total 

oils present, which trap aromatic volatile compounds released during brewing.  
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The USDA’s Foreign Agricultural Service (2003) reported that the world’s green coffee 

production in 2003/2004 was 6.7 million tons. It was expected to reach 7 million tons by the year 

2010 (FAO, 2003).  

The main coffee producers in the world based on annual average include Brazil, Vietnam, 

Colombia, Indonesia, Mexico, India, Guatemala, Ethiopia, and Uganda (Table 2-1). Brazil is the 

leading producer in the world. (ICO, 2002; ITC, 2002; cited in Anzueto and others, 2005). 

Table 2-1.  Coffee production in the 10 largest producing countries and world total  
        Year 2000/01     Annual Average 
       
Country Arabica Robusta Total 1996-2001 
  * * * * 
Brazil 23.7 6.4 30.1 28.9
Vietnam 0.4 14.8 15.2 8.6
Colombia 10.5  - 10.5 11.1
Indonesia 0.7 5.7 6.4 7.1
Mexico 5.1 0.1 5.2 5.5
India 2.4 2.6 5 4.2
Ivory Coast 4 4 3.9
Guatemala 4.7 0.05 4.7 4.7
Ethiopia 2.9  - 2.9 3.2
Uganda 0.4 2.8 3.2 3.3
Total (60 Countries) 68.8 42.9 111.7 106.6
*millions of 60 Kg. bags (ICO, 2002; ITC, 2002, cited in Anzueto and others, 2005) 

 
The United States (US) is the largest market for green beans. In 2004, The US imported 

1.2 million metric tons of green coffee, worth 1.9 billion dollars (FAO, 2007). This imported 

coffee when processed, roasted and sold, creates economic value of approximately 7 billion 

dollars.  

It was found that approximately 54% of the adult population in the United States drinks 

coffee daily. The average coffee consumption among coffee drinkers in the US is 3.1 cups per 

day. The average coffee consumption per capita in the US is 1.9 cups per day (men) and 1.4 cups 

per day (women) with a 6% increase each year (Coffee Research Organization, 2002a). There is 
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increasing demand for gourmet specialty coffee, and consumers are willing to pay a premium to 

obtain unique flavors and aromas. 

Coffee Processing 

Introduction 

One of the main characteristics of good quality coffee is good organoleptic properties 

which depend on the specie, and on the processing steps involved. To maintain a high quality 

coffee, special attention needs to be put on the following steps: selecting the coffee plant, 

harvesting the beans properly for each processing method, processing the beans, drying, hulling, 

roasting the beans, grinding and cupping (Bee and others, 2005). 

Plant Selection and Harvesting 

Coffee plant selection is done according to the growing conditions, planting, germination 

and development. Coffee beans from Arabica species are ideal for obtaining fine quality coffee 

(Bee and others, 2005). 

Harvesting can be done manually or mechanically (only feasible for large scale coffee 

plantations) and it should only start after careful examination of the level of maturation achieved 

(Bee and others, 2005). It is recommended that harvesting is done when most cherries are ripe 

with a 5% or less presence of unripe cherries. Unripe cherries lead to light-green beans, which 

when dried, become black. These beans are defective and are the cause of the greatest negative 

effect on overall coffee quality (Bee and others, 2005). 

Coffee Processing Methods 

Processing is a critical step in the preparation of coffee, and it must start on the same day 

as harvesting to avoid undesirable fermentation and to reduce the risk of mold contamination 

(Bee and others, 2005). 
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There are four methods used for processing coffee. In all these methods, it is important that 

the cherries are washed to reduce impurities, and are sorted by density to eliminate floater beans 

(beans with empty endocarp that lead to off flavors). 

Dry processing 

This method consists of drying the coffee cherries as a whole; the cherries with the bean, 

mucilage and pulp are sun dried on open patios, or dried mechanically (Coffee Research 

Organization, 2002b) (Figure 2-5). This process requires that the cherries are harvested only at 

the over-ripe stage or dry stage. This is because ripe cherries will lead to undesirable 

fermentation, especially if the drying is not done the same day of harvesting. 

According to Bee and others (2005), this processing method produces coffee with good 

body, sweetness, smoothness and complexity. 

 

Figure 2-5.  Patio drying of coffee Almost dry stage  
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Wet processing 

This method consists of processing the beans by several steps. It is necessary that only ripe 

cherries are used. This requires that green cherries are separated either manually at small scale 

operations or mechanically at large scale operations.  

Ripe cherries are passed through a small mill, which compresses the cherries without 

affecting the bean. The hard texture of the cherry allows spitting the bean when a small pressure 

is applied. The beans are put into tanks where the mucilage will be removed by fermentation. 

The remaining pulp is taken away and used as fertilizer, or discarded. 

The beans are covered with water and ferment by the naturally occurring bacteria in the 

beans (Coffee Research Organization, 2002c) (Figure 2-6). This process takes 12 to 36 hours 

depending on the local temperature and conditions. Bee and others (2005) explain that if 

fermentation takes more than the required time, fluorescent beans can be generated. These lead 

to stinker beans, which are over-fermented, usually with normal appearance but rotten smell and 

flavor. Water can also be easily contaminated by all types of microorganisms leading to 

uncontrolled fermentation and deterioration in cup quality. The high pH levels and the presence 

of ferric ions above 5 mg/l also can cause off flavors (Vincent, 1987). 

After 12 hours, the beans can be checked to see if the mucilage has been removed. A 

common way to do this is by taking several beans from the fermenting tank and rubbing them 

against each other by hand. If they make a characteristic noise (rubbing marbles), it means that 

the mucilage has been removed; if not more time is needed. 

Once the mucilage has been removed, the beans need to be washed several times to stop 

the fermentation process. A disadvantage of this method is the high volume of waste water 

generated. Bee and others (2005) state that this method produces cleaner, brighter, fruitier and 

more acidic beans, higher in market value. 
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Figure 2-6.  Fermenting tank  

Pulped natural process 

This process is an intermediate method between the dry and wet processing methods. It 

also requires the use of ripe cherries only. The cherries are pulped and the beans with parchment 

covered by the mucilage are not fermented; they are dried by sun or mechanically. “This method 

began in Brazil in the early 1990’s. The quality of pulped natural coffee has been shown to be 

excellent with the advantage of producing coffee with greater body than coffee produced using 

the wet process (Bee and others, 2005); another advantage over the wet processing method is the 

elimination of waste water. 

Ecological process 

This is a new processing method developed to reduce the volume of waste water involved 

in wet processing while maintaining the characteristics of the wet processed coffee (Figure 2-7) 

(Courtesy of the University of Puerto Rico Experimental Station, Adjuntas, Puerto Rico, 2006). 

This method involves the use of an “ecological processing” machine, which pulps the 

cherries and later removes the mucilage surrounding the parchment by friction. It has been found 



 

24 

very effective and is starting to be implemented in many large scale operations. This method 

involves the use of gravity for the whole process, making it more economically attractive. 

A  B  

C  

Figure 2-7.  Ecological coffee processing machine. A) The machine as a whole. B) The pulper. 
C) Friction drums for mucilage removal 

Coffee Drying 

Before roasting, beans first need to be standardized or dried to certain moisture content. In 

green beans, humidity reaches 70% while mature cherries range from 35 to 50%, and dried 

cherries range from 16 to 30% (Tosello, 1946; Rigitano and others, 1963). However, some 

literature shows that standardization can reach 11% moisture content (Franca and others 2005), 

which is also the recommended moisture level for coffee storage to prevent the development of 

musty, earthy and fermented flavors (Bee and others, 2005). After drying, it is important to clean 
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the dried beans either by suctioning the impurities or by air-flotation of coffee to separate weight 

differences of beans with impurities or rocks (Bee and others, 2005). After drying, the beans are 

sorted by shape. The round beans will be hulled and roasted for commercial use, while the 

elongated ones will be used for nursery purposes.  

Coffee Roasting 

Introduction 

Roasting is one of the most important steps in coffee processing (Figure 2-8). It applies 

heat to the green beans until they reach the proper color and smell. Roasting involves many 

different physical and chemical reactions that will determine the final coffee cup quality. During 

roasting it is very important to reach the correct temperatures at the right moment, and then stop 

the process when the aroma has fully developed and the color of the coffee is homogenous 

throughout the bean (Bonnlander and others, 2005). 

During roasting, the inner structure of the beans change, swelling occurs, and many other 

endothermic and exothermic reactions take place. The outer heat transport is by convection and 

conduction; the inner heat transport is done by conduction. Transport of water vapor, carbon 

dioxide and volatiles take place with a increase in temperature. Inside the bean, temperature 

starts rising soon after the local temperature has reached the evaporation temperature of the 

beans moisture, water vaporization occurs, dry mass loss, and changes in material properties 

occur (Bonnlander and others, 2005).  

The final flavor and aroma is a result of a combination of thousands of chemical 

compounds produced through several mechanisms like: Maillard browning, Strecker 

degradation, degradation of sugars and lipids, etc. (Franca and others, 2005; Bonnlander and 

others, 2005).  
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The time-temperature combination and type of process used will directly influence all the 

reactions and changes that take place, producing many different outcomes with different 

attributes, cup qualities and prices. Image from Coffee Research Organization, 2002e. 

 

Figure 2-8.  Coffee roasting picture 

Roasting techniques 

Bonnlander and others (2005) summarize different modern roasting methods by type and 

characteristics: 

• ROTATING CYLINDER. Batch operated, direct heating by convective heating of hot gases, 
temperatures between 204-287oC and roasting times between 8.5 and 20 minutes. 

 
• BOWL. Continuously operated, direct heating by convective heating of hot gases, 

temperatures between 248-287oC and roasting times between 3 and 6 minutes. 
 
• FIXED DRUM. Batch operated, direct heating by convective heating of hot gases, 

temperatures between 204-232oC and roasting times between 3 and 6 minutes. 
 
• FLUIDIZED BED. Batch operated, direct heating by fluidizing gas, temperatures between 

115-132oC and roasting time of 5 minutes. 
 
• SPOUTED BED. Batch operated, direct heating by fluidizing gas, temperatures between 154-

182oC and roasting times between 1.5 and 6 minutes in the case of symmetric spouted bed 
and 110-135oC and roasting times of 10-20 minutes in the case of the asymmetric spouted 
bed.  
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• SWIRLING BED. Batch operated, direct heat transfer, temperature 137 oC and roasting times 

between 1.5 and 3 minutes.  
 

Time, temperature and type of roasting technique will lead to a different degree of roast, 

which will posses many different characteristics detailed by Coffee Research Organization, 

2002d. (Table 2-2). 

Table 2-2.  Coffee roast colors and characteristics 
Roast Degree Characteristics 

Light Light brown to cinnamon color 
Low body and light acidity.  The beans are dry.  This roast is too 
light and does not allow the coffee to develop to its full potential.
 

Medium - Light Medium light brown color.  The acidity brightens and body 
increases slightly.  The bean is still dry. 
 

Medium Medium brown color.  The acidity continues to increase and the 
body becomes more potent.  The bean is mostly dry. 
 

Medium - Dark Rich brown color.  Very small droplets of oil appear on surface.  
The acidity is slowly diminished and body is most potent.  This 
is the ideal roast for a well blended espresso. 
 

Dark Deep brownish/black color.  The bean has spots of oil or is 
completely oily.  Subtle nuances are diminished.  Flavor 
decreases, while body dominates. 
 

Very Dark Black surface covered with oil.  All subtle nuances are gone, 
aroma is minor, and body is thin.  This roast is characteristic of 
American espresso. 

 
There are many patents on roasting equipment and roasting processes. One company 

(Ambex Inc., Clearwater, Florida) has been able to study, develop and patent a high quality 

roaster controlled by software with the capability of controlling the complete roasting time-
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temperature profile. This technology allows the roaster to control time-temperature 

combinations, plus additional parameters such as bean temperature, chamber temperature, ramp 

rate, pilot temperature, etc. The roast master can predict exactly how the roasting profile will 

behave for a specific type of coffee, also it can adjust the software to roast exactly the same way 

for each batch making the beans go through the first crack point (first bean expansion due to 

internal pressure becoming maximum), second crack point (second and final bean expansion due 

to internal pressure) and cooling at exactly the same time. Ambex Inc. claims that besides 

roasting at the same temperature and for the same time, there are many variations that can occur 

during roasting, which affects the quality of the roasted coffee and jeopardizes the possibility to 

have exactly the same cup quality from batch to batch. This patented roasting process and 

software is a method that allows the control of many processing parameters for a more even and 

optimized roast. 

Changes produced by roasting 

Many physical and chemical transformations and reactions take place during roasting. 

Bonnlander and others (2005) explain these changes from a microscopic and macroscopic point 

of view. Table 2-3 describes the roasting characteristics for arabica and robusta coffee. 

Many physical changes occur during roasting. The color of the beans fades to a light 

yellow color at the beginning of roasting (20-130oC) and it darkens with an increase in 

temperature. Oil sweats to the surface of the bean at high roasting levels causing a brilliant 

appearance. Beans become more porous with the increase of temperature, releasing water and 

carbon dioxide generated by Maillard reaction. Density decreases by approximately 30% with 

roasting. Many organic losses occur like destruction of carbohydrates, chlorogenic acid and 

trigonelline. The aroma content reaches a maximum at low to medium roasting. The pH 

increases with the increase in roasting levels.  
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Chemically the beans main constituents are affected in many ways. 

Carbohydrates: Are broken down. Sucrose is partially hydrolyzed, and the rest 

caramelized. Maillard reaction takes place producing volatiles or aroma compounds and non-

volatiles from the reducing sugars present. Polysaccharides except cellulose are partially 

solubilized (Bradbury, 2001; Redgwell and others, 2002; cited in Bonnlander and others (2005). 

Non-volatile lipids: Are only affected slightly upon roasting. The level of trans fatty acids 

increases. The linoleic acid content decreases slightly with roasting temperature. 

Dehydrocafestol, dehydrokahweol, cafestal and kahweal are formed incresinly with high 

temperatures. Up to 20% of tocopherols and 25-50% of carbonic acid 5-hydroxytryptamides are 

destroyed. (Wurziger and Harms, 1969; Wurziger, 1972; Speer and Kolling-Speer, 2001; Kurt 

and Speer, 2002; cited in Bonnlander and others, 2005). 

Proteins, peptides and amino acids: Protein content changes only slightly upon roasting 

but almost all the proteins present in green coffee are denatured (Macrae, 1985; cited in 

Bonnlander and others, 2005). Some cross-links between amino acid residues of the proteins are 

formed (Homma, 2001; cited in Bonnlander and others, 2005). The amino acid composition is 

changed, the stable ones like glutamic acid remain the same but others like cysteine or arginine 

decrease or are destroyed (Macrae, 1985; cited in Bonnlander and others, 2005). Of the free 

amino acids, only traces are left after roasting. The reaction products are Maillard products 

which are melanoidins, their precursors and volatiles, and dioxopiperazines, of which proline 

containing ones are bitter (Ginz, 2001; cited in Bonnlander and others, 2005).  

