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ABSTRACT

Freitas, Valdeir Viana Freitas, D.Sc., Universidade Federal de Vicosa, October, 2023.
Chemical and sensory composition of Arabica and Robusta coffee in response to
modifications in the roasting process. Adviser: Paulo Cesar Stringheta. Co-advisers: Marcelo
Henrique dos Santos and Mércia Cristina Teixeira Ribeiro Vidigal.

In recent years, the coffee market has experienced remarkable growth, driven by its expansion
and production on a global scale. South America, in particular, stands out as one of the main
coffee-producing regions, led by Brazil, and is also the largest exporter of this agricultural
commodity. Furthermore, it is relevant to emphasize that coffee is one of the most widely
consumed beverages worldwide, attracting an increasingly discerning consumer audience
regarding product quality. An essential element in the process of transforming green coffee
beans into an aromatic and flavorful cup of coffee is the roasting stage. This operation plays a
fundamental role in creating the distinctive flavors and aromas found in the final beverage. In
this context, the purpose of this study was to investigate the complexity of roasting by
conducting a thorough analysis of the physicochemical and sensory changes that occur during
this process. For this purpose, six different roasting profiles were employed, where temperature
and roasting time were carefully considered and adjusted. The results unveiled intriguing
information. It was found that the highest levels of total phenolics, compounds endowed with
beneficial antioxidant properties for health, were identified in coffees subjected to specific
temperatures, such as 135 °C/20.20 min and 210 °C/9.02 min. These findings not only provide
valuable insight into the nutritional profile of roasted coffee but also emphasize the influence
of different roasting profiles on these characteristics. Surprisingly, C. canephora, known for its
more robust and full-bodied character, exhibited superior antioxidant activity compared to C.
arabica in many of the evaluated roasting profiles. This finding may redefine the traditional
view that C. arabica always surpasses C. canephora in terms of quality. The results showed
that roasting profiles, as well as the species, strongly influenced all investigated parameters,
particularly the concentration of sugars, organic acids, and melanoidins. Succinic acid was the
organic compound with the highest concentrations, with the highest concentration observed in
C. canephora at 210 °C/11.01 min (224.24 mg/g), with the highest concentrations of organic
acids found in this same roasting profile and species (430.39 mg/g). Fructose was the sugar
with the highest concentration, particularly in the 210 °C/11.01 min roast, which exhibited

17.14 mg/g. The highest melanoidin content was also found in this same roasting profile and



species. Sensory evaluation, conducted by both experts and consumers, has revealed significant
differences in flavor, aroma, and overall quality properties among coffee varieties and various
roasting profiles. C. arabica has received higher ratings compared to C. canephora, particularly
with better scores for roasting profiles at 135 °C/20.20 min and 230 °C/17.43 min. These
conclusions offer a deeper understanding of the nuances present in the roasting process and its
impact on the coffee experience for enthusiasts of this beverage. Therefore, as we delve deeper
into the coffee market, it becomes evident that roasting represents an operation that not only

transforms the beans but also influences flavor, nutritional value, and consumer perception.

Keywords: Coffea arabica L. Coffea canephora. Roasting. Chemical composition. Coffee

quality.



RESUMO

Freitas, Valdeir Viana, D.Sc., Universidade Federal de Vicosa, outubro de 2023. Composicao
quimica e sensorial de café arabica e robusta frente a modificacbes no processo de
torraciao. Orientador: Paulo Cesar Stringheta. Coorientadores: Marcelo Henrique dos Santos e
Mircia Cristina Teixeira Ribeiro Vidigal.

Nos ultimos anos, o mercado de café tem vivenciado um notdvel crescimento, impulsionado
pela sua expansdo e produgdo em escala global. A América do Sul, em particular, se destaca
como uma das principais regides produtoras de café, liderada pelo Brasil, e também de maior
exportador dessa commodity agricola. Além disso, € relevante salientar que o café é uma das
bebidas mais amplamente consumidas em todo o mundo, atraindo um publico de consumidores
cada vez mais exigente em relacdo a qualidade do produto. Um elemento essencial no processo
de transformacao do grao de café verde em uma xicara de café aromadtica e saborosa é a etapa
de torrefacdo. Essa opera¢do desempenha um papel fundamental na criacio dos sabores e
aromas distintivos encontrados na bebida final. Neste contexto, o propdsito deste estudo foi
investigar a complexidade da torrefagdo, conduzindo uma anélise minuciosa das alteracdes
fisico-quimicas e sensoriais que ocorrem durante essa etapa do processamento do café. Para tal
finalidade, foram empregados seis perfis de torrefacio diferentes, onde a temperatura e o tempo
de torra foram cuidadosamente definidos. Os resultados desvendaram informacgdes intrigantes.
Verificou-se que os niveis mais elevados de fendlicos totais, compostos dotados de
propriedades antioxidantes benéficas para a satde, foram identificados em cafés submetidos a
temperaturas especificas, como 135 °C/20,20 min e 210 °C/9,02 min. Essas descobertas nao
apenas fornecem uma perspectiva valiosa sobre o perfil nutricional do café torrado, mas
também enfatizam a influéncia dos diferentes perfis de torrefacdo sobre essas caracteristicas.
De forma surpreendente, o C. canephora, reconhecido por seu cardter mais robusto e
encorpado, apresentou uma atividade antioxidante superior em comparacao ao C. arabica em
muitos dos perfis de torrefacdo avaliados. Essa constatagdo pode redefinir a visdo tradicional
de que o C. arabica sempre supera o C. canephora em termos de qualidade. Os resultados
mostraram que os perfis de torrefagdo, bem como a espécie modificaram fortemente todos os
parametros fisico-quimicos investigados, principalmente as concentracdes de acucares, dcidos
organicos € melanoidinas. O 4cido succinico foi 0 composto organico com as concentracoes
mais elevadas, com a concentragdo mais alta observada em C. canephora a 210 °C/11,01 min

(224,24 mg/g), com as concentracdes mais elevadas de dcidos orginicos encontradas nesse



mesmo perfil de torrefacao e espécie (430,39 mg/g). A frutose foi o agticar com a concentracao
mais alta, particularmente na torra a 210 °C/11,01 min, que apresentou 17,14 mg/g. O maior
teor de melanoidina também foi encontrado nesse mesmo perfil de torrefacdo e espécie. A
avaliacdo sensorial, conduzida tanto por especialistas quanto por consumidores, evidenciou
diferencas notdveis nas propriedades de sabor, aroma e qualidade global entre as variedades de
café e os diversos perfis de torrefacdo, sendo o C. arabica mais bem avaliado em relacdo ao C.
canephora, com melhores notas nos perfis de torrefacao a 135 °C/20,20 min e 230 °C/17,43
min. Essas conclusdes oferecem uma compreensdo mais profunda das nuances presentes no
processo de torrefacdo e seu impacto na experiéncia do café para os apreciadores dessa bebida.
Portanto, a medida que adentramos mais profundamente no mercado cafeeiro, evidencia-se que
a torrefacdo representa uma operacdo que nao apenas transforma os grios, mas também

influencia o sabor, o valor nutricional e a percepcao do consumidor.

Palavras-chave: Coffea arabica L. Coffea canephora. Torrefagdo. Composi¢do quimica.

Qualidade do café.
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1. INTRODUCTION

Global coffee consumption has experienced a remarkable increase in recent years,
establishing itself as one of the most widely enjoyed beverages worldwide (Acquaticci et al.,
2023; Klaidaeng et al., 2023). In the realm of caffeinated preferences, the predominance of the
Coffea arabica variety stands out, recognized for imparting superior quality characteristics to
the beverage. Coffee made from C. arabica beans is appreciated for its smooth flavor and
refined sensory attributes, in sharp contrast to the Coffea canephora variety. However, this
gustatory excellence often translates into a higher price tag in the market (Chindapam et al.,
2019; Hall et al., 2022; Poisson et al., 2017). Furthermore, the world of coffee exhibits a wealth
of nuances that encompass a diversity of types, influenced by variety selection, processing
method, degree of bean roasting, brewing techniques, and even the addition of complementary
ingredients (Mehaya & Mohammad, 2020; Pereira et al., 2021; Poltronieri & Rossi, 2016;
Worku et al., 2023).

Roasting and other thermal procedures represent essential steps in improving the
digestibility and palatability of food products while enhancing the bioavailability of
constituents through physicochemical and structural modifications in the food matrix
(Baggenstoss et al., 2008; Cortés-Macias et al., 2023; Sruthi et al., 2021). It is worth noting that
the degree of roasting plays a fundamental role in defining coffee characteristics, such as
antioxidant activity and phenolic compound content (Freitas et al., 2023). However, the
influence of roasting on coffee's bioactive compounds remains a topic of ongoing debate. Some
research suggests that high roasting temperatures can result in the depletion of phenolic
compounds, leading to a reduction in the beverage's antioxidant activity. In contrast, milder
roasting tends to preserve antioxidant activity because certain phenolic compounds are heat-
resistant, and new non-phenolic compounds are generated during the roasting process (Freitas
et al., 2023; Mehaya & Mohammad, 2020; Van der Werf et al., 2014; Wu et al., 2022).

The intrinsic bioactivity of coffee is closely related to phenolic compounds, notably
chlorogenic acids, which are more abundant in unroasted coffee beans (Pimpley et al., 2020).
However, most coffee preparations involve beans that have undergone the roasting process,
significantly altering coffee's bioactivity by reducing phenolic compounds and generating
Maillard reaction products (Alongi & Anese, 2018; Alongi et al., 2019; Alongi et al., 2021;
Anese et al., 2023). In addition to chlorogenic acids, coffee also contains caffeine, known for

its stimulating effect. Epidemiological studies suggest that coffee consumption may be
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correlated with a reduced risk of cancer (Silva et al., 2022) and type 2 diabetes (Akash et al.,
2014; Shahinfar et al., 2021), with these beneficial properties largely attributed to chlorogenic
acids (CGAs), caffeine, and trigonelline (Li et al., 2023).

The roasting phase, essential in coffee processing, directly influences the quality
characteristics of the product, including aroma, flavor, and color. During roasting, heat triggers
the Maillard reaction, caramelization, and oxidation of certain polyphenolic compounds,
contributing to the distinctive traits of coffee beans (Aguiar et al., 2016; Sruthi et al., 2021).
However, this process can also lead to the degradation of proteins, polysaccharides, caffeine,
trigonelline, and CGAs, as well as the generation of the compound 5-hydroxymethylfurfural
(5-HMF), a result of the thermal decomposition of sugars via the Maillard reaction or
caramelization (Chaichi et al., 2015; Mehaya & Mohammad, 2020; Freitas et al., 2023; Lopes
et al., 2020).

Specifically, roasting, a dry heating process, is a crucial step in coffee production, with
variations in roasting conditions, such as temperatures typically ranging from 160-240°C and
exposure time to heat of 8-25 minutes, resulting in different flavor profiles, ranging from light
to medium and dark roasts (Park et al., 2023; Sruthi et al., 2021). The choice of roasting profile
represents a critical decision in achieving the desired flavor and is an essential element in
defining the quality of the final product.

The objective of this study was to assess various parameters, including colorimetric
indices, chemical composition, antioxidant activity, and total phenolic content in Robusta and
Arabica coffees. This study addressed variations in time and temperature during the post-
harvest roasting process. Additionally, an attempt was made to establish references for the
concentration of sugars and organic acids present. For a more comprehensive approach, this
study also investigated the possibility of qualitatively predicting different roasting profiles
based on infrared spectra, as well as assessed the sensory quality of the coffees through tastings

conducted by trained tasters and consumers.
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Abstract

Context

Coffee is a culture of great economic importance on the global stage. In the international
market, the term "specialty coffee" is used to describe a beverage of exceptional quality,
distinguished by its unique flavors and characteristics. This superior quality becomes a key
factor in accessing markets where consumers are willing to pay an added value for the product.
Numerous factors, from cultivation to consumer preferences, play an essential role in
determining the final quality of coffee. Obtaining a comprehensive understanding of these

factors is essential for effectively managing coffee processing and beneficiation procedures

Scope and approach

This comprehensive review aims to explore various aspects of the coffee post-harvest process,
encompassing its production, consumption, and the factors that influence its quality. Special
emphasis will be given to the entire quality process involving coffee, with a discussion based

on the available scientific literature on the subject.

Key findings and conclusions

The quality of coffee beans is influenced by factors such as harvesting methods, geographical
location, climate, and genetic characteristics. Post-harvest processing, including roasting,
significantly impacts the chemical composition and sensory attributes of coffee. Chemically,
coffee is a complex mixture containing caffeine, chlorogenic acids, sugars, lipids, amino acids,
minerals, and vitamins. Understanding these interconnected elements is essential for optimizing
coffee production while appreciating its unique characteristics. The review brought innovative
information regarding the influence of factors such as harvesting, genetics, and roasting on
coffee quality, emphasizing the complexity of its production. Furthermore, it addressed the rich

chemical composition of coffee and its impact on sensory attributes and health benefits

Keywords: Coffee Quality; Cultivation; Processing Methods; Roasting; Coffee Chemistry.
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1. Introduction

In recent years, the coffee market has gained significant prominence due to its
development and worldwide production. South America stands out as one of the major coffee-
producing regions, with Brazil leading the production and export of this agricultural
commodity. In 2020, the global coffee production was estimated at 175,347 million 60 kg bags,
while global consumption reached 167,670 million bags (ICO, 2022). Brazil, as the leader in
this market, produced around 69 million 60kg bags in the same year, followed by countries like
Vietnam, Colombia, and Indonesia, which also contribute significantly to the coffee market
(ICO, 2022). Minas Gerais, Espirito Santo, Sao Paulo, and Bahia are the Brazilian states that
stood out the most in coffee production in 2020 (CONAB, 2022).

Furthermore, the price of coffee beans reached its highest value in a decade, further
boosting the Brazilian economy and that of other coffee-producing countries (ICO, 2022).
Coffee consumption has also been on the rise over time, with estimates pointing to
approximately 166,340 million 60 kg bags consumed worldwide in 2022 (BCA, 2021; ICO,
2022).

This traditional and widely consumed beverage plays a crucial role in the global and
Brazilian economy. With the growing demand for high-quality products, the coffee market has
expanded to meet consumer preferences. Currently, there are various coffee varieties available,
such as freshly ground coffee, instant coffee, instant coffee blends, fresh ground coffee pods,
and standard decaffeinated instant coffee (Gosalvitr et al., 2023).