Chlorogenic acids are the most important acids in green coffee; they occur at a level of 5-

8% and are one of the major water soluble constituents of the bean (Moores and others, 1948) 

(Table 2-4). The term chlorogenic acids include at least five groups of isomers of which 
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caffeoylquinic acids (CQA), dicaffeoylquinic acids (diCQA), and feruloylquinic acids (FQA) are 

the major ones present on coffee (Clifford and Write, 1976; cited in Trugo and Macrae, 1984). 

Chlorogenic acids can be used to characterize green and roasted coffees of different origins and 

qualities; they can also be used to measure the degree of roast since these acids are destroyed 

during roasting (Bicchi and others, 1995). Other acids present in green beans behave the same 

way; they are partially decomposed, while other acids are generated during roasting mainly by 

Maillard reaction and caramelization, the most predominant ones are formic and acetic acids. 

These acids reach a maximum during medium roasting, while during darker roasting 

volatilization becomes more important than formation. Table 2-4 shows the chlorogenic acids 

present in green and roasted coffees and their percentage loss during roasting. 

Minerals and Alkaloids: Minerals with the exception of phosphoric acid do not change 

upon roasting. Alkaloids such as caffeine do not change upon roasting, but a small part is lost by 

sublimation; others like trigonelline are partially decomposed. 

Table 2-3.   Roasting characteristics of the arabica and robusta coffees  
Type of Roast  Arabica Coffee   Robusta Coffee 

    Roasting  Roasting Moisture  Roasting Roasting  Moisture 

    
Time 
(min) 

loss 
(%)a 

(weight 
%)b  

Time 
(min) 

Loss 
(%) (Weight %) 

                 
 
Light   7 3.8 2.1  5 2.4 2.3
 
Medium   10 3.7 2.1  7 4 1.9
 
Dark   13 10 1.8  14 8.3 1.8
 
Very Dark   19 9.8 1.7  16 7.8 1.3
          
 
a. Dry matter basis.         
b. Moisture content of green beans: Arabica 8.4 %; Robusta 7.9 %.    
    (determined by the vacuum oven method (Pearson,1976)       

(Trugo and Macrae, 1984)
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Table 2-4.  Content of chlorogenic acids in green and roasted coffees and percentage loss during roasting  

          
      
         Type of Roastingb       

 
 
Coffee 

Chlorogenic 
acidsa Green Coffee Light Loss % Medium Loss % Dark Loss % 

Very 
dark Loss % 

                      
 
Arabica 3-CQA 4.59 4.85 -5.7 4.02 12.4 1.59 65.4 0.53 88.5
(Guatemala) 4-CQAc 7.68 6.86 10.7 5.7 25.8 2.26 70.6 0.71 90.8
  5-CQA 45.34 12.08 73.4 10.12 77.7 3.25 92.9 0.98 97.8
  Total CQA 57.61 23.78 58.7 19.84 65.6 7.1 87.7 2.22 96.1
  5-FQA 2.49 0.86 65.5 0.84 66.3 0.3 88 0.08 96.8
  3,4-diCQA 2.13 0.77 63.8 0.52 75.6 0.12 94.4 n.d. d 100
  3,5-diCQA 4.95 0.63 87.3 0.44 91.1 0.06 98.8 0.04 99.2
  4,5-diCQA 1.59 0.84 45.2 0.57 64.2 0.23 91.8 0.08 95
  Total diCQA 8.67 2.24 74.2 1.53 82.4 0.31 96.4 0.12 98.6
  Total 68.77 26.88 26.88 22.21 67.7 7.71 88.8 2.42 96.5
              
 
Robusta 3-CQA 7.32 6.81 7 4.1 44 1.26 82.8 0.35 95.2
(Uganda) 4-CQA c 11.25 9.52 15.4 5.95 47.1 1.84 83.6 0.53 95.3
  5-CQA 49.66 13.87 72.1 7.77 84.4 2.07 95.8 0.53 98.9
  Total CQA 68.23 30.2 55.7 17.82 73.9 5.17 92.4 1.41 97.9
  5-FQA 6.04 2.39 60.4 1.5 75.2 0.46 92.4 0.11 98.2
  3,4-diCQA 5.05 1.02 79.8 0.45 91.1 0.14 97.2 n.d. 100
  3,5-diCQA 4.61 0.83 82 0.36 92.2 0.08 98.3 n.d. 100
  4,5-diCQA 4.11 1 75.7 0.61 85.2 0.3 92.7 0.24 94.2
  Total diCQA 13.77 2.85 79.3 1.42 89.7 0.52 96.2 0.24 98.3
  Total 88.04 35.44 59.7 20.74 76.4 6.15 93 1.76 98
 
a. Results are average of duplicate determinations expresses in g/0.1Kg. On a dry green bean basis.     
b. Roasting conditions as in Table 2.3.            
c. Values correspond to 4-CQA plus 3-FQA          
d. n.d.- Not detected.                   

(Trugo and Macrae, 1984)
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Grinding 

Grinding is an important step in coffee processing and can be done by several methods. 

The most common methods used today are roller cutters, conical cutters and flat cutters. 

Grinding should be considered in two phases: First the crushing of the beans and second the 

grinding of the fragments to the desired fineness (Petracco, 2005). 

Coffee Aroma 

Green coffee is known to contain approximately 300 volatiles (Flament, 2001; cited in 

Bonnlander and others, 2005). The peasy and green smell characteristic of raw coffee changes 

into a pleasant aroma after roasting. 2-furfurylthiol, 4-vinylguaiacol, several alkyilpyrazines, 

furanones, acetaldehyde, propanal, methylpropanal, 2-methylbutanal and 3-methylbutanal 

contribute as key odorants (Czerny and others, 1999; cited in Czerny and Grosch, 2000). To date 

over 1000 volatiles have been identified in roasted coffee (Lee and Shibamoto, 2002), of which 

the majority have been induced from the roasting process as a result of many chemical reactions 

like Maillard reaction through denaturation of proteins and reaction of free amino acids with 

carbohydrates and their degradation products, Strecker degradation, degradation of trigoneline, 

degradation of lipids, caramelization and degradation of carbohydrates forming mainly 

aldehydes and volatile acids and production of phenols and taste active compounds from 

chlorogenic acids that take place at high temperature and elevated pressures inside the bean 

(Stadler and others, 2002; Yeretzian and others, 2002; cited in Bonnlander and others, 2005; 

Dark and Nursten, 1985). All these volatiles have different smell impressions if they are aroma 

active compounds and in combination they control the final coffee aroma. Table 2-5 shows 

important aroma compounds present in roasted coffee.
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Table 2-5.  Important aroma compounds present in roasted coffee  
Odorant 

 
Odour Impression Holscher 

(FD)1 
Grosch 
(FD) 2  

Schenker 
(FD) 3 

Mayer 
(μg/kg) 4 

Methanethiol Putrid, cabbage-like 25  - 4500 
2-Methylpropanal Pungent, malty 100  - 24000 
2-Methylbutanal Pungent, fermented 100  16-128 28600 
2,3-Butanedione Buttery 200 - 256-1024 55700 
2,3-Pentanedione Buttery 100 - 4-128 28300 
3-Methyl-2-buten-1-thiol Animal-like, skunky 200 - 64-256 13 
2-Methyl-3-furanthiol Roasted, meat-like 500 128 32 60 
Mercaptopentanone Sweaty, catty 100 - - - 
2,3,5-Trimethylpirazine Roasty, musty 200 64 16-32 6000 
2-Furfurylthiol Roasty, coffee-like 500 256 1024 1350 
2-Isopropyl-3-methoxy-pyranize Peasy 100 128 - - 
Acetic acid Vinager-like 100 - - - 
Methional Cooked potatoe 500 128 1024 148 
2-Ethyl-3,5-dimethyl-pyrazine Roasty, musty 200 2048 1024 55 
(E)-2-Nonenal Fatty 5 64 - 100 
2-Vinyl-5-methyl-butylformate Roasty, musty 200 -  53 
3-Mercapto-3-methyl-butylformate Catty, roasted coffee-like 500 2048 1024 130 
2-Isobutyl-3-methoxy-pyrazine Paprika-like 500 512 4-64 84 
5-Methyl-5H-6,7-dihydro-cyclopentapyrazine Peanut-like 50 -  - 
2-Phenylacetaldehyde Honey-like 25 64 - 2500 
3-Mercapto-3-methybutanol Soup-like 100 32 - - 
2/3-Methylbutanoic acid Sweaty 500 64 1024 25000 
(E)-β-Damascenone Honey-like, fruity 500 1024 16-128 258 
Guaiacol Phenolic, burnt 200 - 512-1024 3420 
4-Ethylguaiacol Clove-like 25 256 - 1780 
4-Vinylguaiacol 
Vanilline 

Clove-like 
Vanilla-like 

200 
- 

512 
32 

256 
- 

45100 
4050 

Peaks sorted by retention time on DB-wax column. Compounds with FD≥32 are reported. (FD=Fluorescence detection) 
Sources: 1Holscher and others, 1990; 2Czerny and Grosch, 2000; 3Schenker and others, 2002; 4Mayer and Grosch, 2002. 
(Bonnlander and others, 2005)
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Cup Quality 

The cup quality can be characterized or measured organolepticly. According to the 

International Trade Centre (ITC, 2002; cited in Bee and others, 2005), the coffee cup can be 

characterized by the following terms: 

• ACIDITY.  A desirable flavor that is sharp and pleasing but not biting. Acidity in coffee 
represents smoothness and richness. 

• AROMA. Desirable smell in reference to caramel, nutty, chocolate, spicy, resinous, 
pyrolitic, flowery, lemon and herbal essences (Specialty Coffee Association of America 
cupping form (2002); cited in Ambex Inc. Roasting School cupping forms. See Appendix 
A). 

• BODY. Mouthfeel based on the consistency or an apparent viscosity of the coffee drink. 

Price of coffee can be determined based on its cup quality but only to some extent. In most 

countries price is determined based on a ranking provided by the cuppers. In Kenya, the coffee is 

graded based on size and density, in Colombia coffee is graded based on altitude. 

Cupping: It’s a sensory method used to evaluate the flavor profile of coffee (Figure 2-9). 

Professional cuppers are valuable in the coffee industry; they evaluate the green and the roasted 

coffee. By cupping, differences between producing regions and processes can be determined; 

also cupping allows the detection of defects that will result in a low cup quality once roasted. 

During cupping many important aspects need to be considered, like sample preparation, 

cupping room conditions and cupping evaluation parameters. For this reason, the same protocol 

is used throughout the world ensuring that grading is done consistently and that trading is based 

on the same parameters. 

Cupping and sensory evaluation is done based on several parameters. Fragance/aroma is 

graded based on different smell impressions with descriptions such as flowery, herbal, fruity, 

nutty, caramel, vanilla, spicy, chocolate and earthy. Sweetness can be evaluated as lively, 

delicate, fine and natural. Flavor is evaluated as chocolate, caramel, fruit, herbal, flower, citrus, 
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nutty, berry, deep, complex and balanced. Acidity is evaluated as delicate, moderate, intense, 

smooth, gentle, fruity, citrus, astringent and sharp. Aftertaste is evaluated as weak, moderate, 

unforgettable, long, round, clean, dirty and musty. Body is evaluated as round, delicate, light, 

medium, full, heavy, intense, creamy and rich. Besides these parameters, the final score is based 

on four more parameters which include balance, uniformity, clean cup and cupper perception 

(Summa Coffee Academy TM, 2007). Image from Coffee Research Organization, 2002f. 

 

Figure 2-9.  Coffee cupping  

Kopi Luwak 

Kopi is the Indonesian word for coffee and Luwak (Paradoxurus Hermaphroditus) is a 

marsupial native of the Indonesian islands also called palm civet. Kopi Luwak is the most exotic 

and expensive coffee in the gourmet market with a production of less than 150 Kg per year and a 

price range from $600 to $1200 per Kg. This exotic coffee is “created” by the animal called 

Luwak, therefore the name Kopi Luwak. Luwak is a tree-dwelling animal which picks the ripest 

and reddest coffee cherry beans from the trees to eat. These cherries while in the digestive tract 

of the animal undergo a partial digestion and fermentation with acids and enzymes. These beans 

are deposited in the fields where they are hand picked by the natives and sold for washing and 
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processing. It is believed that the partial fermentation and digestion that the beans go through 

give Kopi Luwak its unique flavor, aroma, texture, body, smoothness and richness (Figure 2-10).  

 

Figure 2-10.  Kopi Luwak coffee  

 The only published scientific literature on Kopi Luwak to date is by Marcone (2004), 

which reported on various physicochemical properties of palm civet coffee (Kopi Luwak) and its 

comparison to African civet coffee. He found major physical differences between them that 

include color differences, Kopi Luwak was found to be higher in red color hue and was overall 

darker than control beans. Scanning electron microscopy revealed that all palm civet beans 

possessed surface micro-pitting caused by the action of gastric juices and digestive enzymes 

during digestion. Large deformation mechanical rheology testing revealed that Kopi Luwak 

coffee beans were harder and more brittle than their controls indicating that digestive juices were 

entering into the beans and modifying the micro-structural properties. SDS-PAGE 

electrophoresis also showed a difference by revealing that proteolytic enzymes were penetrating 

into Kopi Luwak beans and causing substantial breakdown of storage proteins. Doing a complete 

proximate analysis, Kopi Luwak beans were found to be lower in total proteins, which means 

that proteins were partially broken down and leached out during the digestion process inside the 

animals’ gastrointestinal tract. Since proteins are responsible for much of the flavor and 
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particularly bitterness, it is clear that the lower protein content of Kopi Luwak is one reason for a 

less bitter coffee. Also after roasting, it was noted that there were significant differences in the 

flavor profile of the Kopi Luwak vs. the controls through electronic nose analysis of the volatile 

aroma compounds. 

Instrumental Analysis 

Machine Vision 

Evaluation of color can be done subjectively by sensory analysis and objectively by 

colorimeters and machine vision (Balaban and others, 2005). There are problems with the use of 

a colorimeter when measuring surfaces with uneven distributions of color. Several color readings 

at different locations are needed and averaged to obtain a result which will be an approximation 

only. With this method valuable color distribution data is lost (Balaban and others, 2005).  