The quality of coffee is influenced by various factors, from agriculture and processing
methods to roasting and grinding of the beans, as well as beverage preparation methods and
consumer preferences. Grain maturation, harvesting method, geographical location, regional
climate, cultivation method, and grain genetics are some of the relevant factors for coffee
quality (Pereira et al., 2021; Poltronieri & Rossi, 2016; Worku et al., 2023). The altitude of
coffee plantations also plays an important role in the quality of the final product, although there
are different perspectives on this factor. Additionally, the region's climate, including
temperatures and regular rainfall, can affect coffee production and quality by influencing the
development of pests and diseases (Magrach & Ghazoul, 2015; Mukherjee et al., 2012). Grain
genetics, represented by species and varieties, is also a determining factor in coffee quality.
Coffea arabica 1s the most cultivated and consumed species, known for its fine and exquisite

aromas, while Coffea canephora has unique characteristics such as higher caffeine content and
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distinct flavors (Chindapam et al., 2019; Dong et al., 2015; Hall et al., 2022; Poisson et al.,
2017).

The harvesting process and the type of processing also have a direct impact on the final
quality of coffee. Dry, wet, or semi-dry processing affects the chemical composition of the
beans and, consequently, the sensory properties of the beverage (Cassimiro et al., 2022; Ferreira
et al., 2023; Pereira et al., 2015; Ribeiro et al., 2016; Worku et al., 2018).

The roasting process is essential for developing the characteristic flavors and aromas of
coffee. Roasting occurs in stages, with Maillard reactions and caramelization being responsible
for creating the complex flavors found in the final beverage. The choice of roast level also
influences the chemistry and characteristics of the coffee (Freitas et al., 2023; Lee et al., 2015;
Sruthi et al., 2021; Worku et al., 2018). Understanding the entire coffee production chain, as
well as its scientific aspects, is essential for producers, roasters, and coffee enthusiasts aiming
to produce high-quality products appreciated by consumers.

The unique aspect of this review lies in its comprehensive and interdisciplinary
approach to coffee production, covering not only traditional aspects such as agriculture and
processing but also the scientific factors that influence coffee quality, from grain genetics to
chemical reactions during roasting. Additionally, it highlights the impact of coffee on the global

and Brazilian economies, including recent data on production and consumption.

2. Scope and approach of the review

The topic addressed is the origin and market, quality and processing, roasting, and
chemistry of coffee. The proposal is to provide a scientific approach to these topics, based on
studies in the field. The discussion begins with the exploration of the historical and geographical
origins of coffee, as well as its relevance in the global market. Economic factors such as
production, export, consumption, and market trends are considered, as well as socio-economic
and environmental aspects that affect the coffee industry.

Next, the issue of coffee quality and processing is addressed. Quality criteria such as
sensory attributes, chemical composition, and physical characteristics of coffee are examined.
In addition, processing techniques such as wet processing, dry processing, and semi-dry
processing are discussed, along with their influence on the quality of the final product.

The main focus is on coffee roasting and its chemistry. The roasting process is described,

including the stages of drying, Maillard reactions, caramelization, and pyrolysis, with an
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emphasis on temperature evolution. The complex chemistry involved in roasting is explored,
considering the degradation and formation of chemical compounds. The effects of roasting on
sensory quality and the antioxidant and anti-inflammatory properties of coffee are also reported.

This scientific approach aims to present information based on recent studies to provide
an in-depth understanding of the origin, market, quality, processing, roasting, and chemistry of
coffee. The goal is to promote knowledge of this widely consumed and appreciated beverage

worldwide.

3. Coffee origin and market

Coffee is a perennial shrub plant belonging to the Rubiaceae family, which produces
fruits that usually contain two seeds. Coffee seeds, after processing and beneficiation, are
commonly consumed in the form of an infusion. Reports indicate that the cultivation of the
plant was first carried out by the Arabs, hence the name "C. arabica," which is the scientific
name of the most important coffee species. However, it is credited to the Arabs of Yemen for
spreading the coffee culture to the rest of the world (Pimenta, 2003). They held a monopoly on
coffee for a long time and kept the secret of its cultivation and processing. Coffee was
transported along the Coffee Route, a trade network that extended from the Middle East to
North Africa, India, and eventually to Europe. Coffee reached Europe in the late 17th century,
initially in the city of Venice, Italy, and then spread to other parts of the continent. Coffeehouses
became popular venues for intellectual and social gatherings. Over time, coffee spread to other
tropical regions worldwide, such as Central America, Africa, and Asia. Each region developed
its own varieties and cultivation methods, resulting in the diversity of coffee flavors we know
today. Coffee's arrival in Brazil occurred around 1727 when it was brought by Father Francisco
Mello Palheta from French Guiana (Ukers, 1922). Initially, coffee plantations in Brazil were
established in the state of Pard and later in Maranh@o. Years later, the cultivation of this crop
spread to other states such as Minas Gerais, Rio de Janeiro, Bahia, Sao Paulo, and Parand
(Ferrao, 2004; Matiello et al., 2008). Coffee adapted well to the Brazilian tropical climate and

quickly gained importance in the national economy.

In recent years, the coffee market has gained significant prominence due to its
development and production. South America stands out in coffee production for the
year/harvest, with a total production of 88.2 million 60 kg bags in 2020. In 2020, the estimated

global coffee production was 175,347 million 60 kg bags, with consumption reaching 167,670
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million 60 kg bags. Brazil excelled in the production and export of this agricultural commodity,
producing approximately 69 million 60 kg bags (year/harvest). Following Brazil in production
rankings, notable countries include Vietnam (29 million 60 kg bags), Colombia (14.3 million
60 kg bags), and Indonesia (12.1 million 60 kg bags). The respective production and global
consumption figures are presented in Figure 1. The lowest year/harvest production in 2020 was
prominent in the African continent, with an estimated total production of 18.5 million 60 kg

bags (ICO, 2022).

Coffee production and consumpition in million 60 kg bags

180.000 y=3329.7x + 147.656

170.000

160.000 Y= 2717.8x+ 147,051
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Y ears

Coffes production = Coffee consumption

Figure 1. Estimation of coffee production and consumption in millions of 60 kg bags (ICO,
2022).

The Brazilian states that stood out in production in 2020 were Minas Gerais (34.6
million 60 kg bags), Espirito Santo (13.9 million 60 kg bags), Sdo Paulo (6.1 million 60 kg
bags), and Bahia (3.9 million 60 kg bags) (CONAB, 2022). The price of coffee beans reached
its highest value in 10 years, around 204.29 cents per pound (ICO, 2022).In the last 50 years,
up to 2015, coffee consumption increased by approximately 1.9%. (Lee et al., 2015). Global
consumption in 2022 was estimated at 166.34 million 60 kg bags. The United States was listed
as the largest consumer of coffee, with 26.1 million 60 kg bags, followed by Brazil with 21.9
million 60 kg bags. In terms of daily cup consumption, approximately two billion cups are
consumed worldwide, totaling a relatively high annual consumption volume (about 10 million

tons of coffee) (BCA, 2021; ICO, 2022).

Being a traditional beverage consumed worldwide, coffee plays a significant role in the

Brazilian economy, as well as in other countries (Bermejo et al., 2013; Debatiani et al., 2018).
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Due to high production and daily consumption, the coffee market has been growing in parallel
with consumer preferences for high-quality products. Currently, coffee is produced and
marketed under a variety of production structures, meaning modifications in processes (Ufer et

al., 2019).

Specifically, it is widely known that domestic consumption of this product has been
increasing over the years due to greater awareness of coffee quality and even due to the
restructuring efforts by regulatory bodies (SCA - Special Coffee Association, COB - Brazilian
Official Classification; ABIC - Brazilian Coffee Industry Association, and other international
organizations) concerning product quality. Different coffee-based products are available in the
market, with the top five relevant to consumption being fresh ground coffee, instant coffee,
instant coffee blends, fresh ground coffee capsules, and standard decaffeinated instant coffee
(Gosalvitr et al., 2023). Coffee production is on the rise, with a growing focus on specialty and
sustainable coffee. The trend is for single-origin, high-quality coffee to be more appreciated in
the future, along with increased consumption in emerging countries and the use of technology

in coffee production and preparation.

4. Principles of coffee quality and processing

The quality of coffee is characterized by the combination of various factors. Among the
relevant factors in the complexity of the beverage are the processes related to agriculture,
processing method, roasting, and grinding of the beans, the methods used in preparing the

beverage, as well as consumer preferences (Fig. 2).
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Figure 2. Principles of cultivation, processing, and preparation methods that influence the final
quality of coffee beverage.

Specifically, among the agricultural factors related to beverage quality, the ripeness of
coffee beans, the harvesting method, seasonality, geographical location, climate, cultivation
method, and genetic makeup of the beans stand out (Pereira et al., 2021; Poltronieri & Rossi,
2016; Worku et al., 2023).

The composition of coffee beans is highly complex and variable, which is why it is
necessary to harvest the beans at an early stage of ripening to ensure uniformity in terms of
chemical and sensory characteristics (Ferreira et al., 2023; Poltronieri & Rossi, 2016; Vale et
al., 2019). Another intriguing factor that has been the subject of various studies is the location
of coffee plantations. In particular, the altitude of cultivation has been used as a reference for
the potential quality of the final beverage (Pereira et al., 2021). It is reported that the altitude of
coffee plantations has a direct impact on the beverage, related to factors like temperature,
humidity, and sunlight exposure. However, studies on the effect of altitude on coffee quality
have produced conflicting results. According to some researchers, higher altitudes yield higher-
quality coffee. Ribeiro et al. (2016), in a study using C. arabica variety Bourbon Amarelo,
compared plantations at 1000 and 1200 meters, and coffee cultivated at 1200 meters was

characterized as higher quality, attributed to higher concentrations of trigonelline and



21

chlorogenic acids (3-CQA) in the coffee. On the other hand, Muschler et al. (2001) claimed that
growing coffee at lower altitudes (700 meters above sea level) with shading over most of the
plantation can favor the final quality of the beverage. Additionally, the study evaluated C.
arabica varieties Caturra and Catimor 5175 and found that shading leads to uniform ripening
of coffee beans, resulting in higher quality. It is believed that geographical origin plays a
significant role in the quality and chemical composition of coffee beans (Worku et al., 2023).

Intrinsically, the region's climate is another influential characteristic in coffee
production and quality. It is reported that high temperatures and irregular rainfall indirectly
affect coffee production and, consequently, the final beverage because these environmental
factors can promote the spread and increase of pests and diseases in coffee plants. These factors
can disrupt the flowering process and bean development, resulting in lower-quality coffee and
reduced productivity (Magrach & Ghazoul, 2015; Mukherjee et al., 2012). As reported to Ayal
et al. (2023), coffee growing regions experience significant climatic variability throughout the
year, and it is likely that plantations may be affected in the future, leading to decreased
production of this commodity and economic losses.

Another relevant factor in the production of specialty coffees is the use of shading
systems in conjunction with other plant species. This consortium provides lower temperature
variations during the day and night, significantly inhibits weed growth, and reduces soil erosion
(Hairiah et al., 2006; Meylan et al., 2017). The shading system often integrates with the soil,
contributing to greater nutrient availability, as well as favoring biodiversity. However, it is
believed that the yield in bags is lower compared to coffee plants with more direct sunlight
exposure (Meylan et al., 2017; Steiman et al., 2011).

Directly related to climate, we have the genetics of coffee beans (the species or variety)
(Pereira et al., 2021). Among the most popular and appreciated species are C. arabica and C.
canephora (Fig. 3), both having distinct characteristics regarding quality due to their chemical
composition (Chindapam et al., 2019; Febrianto & Zhu, 2023). C. arabica is the most cultivated
species, with 44 chromosomes, and is known for its fine and exquisite aromas, characterized as
mild and pleasant coffee, making it the most consumed and preferred by consumers.
Additionally, C. arabica represents 70% of the world's production, and due to its stable yields,
some studies indicate that this species requires altitudes of at least 700 meters for optimal
cultivation conditions (Batista et al., 2016; Dong et al., 2015). C. arabica is characterized by
higher concentrations of carbohydrates (50-60%), lipids (< 2%) and proteins (10-15%), and
lower caffeine content between 0.9% and 1.3% (Poisson et al., 2017). C. canephora has 22

chromosomes and is considered lower quality compared to C. arabica due to its higher caffeine
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content (1.6 to 2.5%) and soluble solids (1.2-1.5%). C. canephora also has a unique and
distinctive flavor due to its bitterness and astringency, as well as being characterized by low
acidity, making it suitable for instant coffee preparation (Chindapam et al., 2019; Dong et al.,
2015; Hall et al., 2022; Poisson et al., 2017). The cultivation conditions for this species are
favored at lower altitudes (Girma et al., 2020; Park et al., 2023).

Coffea arabica Coffea canephora

Figure 3. Representation of the shape of Coffea arabica and Coffea canephora species.

The genetics of the fruit is closely linked to cultivars and species, thereby influencing
the final quality of the beverage (Hall et al., 2022; Pereira et al., 2021; Scholz et al., 2018). The
most cultivated varieties in Brazil are Catuai and Mundo Novo, which originated from a natural
hybridization between the Red Bourbon and Sumatra cultivars. In turn, the hybridization
between Mundo Novo and Yellow Caturra resulted in the Catuai Amarelo and Catuai Vermelho
cultivars. Intending to optimize the vegetative vigor of the Catuai Amarelo cultivar, the
backcrossing of this variety with Mundo Novo resulted in the Rubi, Ouro Amarelo, Travessia,
Ouro Verde, Topazio, and Ouro Bronze cultivars. Each variety has a specific relationship with
the quality of the beans and consequently the final beverage (Kitzberger et al., 2013).

Another factor affecting the final quality of coffee is the harvesting process, and as
mentioned earlier, this process should be carried out at the ideal stage of ripeness (the cherries).
Harvesting can be done in three different ways: manual, semi-mechanized, and mechanized
(Poltronieri & Rossi, 2016; Vale et al., 2019). In the most common method (manual), it is
reported that beans exhibit higher quality compared to semi-mechanized and mechanized
methods, but it comes with the disadvantage of higher labor costs and a more time-consuming
harvesting process (Bertone et al., 2016; Ramos et al., 2017; Veloso et al., 2020).

After the pre-harvest process, coffee beans undergo processing. Coffee can be processed

in three different ways: dry, semi-dry, and wet processing (Cortés-Macias et al., 2023; Pereira
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et al., 2019; Saloko et al., 2019). The advantages and disadvantages of the type of processing
used are listed in Table 1 (Cassimiro et al., 2022; Cassimiro et al., 2023; Ferreira et al., 2023;
Matiello & Santinato, 2010; Pereira et al., 2015; Pereira et al., 2021; Ribeiro et al., 2016;
Widodo et al., 2023; Worku et al., 2018).