Computer or machine vision has been an alternative for color analysis in the food industry 

for several years (Luzuriaga, 1999). Machine vision can analyze every pixel of image and 

account for color distribution (Balaban and others, 2005). Many applications have been 

developed, and it is currently being used for many purposes in research studies and in the 

industry for quality control, food product development, etc. 

In a machine vision system, an image is digitalized. It is divided into small regions called 

pixels, which are the smallest image element (Balaban and others, 2005). Each pixel contains 

information based on the three main colors: red, green and blue (RGB). This information can be 

analyzed by computer software, which can provide a complete description of all colors present in 

a food sample and the amounts of each color (Luzuriaga, 1999; Martinez and Balaban, 2006).  

Many foods can be analyzed for colors. Regions of interest as opposed to whole images 

can be evaluated. Color changes can be plotted over time. Changes in translucency of foods due 

to cooking could be quantified by backlighting (Luzuriaga and others, 1997; Martinez and 
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Balaban, 2006), disappearance and appearance of colors, uniformity of surfaces (Yoruk and 

others, 2004), calculations to obtain average L,*a and *b values and ratios before and after any 

treatments, texture and color primitives analysis at different thresholds and contour analysis at 

different thresholds (Balaban, 2007) are some of the applications that can be quantified by this 

nondestructive method. 

Electronic Nose 

The electronic nose is a relatively new tool that may be used for safety, quality or process 

monitoring, accomplishing in a few minutes procedures that may take days using other available 

analysis tools such as GC, GC-O, etc. (Stetter, 2006), which require preparatory measures and 

expertise in understanding the results, as opposed to this fast e-nose method. These analytical 

methods quantify individual compounds and not the overall impression of those compounds. The 

e-nose can be used as a complementary method to the analytical methods (Van Deventer and 

Mallikarjunan, 2002). 

An electronic nose simulates human olfactory process and consists of an array of chemical 

sensors and a pump. The sensors can be manufactured using conducting polymers, metal oxides, 

lipid layers, phthalocyanins, and piezoelectric materials (Korel and Balaban, 2002b). The pump 

is used to pull a sample from the headspace of the material being analyzed and the sensors 

provide a set of measurements or resistances, which give a specific “fingerprint” of the volatiles 

present in the material at the time of the “sniff”. The e-nose is used in conjunction with a pattern-

recognition algorithm, which allows recognition of different patterns of the training data set, 

which allows on-site detection capabilities without much hardware dependency. Some on-site 

applications currently used are identification of spilled chemicals, quality classification of stored 

grain, water and waste water analysis, identification of source and quality of coffee, rancidity 

measurements in olive oil, freshness of fish (Stetter, 2006), etc. but its capabilities are virtually 
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unlimited. The e-nose can be used for quality control, process monitoring, freshness evaluation, 

shelf-life evaluation, authenticity assessment, etc. (Korel and Balaban, 2002b). Also the e-nose 

can be used for research in many ways. It provides a set of raw data that can be analyzed 

according to the researcher’s needs, such as analysis using discriminant functions and neural 

networks (Korel and Balaban, 2002a). Many studies using an electronic nose have been 

published in the areas of dairy, meat and poultry, seafood, fruit and vegetables, grains and beans, 

and beverages (Martinez and others, 2007a; Martinez and others, 2007b; Korel and Balaban, 

2002b). 

Scanning Electron Microscope 

The scanning electron microscope (SEM) is a tool for the exploration of micro dimensions. 

This microscope creates three dimensional images with magnifications in the range of 15x to 

200,000x using electrons instead of light waves (Figure 2-11).  

Sample preparation is needed for analysis with SEM. The samples need to be dried and 

coated with a thin layer of gold to be able to conduct electricity. This is done by a machine called 

sputter coater. Once the specimen is ready, it is placed under the microscopes’ column and 

vacuum is pulled. An electron gun emits a beam of high energy electrons which hits a specific 

target. Once the target has been hit, some electrons are knocked loose. A detector counts these 

electrons and sends a signal to an amplifier, which builds up a final image based on the number 

of electrons emitted from each spot on the sample. 

The scanning electron microscope not only has applications in microbiology, but in the 

food industry it can be very useful to evaluate changes in “texture” as effected by the processing 

method, treatment, etc. (Lisinska and Golubowska, 2004). 
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Figure 2-11.  Scanning electron microscope image of Kopi Luwak  

Sensory Analysis 

Sensory analysis or sensory evaluation is a scientific discipline that applies principles of 

experimental design and statistical analysis to the use of human senses (sight, smell, taste, touch 

and hearing) for the purpose of evaluating consumer products. 

Sensory Analysis can be divided into three sections: Effective testing, affective testing, and 

perception. Effective testing is focused on obtaining objective facts about products. Affective 

testing or consumer testing is focused on obtaining a subjective evaluation or how well the 

products are likely to be accepted. Perception involves the use of biochemical and psychological 

theories relating to human sensations, to help understand and explain why certain characteristics 

are preferred over others (Wikipedia, 2007). 

Discrimination methods (objective) answer whether any differences exist between two or 

more products. Descriptive methods (subjective) answer how products differ in specific sensory 

characteristics and provide quantification of these differences (Lawless and Heymann, 1998; 
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cited in Damar, 2006). Examples of sensory analysis tests include triangle tests, duo-trio tests 

and paired comparison tests. (Sims, 2004). 

Objective of the Study 

If the chemical and physical principles behind the transformation of the beans through the 

Luwak can be understood then this process can be achieved without the need of the Luwak, and 

in a more controlled, consistent, and economical way. This research will attempt to answer the 

following hypothesis. 

 Changes in visual texture, flavor, aroma and color of coffee beans as a result of acid and 

enzyme treatments can be quantified by tests that include a) Taste panels with trained and 

untrained panelists, b) Scanning Electron Microscope, c) Electronic Nose and d) Machine 

Vision. 

At the conclusion of this project new questions will be generated for research on other 

aspects of coffee and how we can better control the different processes that are involved in its 

production. 
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CHAPTER 3 
MATERIALS AND METHODS 

Preliminary Experiments 

Coffee treatments:  Approximately 45 Kg of coffee cherries (Coffea Arabica L, Limani 

variety) were harvested at the University of Puerto Rico “Experimental Station” in Adjuntas, PR. 

They were hand picked at the ripe state (red color) maintaining the most color uniformity as 

possible as instructed to the workers. The cherries were then put in selection tables where they 

were cleaned of leaves and immature beans. This process was completed in approximately one 

hour, which prevented the harvested beans from starting to ferment. The cherries were then put 

into plastic containers and taken to the University of Puerto Rico, Food Science and Technology 

department. The cherries were then put in one 3785 cm3 Ziploc® bags and frozen for 24 hours at 

-40 degrees C. After 24 hours the frozen cherries were shipped to the University of Florida in 

Gainesville, Fl. via next day air service. The cherries were thawed using tap water and de-pulped 

using a custom made grape crusher. The beans covered by the mucilage were collected and put 

in a plastic container. The beans weighed 27 Kg showing a loss of approximately 40 % pulp.  

Approximately 9 Kg of de-pulped beans were used for the experiments. Beans were 

separated into two batches: 6.8 Kg for fermentation and 2.27 Kg for treatments. Both batches 

were covered with deionized water. Batch two was adjusted to pH 1.7 (pH 1.5 – 2.0 is optimum 

for pepsin activity) using hydrochloric acid (Sigma-Aldrich, St. Louis, MO.), and 25 grams of 

Pepsin (1:10,000 = 1 gr. of powder = 10,000 units of pepsin enzyme) from Porcine Stomach 

Mucosa (Sigma-Aldrich, St. Louis, MO.) was added (11.01 grams per Kg) (Several enzyme 

concentrations were studied previously and the concentration that had  the most effect on the 

surface of the beans were seleted as optimum).  
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Both batches were maintained for 12 hours before cleaning. In batch one, the naturally 

occurring bacteria in the bean fermented the mucilage therefore cleaning the bean. In batch two 

the acids and enzymes used also removed the mucilage. Both batches were rinsed with water 

many times to remove the impurities, to remove the enzymes and wash the acids. 

Batch one and two were dried using a commercial food dryer (Excalibur, Sacramento, 

CA.) to reach 11-30% recommended moisture (Bee and others, 2005; Tosello, 1946; Rigitano 

and others, 1963) for approximately eleven hours at 35-45◦C. Once dried, approximately 2.27 Kg 

of fermented beans were de-hulled by hand, and later treated by acid and enzymes as mentioned 

previously.  

The beans were roasted using a gas fired coffee roaster (Ambex Roasters Inc., model YM-

15, Clearwater, Fl.). The roaster was equipped with independent roaster and cooling systems and 

a real time data acquisition system with thermocouples inside the roaster allowed close 

monitoring and accurate roasting profile control. The roasting profile used was the same as in 

Figures 3-1, 3-2 and 3-3. 

Before comparing treated vs. controls for consumer analysis, the repeatability of the 

roasting was tested. Three batches of five pounds each were roasted separately. The same 

roasting profile was used on each batch (Figures 3-1, 3-2 and 3-3). 

A sensory panel was conducted for three days: Day one Batch A vs. Batch B, Day two 

Batch B vs. Batch C, and Day three Batch A vs. Batch C. Each batch was ground exactly the 

same (medium mode) using a Krups GVX2 Burr grinder (Medford, MA.) and brewed using two 

Mr. Coffee CG-12 (Boca Raton, Fl) coffee makers. The coffee to water ratio used was 55gr of 

coffee per liter of water. The test was done at the University of Florida FSHN Dept.’s taste panel 

facility (University of Florida, Gainesville, FL) consisting of 10 private booths with computers. 
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Figure 3-1.  Roasting profile temperature vs. time (Batch A) 

 

Figure 3-2.  Roasting profile temperature vs. time (Batch B) 
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Figure 3-3.  Roasting profile temperature vs. time (Batch C) 

A triangle test was used. Each day 80 random panelists were asked to first answer some 

demographic questions such as age and gender. Next, panelists were asked to take a bite of a 

plain cracker and a sip of water to clean their palate. Later they were presented with three cups of 

50 ml fresh brewed coffee at approximately 80 °C, two being brewed from the same batch and 

the other being from a different batch. The panelists were asked to pick the one they believe was 

the different sample. 

Table 3-1.  Sensory evaluation results (Batch A vs. B vs. C) 
  Batch A vs. B Batch B vs. C Batch A vs. C 
Incorrect 52 53 58
Correct 28 27 22
Total 80 80 80
Confidence 0.583 0.49 0.109
Significance (p-value) 0.471 0.51 0.891
        
Number of correct answers necessary to establish level of significance. 
No. of Judgments              10%            5%             1%             0.1% 
80                                       33               35              38              41 
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The test showed that there were no significant differences between the three batches, 

showing that the real time control system in the Ambex Y-15 was able to control the roasting 

profile on each batch consistently with no detectable organoleptic differences. 

After establishing the consistency of roasting, treated vs. untreated beans (controls) were 

evaluated by an informal taste panel. Twelve panelists were asked to evaluate the coffee samples 

for aroma of ground coffee, as well as aroma and taste of brewed coffee.  

Six panelists gave a higher score to the treated coffee over the control and one panelist 

gave the same score to both, for the ground coffee aroma evaluation. Eight out of twelve 

panelists graded higher the treated coffee beans over the control on flavor of brewed coffee. 

Seven panelists graded higher the treated coffee beans over the controls on aroma of brewed 

coffee, and one gave the same score to both. This informal sensory evaluation suggested a trend 

in likeability of the treated coffee beans vs. controls, more clearly in the aroma of the brewed 

coffee. Further optimization of the combination of acids, enzymes and time of exposure will be 

necessary in order to establish if there are significant differences detected by a formal sensory 

panel. 

Surface analysis was performed using a regular light microscope. Controls, treated beans 

with and without the hull were evaluated. Beans treated without the hull showed many 

differences in texture, compared to beans treated with the hull and to a less extent controls. 

Cracks and apparent holes were detected on the beans treated without the hull, suggesting that 

the acids and enzymes used were penetrating the beans during the digestion process. There was a 

limitation to this test, since the coffee samples were opaque and the light transmission was 

impossible, an external lamp was used to illuminate the samples for analysis. Further analysis 
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with a Field Emission Scanning Electron Microscope was necessary to compare and establish 

differences in texture of the treated beans vs. untreated beans or controls. 

The Cyranose 320 electronic nose was also tested to develop the correct sniffing 

parameters. It was found that with longer baseline purging times and longer sensor purging 

times, ΔR/R of the sensor resistances is higher, therefore the sample separation due to treatments 

is clearer. 

Headspace flavor analysis and sensory analysis were performed on beans treated without 

the hull (treated) vs. beans that were wet-processed or fermented (control).  A Gas 

Chromatography-Olfactometry (HP 5890 Series II) equipped with an FID detector and a non-

polar DB5 column (Zebron, 30 m x 0.32 mm ID x 0.50 μm FT) was performed using SPME with 

a Supelco (St. Louis, MO) bi-polar fiber (50/30 um DVB/Carboxen/PDMS StableFlex).  

Table 3-2.  Temperature programming conditions used for GC-O 

Column 
Type 

Initial 
Oven 
Temp 
(oC) 

Final 
Oven 
Temp. 
(oC) 

Ramp 
Rate 
(oC/min) 

Final 
Holding 
time 
(min) 

Detector 
A Temp. 
(oC) 

Detector 
B Temp. 
(oC)  

Injector 
Temp. (oC) 

DB-5 40 265 10 5 270 110 220 
 

Gas Chromatography (GC) showed an increase in peaks detected (no identification was 

performed) and more aroma active compounds were recorded with the olfactometry port, on the 

treated beans (Figure 3-4) as opposed to controls (Figure 3-5). The olfactometry port description 

of the detected smells is shown in Appendix A. Further analysis with an electronic nose was 

necessary to quantify how different the fingerprint of the aroma active compounds were for the 

treated vs. controls, and GC-MS would be important for identification and quantification of the 

most important aroma active compounds responsible for the changes in the aroma profiles. 
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Figure 3-4.  Top) GC, FID. Chromatogram. Bottom) GC-O Chromatogram: Treated Coffee 

Beans 
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Figure 3-5.  Top) GC, FID. Chromatogram. Bottom) GC-O Chromatogram: Control Coffee 

Beans 
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Based on the preliminary studies conducted an experimental design was developed to help 

further understanding the effects of acid and enzyme treatments on the aroma and taste of the 

coffee beans. Based on these tests, a recommendation will be given on what future steps should 

be, towards understanding this complex sum of reactions and aromatic changes as a result of 

variations of the typical coffee processing technology. 

Experiments 

Coffee Harvesting 

About 77 Kg of coffee cherries (Coffea Arabica L, Limani variety) were harvested at the 

University of Puerto Rico “Experimental Station” in Adjuntas, PR. They were hand picked at the 

ripe state maintaining as much color uniformity as possible as instructed to the workers. The 

cherries were then put in selection tables were they were cleaned of leaves and immature beans. 

This process was completed in approximately two hours, which prevented the harvested beans to 

start fermenting.  

Green Coffee Processing 

The harvested and cleaned beans were processed by the ecological method (explained in 

the literature review) using an ecological coffee processing machine (INGESEC, Ingerieria de 

Secado, CRA 61 A Numero 27-15, Santa Fe de Bogotá, DC. Colombia, South America). This 

machine was equipped with a de-pulper, a friction drum to remove the mucilage (not by 

fermentation) and a size sorting drum. 

The processed beans (green beans still covered by the hull) were dried by sun for 

approximately three days, until 11-30% moisture content was reached. The beans were moved 

approximately every two hours to maintain uniform drying throughout the batch. After drying, 

the hull was removed by a pilot size mill or hull remover (Penacus Clausen Inc., Adjuntas, 
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Puerto Rico). The green beans were put in a coffee bag and shipped to the University of Florida 

in Gainesville, Fl. via next day air service. 

Green Coffee Storage 

Approximately 45 Kg of green beans were received at the University of Florida in 

Gainesville, Fl. The beans were put into glass quart jars manufactured by Golden Mason Jars 

(Muncie, IN). Each jar holds approximately 0.9 Kg of green coffee (Figure 3-6). The coffee was 

flushed with commercial grade nitrogen gas (Air-Products, Gainesville, Fl.), to replace the air 

and therefore minimize oxidation. The coffee jars flushed with nitrogen were stored at 1.6 °C in 

a walk-in refrigerator for one week before roasting.   

 

Figure 3-6.  Coffee storage jars 

Coffee Treatments 

Green beans were treated to partially emulate the digestion process of the Kopi Luwak. 

This was done using hydrochloric acid (Sigma-Aldrich, St. Louis, MO.), Pepsin (1:10,000 = 1 gr 

of powder contains 10,000 units of pepsin enzyme) from Porcine Stomach Mucosa (Sigma-

Aldrich, St. Louis, MO.), and DI water. The pH necessary for the partial digestion process to be 
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optimum is between 1.5 and 2. The treated beans were dried using a commercial food dryer 

(Excalibur, Sacramento, CA.) for approximately eleven hours at 35 °C (Figure 3-7). 

 

Figure 3-7.  Coffee drying 

Coffee Roasting 

The beans were roasted as described in the preliminary experiments using an Ambex Y-15 

coffee roaster (Figure 3-8). The roasting profile parameters used are shown in Figure 3-9. 

 

Figure 3-8.  Ambex YM-15 coffee roaster 
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Coffee Grinding and Brewing 

The roasted (treated and controls) beans were ground uniformly using a Krups GVX2 Burr 

grinder (Medford, MA.) set to medium and brewed using two Mr. Coffee CG-12 (Boca Raton, 

Fl), coffee makers. The coffee to water ratio used was 55gr of coffee for each liter of water. 

Experimental Design 

Stored green coffee (5.45 Kg) were removed from the refrigerator and divided in two 

batches of 2.72 Kg each, one for treatments and one for control. The treatment batch was put in a 

plastic container with 0.02 m3 of deionized water and heated using a heat/stir plate until the 

temperature reached 35 to 37 °C. It had an initial pH of 4.7 and was reduced to a pH of 1.75 by 

addition of hydrochloric acid. Approximately thirty grams of 1:10,000 pepsin from porcine 

stomach mucosa were added (11.01 grams per Kg) and stirred until dissolved. The pH was 1.8 

after the addition of pepsin. The treated batch was maintained at the same temperature for twelve 

hours, and removed for cleaning. The beans were washed extensively many times. Before and 

after treatments, the treated batch had a pH of approximately 4. 68. 

After cleaning, both batches were dried to reach 11-30% moisture content (Bee and others, 

2005; Tosello, 1946; Rigitano and others, 1963) again at a temperature of 35 °C for 11-12 hours. 

This was controlled by weight measurements every two hours to stop the drying process exactly 

when all the absorbed water was eliminated reaching the initial weight of the batch. A moisture 

content analysis was also performed for confirmation (Table 3-3). 

Table 3-3.  Moisture content for green, untreated and treated coffee beans 
  Controls Treated  
Tin weight 1.02 gr 1.01 gr

Initial weight 3.00 gr 3.03 gr

Final weight 2.76 gr 2.22 gr

Moisture % 12% 26%
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Once dried, both batches were put into glass jars and flushed with nitrogen gas to minimize 

oxidation until roasting. Each jar was marked with a code that would represent each batch (501 

for the treated batch and 105 for the control batch). 

Roasting was done the following day at Ambex, Inc. (Clearwater, Fl) using the same 

roaster. The roasting conditions were the following: Roasting temperature was 228 degrees °C, 

the first crack was set at 13:30 minutes and the second crack was set at 18:00, the burners were 

turned off at 17 minutes, and the beans were removed for cooling after reaching the second crack 

at 18 minutes. The beans were cooled down for approximately 5 minutes and later packed in 

aluminum bags, specifically designed for coffee, and heat-sealed to preserve aroma.  

 
 
Figure 3-9.  Coffee roasting profile temperature vs. time (treated beans) 
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Figure 3-10.  Coffee roasting profile temperature vs. time (control beans) 

Color and Texture Analysis by Machine Vision and Lens Eye Software 

A digital color machine vision system composed of a Nikon D50 digital camera, a light 

box and a data analysis software (Lens Eye®) written in Visual Basic by Dr. Murat Balaban 

(University of Florida, Gainesville, Fl.) was set up following the procedures detailed by 

Luzuriaga and others, 1997; Luzuriaga, 1999; and, Martinez and Balaban, 2006. The D-50 

camera settings are presented in table 3.4. RGB (Red, Green and Blue) values, and the L*-

(lightness), a*-(redness), and b*-(yellowness) values were calculated. This was performed using 

circular regions of interest. Three red, blue and green Labsphere (North Sutton, NH.) references 

were used for color calibration.  
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Table 3-4.  Nikon D50 camera settings 

 
 

Lens Eye Software was also set up for analysis of texture differences in treated beans and 

controls on images taken by the scanning electron microscope at 100x magnification. Contours 

over a given threshold, color primitives, texture primitives, color change index and texture 

change index were calculated (Balaban, 2007). 

The color (or texture) change index (CCI) was calculated using the following formula: 

CCI= ΣΔI for all neighboring pixels                  x    number of neighbors     x   100 
         Σ distances between equivalent circles             object area 

 
ΔI is the intensity difference and defined as ΔI = √(R-Ri)2 + (G-Gi)2 + (B-Bi)2 

 The significance of difference for L*, a*,and b*, #primitives/area, #primitives>threshold, 

CCI, and contour values between treatments was determined by analysis of variance (ANOVA) 

using SAS 9.1 software (Cary, NC) at a significance level of α=0.05.  

Electronic Nose 

A Cyranose® 320 (Smiths Detection, New Jersey, NJ.) composed of 32 thin-film carbon-

black polymer sensors was used to sniff the headspace of the coffee samples after roasting. The 

raw data or sensor resistances were recorded in real time by the Cyranose® 320 data acquisition 

software. Five replicates were performed. The data was analyzed using Statistica 7.0 Software 

with multivariate discriminant analysis (Korel and others, 2001; Korel and Balaban, 2002b; 

Alasalvar and others, 2004; Oliveira and others, 2005). 

Lens: 28-80mm
Iso: 200
Manual: Sutter speed: 1/6 s.
Zoom: 35mm.
White Balance: Sun light
Focus: Manual
Aperture: F11
Image Size: L
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 The e-nose settings used were as follows: 10-s baseline purge at high pump speed, 10-s 

sample draw at medium speed, 2-s for snout removal, 0-s 1st sample gas purge, 30-s 1st air intake 

purge at high speed, 0-s 2nd sample gas purge at high speed, and 0-s second air intake purge. 

Five grams of samples (treated, controls, batch A, batch B and batch C) were put in an 

odorless petriplate and placed in a sample holder device designed by Dr. Murat Balaban and Luis 

Martinez (University of Florida, Gainesville, Fl., 2005) composed of two glass sample holders, 

one for baseline air and another to place the samples being analyzed, two moisture traps (Alltech 

hydro-purge II), one activated carbon capsule (Whatman Carbon-Cap) both purchased from 

Fisher Scientific, and a compressed air tank (Air-products, Gainesville, Fl.) as shown in Figure 

3-11. An equilibration time of approximately 6-7 minutes was used for each sample. Between 

samples, the sample holders were flushed with pure air for approximately 10 minutes until no 

odor was detected. This setup will allow consistent, repeatable and accurate sensor readings from 

sample to sample. 

 
 
Figure 3-11.  Sample holder designed for electronic nose analysis 



 

58 

Sensory Analysis 

A sensory panel was conducted on the treated samples and control. Each sample was  

ground using a Krups GVX2 Burr grinder (Medford, MA.) set to medium and brewed using two 

Mr. Coffee CG-12 (Boca Raton, Fl), coffee makers. The coffee to water ratio used was 55gr of 

coffee for each liter of water. The test was done at the University of Florida FSHN Dept.’s taste 

panel facility (University of Florida, Gainesville, FL) consisting of 10 private booths with 

computers. A triangle test is designed to establish if consumers could find differences between 

the treated beans vs. controls. Eighty random panelists were asked to first answer some 

demographic questions such as age and gender. Next, the panelists were asked to take a bite of a 

plain cracker and a sip of water to clean their palate. Later they were presented with three cups of 

50 ml fresh brewed coffee at approximately 80°C, one being the control and the other two being 

treated, alternating with two being controls and one being treated, every other panelist. The 

panelists were asked to pick the one they believe was the different sample. 

A trained panel was also conducted based on the results of the triangle test shown in Table 

4-1. Twelve panelists were trained for different levels of bitterness in coffee samples. The scale 

was designed from 0 to 15, 0 being the least bitter and 15 the most bitter. Four known standards 

were used: water (0 bitterness), water + 0.3 gr/L of caffeine (5 bitterness), water + 0.6 gr/L of 

caffeine (10 bitterness) and water + 0.9 gr/L of caffeine (15 bitterness). Caffeine used was 

purchased from Fisher Scientific (St. Louis, MO). 

Panelists were exposed to the bitterness scale and the known standards in several sessions. 

Cups with 50 ml of liquid were used. Once they were able to identify each of the standards 

within the scale, they were presented an unknown sample (water and 0.45 gr/L of caffeine), and 

it was asked that they placed the sample in the correct place within the bitterness scale. This was 

done in two sessions until no error was detected. Finally panelists were presented with an 
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unknown (treated coffee sample) marked with a random number. They were asked to place this 

sample within the bitterness scale. They were asked to take a bite of a cracker and a sip of water 

to clean their palate between standards and between samples. Later they were presented with a 

second unknown (control coffee sample) marked with another number. Again they were asked to 

place this sample within the bitterness scale. The results were analyzed to report where the two 

samples fall within the bitterness scale and the difference in bitterness that occurred as a result of 

the treatments. 

Coffee Cupping 

Coffee cupping was performed by a roast master and professional cupper at Ambex Inc. - 

Cinnamon Bay Coffee Roasters (Clearwater, Fl). The treated beans and controls were evaluated 

for different attributes such as fragrance/aroma, flavor, acidity, aftertaste, body, balance, 

uniformity and clean cup. An overall quality grade was given to each sample. Table A-1 shows 

the cupping form used. 

Scanning Electron Microscope 

The surface of green and roasted coffee beans was analyzed before and after treatments for 

differences using a JEOL 6330F field emission scanning electron microscope (JEOL Inc. Tokyo, 

Japan) (Figure 3-12). Four treated beans and four control beans were placed on two different 

circular sample holders. Both sample holders and beans were coated by a mixture of Gold and 

Palladium (Au-Pd) for better conductivity. The SEM was setup to take images at 15 KV. Several 

images were obtained at different magnifications, but only the images at a 100x magnification 

were analyzed for texture differences using the machine vision system and Lens Eye® software 

mentioned before. 
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Figure 3-12.  Field emission scanning electron microscope JEOL JSM 6330F 
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CHAPTER 4 
RESULTS AND DISCUSSION 

Objective: Quantification of changes in flavor, texture, aroma and color of coffee beans as 

a result of acid and enzyme treatments by Sensory Analysis, Scanning Electron Microscope, 

Electronic Nose and Machine Vision. 

Sensory analysis 

To quantify the changes in flavor of coffee beans as a result of treatments, first it was 

necessary to establish if statistically there were significant differences between the treated 

samples and controls. For this purpose a sensory panel was conducted. A triangle test was 

performed with both samples and 80 panelists (Table 4-1).  

Table 4-1.  Triangle test sensory analysis results (treated coffee vs. controls) 
 Treated vs. Controls 

Incorrect 40
Correct 40
Total 80
Confidence 0.998
Significance (p-value) 0.002
  
Number of correct answers necessary to establish level of significance. 
No. of Judgments              10%            5%             1%             0.1% 
80                                       33               35              38              41 

 
Fourty out of 80 panelists were able to choose the sample that was different from the other 

two, meaning that there are significant differences between samples even at 1% error, for which 

38 would be necessary to establish significant differences.  

If the correct sample was chosen, the panelists were asked to comment on the differences 

found between the samples. Most of the comments were found to be related to bitterness of the 

samples. The treated samples were found to be less bitter than controls.  
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Marcone (2004) suggested that in the digestive tract of the Kopi Luwak the acids and 

enzymes might have broken down and even leached out (due to protein content differences 

between Kopi Luwak and controls) some of the proteins causing bitterness of the final cup, 

therefore the Kopi Luwak was found to be less bitter than regular coffee. The action of the 

proteases used for our treatment might have also caused the reduction of bitterness of the treated 

sample compared to its controls.  

A trained sensory panel was developed to evaluate the bitterness of samples. Panelists (12) 

were trained using solutions of different percentages of caffeine (0% (1 in the bitterness scale), 

0.05% (5 in the bitterness scale), 0.08% (10 in the bitterness scale, and 0.15% in water (15 in the 

bitterness scale). The procedure is detailed in Chapter 3.  

The trained panelists evaluated the treated and control samples and placed them on the 

bitterness scale. The results are shown in Table 4-2 (See Appendix A for complete panelist 

results).  