In the dry processing (Fig. 4), fruits at different stages of ripeness are preferably
separated, and then they are placed on cement platforms, where they remain for approximately
3 weeks or until the moisture content reaches 12%. This is why coffee from this process is
called "platform" coffee. If faster drying is needed, the beans can be subjected to mechanical
dryers after exposure to the sun. This type of processing is commonly used for most C. arabica
in Brazil, Yemen, and Ethiopia, and generally for nearly all C. canephora (Pereira et al., 2019;
Poltronieri & Rossi, 2016). Dry processing can result in coffees with more complex and fruity
flavors due to drying the beans with the skin and pulp intact. However, the beverage quality
can be more variable due to exposure to the environment and risks of unwanted fermentation.
In terms of cost-effectiveness, dry processing is generally more economical as it requires fewer
processing steps and less water. This can reduce production costs and make coffee more

affordable in terms of price.

Table 1. Comparative analysis of coffee processing methods: Positive and negative Aspects.
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Processing methods

Positive points

Negative points

Dry processing

. The dry process (natural) is typically associated with certain
characteristics, such as low acidity, exotic flavors, and a richer body
profile. On the other hand, full-washed processing tends to exhibit
cleaner, lighter, and slightly fruity attributes;

. The resulting coffee tends to have a lighter and softer body
with a higher level of acidity;

. In these processing systems, high levels of glucose and fruc-
tose are present, which result from the low sugar metabolism occur-
ring in more aerobic conditions;

. It is an environmentally-friendly practice with minimal im-

plementation and operating costs.

. This processing method carries significant risks to the quality as
the coffee beans are dried at varying stages of maturation and different
water contents, which can result in fruits with various abnormalities;

J The harvest peak in some regions, such as in many Latin Amer-
ican countries, coincides with the rainy season, making it challenging to
dry the coffee, thus impacting the final quality of the product;

. Due to their need for large areas, these methods tend to result in

low drying rates, especially when on-farm drying capacity is limited.

Semi-dry

processing

. These processing systems offer the advantage of significantly
reducing both the yard area needed and the drying time required;

. Fermentation tanks are not necessary for this process;

. Microbial growth can be facilitated by the nutrient-rich con-
tent present in coffee pulp and wastewater from fruit demucilage,
which are the primary residues generated during coffee processing.
Consequently, these residues hold the potential for utilization in var-

ious bioprocesses.

. Eliminating the bark and mucilage is essential as they provide
suitable environments for the growth of microorganisms. By removing
them, the occurrence of harmful fermentations that could negatively im-
pact the final product's quality can be prevented;

. The primary processes, including cleaning, float separation, and
pulping, are fundamental steps in coffee processing and can strongly

influence the sensory qualities of final coffee products.
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Wet processing

. This technique finds its primary application in Arabica coffee
processing, where coffee cherries are harvested and then mechani-
cally stripped of their outer peel and pulp. As a result, the beans retain
the mucilage firmly attached to them;
o One of the key benefits of this method is its cost-effectiveness
due to the minimal infrastructure investment required. It entails the
use of a tank, typically constructed from cement, which keeps the ex-
penses relatively low;
. During this process, fermentation takes place concurrently
with the germination process, leading to a notable increase in the
abundance of amino acids;
. The submerged process offers the advantage of facilitating
homogenization and accelerating mucilage removal, as most of the
components involved are soluble;

e By regulating the aeration rate, it becomes feasible to control
both the aerobic and anaerobic phases' duration during the process;

. The submerged process produces coffee with differentiated
composition and sensory characteristics when compared to dry and

semi-dry processed coffee.

. Employing the submerged process results in elevated water ac-
tivity while gradually reducing the availability of oxygen;

. Soaking coffee in water for 36-40 hours as part of the wet pro-
cessing method leads to a reduction in caffeine content. This decrease
is primarily attributed to conventional and enzymatic processing, which
helps minimize the caffeine content;

e  More expensive method when contrasted with wet processing,
necessitating the utilization of water;

e This processing method is more suitable for countries with lower
temperatures, as the coffee covered in mucilage needs to dry quickly to
prevent fermentation. In areas with high humidity, the beans may be
affected due to increased fungal development, making it a more region-

ally dependent approach.
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Figure 4. Schematic representation of coffee processing by the dry method.

In the wet processing of coffee (Fig. 5), beans go through a washing process, and
floating beans are selected, which will be processed separately; in this process, beans are peeled,
depulped, or demucilaged from the fruit (Cortés-Macias et al., 2023; Febrianto & Zhu, 2023;
Ferreira et al., 2023). Wet processing of coffee originated out of practical necessity rather than
as an alternative to modifying coffee flavor. As C. arabica, native to subtropical climates, began
to be grown in tropical areas, intense fermentative processes were observed in cherry fruits
immediately after harvesting, which had an impact on the final product's quality (Ferreira et al.,
2023; Poltronieri & Rossi, 2016). To prevent this type of fermentation, the removal of the
mesocarp, rich in sugars, began to be performed. Thus, fermentation in this process aims to
facilitate the removal of the mucilage layer from the seed (Mahingsapun et al., 2022; Pereira et

al., 2015). Wet processing is generally considered the method that provides a more consistent
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and typically more refined beverage quality. This is because the coffee's skin and pulp are
removed before drying, resulting in a cleaner and brighter drink. The method allows for better

control of fermentation and coffee flavor.

Manual, mechanizedor "‘
and semi-mechanized
harvesting

Peel and float

separation \ |

Coffee pulp

/ separation

Float fruits

4

Mixture of pulp

/ and peel

Discard
Adding water

Drying, fermentation
and roasting \

Figure 5. Schematic representation of coffee processing by the wet method.

In the semi-dry processing (or pulped natural) (Fig. 6), for the separation of coffee beans
from the fruit, they go through the pulping process, where some or most of the mucilage is
mechanically removed, and it is considered the least common form of processing (Cortés-
Macias et al., 2023; Poltronieri & Rossi, 2016). The beans are dried in the open air, which can
take from 10 to 15 days, depending on climatic conditions, and the process is considered
complete when the bean moisture content is between 10 and 12%. The amount of mucilage
removed depends on the characteristics of the machine used (Ferreira et al., 2023; Widodo et

al., 2023).
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Figure 6. Schematic representation of coffee processing by the semi-dry method.

Coffee produced through the digestive process of animals is known for its unique
characteristics in the beverage, resulting from spontaneous fermentation that occurs within the
animal's digestive system (Fig. 7). This type of coffee is recognized by the ingestion of ripe
coffee cherries by two animals: the Jacu (Penelope superciliaris), a bird, and the Civet
(Paradoxurus hermaphroditus), a mammal (Raveendran & Murthy, 2022). The Jacu produces
the well-known "Jacu Bird Coffee," originating from Brazil, particularly the Atlantic rainforest,
and is found in greater numbers on farms in the state of Espirito Santo, Brazil. "Kopi Luwak"
coffee is produced by the Civet, a mammal native to Africa and Asia with nocturnal habits and
sharp vision and sense of smell to locate and subsequently ingest fully ripe coffee cherries
(cherries). After fermentation with enzymatic action in their digestive systems, the beans are

expelled along with feces, cleaned, and processed for consumption. Both animals result in high-
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quality coffee with higher prices in the market (Febrianto & Zhu, 2023; Febrina et al., 2021;
Jumhawan et al., 2016; Marcone, 2004; Raveendran & Murthy, 2022).

Bio-digestive
fermentation

-~

Sanitization .
Elimination of coffee
\ beans with the stool

Final drink

Roasting

Figure 7. Schematic representation of coffee processing through the animal bio-digestive
system.

The processing method employed for coffee defines changes in the components of the
bean, which are closely related to the final quality of the beverage. After harvesting and
processing, the obtained beans are roasted, which imparts flavor, aroma, and the typical color
of coffee (Poltronieri & Rossi, 2016).

S. Roasting process
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Roasting coffee is an essential process in creating the unique flavors and aromas found
in the final beverage. This process can be divided into several stages that occur sequentially and
contribute to the transformation of green coffee beans into ready-to-consume roasted beans
(Baggenstoss et al., 2008; Cortés-Macias et al., 2023; Sruthi et al., 2021).

Initially, coffee beans undergo meticulous preparation, involving selection, cleaning,
and classification based on criteria such as size and quality. Subsequently, the beans are
subjected to drying to reduce the moisture content, with 12% moisture content being an
essential parameter. This process is crucial to ensure even roasting and to prevent issues such
as fungal development (Poltronieri & Rossi, 2016; Sruthi et al., 2021).

After drying, the beans are placed in the roaster, where they are exposed to high
temperatures, typically ranging from 160 °C to 240 °C. In the industrial-scale coffee roasting
sector, it's common to find fluidized bed or semi-fluidized bed roasters widely adopted. In
conventional fluidized bed roasters, coffee beans are suspended in a bed of hot air, allowing for
even heat distribution. This is essential to ensure a consistent roast and prevent beans from
burning. The fluidized bed is maintained through a combination of airflow and mechanical
movement. In semi-fluidized bed roasters, there are intermediate features between fluidized bed
roasters and traditional drum roasters. In this method, coffee beans are partially suspended in
the hot air, while a portion of them rests on a fixed bed. This enables greater control over the
roasting process and is suitable for producing specific roast profiles. These roasters operate
using hot air flow and also utilize a heated surface (Sruthi et al., 2021). A notable improvement
in this technology is the ability to monitor the temperature of coffee beans during the roasting
process, as well as the possibility to create temperature gradients. These innovations allow for
the creation of customized roast profiles tailored to the specific characteristics of different bean
types, ensuring a pleasing final taste (Freitas et al., 2023; Sruthi et al., 2021; Tocia et al., 2020).

During roasting, a series of chemical reactions occur, causing physical and chemical
changes in the beans (Freitas et al., 2023; Poltronieri & Rossi, 2016). The first indication of this
process is the first crack, which occurs when the beans start to expand, releasing steam and
carbon dioxide. This event is accompanied by a popping sound and the release of light smoke.
The first crack marks the beginning of the transition from green coffee beans to roasted (Milani
et al., 2017).

As roasting progresses, the Maillard reaction and caramelization reactions take place.
These reactions involve the interaction of sugars and amino acids present in the beans, resulting
in the formation of compounds responsible for providing the complex flavors and aromas

characteristic of coffee (Aguiar et al., 2016; Freitas et al., 2023; Strezov & Evans 2005). These
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reactions are essential to develop a wide range of desirable sensory characteristics in the final
beverage, ranging from fruity and floral notes to chocolate, caramel, and nutty flavors (Sruthi
et al., 2021).

In some darker roasts, a second crack can occur. In this phase, less audible than the first
crack, the beans continue to expand, and there is additional release of steam and carbon dioxide
(Silva et al., 2023). After reaching the desired roast level, coffee beans are rapidly cooled to
halt the roasting process (Grzelczyk et al., 2022). Specifically, the roasting process is a crucial
step in coffee processing, and during this dry heating process, the Maillard reaction,
caramelization reaction, and oxidation of phenolic compounds occur, contributing to the
development of coffee's sensory properties such as aroma, flavor, and color (Aguiar et al., 2016;
Freitas et al., 2023; Sruthi et al., 2021). However, it's important to note that roasting can also
lead to the degradation of essential coffee components, such as proteins, polysaccharides,
caffeine, trigonelline, and chlorogenic acids, as well as the formation of the compound 5-
hydroxymethylfurfural (5-HMF) (Chaichi et al., 2015; Lopes et al., 2020). 5-HMF is a furanic
aldehyde resulting from the thermal decomposition of sugars through the Maillard or
caramelization reaction, and post-harvest methods can vary its concentration (Acquaticci et al.,
2023; Chaichi et al., 2015; Cortés-Macias et al., 2023). The concentration of HMF (5-
Hydroxymethylfurfural) in roasted coffee can vary widely depending on various factors,
including the type of coffee, roasting method, roasting time, and storage conditions. In general,
the concentration of HMF in roasted coffee can range from a few milligrams per gram (mg/g)
to nearly undetectable levels. The importance of this compound in coffee is related to aspects
of flavor and aroma, as an indicator of roasting quality, storage potential, and health.

Studies indicate that roasting affects the antioxidant and anti-inflammatory properties
of coffee, with a direct correlation to the roast level and the compounds present in the beans
after roasting (Freitas et al., 2023; Wang et al., 2022). The antioxidant compounds found in
roasted coffee include chlorogenic acid, caffeine, melanoidins, ascorbic acid, ferulic acid,
quinides, and catechins Roasting conditions can vary, with different roast levels (light, medium,
and dark) primarily determined by temperature (160-240 °C) and roasting time variation (8-25
min), aiming to achieve the desired final product profile (Freitas et al., 2023; Nobrega et al.,
2023; Park et al., 2023; Sruthi et al., 2021; Strezov & Evans 2005). It is important to highlight
that high temperatures during roasting promote significant changes in the chemical composition
and physical properties of coffee (Sruthi et al., 2021). The most common temperature ranges
during the roasting process vary between 160 °C and 240 °C, with roasting at 210 °C for a

maximum heat exposure time of 14 minutes being more common. This range of temperatures
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and roasting times can significantly influence the resulting flavor profile of the coffee. (Freitas
et al., 2023; Park et al., 2023; Sruthi et al., 2021).

The coffee roasting process begins with the drying phase, in which free water is easily
evaporated, and the temperature of coffee beans exceeds 100 °C. In the early stages of roasting,
free amino acids and reducing sugars are rapidly consumed in the Maillard reaction, with
significant degradation of sucrose also occurring. As the temperature exceeds 160 °C,
caramelization becomes more prominent, resulting in the complete depletion of sucrose, which
is present in 4 to 8 % of coffee beans (Aguiar et al., 2016; Strezov & Evans 2005). From the
first crack of coffee beans, which occurs due to pressure generated by water and carbon dioxide
inside them, pyrolysis reactions begin. This moment marks the development of the coffee's
aromatic profile and corresponds to light to medium roast levels (Silva et al., 2023).

As roasting continues, the reactions intensify with increasing temperature, resulting in
an increase in the specific volume of coffee and a gradual darkening of its color (Freitas et al.,
2023). With the occurrence of the second crack, high-temperature roasting levels are achieved,
producing dark roasted coffee (Baggenstoss et al., 2008). At this point, coffee oil migrates to
the surface, creating a shiny appearance. These changes mentioned above occur when coffee
beans are exposed to high temperatures in the range of 200-240 °C (Sruthi et al., 2021). The
time-temperature combination in coffee roasting is determined based on the roaster's
preferences and the desired flavor profile. Roasting temperature affects the intensity and speed
of chemical reactions, while roasting time influences flavor complexity. The roast profile is the
specific combination of temperature and time throughout the roasting process, and roasters
adjust it to achieve the desired flavor. The roast curve is a graph that represents temperature
changes over time. Finding the ideal combination is a critical part of roasting, balancing flavor
and coffee characteristics. Figure 8 displays the various coffees and their respective levels of

roasting: light, medium, and dark.

Figure 8. Coffee roasting levels: Light (A); medium (B); and dark (C).
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6. Coffee chemistry

The chemistry of coffee is a fascinating field that involves a multitude of compounds
and reactions contributing to the unique sensory characteristics of this beloved beverage
enjoyed worldwide. By delving into the chemistry of coffee, it becomes possible to better
understand the processes that occur from the cultivation of beans to the moment they are
prepared for consumption (Hall et al., 2022).

Coffee beans are rich in chemical compounds, with caffeine being one of the most well-
known and studied (N6brega et al., 2023). Caffeine is a natural stimulant of the central nervous
system and is present in coffee in concentrations that vary depending on the type of bean, origin,
and preparation method (Angeloni et al., 2019; Campbell & Young, 2017). Studies show that
excessive caffeine consumption can lead to undesirable health effects such as increased heart
rate, feelings of anxiety, tremors, gastrointestinal disturbances, and sleep difficulties (Angeloni
et al., 2019; Bae et al., 2014). Moderate consumption of caffeine in coffee can bring benefits
such as increased attention, improved physical performance, provides antioxidants, potential
reduction in the risk of chronic diseases, positive impact on mood, temporary metabolism boost,
and relief from headaches in some people. For this reason, some consumers prefer to opt for
decaffeinated instant coffee to avoid or limit the intake of this stimulating substance (Brasil,
2005; Nobrega et al., 2023). In addition to caffeine, coffee contains a wide range of other
compounds, including chlorogenic acids, trigonelline, sugars, lipids, amino acids, minerals, and
vitamins (Folwarczna et al., 2016; Freitas et al., 2023; Lopes et al., 2020; Munyendo et al.,
2021; Viencz et al., 2023).

During the roasting process, the chemistry composition of coffee undergoes significant
transformations. The choice of roast level also affects the chemistry and characteristics of the
coffee. Coffee beans roasted to lighter levels tend to retain more acidic compounds, resulting
in a brighter and more acidic beverage. Conversely, coffee beans roasted to darker levels tend
to have more bitter flavors and fewer acids due to the degradation of some compounds during
more intense roasting (Anisa et al., 2017; Morais et al., 2008; Stiefel et al., 2022).

Another important aspect of coffee chemistry is the extraction process during beverage
preparation. The hot water used in brewing extracts soluble compounds from coffee beans,
including carbohydrates, acids, and aromatic compounds. Proper extraction of desirable

compounds results in a balanced and flavorful beverage, while inadequate or excessive
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extraction can lead to under-extracted or over-extracted coffee, respectively (Angeloni et al.,
2019; Kang et al., 2018).

Coffee chemistry can also be influenced by preparation methods. For instance, the
pressure used in espresso machines affects the extraction of soluble compounds and the
formation of crema, a layer of oils and gases that imparts unique texture and aroma to the
beverage. On the other hand, filtration methods such as paper filters remove some oils and
sediments, resulting in a cleaner and less intense brew (Angeloni et al., 2019; Kang et al., 2022;
Oliveira et al., 2005).

In addition to its sensory characteristics, the chemistry composition of coffee has also
been studied for its potential health benefits. Research suggests that compounds like
antioxidants found in coffee may have protective effects against diseases such as type 2
diabetes, cardiovascular diseases, and some types of cancer (Poole et al., 2017; Wang et al.,
2022; Zhi et al., 2022). However, it's important to note that coffee consumption should be
balanced and individualized, taking into account factors such as caffeine sensitivity and specific
health conditions (Poole et al., 2017).

Coffee is a beverage that contains various organic acids, each with its own functionality
and contribution to the final flavor. Among the organic acids found in coffee, chlorogenic acid,
quinic acid, oxalic acid, acetic acid, citric acid, succinic acid, and propionic acid are notable
(Cordoba et al., 2020; Rune et al., 2023; Yeager et al., 2021).

Chlorogenic acid is one of the primary acids in coffee and plays a significant role in
protecting against free radicals due to its antioxidant properties. Additionally, this acid
contributes to the distinctive flavor and aroma of coffee (Clifford, 2000; Lopes et al., 2020;
Munyendo et al., 2021; Vilas-boas et al., 2020). Quinic acid, another organic acid found in
coffee, contributes to the beverage's bitter taste. This acid is formed during the roasting process
of coffee beans, and its concentration can vary depending on the roasting time and temperature
(Aree 2019; Freitas et al., 2023). Oxalic acid, although present in smaller quantities, can also
be found in coffee. This acid can influence taste perception by adding a slight acidity to the
beverage, as well as imparting a caramelized flavor (Yeager et al., 2021). Acetic acid is a
volatile organic acid that contributes to the coffee's aromas. When present in appropriate
concentrations, it can add vinegar-like notes to the final flavor of the drink (Kalschne et al.,
2018; Xu et al., 2019; Yeager et al., 2021). Citric acid, on the other hand, contributes to the
coffee's acidic and citrusy flavor. It also plays a role in regulating pH during coffee extraction,
influencing the overall acidity of the beverage. Succinic acid is a minor organic acid found in

coffee. Its specific functionality in the drink is still being investigated, but it is known to



35

contribute to the overall sensory profile of coffee. Propionic acid is found in very small
quantities in coffee. Although its specific function in the final beverage is not fully understood,
it is known to contribute to the general sensory characteristics of coffee, often leading to a
herbaceous flavor (Kalschne et al., 2018).

Each of these organic acids contributes uniquely to the taste, aroma, and sensory
characteristics of coffee (Yeager et al., 2021). The combination and interaction of these acids
result in the complexity of flavors enjoyed by consumers. Although further scientific research
is needed for a better characterization of acid compositions and the role of acids in coffee,
acidity is an intrinsic element in the evaluation by experts, especially in the context of the
specialty coffee industry (Rune et al., 2023). It's worth noting that the concentration and
proportion of organic acids can vary depending on factors such as coffee type, processing
method, roasting time and temperature, as well as the brewing method (Yeager et al., 2021).

In summary, the organic acids present in coffee play distinct roles in the composition
and final flavor of the beverage (Balzer, 2008; Cordoba et al., 2020; Yeager et al., 2021). Each
of them contributes to the complexity and diversity of flavors that make coffee a highly
appreciated beverage worldwide (Wang et al., 2021). In addition to acids, another compound
present in relatively high quantities in coffee is the alkaloid trigonelline (Folwarczna et al.,
2016).

Trigonelline is an alkaloid found in various plants, including coffee. It is produced
through the enzymatic methylation of nicotinic acid. In coffee, trigonelline is present in similar
amounts to caffeine (Mehari et al., 2016). During the roasting process of coffee, trigonelline
undergoes demethylation, resulting in the formation of nicotinic acid, which is known as niacin,
a B-complex vitamin (Santos & Rangel, 2015). Niacin plays important roles in energy
metabolism, nervous system function, and the health of skin, hair, and eyes. It's worth noting
that the quantity of trigonelline and niacin can vary depending on the type of coffee and the
roasting process, but coffee is considered a significant dietary source of niacin, among other
beneficial compounds (Folwarczna et al., 2016; Hirakawa et al., 2005; Santos & Rangel, 2015).

Table 2 presents data on the respective quantities of these compounds in different coffee
samples. In summary, the chemistry of coffee encompasses a variety of compounds and
reactions that contribute to the unique flavors, aromas, and characteristics of this sought-after
beverage. In recent years, the coffee market has gained significant prominence due to its
development and production, as well as the pleasure of consumption, emotions, and health

benefits associated with the presence of certain chemical compounds.
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Coffea arabica

9.4-110.0 mg/g’!
10.0 - 25.0 g/kg!

13.93 - 20.88 mg/g
6.07 - 9.19 g/kg

0.80 - 1.42 mg/mL

(Worku et al., 2023)
(Cortés-Macias et al., 2023)
(Girma et al., 2020)
(Cassimiro et al., 2022)
(Cordoba et al., 2021)

Trigonelline

Coffea arabica
Coffea arabica
Coffea arabica

Coffea arabica

Coffea canephora

5.03 - 8.92 g/kg
8.14 - 11.84 g/kg’!
0.46 - 0.48 mg/g
0.94 - 5.76 mg/g
1.27 -9.72 mg/g

(Cassimiro et al., 2022)
(Cortés-Macias et al., 2023)
(Cérdoba et al., 2021)
(Freitas et al., 2023)
(Freitas et al., 2023)

O COoH

B NP
o S N

v/
Chlorogenic acids (5-CQA) L J i
'J:.... T &

O+ ~
N,

CH

o=

Coffea arabica
Coffea arabica
Coffea arabica
Coffea arabica

Coffea arabica

26.2 - 30.5 mg/g’!
10.8 -13.4 g/kg’!
8.56 - 16.21 mg/g
10.0 - 16.26 g/kg
0.004 - 0.78 mg/mL

(Worku et al., 2023)
(Cortés-Macias et al., 2023)
(Girma et al., 2020)
(Cassimiro et al., 2022)
(Cérdoba et al., 2021)
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Quinic acid

Coffea canephora
Coffea arabica

Coffea arabica

0 - 84 mg/mL
0.032 - 0.731 mg/mL
6.7 - 8.5 mg/g

(Rodrigues et al., 2007)
(Rune et al., 2023)
(Jham et al., 2002)

Oxalic acid

Coffea arabica

Coffea canephora

0-0.9 mg/g
0.01 - 0.05 mg/g

(Jham et al., 2002)
(Prakash et al., 2022)

Acetic acid H3C /

Coffea arabica
Coffea arabica
Coffea arabica
Coffea arabica

Coffea canephora

0.86 - 23.41 g/kg
1.55 - 1.85 mg/g
0.19 - 0.32 mg/mL
123.64 - 158.89 ug/g
296 - 1309 mg/mL

(Cassimiro et al., 2022)
(Pereira et al., 2015)
(Cérdoba et al., 2021)
(Wang et al., 2021)
(Rodrigues et al., 2007)

O OH
e O 0O
Citric acid
HO OH

Coffea arabica
Coffea arabica
Coffea arabica

Coffea canephora

1.08 - 8.64 g/kg
3.0-3.45 mg/g
65 - 495 mg/mL
329 - 399 mg/mL

(Cassimiro et al., 2022)
(Pereira et al., 2015)
(Rodrigues et al., 2007)
(Rodrigues et al., 2007)

Succinic acid

Coffea canephora
Coffea arabica

Coffea canephora

0.05-0.12 g/kg
143 - 1402 mg/mL
286 - 1429 mg/mL

(Cassimiro et al., 2023)
(Rodrigues et al., 2007)
(Rodrigues et al., 2007)
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Coffea arabica 0-3.3 mg/g (Jham et al., 2002)

O Coffea arabica 4.66 - 8.09 ug/g (Wang et al., 2021)

Propionic acid \)k
OH
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7. Final considerations

The quality of coffee is influenced by several stages, including agriculture, processing
methods, roasting, grinding, and fermentation techniques. Quality-related factors in agriculture
encompass grain ripeness, harvesting method, seasonality, geographic location, climate,
cultivation practices, and genetic characteristics. Coffee's composition is intricate and variable,
so harvesting at the early ripening stage is essential to ensure homogeneity and specific
chemical and sensory attributes. The cultivation altitude also affects coffee quality, although
there is conflicting research on the ideal altitude. Regional climate profoundly impacts coffee
production, where high temperatures and irregular rainfall can compromise quality. Shade-
grown methods can be beneficial in improving quality but may reduce overall yield. Genetic
factors, such as species or variety, also play a critical role in determining coffee quality. Manual
harvesting is considered the most suitable for preserving quality, despite being more time-
consuming and costly. Additionally, the processing method employed significantly influences
coffee's chemical composition. Roasting plays a fundamental role in developing coffee's flavors
and aromas, involving Maillard reactions and caramelization processes. The degree of roasting
and preparation techniques also influence beverage characteristics. Coffee contains various
chemical compounds, including caffeine, chlorogenic acids, trigonelline, sugars, lipids, amino
acids, minerals, and vitamins. Coffee chemistry can offer health benefits, although consumption
should be moderate and personalized. In summary, coffee quality is the result of a complex
interplay of factors ranging from cultivation to preparation, with chemistry playing a
fundamental role in crafting the distinct sensory attributes of this globally cherished beverage.
The review provided offers a valuable scientific contribution to the field of coffee production
and food science. By synthesizing and analyzing a wide range of factors that affect coffee
quality, from cultivation to preparation, it provides a comprehensive view of the challenges and
opportunities associated with this industry. Delving into the complex interplay of elements such
as bean ripeness, cultivation practices, chemical composition, and roasting processes, the
review offers a solid foundation for researchers, producers, and coffee enthusiasts to understand
the underlying mechanisms that influence the flavor and quality of the beverage. Furthermore,
by highlighting the importance of factors like manual harvesting and processing methods, the
review provides practical insights to enhance the production of high-quality coffee. Ultimately,

this work contributes to the advancement of coffee science, enabling the continuous
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improvement of cultivation and production techniques, as well as the development of new

approaches to enhance the coffee experience for enthusiasts worldwide.
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Abstract

This work aimed to evaluate the physicochemical changes during the roasting process of
Robusta and Arabica coffee. The highest content of total phenolics was detected in roasted
coffee at temperatures of 135 °C/20.20 min, 210 °C/9.02 min, 210 °C/11.01 min, and 220
°C/13.47 min for both species. Robusta coffee showed greater antioxidant activity compared to
Arabica coffee, except for the profiles at 230 °C/17.43 min and 275 °C/7.46 min that did not
differ between samples by the DPPH and FRAP methods. For Arabica coffee, the antioxidant
activity was independent of the roasting profile used. Robusta coffee presented higher values
of the indexes b* (intensity of yellow vs blue), ¢c* (chroma) and hue, being characterized as
lighter and with greater chroma and hue. The highest levels of caffeoylquinic acid (5-CQA)
were observed in Robusta coffee. Arabica coffee had lower trigonelline values. Caffeic acid
and hydroxymethylfurfural were identified only in Robusta coffee. However, the results
provided solid knowledge for the design of general properties and chemical compounds
generated from binomials of roasting time and temperature that are little used in the world

market.

Keywords: Antioxidant activity; Phenolics totals; Coffee beans; Roasting; Food Science.
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1. Introduction

Coffee is a drink of vast popularity and appreciated worldwide. The Brazilian coffee
production, initially estimated for the 2023 harvest, was estimated at 54.94 million bags of 60
kg, of which 37.43 million bags are of the coffee especies Coffea arabica and 17.5 million bags
of Coffea canephora (robusta and conilon). The Brazilian states with the largest coffee
production are Minas Gerais, Espirito Santo, Sdo Paulo and Bahia [1]. The most cultivated
species are C. arabica and C. canephora (robusta), robust being considered of inferior quality
when compared to arabica coffee because it has a more bitter and astringent taste [2].