Table 4-2.  Trained panel results (treated vs. control coffee samples) 
Bitterness scale 

* Number of panelists that placed the coffee samples between the controls 
  Between 1 and 5 Between 5 and 10 Between 10 and 15 
        
Treated   4* 8*
      
Control   1* 11*
        
Number of panelists that found:   
     
a) Treated sample less bitter than its control 10
    
b) Control less bitter than treated sample 2
        

 
Overall ten out of twelve panelists found the treated coffee less bitter than controls. Four 

out of eight panelists found the treated coffee belong between 5 and 10 on the bitterness scale; 

the other 8 panelists found the treated coffee belong between 10 and 15 on the bitterness scale. 
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Only one panelist found the control sample belongs between 5 and 10 on the bitterness scale, the 

rest found the control to belong between 10 and 15 in the bitterness scale. 

Within the 10 to 15 range in the bitterness scale, the control samples were placed 

significantly higher, while the treated sample was placed lower in the scale. 

To confirm that the treatments did not extract caffeine causing the reduction of bitterness, 

100 gr of treated coffee (whole beans) and 100 gr of control coffee (whole beans) were analyzed 

for caffeine content in duplicate at ABC Research Corporation (Gainesville, Fl) following the 

Food Additives Analytical Manual Method 79 (FDA, 5600 Fishers Lane, Rockville, MD 20857). 

Treated samples 1 and 2 were found to have 0.768% caffeine (g/100g) dry basis, while 

Control sample 1 was found to have 0.894% caffeine (g/100g) dry basis, and Control sample 2 

was found to have 0.871% caffeine (g/100g) dry basis. The detection limit was 0.001. 

Although the treated samples were found to have slightly less caffeine than the controls, 

the difference is not sufficient to justify the difference in bitterness between the treated and 

control samples due to treatments. 

It was also necessary to get the perception of a professional cupper on what other changes 

might have been caused to the coffee beans by the action of the treatments used, on attributes 

such as Fragance/Aroma, Sweetness, Flavor, Acidity, Aftertaste, Body, and Balance. For this 

purpose two bags of 0.11 Kg each were prepared and labeled with two different numbers: 501 

for the treated coffee and 105 for controls. These coffee samples were presented to a professional 

cupper in Ambex Coffee Roasters (Clearwater, Fl). The samples were evaluated and commented 

on based on the attributes mentioned above (Table 4-3). These attributes represent the perception 

of a professional cupper regarding the coffee samples, however, differences found do not 

necessarily represent “good” or “bad” quality attributes. 
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Table 4-3.  Professional cupping evaluation of roasted coffee samples # 501 and # 105 
Sample # 501 (Treated) Sample # 105 (Control) 
  
  

Fragrance/Aroma: Caramel to slight chocolate, 
spice at break. Slight alcohol aroma. 
 

Fragrance/Aroma: Fruitiness in dry 
fragrance, more herbal in aroma, similar to 
green peas. 
 

Sweetness: Slight. 
Sweetness: Natural sweetness, moderate. 
 

Flavor: Smokiness predominant. 
Flavor: Super sharp, herbal. 
 

Acidity: Flat with very little acid sparkle.   
       

Acidity: Tart brightness, green vegetables, 
undeveloped roast or enzymatic flavor 
from roasting. 

Aftertaste: Little after taste, smoky flavor 
disappeared quickly, as it cooled the alcohol 
present in the aroma was felt in the cup. A bit 
of fermentation was found. 

Aftertaste: Chalky aftertaste with 
bitterness.  
 

Body: Light, thin, very little viscosity, 
contributing little to the aftertaste. 

Body: Medium body, moderate mouth- 
feel. 
 

Balance: The initial flavor was so intense; it 
resulted in an unbalanced cup. 
 
 

Balance: The sharpness of the cup is not 
balanced with other characteristics, 
becoming a distraction throughout the 
cupping, Imbalance is more pronounced as 
the cup cooled. 

 
The same sample preparation was used for both samples, as suggested by the Specialty 

Coffee Association of America (Long Beach, CA). The cupper was presented with both samples 

only labeled with random numbers for evaluation. 

Fragrance/aroma is the first smell perceived after the water is poured into the cup of 

ground coffee. As we can see in Table 4-3, sample 501 (treated) was found to have caramel to 

slight chocolate smell with a spike at break, which is the point where the coffee layer at the 

surface is broken down by the use of a spoon which causes the release of aroma trapped under 

the coffee layer. This gives the cupper a better perception of aroma. Also a slight alcohol aroma 

was perceived. Sample 105 (control) was found to have a very different fragrance/aroma than the 
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treated sample. It was found to have herbal aroma similar to green peas, and also fruitiness in the 

dry fragrance. 

Next, the samples were tasted to comment on flavor attributes. In terms of sweetness, both 

samples were found to be different. Sample 105 (control) was found to have moderate or natural 

sweetness, and sample 501 (treated) was found to have very slight sweetness. Flavor was also 

different for both samples. Sample 105 (control) was found to have a super sharp and herbal 

flavor, while sample 501 (treated) was found to have smokiness as a predominant flavor. Until 

this point, it was very clear that the treatments have caused changes in many attributes, but not 

until the acidity, aftertaste, body and aroma were evaluated that we could correlate the cupper 

evaluation to previous results and also expected changes. 

In terms of acidity, sample 501 (treated) was found to be flat with very little acid sparkle, 

and sample 105 (control) was found to have tart brightness, and a green vegetable taste, an 

undeveloped roast or enzymatic flavor was found on the taste as a result of processing, common 

in a medium-dark roasted coffee.  

Sample 501 (treated) was found to have very little aftertaste. Also the original smoky 

flavor originally found in the fragrance/aroma disappeared. As it cooled down, the alcohol smell 

found in the fragrance/aroma became present in the cup and a little fermentation flavor was also 

found. On the other hand, sample 105 (control) was found to have a bitter aftertaste, not found in 

the treated coffee. 

The body of sample 501 (treated) was found to be very thin with little viscosity to the cup. 

The initial flavor of this sample was very intense, resulting in an unbalanced cup. Sample 105 

(control) was found to have a medium body and moderate mouth feel. Also the sharpness of the 
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cup was not balanced with the other characteristics, becoming a distraction throughout the 

cupping. Imbalance was found to be more pronounced as the cup cooled down. 

Measurement of viscosity was conducted using a TA Instruments Ltd. Advanced 

Rheometer AR2000 (New Castle, DE) to quantify differences in viscosity between treated and 

control. The samples (in duplicates) were submitted to a sheer stress with a peak hold at 0.026 

Pa. The viscosity of each sample was calculated and plotted over time (Figure 4-1).  

 

Figure 4-1.  Plot of viscosity vs. time for treated and control coffee samples 

The time interval of 0 seconds to 10 seconds represents the equilibration period, after until 

time 60 (s) we can see that the two samples and their replicates overlap exactly showing that 

there is no difference in viscosity of both treated and control samples. This suggests that the 

body difference mentioned by the professional cupper does not reflect physical viscosity. 

Scanning electron microscope 

In order to determine surface changes to the beans as a result of treatments, scanning 

electron microscope (SEM) analysis was performed on both samples at different magnifications. 

Many differences were found between the treated and control samples. Overall, the 

appearance of the controls was different than the treated samples. The controls showed the 
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structure of the surface to be a superposition of individual layers, not uniform at all. The surface 

shown in Figure 4-2 was seen in 5 replicates studied with the SEM. 

 

Figure 4-2.  Scanning electron microscope picture of a control (raw) bean at 100x magnification 

The treated beans showed a surface not smooth, but very uniform. Figure 4.3 shows the 

surface of a treated bean at a magnification of 100x. The acids and enzymes used for the 

treatments may have caused pitting and the removal of a layers of organic matter causing the 

differences seen in Figures 4-2 and 4-3.  

 

Figure 4-3.  Scanning electron microscope picture of a treated (raw) bean at 100x magnification 
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Other differences were found between the treated samples and controls. The presence of 

holes in specific parts of the treated beans was observed. Caves or tunnels are believed to be 

formed as a result of the enzymes. These holes are located at specific points on the beans, 

suggesting that it could be possible that these locations contain protein bands or higher protein 

content. At a higher magnification, the holes or tunnels were captured to establish a better view. 

In Figure 4-4 we can see the image of the holes on the surface of the beans, and also an image of 

the inside of the holes.  

 

Figure 4-4.  Scanning electron microscope pictures of a treated bean at 500x (left) and 3000x 
(right) magnification 

The controls at some parts showed some cracks and structures similar to a hole, but were 

clearly different as we can see in Figure 4-5. Kopi Luwak also showed holes and tunnels by SEM 

analysis. These holes were observed at different parts of the beans. This however is 

uncomparable with our treated beans since we are not dealing with beans of the same origin. 

The surface of the treated samples and controls after roasting were also evaluated. The 

treated beans were found to be smoother and more uniform than controls. The acids and enzymes 

have partially removed the external layers of the bean during treatments causing the smoothness 

of the treated samples, not shown in the control samples. 
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Figure 4-5.  Scanning electron microscope pictures of a control (raw) bean at 500x 

In order to quantity the differences found in the treated beans and its controls, eight treated 

beans and eight control beans were coated with Au-Pd, and evaluated using the SEM at 100x. 

Several images of different parts of the bean were taken. Lens Eye Color Expert® was used to 

analyze the images and quantify color and texture differences present in each sample. 

Color primitives, texture primitives and contours were evaluated on each image of the 

treated samples and controls with the purpose of developing and testing a way to analyze and 

quantify changes that can be obvious to the human eye. Figures 4-6, 4-7 and 4-8 are examples of 

the different evaluations with their results. The rest of the images can be found in Appendix B. 

The number of primitives found on each of the images, as well as the number of primitives 

that exceeded a determined blob threshold was divided by the surface area of the image for 

standardization, and to allow the data to be comparable from image to image (Table 4-4). 



 

70 

 

Figure 4-6.  Treated samples and controls color primitives analysis (texture threshold = 35)  

SAS was used to determine if there were significant differences between treatments, in 

terms of # primitives, #primitives>blob threshold, Color Change Index, and contours, by 

conducting an Analysis of Variance (ANOVA) test. 

Table 4-4.  Visual texture analysis results. Color primitives with threshold = 35 
Texture Analysis Color primitives 35 

Coffee Type Treatment Rep. 
# 
primitives/area 

#primitives > blob threshold 
/area 

Color Changing 
Index 

Green control 1 0.033 0.0021 22.18
Green control 2 0.033 0.0017 10.52
Green control 3 0.028 0.0013 7.54
Green control 4 0.019 0.0012 2.42
Green control 5 0.014 0.0014 2.32
Green control 6 0.012 5.3E-04 1.065
Green treated 1 0.048 0.0049 21.55
Green treated 2 0.042 0.0022 10.23
Green treated 3 0.025 0.0039 9.89
Green treated 4 0.031 0.0030 7.64
Green treated 5 0.040 0.0025 10.41
Green treated 6 0.023 0.0031 7.23
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Figure 4-7.  Treated samples and controls texture primitives analysis (threshold = 15)  

 

Figure 4-8.  Treated samples and controls contour analysis (L* contour > 40) 
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Table 4-5.  SAS results for texture analysis color primitives with threshold = 35 
Texture Analysis Color primitives with threshold = 35 

   

Control vs. Treated                  *t grouping 

Variable DF ANOVA SS Mean Square F Value Pr>F Control Treated 

# Primitives/area 1 4.4E-04 4.4E-04 5.01 0.049 B A 

# Prim. > blob 
threshold/area 1 1.1E-05 1.1E-05 17.32 0.0019 B A 

Color Changing Index 1 36.44 36.44 0.8 0.39 A A 

          

* Means with the same t grouping letters are not significantly different.     
 

Table 4-5 shows the SAS results on texture analysis based on color primitives with a 

threshold of 35 results. For the number of primitives found per unit of area, there is a significant 

difference between treated beans and controls. There is a possibility for error since the Pr>5 is 

close to 0.05. In terms of the # of primitives above blob threshold per unit of area, this method 

shows a significant difference between treated samples and controls. The Color Change Index, 

however, does not show a significant difference. The means also show a good separation and a 

significant difference on the number of primitives found per unit of area and also in the number 

of primitives above the blob threshold; the means did not show a difference on the CCI, as we 

can see by t grouping in Table 4-5. The results obtained with this method suggest that analyzing 

color primitives in the visual texture of green coffee beans can be used for quantification of 

surface differences. 

Visual texture was also analyzed for texture primitives with a threshold of 25 (Table 4-6). 

SAS was performed to establish statistical differences (Table 4-7). 
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Table 4-6.  Visual texture analysis results. Texture primitives with threshold = 25 
Texture Analysis texture primitives 25 

Coffee Type Treatment Rep. # primitives/area 
#primitives > blob threshold 
/area 

Texture 
Change Index 

Green control 1 0.018 3.3 E-04 7.01

Green control 2 0.014 2.5 E-04 5.08

Green control 3 0.013 2.6 E-04 3.47

Green control 4 0.0025 6.82E-05 0.51

Green control 5 0.0024 7.48E-05 0.36

Green control 6 0.0011 4.20E-05 0.15

Green treated 1 0.027 3.1 E-04 11.15

Green treated 2 0.016 1.4 E-04 6.36

Green treated 3 0.0093 1.5 E-04 2.62

Green treated 4 0.012 7.33E-05 2.72

Green treated 5 0.017 1.1 E-04 5.59

Green treated 6 0.0078 9.75E-05 2.07
 
Table 4-7.  SAS results for texture analysis texture primitives with threshold = 25 

Texture Analysis Texture primitives with threshold = 25 
   

Control vs. Treated                 * t grouping 

Variable DF ANOVA SS 
Mean 
Square F Value Pr>F Control Treated 

# Primitives/area 1 1.2 E-04 1.2 E-04 2.12 0.18 A A 

# Prim. > blob 
threshold/area 1 1.54E-09 1.54E-09 0.13 0.72 A A 

Color Changing 
Index 1 16.20 16.20 1.6 0.23 A A 

* Means with the same t grouping letters are not significantly different.     
 
SAS showed no difference in any of the variables with this method which was also 

confirmed by the t grouping of the means. However this method may still be good for evaluation 

of texture differences at a different threshold. 