Coffee is the second most important beverage after water, with an estimated annual
consumption of approximately 500 billion cups [3][4]. Most coffee drinkers do not drink the
beverage for health-related reasons. However, coffee has a variety of antioxidant compounds
and numerous types of functional phenolic compounds that play a protective role against
various diseases. The main phenolic compounds present in coffee are chlorogenic (CGA),
caffeic and ferulic acids [S5] [6] [7]. Antioxidants have been the subject of growing interest due
to their ability to inhibit oxidative reactions and their role in food preservation. Total phenolics,
a diverse class of bioactive compounds of plant origin, are widely recognized for their potent
antioxidant potential and ability to eliminate free radicals [8]. In addition to providing
functionality, the sensory profile (fragrance/aroma and flavor) is strongly enhanced and
influenced by the coffee beans roasting process. In this process, the time-temperature binomial
is considered a relevant parameter in obtaining a drink with different flavor and aroma profiles
[9] [10].

During the roasting process, modification and/or generation and release of various
chemical compounds occur through Maillard reactions, Strecker degradation, caramelization
and other chemical reactions. These reactions are responsible for the desired physicochemical
and sensory attributes in the coffee beverage, such as flavor, aroma and color, but also the
formation of undesirable compounds (Hidroximetilfurfural (HMF), acrylamide and others) [11]
[12].

During coffee roasting, it is essential to control the temperature and interrupt the process
at the right time to obtain a product with good sensory and physicochemical properties. The
degree of roasting of the coffee bean is determined by the habit and preference of the consumer.
The roasting conditions usually employed are close to the temperature and time of 200-210
°C/8-12 min [13] [14]. In this context, it is necessary to explore other time and temperature

binomials to predict the impact on the chemical composition and antioxidant properties of
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coffee through the use of unusual temperatures for coffee processing. The study of different
roasting profiles is important because it can generate data that will help in the implementation
of new roasting indices that can benefit the chemical composition as well as the final quality of
the product. Some studies have already evaluated the effect of different time/temperature
binomials on the phenolic composition and antioxidant activities of coffee varieties [5] [6] [15].
However, in the present study, the binomials used were different from previous studies, using
a wide temperature range. Therefore, this study aimed to evaluate colorimetric indices,
chemical composition, antioxidant activity, and total phenolics in Robusta and Arabica coffees,

alternating the binomial time and temperature.

2. Materials and methods

2.1. Materials

All reagents met the quality norms required for analytical grade reagents. Folin—
Ciocalteu’s phenol reagent (FCR), acetic acid, caffeic acid, chlorogenic acid, gallic acid
(>98%), 6-hydroxy-2578-tet-ramethylchroman-2-carboxylic acid (Trolox), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), Triphenyltetrazolium chloride (TPTZ), caffeine, trigonelline and 5-
hidroxymethylfurfural were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethyl
acetate (>99,7%), methanol (>99.9%) were purchased from Chromasolv (Shanghai, China).
Ethyl alcohol ((>99.5%), sodium carbonate, ferric chloride and sodium were purchased from

Exodo Cientifica (Sumaré, SP, Brasil).

2.2.Coffee samples

Coffee samples (Coffea arabica Catuai variety and Coffea canephora Pierre variety),
dry processed, June-July/2020 crop, were supplied from coffee farms in the Sao Geraldo city,

located in Zona da Mata Mineira, Minas Gerais, Brazil.
2.3. Coffee roasting process
The coffee beans were roasted using a Probat drum roaster (Probat-Werke). Each roast

profile was performed only once. Then, the samples of roasted and ground coffee beans were

individually packaged in an odor-free closed hermetic package and transported to the
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Laboratory of Natural Dyes and Bioactive Compounds of the Federal University of Vicosa
Food Technology Department and kept in storage at 5°C for further analysis. Six different
roasting profiles were obtained by varying the roasting temperature and time. Five of the
roasting profiles were created to obtain standard roasting [Underdeveloped (T1): 135 °C/20.20
min; Light (T2): 210 °C/9.02 min; Dark (T3): 220 °C/13.47 min; Baked (T4): 230 °C/17.43
min; and Scorched (T5): 275 °C/7.46 min)], while the control was the standard procedure
commonly used in coffee roasting (T6: 210 °C/11.01 min) (Table 1) [16]. The choice of roasting
defects was based reflecting a consensual configuration of pre-existing and applied roasting in

the market, the most common being T6: 210 °C/11.01 min (standard).

Table 1. Roasting profile with respective time/temperature binomial.

Roasting Roasting Start time: 1° CRACK  Total roasting time
profile Temperature (°C) (min) (min)
T1 135 2.16 20.20
T2 210 0.13 9.02
T3 220 4.55 13.47
T4 230 6.20 17.43
T5 275 1.56 7.46
T6 210 2.38 11.01

2.4. Determination of color

The roasted coffee color was determined using a Colorquest XE Colorimeter (Hunter
Lab, Reston, VA), with direct reading of the indexes values L* (brightness), a* (intensity of red
vs green), and b* (intensity of yellow vs blue). The hue (h*) and chroma (c*) indexes were

calculated from the values of a* and b*, according to equations 1 and 2, respectively [17].

h*= arctan (b*) (1)

a*

c*=VaxZ+ b+ (2)

2.5. Total phenolic content
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The quantification of total phenolic compounds was performed according to the method

described by [18]. The results were expressed in gallic acid equivalent/g of coffee.

2.6. Determination of antioxidant activity

The scavenging activity on DPPH radicals was determined according to the method
described by [19] and the Ferric Reducing Antioxidant Power (FRAP) according to the method
of [20].

2.7. Analysis of caffeine, caffeoylquinic acid (5-CQA), trigonelline, caffeic acid and HMF

contents in roasted and ground coffee

Caffeic acid, caffeoylquinic acid, caffeine, trigonelline, and hydroxymethylfurfural
were determined in roasted coffee samples according to the methodology adapted by [21].
Analyzes were performed by high performance liquid chromatography (HPLC) on a Thermo
Scientific Accela LC system (diode array detector (DAD), autoinjector, and Accela pump)
(Thermo Fisher Scientific, Austin, TX). The column used for the separation was the reverse
phase Lichrospher 100 RP-18 (250 x 4.6 mm, with a particle size of 5 pum and 10 nm pore)
(Merck, Germany). The mobile phase consisted of water (A) and methanol (B), with elution in
isocratic mode of 0 - 6 min (90% A and 10% B), gradient mode of 6 - 7 min (90 - 80% A and
10 - 20% B), isocratic mode of 7 - 23 min (80% A and 20%), gradient 23 - 24 min (80 - 0% A
and 20 - 100% B), 24 - 25 min (0 - 90 % A and 100 — 10% B) and ending with isocratic mode
of 25 — 26 min (90% A and 10% B). The flow was 1 mL/min, and the injection volume was 1
pL (partial loop), with a temperature of 25 °C for the injector and 40 °C for the column. Peaks
were detected at wavelengths of 272 nm. Caffeine, caffeoylquinic acid (5-CQA), trigonelline,

caffeic acid, and HMF were identified by standards injection and calibration curve.

2.8. Statistical analysis

All analyses were performed in 3 repetitions. The data was expressed as mean =+ standard
deviation. One-way analysis of variance (ANOVA) in a factorial design was used. A 2-factor
factorial design was used (2x6), with the first factor being the coffee species (Robusta and
Arabica) and the second factor the roasting profiles (Table 1), totaling 12 treatments.

Differences in means were compared using Tukey’s post hoc test. All analyses adopted a
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significance level of 5 % and were performed using the R software (R Core Team, Vienna,
Austria). Principal component analysis (PCA) based on the correlation matrix was conducted

to differentiate the color indexes using the R program (R Core Team, Vienna, Austria).

3. Results and Discussion

3.1. Analysis of color

The coffee bean color is related to the beverage quality and is an important factor in the
product value. Changing the degree of temperature applied in the roasting process allows
obtaining information on changes in coffee bean color, which is intrinsically related to the
Maillard reaction. The color changes result from the formation of some Maillard reaction
products that can impart functionality and appearance to roasted coffee beans [22] [23]. The
quantitative color evaluation of the roasted and ground coffee beans was reasoned on the
indexes value L*, a * b *, C*, and hue (Table 2).

Regarding the L* indexes values, significant differences (p<0.05) were observed
between the two species and corresponding roasting conditions, except for roasting performed
at 275 °C/7.46 min, which presented values equal for Robusta and Arabica coffees. Robusta
coffee samples were significantly lighter. The Arabica coffee samples had a darker color, and
the samples roasted at lower temperatures had lower values of the L* index. Robusta coffee
samples had higher a* values than Arabica coffee, except for roasting at 230 °C/17.43 min, in
which the values did not differ from each other. As for the b* index, the Robusta coffee samples
showed significantly higher values (p<0.05) for all the roasts applied. The values of the indexes
h* and C* of Arabica coffee in the different roasting conditions used were significantly lower
than those of Robusta, characterizing the samples of Robusta coffee with higher values of
chroma and hue, respectively.

According to [24] depending on the roasting intensity used, roasted and ground coffee
may have a brownish, yellow, lighter, or stronger color. At average temperature (210 °C) can
present a reddish brown color and high temperature (>220 °C) darker color brown. In the
present study, Robusta coffee showed greater luminosity and higher chroma and hue values
than Arabica coffee. [25] reported lower luminosity values for Arabica coffee mixed with

Robusta when compared to pure Robusta.



Table 2. Average attributes color of canephora (Robusta) and arabica coffee variety Catdai samples.

Samples

Roasting Profiles

135 °C/20.20 min

210 °C/9.02 min

220 °C/13.47 min 230 °C/17.43 min

275 °C/7.46 min

210 °C/11.01 min

L* (brightness)

C. canephora

C. ardbica

a*( intensity of

red vs green)
C. canephora

C. ardbica

b* (intensity of

yellow vs blue)

C. canephora
C. ardbica
h* (hue)
C. canephora
C. ardbica
c* (chroma)
C. canephora

C. ardbica

37.26 +0.784
24.25 +1.245°

26.10 £ 0.424°
4.96 +0.6384

23.08 £ 1.054

0.81 £0.27"¢

41.48 +0.874°
9.11 £1.93%°

34.85 + 1.8]4ab¢
5.02 + 0.66B4

36.76 + 0.384®
24.97 +(0.378b

25.66 + 0.464
7.99 +(.878¢

22.38 £0.654°

2.18 +£0.41Bd%

41.09 +0.324
15.14 £ 1.21%¢

34.04 £ 1.004%
8.29 +0.945¢

38.32 £ 1.644
26.12 + 0.605°

26.12 £ 0.834
11.93 £1.718°

26.56 + 0.684*

4.18 +1.02B

4547 £ 1.17%
19.16 + 1.71%°

37.25 +0.774
12.65 + 1.965°

37.96 +2.27A®
35.28 £ 0.80%°

25.29 £ 0.924
24.55 £ 0.501

26.53 + 0.654

19.57 + 1362

46.38 £ 1.374
38.52 £ 1.4152

36.66 + (0.774%
31.41 +1.248

34.15 £2.924°
31.60 £ 1,754

22.50 £ 0.184
11.38 +0.408°

15.36 + 0.444°

10.14 +0.848°

41.65 +0.63%°
34.31 £ 1.345

27.25 +0.724Ad
15.24 + 0.865°

37.36 + 2.144®
25.52 + 1.38B°

25.56 £ 0.824°
12.38 + 1.608°

21.56 + 1.224°

4.49 £ 0.928¢

40.12 + 1.5240
19.81 + 1.438b

33.45 £ 0.374¢
13.17 +£1.818°




Means followed by the same lowercase letters in the row and uppercase letters in the column do not differ by Tukey's test (p>0,05).

59



60

The data obtained in the color evaluation of the roasted coffees were also analyzed by
PCA (Fig. 1), commonly used to interpret the correlation between the color indexes of roasted
Robusta and Arabica coffee beans. Data matrices for PCA study were set up configuring that
every line was equivalent to a sample (coffee species) and each column to a color principle.
The first two principal components (PCs) explained 52.4% and 46% of the data variance,
respectively, with both components accumulating 98.37% of the variation. From the sample's
spatial dispersion, it is possible to identify four distinct groups, separated by quadrant: 230
°C/17.43 min (PC1 positive, PC2 positive); 220°C/13.47 min (PC1 negative, PC2 positive);
135°C/20.20 min, 210°C/9.02 min and 210°C/11.01 min (PC1 negative, PC2 negative); 275
°C/7.46 min (PC1 positive, PC2 negative). The first component allowed the division between

darker and lighter samples, being mainly affected by luminosity values.

T1
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Figure 1. Scatter plot of Principal Component Analysis (PCA) scores of L*a*b * color
indexes for Robusta and Arabica coffee samples after different roasting treatments (PC1 vs.
PC2).

The color of coffee beans varies between light brown and dark brown due to the

pyrolysis of organic compounds and the formation of melanoidins [26]. The decreases in L*
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values and increases in a* and b* values after greater exposure of the coffee beans to the
roasting process (increased time and temperature) may be due to the development of dark
pigments through non-enzymatic browning and degradation of phospholipids, as well as

thermal total phenolics oxidation [27] [28].

3.2.  Phenolic Content and Antioxidant activity

Different roasting conditions result in different final product quality, that, different
colors, flavors, aroma, and acidity [29]. Futhermore, the chemical coffee bean properties
depend on other factors such as species and geographic location [30] [31] [32] [33] [29].
Different roasting profiles in two coffee species were evaluated in this study. The results of the
impact of these conditions on the TPC and antioxidant activities by the DPPH and FRAP
methods are introduced in Fig. 2.

The TPC ranged from 12.31 to 52.47 mg GAE/g for Robusta and 11.52 to 21.47 mg
GAE/g for Arabica. The highest values of TPC were detected in roasted coffee at temperatures
of 135 °C/20.20 min, 210 °C/9.02 min, 210°C/ 11.01 min and 220 °C/13.47 min for both
species. The TPC contents of Robusta coffee were significantly higher than those of Arabica
coffee (p<0.05), except for roasts at 230 °C/17.43 min and 275 °C/7.46 min. The results also
indicated a significant decrease in TPC when roasting profiles at higher temperatures of 230
°C/17.43 min and 275 °C/7.46 min were used. Long roasting times at low temperatures result
in little exposure to heat and oxygen and less total phenolic content decrease [34].

The results of the DPPH method (Fig. 2) revealed that the Robusta coffee exhibited
greater antioxidant activity when low or standard temperatures in the roasting process were
used. Comparing the antioxidant properties determined in the DPPH assay within each coffee
species, it was observed that the highest Robusta coffee samples antioxidant activity was
provided by treatments at 135 °C/20.20 min, 210 °C/9.02 min, and 210 °C/11.01 min, followed
by 220 °C/13.47 min. The methods at 230 °C/17.43 min and 275 °C/7.46 min were the ones
that provided samples with lower antioxidant activity, which complies with the TPC. Arabica
coffee did not show significant differences (p>0.05) in antioxidant activity by the DPPH
method among the pre-established roasts. A higher antioxidant activity was also observed in
robusta coffee samples compared to Arabica coffee in different roasting profiles, except for
treatments at 230 °C / 17.43 min and 275 °C / 7.46 min that showed the same antioxidant

activity for both species. Similar results were found by [35] (roasting at 203-205 °C / 11-13
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min), indicating that the coffee antioxidant properties are affected by the species and roasting,
with Robusta coffee being the one with higher antioxidant activity.

The ferric reducing antioxidant power (FRAP) of each roasted coffee sample was also
evaluated and the results are pictured in Fig. 2. The ferric reducing power oscillated from
547.28-666.83 pmol FSE/g and 838,02-3150.62 umol FSE/g for Arabica and Robusta samples,
respectively. Robusta coffee showed greater antioxidant activity in coffees roasted at 135
°C/20.20 min, 210 °C/9.02 min, 220 °C/13.47 min and 220 °C/11.01 min. For Arabica coffee
no significant differences (p>0.05) were observed in the samples antioxidant activity.
Therefore, after roasting, Robusta samples showed significantly higher antioxidant activity
values (FRAP) compared to Arabica samples, except for samples roasted at 230 °C/17.43 min
and at 275 °C/7.46 min. The higher antioxidant activity in Robusta coffee can be attributed to
its caffeine content, which is an alkaloid and has antioxidant properties, whose content can be
changed along the roasting standard [36].

The causes of changes in antioxidant activity in coffee beans subjected to different roasting
temperatures are associated with chlorogenic acid degradation and the development of products
from the advanced glycation [15]. Following the Maillard reaction during the coffee bean
roasting process, non-covalent interactions between the phenolic compounds and the reaction
products (melanoidins) occur and cause the complexes production that have varying degrees of
antioxidant activity [37].

The roasting process impact on the antioxidant properties was verified in several studies,
which revealed an increase in the antioxidant activity when using roasts at low temperatures
and a subtraction in the antioxidant activity when using roasts at high temperatures [15] [38].
The present study, Robusta coffee showed significantly higher antioxidant activity values
(DPPH and FRAP) in treatments using roasts at lower temperatures (<210 °C) and significantly
lower activities when roasting at high temperatures.

It is noteworthy that several methodologies are used in the characterization of
antioxidant activity in foods, with no single, standardized and universal method in the process
of performing the analysis. To determine the antioxidant activity, the ideal is to use at least two
evaluation methods, with the DPPH, FRAP and total phenolic methods widely applied in the

determination, as seen in the related work [39] [40].
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Figure 2. Total phenolic content (TPC) (A); DPPH radical scavenging activity (B); Ferric Reducing Antioxidant Power (FRAP) (C) of two coffee

species after different roasting treatments. Lowercase letters represent Tukey's test at 5% probability between species and uppercase letters between

treatments for the same species.
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3.3. Caffeine, caffeoylquinic acid (5-CQA), trigonelline, caffeic acid, and HMF in roast

and ground coffee

Aiming to evaluate whether the applied roasting process affected the caffeine, 5-CQA,
trigonelline, caffeic acid, and HMF concentration, the analysis was carried out in HPLC.

Caffeine contents in roasted and ground coffee samples varied in a wide range from 9.27
mg/g to 33.29 mg/g in Robusta coffee and from 5.55 mg/g to 10.15 mg/g in coffee Arabica,
with the highest content found in roasting at 135 °C/20.20 min for Robusta and at 220 °C/13.47
min for Arabica. (Table 3). The presence of caffeine in the roasts may be due to the compound
thermostability and the loss of mass of thermolabile compounds due to the roasting temperature
applied [41]. The presence of caffeine in the samples may be due to the compound
thermostability and the loss of mass of thermolabile compounds due to the roasting temperature
applied [41]. Notably, this compound's thermal resistance was predominantly higher in almost
all treatments in relation to caffeic acids and 5-CQA, as well as trigonelline and HMF, under
the pre-established roasting conditions (Table 3). As reported, the coffee samples caffeine
content in both species was in agreement with the ranges reported in the literature [42] [21],
with higher values in Robusta coffee.

The highest levels of 5-CQA were observed in Robusta coffee at roasting profiles of
135 °C/20.20 min, 210 °C/11.01 min, and 210 °C/9.02 min, with average values of 17, 27,
15.03, and 17.67 mg/g, respectively. The results also indicated that there was a significant
decrease (p<0.05) of 5-CQA at higher temperatures of 220 °C/13.47 min, 230 °C/17.43 min,
and 275° C/7.46 min (Table 3). Concentrations of 5-CQA decrease drastically when more
severe roast conditions (between 180-200 °C) are used in the process of obtaining the roasted
coffee powder, with Robusta coffee being the species with a slightly higher amount of

chlorogenic acids (CQAs) [43].



Table 3. Caffeine, caffeoylquinic acid (5-CQA), trigonelline, caffeic acid and hydroxymethylfurfural (HMF) (mg/g) content in canephora

(Robusta) and arabica coffee variety Catiai affected by different degrees of roasting.

Samples

135 °C/20.20 min 210 °C/9.02 min 220 °C/13.47 min

230 °C/17.43 min

275 °C/7.46 min 210 °C/11.01 min

Caffeine
C. canephora
C. ardbica
5-CQA
C. canephora
C. ardbica
Trigonelline
C. canephora
C. ardbica
Caffeic acid
C. canephora
C. ardbica
HMF
C. canephora
C. ardbica

33.29 £ 0.50%
5.55 £2.09%

17.27 £0.1942
6.03+ 2.05820

9.11 £0.12%
5.02 % 1.39%

0.08 +0.024°
0.00 £ 0.00%

0.27 £0.22
0.00 £ 0.00

31.16 £2.294
6.71 £1.95%

17.67 £ 1.5%2
7.08+ 1.92B

9.72 +(.75%
3.95 + 0.00B

0.55+0.114
0.00 % 0.00%*

0.06 £0.05
0.00 £0.00

19.27 +2.244b
10.15 +2.188

10.26 +2.154°
8.85+ 1.13A4

6.47 £ 0.414°
5.73 £0.00%

0.00 + 0.004°
0.00 = 0.00%

0.00 £0.00
0.00 £0.00

12.40 + 1.634%
6.19 + 1.18B

3.50 £ 0.08%°
2.13+ 0.984°

4.36 +0.07*
2.59 +0.828"

0.00 + 0.00%°
0.00 £ 0.00%

0.00 £0.00
0.00 £ 0.00

9.27 £0.10%°
9.33 £0.12%

0.93 +0.05%°
3.07+ 1.584®

1.27 £0.03%¢
0.94 +0.024¢

0.00 + 0.004°
0.00 = 0.00%

0.00 £0.00
0.00 £0.00

30.19 £2.284
7.19 £0.375

15.03 £ 1.158
6.11+ 1.06%%®

5.34 +0.064°
5.58 £0.394

0.42 +£0.024
0.00 + 0.00%*

0.02 £0.01
0.00 = 0.00

Means followed by the same lowercase letters in the row and uppercase letters in the column do not differ by Tukey's test (p>0,05).
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In the present study, Robusta coffee had a higher trigonelline content in almost all
roasting profiles, with the highest levels found in coffees roasted at mild temperatures,
especially in roasting profiles 135 °C/20.20 min and 210 °C/9.02 min, with values of 9.11 and
9.72 mg/g, respectively. Arabica coffee had lower trigonelline content (Table 3). The local
climate, species, temperature, and roasting time can perform an important role in trigonelline
content [44], which possibly explains the higher trigonelline content in Robusta coffee. Caffeic
acid is a hydroxycinnamic compound that partially originates from the hydrolysis of
caffeoylquinic and dicaffeoylquinic acids of roasting technique [36] and is found in low levels.
Minimum contents of this compound were found in the analyzed Robusta coffee samples. In
Arabica coffee samples, the compound was not found (Table 3). It was verified the absence of
HMF in the Arabica coffee used in this study in all roasting profiles and a minimum amount of
this compound in Robusta coffee, showing the ability of this compound to decompose quickly.
These results indicated that the coffee species and temperatures employed did not interfere with
the concentration of HMF, thus resulting in a non-significant interaction. The HMF degradation
could have occurred from the reaction between the furan compound and the amino acid
decomposition products or compact with sugar alcohols and nitrogen-free polymer to trigger
flavor compounds and melanoidins [45].

For the analysis of composition and caffeine, trigonelline, 5-CQA, caffeic acid, and
HMF levels, in order to investigate the correlation between the studied parameters, the
statistical method known as Principal Component Analysis (PCA) was employed. This
procedure allowed for a graphical evaluation of the variable values' dispersions with respect to

component 1 and component 2 through a visual representation on the PCA score plot (Fig. 3).
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Figure 3. Scatter plot of Principal Component Analysis (PCA) scores of chemical compounds
for Robusta and Arabica coffee samples after different roasting treatments (PC1 vs. PC2).

Figure 3 illustrates the PCA score plot, where the samples are represented in a two-
dimensional space formed by two axes or coordinate components. In this context, samples that
cluster closely to these components possibly share similar chemical concentrations. It was
observed that the first principal component (PC1) was able to explain 94.9 % of the variation
present in the data, while the second principal component (PC2) explained only 4.1 % of the
variation. This finding reinforces the representativeness of the analysis performed.

Consequently, it was observed that the analyzed chemical compounds presented higher
concentrations in Robusta coffee. Additionally, it is noteworthy that temperature played a
relevant role in altering the concentrations of the chemical compounds, with roasting at 275
°C/7.46 min being the most drastic condition for the reduction of these compounds.

These results underscore the importance of PCA as a valuable tool in investigating the
chemical composition and variations of components in different coffee samples, providing a
more comprehensive and precise understanding of the factors influencing the quality and

chemical profile of this globally cherished beverage.

4. Conclusion
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The present study investigated the physicochemical changes during the roasting process
of Robusta and Arabica coffees. In general, TPC gradually reduced with the addition of
temperature and roasting time for both species. Robusta coffee showed higher antioxidant
capacity than arabica coffee samples, except for profiles 230 °C/17.43 and 275 °C/7.46 min, in
which both samples showed equivalent antioxidant capacity in all methods applied. Robusta
coffee samples were characterized as lighter and with higher chroma and hue values. The
thermal resistance of caffeine was higher than that of chlorogenic (5-CQA) and caffeic acids.
Robusta coffee samples in all roasting profiles showed higher values of trigonelline content. In
Arabica coffee, the absence of HMF was verified in all roasting profiles. The results showed
that different roasting profiles directly influence the physicochemical characteristics and

antioxidant properties of coffee.
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Abstract

The post-harvest techniques used to process coffee beans have a significant impact on their
physicochemical characteristics. Furthermore, the roasting stage plays a fundamental role in
transforming the composition of the beans. Therefore, this study investigated the influence of
different roasting time and temperature profiles on the physicochemical characteristics, sugar
and organic acid concentrations, and melanoidins of coffee beans (C. canephora and C.
arabica). The results showed that both the roasting profiles and coffee species strongly
influenced all the parameters investigated, especially sugar concentrations, organic acids, and
melanoidins. Results related to sugars, organic acids, and melanoidins showed connections with
different roasting profiles. Succinic acid was the organic compound with the highest
concentrations, with the highest concentration observed in C. canephora at 210 °C/11.01 min
(224.24 mg/g), with the highest concentrations of organic acids found in this same roasting
profile and species (430.39 mg/g). Fructose was the sugar with the highest concentration,
particularly in the 210 °C/11.01 min roast, which exhibited 17.14 mg/g. The highest melanoidin
content was also found in this same roasting profile and species. Expanding on this perspective,
all evaluations of concentrations and physicochemical properties proved capable of
distinguishing between the species and roasting processes employed. Ultimately, post-harvest
roasting procedures emerged as the determinants of the characteristic chemical profile

differences between C. canephora and C. arabica.

Keywords: Acids; Sugars; Arabica Coffee; Robusta Coffee; Melanoidins; Coffee Chemistry.
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1. Introduction

Coffee belongs to the Coffea gender, a genus with over 80 species belonging to the
Rubiaceae family. Among the many species, the most well-known are robusta (Coffea
canephora) and arabica (Coffea arabica). Both species are traded worldwide and represent a
total of 99 % of coffee production, highlighting their potential in the global economy (Farah,
2012; Jayakumar et al., 2017; Jeszka-Skowron et al., 2016; KIdl et al., 2020). Due to stable and
high yields, coffee has become one of the main cultivars with the highest production in Brazil,
with global consumption estimated at over 163,141 thousand 60 kg bags in 2020/2021 (USDA,
2021; USDA, 2021). It is essential to study coffee as consumers are increasingly willing to
invest in coffees with pleasant and unique sensory characteristics (Gatti & Croijmans 2022;
Hazebroek et al., 2023).

The flavor of coffee depends on the composition and levels of soluble sugars and organic
acids, with variations in both resulting in different characteristics in the final product (Borém
et al., 2016; Ribeiro et al., 2018). The sugars sucrose, fructose, and glucose are the most
abundant in coffee berries (Bressani et al., 2018; Mussato et al., 2011). The main organic acids
present are lactic, quinic, tartaric, acetic, citric, and others (Ribeiro et al., 2018; Yeager et al.,
2021). The effect of fruit composition is complex, and the key compounds responsible for
coffee acidity are non-volatile organic acids and low molecular weight organic acids, both
contributing to the liveliness of the beverage, primarily influencing the characteristic flavor and
aroma of the product (Cardoso et al., 2021; Borém et al., 2016; Ginz et al., 2000; Vitzthum et
al., 1975). The formation of these compounds is evident from the early stages of grain
maturation, followed by processing, beneficiation, post-harvest handling, roasting, and product
infusion, with these processes being relevant to the sweetness and acidity of the final drink
(Avelino et al., 2005).

However, a significant puzzle still remains regarding the intricate compositions of
sugars, organic acids, and melanoidins in coffee beans, as well as their variations among
different coffee species and how these components are impacted by the roasting process. This
study aims not only to unravel these mysteries but also to provide a reference framework for
understanding the concentrations of sugars and organic acids in C. canephora and C. arabica
coffee varieties by subjecting the raw material to various temperature and time conditions

during the post-harvest roasting process.
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2. Materials e methods

2.1. Materials

The Coffea arabica variety Catuai and Coffea canephora variety Pierre were harvested
at the stage of ripeness considered ideal on properties in the city of Sao Geraldo, located in the

Southeastern region of Minas Gerais, Brazil.