Visual texture analysis was also evaluated with a threshold of 15. The results (Table 4-8) 

were analysed with SAS to establish significant differences (Table 4-9). 
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Table 4-8.  Visual texture analysis results. Texture primitives with threshold = 15 
Texture Analysis texture primitives 15 

Coffee Type Treatment Rep. # primitives/area 
#primitives > blob 
threshold /area 

Texture Change 
Index 

Green control 1 0.06 9 E-04 74.32
Green control 2 0.05 8.3 E-04 63.02
Green control 3 0.05 6.6 E-04 27.60
Green control 4 0.01 6.8 E-05 4.03
Green control 5 0.02 3.2 E-04 4.23
Green control 6 0.02 1.5 E-04 1.69
Green control 7 0.03 0.0014 3.40
Green control 8 0.09 0.0019 6.55
Green treated 1 0.06 0.0012 75.71
Green treated 2 0.05 3.6 E-04 34.72
Green treated 3 0.06 0.0012 37.16
Green treated 4 0.06 5.1 E-04 21.77
Green treated 5 0.04 3 E-04 31.45
Green treated 6 0.02 3.7 E-04 17.59
Green treated 7 0.04 3.1 E-04 8.31
Green treated 8 0.04 5.7 E-04 20.89

 
Table 4-9.  SAS results for texture analysis texture primitives with threshold = 15 

Texture Analysis Texture primitives with threshold = 15 
   
Control vs. Treated                 * t grouping 

Variable DF 
ANOVA 
SS Mean Square F Value Pr>F Control Treated 

# Primitives/area 1 1.2 E-04 1.2 E-04 0.26 0.61 A A 

# Prim. > blob 
threshold/area 1 1.17E-07 1.17E-07 0.43 0.52 A A 

Color Changing Index 1 246.12 246.12 0.38 0.54 A A 
          
* Means with the same t grouping letters are not significantly different.     
 

This method also shows no difference in any of the variables, and it is also confirmed by 

the t grouping of the means showing the same letter for treated and controls on all variables.  

These results suggest that the texture analysis of texture primitives at thresholds of 25 and 

15 are not sufficient for quantification of significant differences in the texture of green coffee 

beans. 



 

75 

 Table 4-10.  Visual texture analysis results. Contour analysis L* contour > 40 

Contour Analysis L* contour > 40 

Coffee Type Treatment Rep. % Area (Area contour/area pixels) 

Green control 1  8.17

Green control 2  10.56

Green control 3  7.78

Green control 4  1.99

Green control 5  5.52

Green control 6  3.54

Green treated 1  23.9

Green treated 2  10.65

Green treated 3  15.89

Green treated 4  11.2

Green treated 5  13.78

Green treated 6  14.44
 

Table 4-11.  SAS results for contour analysis L* contour > 40 
Contour Analysis L* contour > 40 

   

Control vs. Treated                  t grouping 

Variable DF 
ANOVA 
SS 

Mean 
Square F Value Pr>F Control Treated 

Area 1 227.94 227.94 13.75 0.0041 B A 

          

* Means with the same t grouping letters are not significantly different.     
 

Table 4-11 shows the SAS results on texture analysis based on contours analyzed for 

L*higher than a threshold of 40 (Results shown in Figure 4-10). This method showed that there 

is a significant difference between treated green coffee beans and its controls. The means also 

show a significant difference between treated green coffee beans and its controls. 

The analysis of contours of L* values over a threshold of 40 is also found to be effective in 

quantification of differences in the visual texture of green coffee beans. 
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Electronic nose 

A Cyranose® 320 (Smiths Detection, New Jersey, NJ.) having 32 thin-film carbon-black 

polymer sensors was used to analyze the headspace of the coffee samples after roasting. The 

treated coffee, the controls and the three batches A, B and C used for preliminary tests were 

sniffed separately five times. An equilibration time in the same chamber of approximately 6-7 

minutes was used for each sample. Between samples, the sample holders were flushed with pure 

air for approximately 10 minutes until no odor was detected. 

The sensor resistances were recorded for each run for the duration of the sniffing, starting 

from the baseline purge, through the sample sniff and the sensor purge. All the data generated by 

the 32 sensor resistances for each step of the sniff were analyzed to obtain the maximum 

difference from the baseline to the highest resistance point of the sample exposure step within 

the sniff (∆R/R). This was done by Cyranose Analysis software written by Dr. Murat Balaban 

(University of Florida, Gainesville, Fl.). All the ∆R/R values for each sensor for each of the 

samples were put in a spreadsheet in Excel and each value was multiplied by 1000 since the 

values were small. Also within each sample, an average ∆R/R value, standard deviation and % 

error were calculated for each sensor (Data in Appendix C). 

The ∆R/R values for each sensor were plotted by the Cyranose Analysis software. Some 

sensors showed a higher ∆R/R value than others, which means that these sensors are more 

sensitive to the coffee aroma than others. 

To be able to analyze the ∆R/R values with discriminant function, twelve sensors with the 

highest ∆R/R values for each sample were chosen (Figure 4-9). Each sensor chosen was also 

matched with the % error calculated in Excel to make sure that the most sensitive sensors also 

have low error %. 
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The sensors chosen for discriminant function analysis were sensors 5, 6, 9, 11, 17, 18, 20, 

23, 26, 28, 29, and 31. 

 

Figure 4-9.  Example of ∆R/R values for each sensor (Batch A) 

No significant differences can be seen between Batches A, B and C. The ∆R/R for each of 

the 12 sensors chosen were very similar, which was confirmed by the Root 1 vs. Root 2 graph 

based on the unstandardized canonical scores of each sample, as we can see in Figure 4-12. 

 
 
Figure 4-10.  ∆R/R values for each sensor (control coffee sample Run 1) 
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As we can see in Figures 4-10 and 4-11, the ∆R/R values for the controls are much smaller 

than that of the treated sample (see Y axis scale), which means that the sensor resistance 

difference from the baseline to the maximum point of the sample exposure is greater in the 

treated sample than control.  

 
 
Figure 4-11.  ∆R/R values for each sensor (treated coffee sample Run 1) 

Discriminant function analysis plot of unstandardized canonical scores shows a clear 

separation of the treated beans from the controls Figure 4-13. 

The squared Mahalanobis distances calculated by Statistica 7.0 also show how distant each 

sample group is from the other, as we can see in Figure 4-12. The discriminant function analysis 

summary, the F values and the p-levels for each sample are shown in Appendix C. 

 

Figure 4-12.  Squared Mahalanobis distances for all samples 
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Figure 4-13.  Scatterplot of root 1 vs. root 2 of unstandardized canonical scores for batch A, B, 

C, treated and control samples 

Machine vision  

Color analysis was performed by a machine vision system. The average L*, a* and b* 

values were measured on green, roasted and ground control and treated samples, each with 2 

duplicates. Three Labsphere red, green and blue true color standards were used for color 

calibration.  

Before treatments, the green coffee had a typical olive color. This color changed for the 

samples that were treated, from olive to an olive brown or brown. This change was visually very 
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clear. The average L*, a* and b* values were calculated and analyzed by SAS for statistical 

differences using an Analysis of Variance (ANOVA) test. 

Table 4-12.  Color analysis results: Green, roasted and ground (treated and control) 
Color Analysis Results 

Coffee Type Treatment Rep. L* a* b* 
          
Green control 1 43.87 -1.57 24.19
Green control 2 43.2 -1.54 24.34
Green treated 1 26.09 3.18 19.85
Green treated 2 25.52 3.75 20.14
   
Roasted control 1 8.13 6.07 7.49
Roasted control 2 9.15 5.91 7.46
Roasted treated 1 5.44 2.29 3.03
Roasted treated 2 5.36 2.97 3.5
  
Ground control 1 5.39 6.71 4.49
Ground control 2 3.94 6.62 4.31
Ground treated 1 2.62 4.14 2.74
Ground treated 2 2.42 3.65 2.45
 
Table 4-13.  SAS results for color analysis on green coffee beans 

Color Analysis for Green Coffee Beans 

Control vs. Treated                 * t grouping 

Variable DF ANOVA SS 
Mean 
Square F Value Pr>F Control Treated 

L* 1 314.35 314.35 1624.98 6 E-04 A B 

a* 1 25.20 25.20 309.4 0.0032 A B 

b* 1 18.23 18.23 684.16 0.0015 A B 
          
* Means with the same t grouping letters are not significantly different.     
 

Table 4-13 shows the results of SAS analysis of the color of green coffee beans in terms of 

L*, a* and b* values. ANOVA showed a significant difference between treated green beans and 

controls. This is also confirmed by the means which showed a good separation and grouping 

establishing a significant difference between samples. 
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After roasting, the coffee samples, did not have a significant color difference detectable by 

eye, showing that roasting was done consistently to both batches therefore achieving the same 

degree of roasting. The images were analyzed again. The L*, a* and b* vales were calculated 

and analyzed by SAS for statistical differences using an Analysis of Variance (ANOVA) test. 

Table 4-14.  SAS results for color analysis on whole roasted coffee beans 
Color Analysis for Whole Roasted Coffee Beans 

 

Control vs. Treated                  * t grouping 

Variable DF ANOVA SS 
Mean 
Square F Value Pr>F Control Treated 

L* 1 10.49 10.49 40.11 0.024 A B 

a* 1 11.28 11.28 92.54 0.011 A B 

b* 1 17.72 17.72 319.64 0.0031 A B 

          

* Means with the same t grouping letters are not significantly different.     
 

Table 4-14 shows the results of SAS analysis of the color of roasted whole coffee beans in 

terms of L*, a* and b* values. ANOVA showed a significant difference between treated roasted 

whole coffee beans and its controls. This is also confirmed by the means which showed a good 

separation and grouping establishing a significant difference between samples. 

Average L*, a* and b* values of ground roasted coffee were measured for both treated and 

control samples. The results were analyzed by SAS for statistical differences. 

Table 4-15 shows the results of SAS analysis of the color of green coffee beans in terms of 

L*(lightness), a*(redness) and b* (yellowness) values. An analysis of variance showed that there 

is no significant difference between treated roasted ground coffee beans and its controls in terms 

of the lightness; this was expected since grinding makes the overall color more uniform. In terms 

of redness and yellowness a significant difference was found between the treated roasted and 
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ground coffee beans and its controls. This is also confirmed by the means which showed a good 

separation and grouping establishing a significant difference between a* and b* values, but no 

differences in terms of the L* value. 

Table 4-15.  SAS results for rolor rnalysis on ground roasted coffee beans 
Color Analysis for Ground Roasted Coffee Beans 

   
Control vs. Treated                 * t grouping 

Variable DF ANOVA SS 
Mean 
Square 

F 
Value Pr>F Control Treated 

L* 1 4.60 4.60 8.59 0.099 A A 

a* 1 7.67 7.67 123.66 0.0080 A B 

b* 1 3.29 3.29 111.86 0.0088 A B 
* Means with the same t grouping letters are not significantly different.     

 
The average L*, a* and b* values of the three color standards present in each image with 

the samples, were also measured. The purpose of this was to make sure that these standards were 

analyzed consistently and accurately on every sample. It was found that these colors were the 

same for each replicate and also between controls and treated samples.  

Visual and instrumental color analysis performed on the green, whole roasted and ground 

coffee beans, and its controls, showed that the acids and enzymes used affected the color of the 

treated beans. This was very clear visually and instrumentally from the green beans. For the 

whole roasted beans there was also a significant difference, although visually it was difficult to 

establish a difference between the treated and control samples. For the ground beans, the 

lightness value showed no significant difference between the treated and control samples, but the 

redness and yellowness was found to be significantly different, using machine vision. Color 

analysis figures are found in appendix D.
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 

Some of the transformation of the coffee beans as a result of acid and enzyme treatments 

has been evaluated, but far more needs to be researched to better understand the physical and 

chemical changes that occur through this process. At this point, it is known that the acids and 

enzymes have affected the chemical and physical composition of the beans. The flavor and 

aroma of the beans are changed by the action of these acids and enzymes.  

The objective of this research was to develop a coffee processing technology mimicking 

the digestion of the Luwak without the use of the animal, and to start to quantify these changes 

by sensory analysis, scanning electron microscope, electronic nose and analysis of machine 

vision data. 

Roasting is one of the most critical steps in coffee processing, and commercially there is 

great chance of variability from roast to roast, which was a concern for our research. If the same 

flavor and aroma of coffee was obtained consistently after roasting, than we would be able to 

quantify accurately the changes occurred by the treatments, and we would assume that those 

changes were produced by the acids and enzymes and not just a variation of the roasting 

parameters. For this purpose an Ambex Y-15 roaster equipped with a real time temperature 

control system was used to roast the coffee samples. The repeatability of this roaster was tested 

with a trained panel and a triangle test. 240 panelists tasted the coffee and proved that 

statistically there was no significant difference between roasts. Once this was proven, another 

sensory panel was set up and a triangle test was performed to establish if treated and control 

coffee samples were significantly different. The panelists confirmed that these coffee samples 

were significantly different from each other, bitterness being one of the attributes the panelists 

commented to as the reason for the difference. The treated coffee was found to be less bitter than 
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the control. A trained panel was formed to confirm the reduction of bitterness in the treated 

samples. The panelists were asked to evaluate the treated and control coffee samples and to place 

them in a bitterness scale (0 to 15) previously designed. Ten out of twelve panelists found the 

treated coffee less bitter than the control. This confirms that the bitterness was reduced by the 

treatments. 

A Scanning Electron microscope was used to take surface images of treated and control 

coffee beans. Differences were seen on the surface of the beans. The treated beans showed holes 

on the surface in certain areas as opposed to the controls. These holes at higher magnification 

showed to be like tunnels that went inside the bean. These tunnels may be a result of the 

enzymes breaking the surface of the beans. To quantify the surface differences clearly seen by 

the humans color primitives, texture primitives and contour analysis with different thresholds 

were evaluated on several images taken at 100x magnification. Color primitives analysis of the 

visual texture of green coffee beans and contours analysis were found to be efficient methods. 

These two method statistically showed that treated and controls were significantly different. 

An electronic nose was used to quantify differences in the aroma of the treated and control 

samples, and to confirm aroma similarities with batches A, B, and C studied in the preliminary 

experiments. 

Discriminant function analysis showed a good separation between the treated and control 

samples, and showed that the aroma of batches A, B, and C were very close to each other 

confirming that the roasting was successfully controlled by the YM-15 Roasting Profile 

software. 

Color analysis was performed on treated and control samples. Significant difference in 

terms of L*, a* and b* values were found for whole green beans and whole roasted beans. For 
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ground beans only a* and b* values were found to be significantly different. This however was 

not expected since the degree of roast which is usually measured by the roasting temperature and 

time combination, as well as the final roasted coffee color, was set up to give the same outcome. 

For this reason we can see that the treatments not only clearly affect the color of the green beans, 

but also this difference is carried through roasting and to a lesser extent grinding.   

This study has developed new directions for future research in a field where very little has 

been explored. Overall many changes have been found as a result of treatments, however many 

more aspects need to be understood and further optimization to this process needs to be done to 

determine if such changes are desirable. 

The development of this method to consistently enhance the quality of coffee will be of 

great significance scientifically and industrially. We would be able to produce coffee of the 

highest quality by acid and enzyme treatment and be able to scale it for commercial applications, 

which will help the development and enhancement of value added agriculture in the US, as well 

as the agricultural sector of different countries by the production of a commodity of higher value. 
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CHAPTER 6 
FUTURE WORK 

Many aspects of this process and our developed method are not understood completely, 

and further work is necessary to make this technology commercially feasible.  