Coffee

C. canephora C. arabica

Dry processing ‘

l

Roasting and ground ‘

555 BB B

135°C2020 min 210 5C/9.02 min 220 °C/13.47 min 230 °C/17.43 min  275°C/7.46 min 210 °C/11.01 min

Physicochemical

Carbohydrates \ Organic acids Melanoidins
analysis

Figure 1. Experimental design.
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For the processing of the beans, a Probat drum roaster (Probat-Werke) (Fig. 1) was used.
After this process, the samples were individually packaged in airtight, odor-free packaging,
transported to the Natural Dyes and Bioactive Compounds Laboratory (LacBio) at the
Department of Food Technology of the Federal University of Vicosa (UFV), and stored at 5 °C
for subsequent analysis. Different roasting profiles were obtained by varying temperature and
time (Table 1). The selection of temperatures was guided by specific criteria. Initially, a review
of the existing scientific literature was conducted to identify gaps and inconsistencies in
preexisting studies. The approach covered a spectrum ranging from lower temperatures to
substantially higher ones, aiming for a comprehensive understanding of the effects on coffee.
Additionally, relevant chemical transition thresholds for compounds present in coffee were
considered, as well as temperatures that might have practical relevance from an industry
perspective. Meteorological data for the region at the time of harvest are presented (Table 2)
(INMET, 2023).

Table 1. Roasting profile with respective time/temperature binomial.

Roasting Roasting Start time: 1° CRACK  Total roasting time
profile Temperature (°C) (min) (min)
T1 135 2.16 20.20
T2 210 0.13 9.02
T3 220 4.55 13.47
T4 230 6.20 17.43
T5 275 1.56 7.46
T6 210 2.38 11.01

Table 2. Meteorological data for the region in the month of July in the coffee harvest region.

Metereological data Value
Accumulated Precipitation 26.3 mm
Maximum temperature 224 °C
Average temperature Relative 16.4 °C
Minimum temperature 11.3°C
Relative humidity 80.8 %

ATM pressure 1029.9mb
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2.2. Reagentes

Acetic acid, citric acid, isovaleric acid, lactic acid, malic acid, oxalic acid, propionic
acid, quinic acid, succinic acid, and tartaric acid standards, as well as arabinose, stachyose,
fructose, glucose, xylose, raffinose, and HPLC-grade acetonitrile (CH;CN-HPLC gradient),
and phosphoric acid (H3PO4 85%) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Sodium hydroxide (NaOH) was purchased from Synth (Diadema, Brazil).

2.3.  Preparation of the extract

The coffee extracts were obtained through solid-liquid extraction using 100 °C ultrapure
water. Five grams of each coffee powder sample were weighed and diluted in 20 mL of
ultrapure water. Subsequently, the mixtures were centrifuged at 10,000 x g for 10 min (Silva et
al., 2008). The extracts were immediately cooled and filtered through a 0.2 um cellulose acetate

filter for chromatographic analysis.

2.4. Titratable acidity, pH, moisture, and soluble solids

The acidity was determined by titration with 0.1 N NaOH. The results were expressed
in mL of 0.1 N NaOH per 100 g of the sample. The pH was measured using a DM-20 pH meter
(Digimed, Sao Paulo, Brazil). Moisture content was determined by the standard oven method
at 105 °C for 24 hours. The soluble solids content was determined using a digital refractometer

AR200 (Leica, Sao Paulo, Brazil) according to the technique described by AOAC (1990).

2.5. Analysis of carbohydrate variation

The monomers of sugars were quantified using High-Performance Liquid
Chromatography (HPLC). This process was carried out on the Shimadzu CBM-20A/20Alite
chromatograph equipped with a RID-20A refractive index detector (Shimadzu).

The quantification of monomeric sugars was performed using the BioRad Aminex7
HPX87H column. The flow rate was set at 0.6 mL/min, and the oven temperature was adjusted
to 45 °C. Elution was done isocratically using a 0.005 mol/L sulfuric acid solution, following
the protocol established by Alyammahi et al., (2023), known for enabling the separation and

detection of sugars by refractive index.
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The calibration curves obtained for the sugars showed a linearity range between
concentrations of 0.1 g/L to 10 g/L. The equations for the calibration curves were as follows:
arabinose: y = 111245x + 1495.2, with R?=0.9999; stachyose: y = 126912x + 103425, with R?
= 0.9848; fructose: y = 120753x + 11839, with R? = 0.9973; glucose: y = 138289x + 814.48,
with R? = 0.9979; and xylose: y =112158x + 5632.1, with R? =0.9997; raffinose: y = 114705x
+ 202955, with R? = 0.9333. These standards served as references for quantifying the sugars

present in the study sample.

2.6. Analysis of organic acid variation by UPLC

The analyses were performed using High-Performance Liquid Chromatography (HPLC)
on a Thermo Scientific Accela LC system (with a Diode Array Detector (DAD), auto-injector,
and Accela pump) (Thermo Fisher Scientific, Austin, TX). The column used for separation was
the Lichrospher 100 RP-18 reverse-phase column (250 x 4.6 mm, with a particle size of S pm
and a pore size of 10 nm) (Merck, Germany). The mobile phase consisted of water acidified
with 0.1 % phosphoric acid. The flow rate was 600 uL/min, and the injection volume was 2 uLL
(partial loop), with a temperature of 25 °C for the injector and 50 °C for the column. Peaks were
detected at a wavelength of 210 nm. Peak identification was done by comparing the retention
time in the chromatogram and the ultraviolet spectra to those of separately injected standards.
The concentration of oxalic acid, quinic acid, acetic acid, citric acid, succinic acid, and
propionic acid was calculated based on the area of each peak at 210 nm using a calibration
curve. The calibration curves obtained for oxalic acid, quinic acid, acetic acid, citric acid,
succinic acid, and propionic acid showed a linear range between concentrations of 100 mg/L
and 8000 mg/L. The equations for the calibration curves were as follows: oxalic acid: y =
3203.5x + 435068, with R? = 0.9905; quinic acid: y = 178.69x - 26232, with R? = 0.9923; acetic
acid: y = 212.19x + 15254, with R? = 0.9990; citric acid: y = 438.65x + 46680, with R? =
0.9990; succinic acid: y = 92.684x + 11416, with R? = 0.9980; and propionic acid: y = 201.56x
+ 14884, with R* = 0.9988.

2.7. Melanoidins
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200 puL of coffee extracts were diluted in 4 mL of distilled water. The darkened
compounds were quantified by measuring the absorbance at 420 nm (UV-M51, Bel Photonics,

Monza, Italy) (Ludwig et al., 2013).

2.8. Statistical analysis

The experimental design adopted was completely randomized in a double factorial
scheme (2x6), with the first factor being coffee species and the second factor being roasting
profiles. The data were analyzed by analysis of variance (ANOVA), and the means of three
replicates were subjected to the Tukey test at a 5 % probability level. The statistical analysis
was conducted using the R program (R Core Team, Vienna, Austria). Principal component
analysis (PCA) based on the Pearson correlation matrix was performed to observe differences

between the coffee samples using the R program (R Core Team, Vienna, Austria).

3. Results and discussion

3.1. Acidity, pH, moisture, and soluble solids

The values of acidity, pH, moisture, and soluble solids found for roasted and ground

coffee samples at different temperature levels are presented in Figure 2.
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Figure 2. Physicalchemical characteristics of canephora (Robusta) and arabica coffee variety
Catuai affected by different degrees of roasting. Means followed by the same lowercase letters
within different species and the same roasting profiles, and uppercase letters within the same
species and all roasting profiles do not differ according to Tukey's test (p > 0.05).

The acidity in C. arabica showed lower values compared to C. canephora, except at the
roasting temperature of 275 °C /7.46 min. Coffee acidity is a relevant parameter in determining
the characteristic flavor of the final product, along with other attributes such as sweetness,
bitterness, and saltiness (Dong et al., 2017; Kim et al., 2021). The acidity of roasted coffee
depends on the species and variety, although they contain comparable amounts of carboxylic
acids (Park et al., 2019; Park et al., 2023). Furthermore, the roasting process tends to increase
the concentration of volatile acids, as the degradation of sugars occurs in this process, and it is
reported that the concentration of volatile acids is higher at temperatures close to the standard
method (210 °C) and decreases with increasing temperature due to the breakdown of
chlorogenic acids (Badmos et al., 2019). This phenomenon was observed in C. canephora,
which showed higher acidity values at roasting profiles of 210 °C/9.02 min, 210 °C/11.01 min,
and 220 °C/17.43 min.

In relation to the pH results in the analyzed coffee species, no significant difference was
observed (p>0.05) between the roasting temperatures of 230 °C/17.43 min and 275 °C/7.46 min
for C. canephora and C. arabica, respectively, in which both exhibited higher values.The pH

value for C. canephora ranged from 5.25 to 6.30, while for C. arabica, it ranged from 5.08 to
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6.38 (Fig. 2). With an increase in roasting temperature and the consequent degradation of acids,
itis evident that lower pH values are obtained. It is worth noting that the average pH of Brazilian
coffee is 5.0 (Brollo et al., 2008). Additionally, the intensity of acidity varies between the C.
arabica and C. canephora species, with C. canephora having higher acidity (Babova et al.,
2016). The low pH may be related to the use of mild roasting temperatures, but other conditions,
besides the degree of roasting, can also modify pH, such as different preparation methods for
the same coffee samples (Cordoba et al., 2021; Rune et al., 2023).

When considering the effect of roasting temperature on the percentage of moisture, this
parameter did not show a significant effect (p>0.05) with an increase in roasting temperature
from profiles of 210 °C/9.02 min to 275 °C/7.46 min for the C. arabica species. Comparing the
two species, C. canephora had a higher moisture percentage (p<0.05), ranging from 3.82 % to
1.44 %, while C. arabica ranged from 1.95% to 0.46%. When the temperature of 135 °C/20.20
min was applied, C. canephora and C. arabica had 6.36 % and 9.45 % moisture, respectively,
with C. arabica significantly wetter at this temperature/time (Fig. 2). During roasting, coffee
beans lose 14 % to 20 % of their mass due to a decrease in moisture content and changes in
their carbohydrate, oil, and protein composition (Belitz et al., 2009). The roasting process of
food materials is favorable for providing a crispy texture through chemical modifications,
including reducing moisture content, which can lead to a crisper and more fragile structure
(Mosayebi et al., 2018). However, coffee subjected to the roasting process has a highly
hygroscopic matrix, quickly adsorbing water when interacting with its environment during
storage, and this process can result in changes in the freshness of the coffee. Nevertheless, with
an increase in roasting temperature, coffee becomes less hygroscopic (Collazos-Escobar et al.,
2022; Iaccheri et al., 2015).

The soluble solids content represents the concentration of sugars, organic acids, and
other minor constituents (Clifford et al., 1979). In this study, the concentrations of soluble solids
in C. arabica ranged from 5.36 to 6.43 °Brix, but no significant difference (p>0.05) was
observed between roasting profiles. The concentrations of soluble solids in C. canephora
ranged from 5.76 to 17.96 °Brix. The highest concentration was found in the roasting profile at
210 °C/11.01 min, and the lowest concentration was in the profile at 275 °C/7.46 min. As
observed, the concentrations of soluble solids decreased with higher roasting temperatures due
to the loss of chemical constituents during the roasting process at high temperatures (Murthy et

al., 2019).

3.2. Composition of carbohydrates
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The compositions of carbohydrates in the C. canephora and C. arabica species
subjected to different roasting profiles were determined using HPLC. Raffinose sugar was not
identified in any roasting profile (Table 4). Glucose, fructose, xylose, stachyose, and arabinose
were quantified in the different roasting profiles. Fructose was the sugar with the highest
concentration among the sugars, ranging from 3.73 mg/g to 17.14 mg/g for C. arabica and 3.25
mg/g to 13.49 mg/g for C. canephora. Regarding the species and the same roasting levels, C.
canephora showed higher concentrations compared to C. arabica in the 135 °C/20.20 min and
220 °C/13.47 min roasting profiles, with concentrations of 13.49 mg/g and 4.21 mg/g,
respectively, while the other roasting profiles favored C. arabica in terms of concentration. The
highest concentration of fructose was found in the standard roasting profile at 210 °C/11.01
min, with a concentration of 17.14 mg/g. The elevated concentration of fructose is due to the
thermal hydrolysis of sucrose, which is reduced to glucose and fructose during the application
of high temperatures (Chindapan et al., 2019).

When analyzing the impact of roasting temperature, it was observed that the amount of
fructose present in coffee beans was higher when milder temperatures were used. This can be
explained by the fact that, at these temperatures, the loss of moisture is lower compared to
higher temperatures (Fig. 2). This gradual rate of moisture loss at lower temperatures likely
allowed for the thermal hydrolysis of sucrose into glucose and fructose to occur (Chindapan et
al., 2019). It's worth noting that the longer exposure time, even when applying the 135 °C/20.20
min roasting profile to C. arabica, resulted in significantly lower quantities (p<0.05) compared
to the 210 °C/11.01 min and 210 °C/9.02 min roasting profiles. Meanwhile, in C. canephora, a
decrease in fructose concentration was observed with increasing temperature, regardless of the

roasting exposure time.



Table 3. Carbohydrates content of canephora (Robusta) and arabica coffee variety Catiai affected by different degrees of roasting.
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Carbohydrates content

Roasting profiles Specles Glucose Fructose Xylose Stachyose Arabinose Raffinose Total sugar
135 °C/ 20.20 min C. canephora 0.57 £ 0.655° 13.49 £0.00%*  1.23 £ 0.054° nd 2.82 £0.08" nd 18.12 £ 4,774
C. arabica 0.92 +£0.18% 8.95+2.60° 2,16 £1.00% 228+0.89* 2.62+0.105% nd 16.93 +2.88¢°
210 °C/9.02 min C. canephora 0.53 +0.065° 6.10 £0.10%°  1.14 +£0.06% nd 1.99 +0.02B° nd 9.77 £2.118°
C. arabica 1.33 £0.014 14.52 £0.04%*  0.05£0.00® 4.17+0.018  2.85+0.025 nd 22.92 + 5.008°
220 °C/ 13.47 min C. canephora 1.20 £ 0.06% 4.21 £0.03%  1.34 £0.06" nd 1.40 £0.01¢ nd 8.16 £ 1.40%*
C. Arabica 0.71 £0.04<° 3.73 £0.02 1.50 £0.04%*  0.82 £0.03"*  1.65 +0.00™ nd 8.42 £ 1.17%
230 °C/ 17.43 min C. canephora 0.62 % 0.065 3.25+0.035 126 £0.04"° nd 1.35 £0.03%® nd 6.48 +1.10™
C. Arabica 0.59 £0.02P*  585+0.01"  1.51+0.06%* 0.13£0.00%  2.32 +0.07“ nd 10.42 +£2.01P2
275 °C/ 7.46 min C. canephora 0.57 +0.045° 3.32£0.09%  0.05+0.00% nd 1.61 £0.015 nd 5.56 +1.21P°
C. arabica 0.43 £0.05" 5.49 £ 0.07% 1.12 £0.07 nd 2.36 £0.21¢ nd 9.41 +1.93k
210 °C/ 11.01 min C. canephora 0.57 £ 08 4.57 £0.05°  1.34£0.05% nd 1.90 + 0.085° nd 8.38 £ 1.57°°
C. arabica 1.48 £0.05%  17.14£0.04*  0.05+0.00°®  51£0.05%  3.50+0.094 nd 27.28 +5.924

Means followed by the same lowercase letters in the row and uppercase letters in the column for each compound do not differ by Tukey's test

(p>0.05).

nd: no detect.
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C. arabica showed significantly higher levels of glucose in almost all roasting profiles
compared to C. canephora (p<0.05), except in the 220 °C/17.43 min roasting profile, where C.
canephora had a higher concentration. It is worth noting that in the 230 °C/17.43 min roasting
profile, no significant differences were observed between the two species. In the case of C.
canephora, only the 220 °C/17.43 min roasting profile showed a higher concentration of
glucose compared to C. arabica, recording a concentration of 1.20 mg/g. When analyzing the
species individually among the various roasting profiles, C. canephora exhibited its highest
concentration in the mentioned roasting profile (220 °C/17.43 min), while C. arabica showed
its highest concentrations in the 210 °C/9.02 min and 210 °C/11.01 min roasting profiles. This
suggests that at temperatures in this range, the preservation and concentration of glucose are
maximized (Table 3). These results significantly differ from a substantial body of previous
studies that pointed to a higher concentration of glucose compared to fructose in coffee after
the roasting process (Ajandouz et al., 2001; Brands & Van Boekel, 2001; Chindapan et al.,
2019). The discrepancy between these results is noteworthy, with the evidence at hand showing
that glucose was more susceptible to thermal degradation.