The following recommendations will be of great significance to the progress and 

understanding of this technology.  

The effect of enzymes is a key to this technology, and need to be studied in detail. Only 

proteases from porcine stomach have been used for our research so far, but many more enzymes 

can be used to treat the coffee beans such as proteases from stomach-less organisms which do 

not require the use of low pH for optimum activity. This can improve the outcome of this 

research. Also measurement of enzyme activity within the treatments, and measurement of 

degree of hydrolysis will be a key factor in the optimization of this project. In addition, 

carbohydrate-related enzymes need to be explored, as well as a control treated with acid only. 

More specific chemical analysis is also needed. Quantification of the chlorogenic acids 

present in the coffee beans and their changes with treatments, before and after roasting is one of 

the most important studies that need to be done. High Performance Liquid Chromatography 

(HPLC) is the method recommended by the AOAC. 

Identification and quantification of the compounds present in roasted coffee, as well as 

their changes after treatments will give a better perspective on the impact of the acids and 

enzymes on specific compounds. This can be done by Gas Chromatography-Mass Spectroscopy 

(GC-MS). Also the aroma active compounds before and after treatments should be studied and 

identified by Gas Chromatography-Olfactometry (GC-O) possibly using SPME. 

A complete proximate analysis with Kjeldahl for proteins, Soxlet for lipids, ashing, 

moisture determination and carbohydrates by difference should be performed before and after 
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treatments, to quantify overall changes as a result of treatments. Color analysis of the brewed 

liquid are also recommended to quantify L*, a* and b* difference from treatments and controls. 

A response surface methodology should be adopted (at least 3 levels) to develop an 

efficient experimental design to explore the acid and enzymes combinations. Sensory analysis 

should be used in conjunction to determine the criterion for the optimization of the process. Once 

the optimum conditions are found, the physical and chemical attributes of the resulting coffee 

should be measured by all the tests mentioned before; this will allow the development of a fast 

method for quality control of the process. 

Also, since the complete digestion process of the Luwak will include amylase, gastric 

juices and also bacteria in the intestinal tract, it is recommended that the effect of these enzymes 

and bacteria on the coffee beans is studied separately in addition to HCl and pepsin. 

A sensory analysis should be performed to compare Kopi Luwak to the treated coffee, 

using a difference test and a preference test, but this will require the use of beans from the same 

origin and variety which may be logistically difficult. 

Since Arabica coffee is already known for its high quality attributes, this process should be 

studied using lower grade robusta coffee, and its changes should be quantified. If this method is 

proven to be succesfull with robusta coffee, it will have an even greater impact in the world’s 

coffee market. 
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APPENDIX A 
CUPPING AND SENSORY EVALUATION 

Table A-1.  Summa Coffee Academy TM cupping and sensory evaluation form 
Flight number: Coffee: Coffee: 
      
Fragance/Aroma     

Flower, herbal, fruit, nutty, caramel, 
 
 

 
 

vanilla, spicy, chocolaty, earthy     
Sweetness     

Lively, delicate, fine, natural 
 
 

 
 

      
Flavor     

Chocolate, caramel, fruit, herbal, flower 
 
 

 
 

citrus, nutty, berry, deep, complex, balanced     
Acidity     

Delicate, moderate, intense, smooth, gentle, 
 
 

 
 

fruity, citrus, astringent, sharp     
Aftertaste     

Weak, moderate, unforgettable, long, round 
 
 

 
 

clean, dirty, musty     
Body     

Round, delicate, light, medium, full, heavy,  
 
 

 
 

intense, creamy, rich     
Balance     

  
 
 

 
 

      
Uniformity     

  
 
 

 
 

      
Clean Cup     

  
 
 

 
 

      
Cupper Perception     

  
 
 

 
 

      
Overall Score     
 6=good / 7=good plus / 7.5=good plus / 8=very good / 8.5=very good / 9-10=excellent  
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Table A-2.  Treated coffee rheologydata (run 1) 

viscosity time temperature
normal 
stress 

Pa.s s °C Pa 
6.39E-03 1.012 80.1 0.7178
1.79E-03 2.016 80.1 0.7139
9.76E-04 3.016 80.1 0.7195
7.97E-04 4.02 80.1 0.7172
6.95E-04 5.024 80.1 0.717
6.29E-04 6.02 80.1 0.7152
5.81E-04 7.012 80.1 0.7181
5.44E-04 8.016 80.1 0.7176
5.17E-04 9.016 80.1 0.715
5.00E-04 10.01 80.1 0.7185
4.89E-04 11.02 80.2 0.7196
4.83E-04 12.02 80.1 0.7194
4.76E-04 13.02 80.2 0.7156
4.69E-04 14.01 80.2 0.7163
4.58E-04 15.01 80.2 0.7133
4.56E-04 16.02 80.2 0.7171
4.56E-04 17.02 80.2 0.7189
4.57E-04 18.02 80.2 0.7158
4.55E-04 19.02 80.2 0.7157
4.51E-04 20.02 80.2 0.7138
4.48E-04 21.01 80.2 0.7178
4.48E-04 22.02 80.2 0.7134
4.50E-04 23.02 80.2 0.7126
4.51E-04 24.02 80.2 0.7159
4.50E-04 25.02 80.2 0.7138
4.46E-04 26.02 80.2 0.7147
4.45E-04 27.02 80.2 0.7167
4.48E-04 28.02 80.2 0.7166
4.50E-04 29.02 80.2 0.7195
4.50E-04 30.02 80.2 0.7178
4.48E-04 31.02 80.2 0.7175
4.46E-04 32.02 80.2 0.7164
4.47E-04 33.02 80.2 0.7164
4.50E-04 34.02 80.2 0.7189
4.53E-04 35.01 80.2 0.7149
4.53E-04 36.02 80.2 0.7148
4.49E-04 37.02 80.2 0.7156
4.46E-04 38.02 80.2 0.7164
4.47E-04 39.02 80.2 0.7142
4.49E-04 40.02 80.2 0.713
4.50E-04 41.02 80.2 0.7144
4.48E-04 42.01 80.2 0.7138
4.45E-04 43.01 80.2 0.7133
4.44E-04 44.02 80.2 0.7144
4.46E-04 45.02 80.2 0.7183
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Table A-2.  Continued 

viscosity time temperature
normal 
stress 

Pa.s s °C Pa 
4.49E-04 46.02 80.2 0.7162
4.49E-04 47.02 80.2 0.7162
4.47E-04 48.02 80.2 0.7173
4.44E-04 49.02 80.2 0.7133
4.45E-04 50.02 80.2 0.7148
4.47E-04 51.02 80.2 0.7185
4.49E-04 52.02 80.2 0.7155
4.48E-04 53.02 80.2 0.7183
4.45E-04 54.02 80.2 0.7153
4.43E-04 55.03 80.2 0.7131
4.45E-04 56.02 80.2 0.7132
4.48E-04 57.02 80.2 0.716
4.49E-04 58.02 80.2 0.7152
4.47E-04 59.02 80.2 0.7195
4.45E-04 60.02 80.2 0.7129

 
Table A-3.  Treated coffee rheology Data (run 2) 

viscosity time temperature
normal 
stress 

Pa.s s °C Pa 
5.80E-03 1.016 80.2 0.6932
1.75E-03 2.024 80.2 0.6919
9.64E-04 3.02 80.2 0.6927
7.87E-04 4.02 80.2 0.6946
6.92E-04 5.024 80.2 0.6909
6.28E-04 6.02 80.1 0.6894
5.79E-04 7.028 80.1 0.6924
5.41E-04 8.016 80.1 0.6927
5.14E-04 9.016 80.1 0.6925
4.96E-04 10.02 80.1 0.69
4.86E-04 11.02 80.1 0.6892
4.79E-04 12.02 80.1 0.6914
4.73E-04 13.02 80.1 0.6851
4.65E-04 14.02 80.1 0.69
4.55E-04 15.02 80.1 0.6872
4.52E-04 16.02 80.1 0.6927
4.52E-04 17.02 80.1 0.6893
4.52E-04 18.02 80.1 0.6907
4.50E-04 19.02 80.1 0.6893
4.46E-04 20.02 80.1 0.6913
4.43E-04 21.02 80.1 0.6902
4.43E-04 22.02 80.1 0.6882
4.45E-04 23.02 80.1 0.6884
4.47E-04 24.02 80.1 0.6906
4.46E-04 25.03 80.1 0.6901
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Table A-3.  Continued 

viscosity time temperature
normal 
stress 

Pa.s s °C Pa 
4.43E-04 26.02 80.1 0.6909
4.41E-04 27.02 80.1 0.688
4.43E-04 28.02 80.1 0.6909
4.45E-04 29.02 80.1 0.6909
4.45E-04 30.02 80.1 0.6888
4.43E-04 31.02 80.1 0.6921
4.40E-04 32.02 80.1 0.6902
4.40E-04 33.02 80.1 0.69
4.43E-04 34.02 80.1 0.6924
4.45E-04 35.02 80.1 0.6944
4.45E-04 36.02 80.1 0.6901
4.42E-04 37.02 80.1 0.6931
4.40E-04 38.02 80.1 0.6907
4.42E-04 39.02 80.1 0.6918
4.44E-04 40.02 80.1 0.6939
4.45E-04 41.02 80.1 0.6936
4.43E-04 42.02 80.1 0.6892
4.41E-04 43.02 80.1 0.6915
4.41E-04 44.02 80.1 0.6948
4.44E-04 45.02 80.1 0.6901
4.46E-04 46.02 80.1 0.6903
4.51E-04 47.02 80.1 0.6918
4.50E-04 48.02 80 0.6935
4.46E-04 49.02 80 0.6887
4.45E-04 50.02 80 0.6909
4.47E-04 51.02 80 0.6916
4.48E-04 52.02 80 0.6935
4.48E-04 53.02 80 0.6919
4.50E-04 54.02 80 0.6933
4.58E-04 55.02 80 0.6905
4.62E-04 56.02 80 0.6932
4.63E-04 57.02 80 0.6968
4.60E-04 58.03 80 0.6949
4.54E-04 59.02 80 0.6901
4.49E-04 60.02 80 0.6933

 



 

92 

Table A-4.  Control coffee rheology data (run 1) 

viscosity time temperature
normal 
stress 

Pa.s s °C Pa 
3.09E-03 1.04 79.9 0.7177
1.43E-03 2.032 79.9 0.7198
9.91E-04 3.036 79.9 0.7197
7.96E-04 4.052 79.9 0.7242
6.87E-04 5.04 80 0.7199
6.20E-04 6.04 80 0.7205
5.75E-04 7.032 80 0.7194
5.45E-04 8.036 80 0.7208
5.21E-04 9.036 80 0.7194
4.97E-04 10.04 80 0.7163
4.86E-04 11.04 80 0.7183
4.78E-04 12.04 80 0.7184
4.73E-04 13.04 80 0.7155
4.68E-04 14.03 80 0.7171
4.64E-04 15.04 80.1 0.7171
4.60E-04 16.04 80.1 0.7182
4.58E-04 17.04 80.1 0.7197
4.56E-04 18.04 80.1 0.7211
4.55E-04 19.04 80.1 0.7228
4.55E-04 20.04 80.1 0.7223
4.54E-04 21.04 80.1 0.7228
4.51E-04 22.04 80.1 0.7244
4.51E-04 23.04 80.2 0.719
4.52E-04 24.04 80.2 0.7203
4.52E-04 25.04 80.2 0.7205
4.51E-04 26.04 80.2 0.7175
4.51E-04 27.04 80.2 0.7184
4.50E-04 28.03 80.2 0.7203
4.50E-04 29.03 80.2 0.7174
4.51E-04 30.04 80.2 0.7181
4.51E-04 31.04 80.2 0.7186
4.51E-04 32.04 80.3 0.7192
4.50E-04 33.04 80.3 0.717
4.50E-04 34.04 80.3 0.72
4.50E-04 35.03 80.3 0.7225
4.50E-04 36.04 80.3 0.7203
4.50E-04 37.04 80.3 0.717
4.50E-04 38.04 80.3 0.7184
4.49E-04 39.04 80.3 0.7214
4.49E-04 40.04 80.3 0.7171
4.49E-04 41.04 80.3 0.7212
4.50E-04 42.03 80.4 0.7218
4.50E-04 43.04 80.4 0.7182
4.49E-04 44.04 80.4 0.7203
4.48E-04 45.04 80.4 0.7184
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Table A-4.  Continued 

viscosity time temperature
normal 
stress 

Pa.s s °C Pa 
4.48E-04 46.05 80.4 0.722
4.49E-04 47.04 80.4 0.7183
4.49E-04 48.04 80.4 0.7211
4.49E-04 49.03 80.4 0.7205
4.48E-04 50.03 80.4 0.7199
4.48E-04 51.04 80.4 0.7189
4.48E-04 52.04 80.4 0.7176
4.49E-04 53.04 80.4 0.7169
4.49E-04 54.04 80.4 0.7196
4.48E-04 55.04 80.4 0.7206
4.48E-04 56.03 80.4 0.7186
4.47E-04 57.04 80.4 0.7194
4.48E-04 58.04 80.4 0.7185
4.48E-04 59.04 80.4 0.7177
4.48E-04 60.04 80.4 0.7162

 
Table A-3.  Control coffee rheology data (run 2) 

Viscosity time temperature
normal 
stress 

Pa.s s °C Pa 
5.62E-03 1.02 80.2 0.6938
1.73E-03 2.02 80.2 0.6949
1.11E-03 3.02 80.2 0.6956
7.91E-04 4.028 80.2 0.6924
6.91E-04 5.024 80.2 0.6937
6.25E-04 6.028 80.1 0.6897
5.78E-04 7.02 80.1 0.6908
5.42E-04 8.02 80.1 0.6962
5.16E-04 9.02 80.1 0.6913
5.00E-04 10.02 80.1 0.6936
4.90E-04 11.02 80.1 0.6945
4.84E-04 12.02 80.1 0.6902
4.78E-04 13.03 80.1 0.6925
4.70E-04 14.02 80.1 0.6929
4.63E-04 15.02 80.1 0.6903
4.58E-04 16.02 80.1 0.692
4.58E-04 17.02 80.1 0.6953
4.59E-04 18.02 80.1 0.6951
4.57E-04 19.02 80.1 0.6931
4.53E-04 20.03 80.1 0.6919
4.50E-04 21.02 80.1 0.6922
4.50E-04 22.02 80.1 0.6955
4.52E-04 23.02 80.1 0.6945
4.54E-04 24.02 80.1 0.6937
4.52E-04 25.03 80.1 0.6953
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Table A-3.  Continued 

Viscosity time temperature
normal 
stress 

Pa.s s °C Pa 
4.49E-04 26.02 80.1 0.6911
4.47E-04 27.03 80.1 0.6926
4.49E-04 28.02 80.1 0.6925
4.51E-04 29.02 80.1 0.6916
4.51E-04 30.02 80.1 0.6933
4.49E-04 31.02 80.1 0.6944
4.47E-04 32.02 80.1 0.6945
4.47E-04 33.02 80.1 0.6936
4.49E-04 34.03 80.1 0.6962
4.52E-04 35.02 80.1 0.6934
4.51E-04 36.02 80.1 0.692
4.49E-04 37.02 80 0.693
4.47E-04 38.02 80.1 0.6931
4.48E-04 39.03 80.1 0.692
4.51E-04 40.02 80 0.6929
4.52E-04 41.03 80 0.6945
4.50E-04 42.02 80 0.6946
4.47E-04 43.02 80 0.6906
4.47E-04 44.02 80 0.6948
4.50E-04 45.02 80 0.6926
4.53E-04 46.02 80 0.6935
4.53E-04 47.02 80 0.6966
4.51E-04 48.02 80 0.6914
4.48E-04 49.02 80 0.6929
4.47E-04 50.02 80 0.6925
4.49E-04 51.02 80 0.6907
4.52E-04 52.02 80 0.6905
4.51E-04 53.02 80 0.6895
4.48E-04 54.02 80 0.6934
4.46E-04 55.03 80 0.693
4.48E-04 56.02 80 0.6917
4.52E-04 57.02 80 0.6924
4.53E-04 58.02 80 0.6895
4.52E-04 59.02 80 0.6916
4.49E-04 60.03 80 0.6903
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Table A-4.  Olfactometry port aroma active smell impressions 
Treated coffee   Control coffee   
time 
(min) Smell  

time 
(min) Smell  

2.48 sweet  2.48 mint  
2.66 rotten potatoe  2.58 banana rotten 
2.94 strange earthy  3.3 caramel  
3.25 rancid musty  3.48 butter  

3.5 buttery  4.26 chocolate cake 

3.84 garlic  4.83
wet 
shoes  

4.34 spicy, wood, tabaco  5.3 cooking  
4.86 rancid, pungent, sweet 7.02 unknown  
5.26 cured meat  7.29 strange tabaco 
5.74 canned tuna  7.63 cotton candy 

6.6 orion, fresh  7.86 unpleasent 
6.78 mushroom  8 usead diaper 
7.24 dark beer  8.29 medicine  
7.51 glue  8.49 old medicine 
7.94 sweet, sour  9.01 alcohol  
8.09 dirty, sweet  9.19 baked potatoe 
8.29 roasted nuts  9.37 fried chicken 
8.55 rancid nuts  9.63 unknown  
9.12 cooked potatoe  10.66 sweet  

9.3 rancid nuts  10.77 metal  
9.4 glue  11.19 used shoes 

9.74 humid nuts  11.4 paint, glue 
10.4 moldy, nutty, sweet  11.67 dirty, unpleasent 

10.77 chilly  11.84 wet shoes, socks 

10.84 mushroom  12.17
old 
closet  

11.17 sweet gum  12.44 flowers  

11.33 glue unpleasent  12.61
old 
fabric  

11.7 glue, alcohol  13.17 licourish  
11.9 rotten garbage, onion  13.48 mint, old medicine 

12.49 fresh cut beans  13.66 unpleasent 
12.74 caramel  13.86 mint, licourish 

13.1 dark coffee  14.02 licourish  
13.38 sweet roots  15.37 plants  
13.83 unpleasent  15.5 mint  
14.03 yeast  17.3 unknown  
14.44 sweet, caramel  18.56 old wood cabinet 

14.8 pencil, wood  19.79 sweet  
15.27 fresh asparagus  20.78 sweet  
15.44 liquified  21 gas  

17.4 ginger bread     
18.1 sweet     

18.48 leather         
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Figure A-1.  Series of pictures of the coffee taste panel 
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Table A-4.  Trained panel sample ballot (training sessions) 

Bitterness Scale 
 

You have four samples. Each one has a different degree of bitterness in the 
scale 1 - 15. Taste each sample in the order presented rinsing your mouth with 
water and a cracker. Later taste the unknown sample and place it where you 
think it belongs in terms of bitterness within the scale.  
 
 
 
 
 
Bitterness scale: 
 

         1---------------------5-----------------------10---------------------15 

Sample #:     911   515      101   301 
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Table A-5.  Trained panel sample ballot (final bitterness panel) 

Bitterness Scale 
 

You have four standards. Each one has a different degree of bitterness in the 
scale 1 - 15. Taste each standard in the order presented rinsing your mouth 
with water and a cracker between samples. This is to remind your self of the 
place they belong in the bitterness scale. 
 
Later taste the first unknown sample and place it where it belongs in terms of 
bitterness within the scale. Rinse your mouth with water and take a bite of a 
cracker, wait 10 minutes and taste the second unknown sample and place it 
where it belongs in terms of bitterness within the scale. 
 
 
THANK YOU! 
 
 
Bitterness scale: 
 

1--------------------------5-------------------------10-------------------------15 

   911       515        101             301 
 
Sample #     
 
 
Comments: If possible write a comment on the bitterness difference between 
both samples X and Y. 
 
Sample X: 
 
 
 
 
Sample Y: 
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Table A-7.  Trained panel individual results (bitterness scale 1-15) 
 

X = Treated Sample 

Y= Control 

Panelist # 1  
 1----------------------------------5------------------------------10----X------------Y--------15 

    911           515        101             301 
 

Panelist # 2  
 1----------------------------------5---------------------X-------10----------------------Y----15 

    911           515        101             301 
 

Panelist # 3  
 1----------------------------------5-------X---------------------10----------Y-------------------15 

    911           515        101             301 
 

Panelist # 4  
 1----------------------------------5------------X----------------10----------Y------------------15 

    911           515        101             301 
 

Panelist # 5  
 1----------------------------------5------------------------------10---X------------------Y---15 

    911           515        101             301 
 

Panelist # 6  
 1----------------------------------5---------------X------------10-------------Y--------------15 

    911           515        101             301 
 

Panelist # 7  
 1----------------------------------5------------------------------10---X-------------------Y--15 
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    911           515        101             301 
 

Panelist # 8  
 1----------------------------------5-------------------Y---------10--------X-------------------15 

    911           515        101             301 
 

Panelist # 9  
 1----------------------------------5------------------------------10-----------------Y---X----15 

    911           515        101             301 
 

Panelist # 10 
 1----------------------------------5------------------------------10-----X---------------Y----15 

    911           515        101             301 
 

Panelist # 11 
 1----------------------------------5------------------------------10------X-------------Y------15 

    911           515        101             301 
 

Panelist # 12 
 1----------------------------------5------------------------------10-----X-------------Y-------15 

    911           515        101             301 
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APPENDIX B 
SCANNING ELECTRON MICROSCOPE IMAGES AND ANALYSIS  

 

 
Figure B.1.  Controls color primitives images and results (color threshold = 35) 
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Figure B.2.  Controls color primitives images and results (color threshold = 35) 
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Figure B.3.  Controls color primitives images and results (color threshold = 35) 
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Figure B.4.  Controls contour images and results (L* contour > 40) 
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Figure B.5.  Controls contour images and results (L* contour > 40) 
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Figure B.6.  Controls texture primitives images and results (texture threshold = 15) 
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Figure B.7.  Controls texture primitives images and results (texture threshold = 15) 
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Figure B.8.  Controls texture primitives images and results (texture threshold = 25) 
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Figure B.9.  Controls texture primitives images and results (texture threshold = 25) 
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Figure B.10.  Treated color primitives images and results (color threshold = 35) 



 

111 

 

Figure B.11.  Treated color primitives images and results (color threshold = 35) 



 

112 

 

Figure B.12.  Treated contour images and results (L* contour > 40) 
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Figure B.13.  Treated contour images and results (L* contour > 40) 
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Figure B.14.  Treated texture primitives images and results (texture threshold = 15) 
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Figure B.15.  Treated texture primitives images and results (texture threshold = 15) 



 

116 

 

Figure B.16.  Treated texture primitives images and results (texture threshold = 25) 
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Figure B.17.  Treated texture primitives images and results (texture threshold = 25) 

 

 



 

118 

APPENDIX C 
ELECTRONIC NOSE DATA AND GRAPHS 

Table C-1.  ΔR/R results of most sensitive 12 sensors for all samples 
  5 6 9 11 17 18 20 23 26 28 29 31
Batch A 1 8.91 6.25 2.34 1.95 2.41 3.41 3.01 8.57 2.68 4.52 2.30 9.85
Batch A 2 8.42 5.85 2.21 1.74 2.34 3.16 2.77 8.07 2.43 4.33 2.19 9.21
Batch A 3 9.30 6.33 2.33 2.00 2.49 3.36 3.06 8.79 2.72 4.82 2.35 10.21
Batch A 4 9.06 6.59 2.40 2.00 2.45 3.48 3.02 8.70 2.71 4.72 2.47 10.30
Batch A 5 9.11 6.29 2.38 1.87 2.50 3.42 3.10 8.78 2.69 4.75 2.31 10.31
ave 8.96 6.26 2.33 1.91 2.44 3.36 2.99 8.58 2.65 4.63 2.32 9.98
sdv 0.33 0.27 0.07 0.11 0.06 0.12 0.13 0.30 0.12 0.20 0.10 0.47
% 3.70 4.25 3.20 5.70 2.63 3.65 4.24 3.49 4.62 4.30 4.37 4.69
Batch B 1 7.54 4.02 1.67 1.35 1.73 2.26 2.08 6.88 1.75 3.06 1.44 7.10
Batch B 2 8.05 4.57 1.83 1.49 1.93 2.57 2.37 7.36 2.01 3.39 1.65 7.87
Batch B 3 8.42 5.02 1.97 1.81 2.06 2.74 2.47 7.62 2.17 3.87 1.90 8.59
Batch B 4 7.89 4.82 1.86 1.56 2.01 2.66 2.48 7.25 2.18 3.72 1.91 8.05
Batch B 5 7.33 4.33 1.71 1.38 1.80 2.50 2.20 6.68 2.01 3.36 1.79 7.24
ave 7.85 4.55 1.81 1.52 1.91 2.55 2.32 7.16 2.02 3.48 1.74 7.77
sdv 0.43 0.40 0.12 0.18 0.14 0.18 0.17 0.38 0.17 0.32 0.20 0.61
% 5.45 8.73 6.74 12.04 7.24 7.17 7.48 5.29 8.53 9.12 11.44 7.86
Batch C 1 7.73 4.92 1.88 1.35 1.96 2.67 2.46 7.29 2.18 3.60 1.90 7.83
Batch C 2 8.84 5.78 2.17 1.89 2.32 3.12 2.83 8.21 2.56 4.40 2.22 9.48
Batch C 3 8.78 6.20 2.25 1.72 2.38 3.31 2.92 8.31 2.46 4.54 2.28 9.70
Batch C 4 8.58 6.12 2.26 1.85 2.43 3.18 2.87 8.22 2.43 4.46 2.29 9.44
Batch C 5 8.99 6.37 2.23 1.87 2.43 3.38 2.99 8.53 2.60 4.63 2.30 10.10
ave 8.58 5.88 2.16 1.74 2.30 3.13 2.81 8.11 2.45 4.33 2.20 9.31
adv 0.50 0.58 0.16 0.23 0.20 0.28 0.21 0.48 0.17 0.42 0.17 0.87
% 5.83 9.85 7.33 13.09 8.53 8.93 7.34 5.87 6.75 9.60 7.74 9.34
Treated 1 11.85 14.97 3.35 3.25 4.84 6.78 5.19 14.16 3.71 9.42 3.77 28.17
Treated 2 10.18 12.62 2.86 2.88 4.30 5.70 4.40 11.26 3.15 7.91 3.22 21.89
Treated 3 8.70 11.68 2.57 2.51 3.75 5.16 3.88 9.91 2.76 6.98 2.84 19.21
Treated 4 8.67 12.53 2.71 2.52 3.93 5.44 4.38 10.78 2.86 7.40 3.20 22.28
Treated 5 8.67 12.53 2.71 2.52 3.93 5.44 4.38 10.78 2.86 7.40 3.20 22.28
ave 9.61 12.87 2.84 2.74 4.15 5.70 4.45 11.38 3.07 7.82 3.25 22.77
adv 1.41 1.24 0.30 0.33 0.43 0.63 0.47 1.63 0.39 0.95 0.33 3.28
% 14.65 9.63 10.73 12.08 10.46 11.13 10.55 14.34 12.71 12.20 10.26 14.42
Control 1 5.33 6.74 1.11 1.10 1.64 2.00 1.67 5.76 1.29 2.94 1.21 9.68
Control 2 5.15 6.03 1.02 1.07 1.55 1.94 1.67 5.52 1.12 2.58 1.11 8.77
Control 3 4.71 5.07 0.94 0.90 1.51 1.77 1.50 4.72 1.09 2.48 0.93 7.15
Control 4 6.54 6.47 1.34 1.40 1.88 2.45 2.00 6.25 1.52 3.38 1.28 9.73
Control 5 5.35 5.74 1.01 1.04 1.62 2.05 1.82 5.39 1.26 2.65 1.07 8.77
ave 5.42 6.01 1.08 1.10 1.64 2.04 1.73 5.53 1.26 2.80 1.12 8.82
adv 0.68 0.65 0.16 0.18 0.14 0.25 0.19 0.56 0.17 0.36 0.14 1.05
% 12.55 10.84 14.45 16.68 8.71 12.35 10.88 10.12 13.69 12.94 12.10 11.85
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Figure C-1.  Discriminant function analysis summary for all sensors and all samples 

 

Figure C-2.  Classification functions; grouping: Type (all sensors and all samples) 
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Figure C-3.  Unstandardized canonical scores for all groups by sensor 
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APPENDIX D 
MACHINE VISION IMAGES 

 

Figure D-1.  Machine vision image of control coffee beans (green) with the color standards 

 

Figure D-2.  Machine vision image of treated coffee beans (green) with the color standards 
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Figure D-3.  Machine vision image of control coffee beans (roasted) with the color standards 

 

Figure D-4.  Machine vision image of treated coffee beans (roasted) with the color standards 
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Figure D-5.  Machine vision image of control coffee beans (ground) with the color standards 

 

Figure D-6.  Machine vision image of treated coffee beans (ground) with the color standards 
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APPENDIX E 
COFFEE PROCESSING 

 

Figure E-1.  Pictures of coffee processing from harvested cherries to roasted coffee. 
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