Arabinose is a constituent derived from arabinogalactan, a polysaccharide found in the
plant cell wall matrix, coexisting with proteins in the configuration known as arabinogalactan
proteins (Poisson et al., 2017). Higher concentrations of arabinose were observed in C.
canephora in the 135 °C/20.20 min roasting profile and in C. arabica in the 210 °C/11.01 min
roasting profile compared to the other roasting profiles. Between the two species in the same
roasting profiles, statistically significant differences (p<0.05) were identified in the following
roasting profiles: 210 °C/9.02 min, 220 °C/17.43 min, 230 °C/17.43 min, 275 °C/7.46 min, and
210 °C/11.01 min, with C. arabica standing out for higher arabinose concentration. The only
roasting profile that did not show significant differences (p>0.05) was the 135 °C/20.20 min,
where concentrations were 2.82 mg/g for C. canephora and 2.62 mg/g for C. arabica. It is
recognized that the roasting process causes depolymerization of arabinogalactan protein
structures and thermal hydrolysis of arabinogalactan, resulting in the release of free arabinose,
which plays an essential role in the mechanisms responsible for the formation of melanoidins
and various acids, including formic, acetic, and lactic acids (Chindapan et al., 2019; Moreira et
al., 2013).

Xylose concentrations ranged from 0.05 mg/g to 1.34 mg/g for C. canephora and from
0.05 mg/g to 2.16 mg/g for C. arabica. For C. canephora, statistically significant differences
(p<0.05) were identified, with the minimum concentration of xylose in the 275 °C/7.46 min

roasting profile. For C. arabica, significant differences (p<0.05) were also observed, with the
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135 °C/20.20 min roasting profile exhibiting the maximum xylose concentration, while the 210
°C/9.02 min and 210 °C/11.01 min temperatures had the lowest xylose concentration. This
monosaccharide is widely recognized for its role in xylitol production and has gained attention
as a low-calorie sweetener. This characteristic has sparked significant interest due to its
potential functionality in the context of human health, notably its ability to mitigate glycemic
levels (Bae et al., 2011; Moon et al., 2012).

The presence of stachyose was observed in almost all C. arabica roasting profiles,
except for the process conducted at 275 °C/7.46 min. The highest concentration of stachyose,
reaching 5.1 mg/g, was recorded in the 210°C/11.01 min roasting profile. On the other hand,
the analysis of different roasting profiles applied to C. canephora did not reveal any detectable
traces of stachyose. The absence of detection of certain sugar concentrations, such as stachyose,
in C. canephora, may be attributed to the hypothesis that the accumulation of this specific sugar
occurs transiently and in limited quantities in the endosperm during the early stages of fruit
development (Santos et al., 2011). Stachyose, being a less common disaccharide compared to
sucrose in many plant species, may be subject to distinct metabolic pathways or a temporary
storage profile in C. canephora. For a comprehensive understanding of these biochemical
processes and sugar accumulation, it is essential to consider the specific mechanisms governing
carbohydrate metabolism in this species. Further studies could elucidate the precise dynamics
of sugar accumulation in C. canephora, including stachyose. Stachyose, a sugar from the
raffinose oligosaccharide family, also imparts sweetness to fruits (Wu et al., 2023).

The predominant concentration of sugars proved to be of greater importance in the
analysis of roasting profiles, notably in the 210 °C/11.01 min range, which corresponds to the
standard roasting method for C. arabica. In the case of C. canephora, the most pronounced
concentration of sugars stood out in the roasting profile at 135 °C/20.20 min. When comparing
the same roasting profiles between the two species, it was found that C. canephora exhibited a
higher concentration than C. arabica in the 135 °C/20.20 min roasting profile. Among the
various roasting profiles investigated, there were no significant differences (p>0.05) in samples
subjected to roasting at 220 °C/17.43 min (Table 3).

In the broader context, considering the remaining roasting profiles, C. arabica exhibited
higher concentration levels when compared to C. canephora. Given the fundamental role of
sugars as precursors in generating the aromatic profile of coffee, through the complex
interactions of the Maillard reaction and caramelization process (Chindapan et al., 2019;

Poisson et al., 2017) variations in the concentrations of fructose, glucose, xylose, stachyose,
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and arabinose, as influenced by roasting temperatures, can play an important role in increasing

the proportions of aromatic compounds, thereby benefiting the final product's quality.

3.3. Composition of organic acids

The compositions of organic acids in the C. canephora and C. arabica species subjected
to different roasting profiles were determined using HPLC. Lactic, malic, tartaric, and isovaleric
acids were not identified (Table 4). Among the organic acids present in samples of the coffee
species C. canephora and C. arabica, succinic acid was the compound with the highest
concentrations. The highest concentration of this acid was found in C. canephora at 210
°C/11.01 min (standard roasting method), with a content of 224.24 mg/g. The other roastings
with the use of higher temperatures revealed that the concentrations of this acid significantly
decreased, as in C. canephora, reaching a concentration of 48.33 mg/g in the 275 °C/7.46 min
roasting. The concentrations of this acid were significantly lower (p<0.05) in C. arabica, except
in the 275 °C/7.46 min roasting (Table 4). Succinic acid is formed in coffee through the
degradation of malic and citric acids (Balzer, 2008).

Acetic acid is a natural metabolic compound that occurs as an intermediate substance in
plant metabolism. This compound is undesirable in some products as it imparts an unpleasant
taste and a vinegar-like aroma when formed in excess. However, in coffee, it can contribute to
a sweet flavor (Kalschne et al., 2018; Xu et al., 2019; Yeager et al., 2021). C. arabica showed
low concentrations of acetic acid, with no significant differences (p>0.05) between the roasting
profiles. The highest concentrations were found in C. canephora (8.37 mg/g to 19.29 mg/g),
with significantly higher concentrations (p<0.05) compared to C. arabica, except in the 275
°C/7.46 min roasting (Table 4). C. arabica subjected to roasting has lower amounts of acetic
acid compared to C. canephora, due to higher levels of chemical compounds in C. canephora

(Yeager et al., 2021).



Table 4. Organic acid content of canephora (Robusta) and arabica coffee variety Catuai affected by different degrees of roasting.
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Organic acid content

Roasting Species
profiles Acetic acid Citric acid Oxalic acid Propionic acid Quinic acid Succinic acid Total acid
135°C/  C. canephora  10.59 +0.67 9.96 +0.80%¢*  18.73 +0.17%  49.34 + 1.37°P* 2546 +0.835¢ 142.41 £7.59%°  256.49 + 4.22¢
2020 min  C. arabica 3.77 +0.428° 10.21 £1.26%*  0.86£0.065> 32,78 +3.734A% 7.98 +1.214% 39.99 + (0.394B° 95.59 +0.524°
210 °C/ 367.66 +
C. canephora  19.29 + 0.86™ 16422994 2728 +0.488% 8207 £1.14%% 4034 +1.10%  182.26 + 12.578
9.02 min 6.36482
C. arabica 5.30 + 0.024P° 10.13£0.31%°  0.97 £0.018°  33.78 + 0.554° 6.76 + 0.76"BP 57.56 £ 1.014° 114.50 + 0.234°
220°C/  C. canephora 15.08 £0.30%8% 14,57 £0.15%  22.14 £0.12% 78.72 £ 0.4848C% 3736 + (0.39"* 177.95 £0.048*  345.82 +0.158
13.47 min  C. arabica 5.50 + 0.09AB® 10.11 + 0.00%° 1.08 £0.00%°  29.16 £0.05%°  7.24 +0.07A8° 69.01 +2.164° 122.10 + 1.144°
230°C/  C.canephora 1127 £0.005¢* 999 + (0418 348 +0.28P° 50.66 +0.52BP2  18.90 + 1.565¢% 76.27 + 3.56P* 170.57 + 1.63P?
17.43 min  C. arabica 6.08 + 0,104 6.57 +0.2082 6.49 +£0.06%*  23.01 +£0.094°  11.39 +0.16"% 19.59 + 0,085° 73.13 £0.074°
275°C/  C. canephora  8.37 +0.28% 6.99 +0.17¢ 3.41+0.21°° 2959 +3.67P 13.33 £ 0.18“ 48.33 +0.20P* 110.02 + 0.62P*
7.46 min C. arabica 11.16 + 4,79/ 6.57 +2.408° 10.03 £2.73%% 34,07 +18.98%  16.87 + 6.84A¢ 39.62 + 5,602 118.32 +£5.14%
210°C/  C. canephora 17.84+0.02%%  13.60 + 1.02%% 3251 +0.324 9616+ 11.70% 4595+ 1.30%  224.24 +15.99%%  430.39 + 9.20"*
11.01 min  C. arabica 5.14 + 0.014° 9.01 +0.194 0.92 +0.028° 3295 +0.66"° 5.78 + 0.625° 50.88 £2.184B°  104.68 + 1.05°

Means followed by the same lowercase letters in the row and uppercase letters in the column for each compound do not differ by Tukey's test

(p>0.05).
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The increase in roasting temperature decreased the concentration of citric acid in C.
arabica. Green C. arabica beans have a higher concentration of citric acid compared to green
C. canephora beans. However, when coffee is roasted, roasted C. arabica beans have a lower
concentration of citric acid compared to roasted C. canephora (Yeager et al., 2021). In this
study, the concentration of citric acid was higher in C. canephora in the roasting profiles at 210
°C/9.02 min, 220 °C/17.43 min, and 210 °C/11.01 min (Table 4). Citric acid contributes to
herbaceous and citrus sensory perceptions, and this sensory profile was observed using the
critical sensory approach by the temporal dominance of sensation (TDS) method. Additionally,
the microbiota present in coffee beans during natural fermentation can impact higher levels of
citric acid and provide coffees with high taste scores using the international coffee quality
standardization method (trained Q-grader certified tasters) (Evangelista et al., 2015; Ribeiro et
al., 2018).

C. canephora showed a higher concentration of propionic acid in almost all roasting
profiles, with the highest concentrations found in the roasting profiles at 210 °C/9.02 min, 210
°C/11.01 min, and 220 °C/17.43 min (Table 4). C. arabica did not show significant differences
(p>0.05) between the roasting profiles. Propionic acid is an organic acid with oily, liquid
properties and a pungent aroma. High concentrations of propionic acid can lead to negative
taste preferences due to the pronounced herbaceous and vegetal flavors (Kalschne et al., 2018).

Regarding oxalic acid, there was a wide variation in concentrations among the species
and analyzed roasting profiles, with higher concentrations of the acid in C. canephora in almost
all roasting profiles, except at higher temperatures (230 °C/17.43 min and 275 °C/7.46 min).
Interestingly, C. arabica exhibited higher concentrations of oxalic acid when higher
temperatures were used (230 °C/17.43 min and 275 °C/7.46 min) (Table 4). Coffees with the
presence of oxalic acid have been associated with characteristics such as "bland" flavor,
caramelized, smooth taste, and some tasters have suggested that oxalic acid enhances the
characteristic flavor of coffee (Yeager et al., 2021).

The concentrations of quinic acid in roasted and ground coffee samples varied widely
in both C. canephora and C. arabica, with the lowest concentration found in the 275 °C/7.46
min roasting for C. canephora, and no significant differences (p>0.05) were observed between
the roasting profiles for C. arabica. Interestingly, an increase in the concentration of quinic acid
was observed in C. arabica in roasting profiles with higher temperatures (Table 4). This could
be due to the occurrence of chlorogenic acids that degrade into other components, including
quinic acid, during the roasting process at higher temperatures. Both compounds are responsible

for the characteristic aroma of coffee, as they have a phenolic nature and contribute to roasted
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coffee aroma, along with sugars, proteins, and lipids. Quinic acid is sensorially associated with
astringency and the characteristic bitterness of coffee (Aree 2019).

Organic acids are the most abundant class of compounds in light and medium roast
coffee beans and are responsible for the sour taste of coffee (Wang et al., 2021). They are
naturally present in coffee beans as part of the chemical composition of the fruit's husk and
berry, and their initial concentration can be a differentiator in quality based on the degradation
and formation mechanisms during the roasting process (Yeager et al., 2021). Among the
roasting profiles employed, C. canephora had higher concentrations of total organic acids
(p<0.05), except in the 275 °C/7.46 min roasting. The highest relevance in terms of total organic
acid concentration was observed in the 210 °C/9.02 min and 210 °C/11.01 min roasting profiles
(standard roasting method) in C. canephora, while C. arabica did not show significant
differences between the roasting profiles (Table 4). It should be noted that the greater
production of total organic acids in C. canephora corresponded to roasting profiles with lower
pH values. However, the variation in the concentration of organic acids may be related to the
use of different extraction and detection methods, as well as the coffee species and roasting

methods used in this study.

3.4. Melanoidins

One of the visual changes observed in foods is the development of a brown color when
subjected to thermal treatment, including coffee during the roasting process (Freitas et al.,
2023). In the present study, the absorbance at 420 nm (Abss20) was used to measure color

compounds, melanoidins (Fig. 3).
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Figure 3. Melanoidins (Abs420 nm) of canephora (Robusta) and arabica coffee variety Catdai
affected by different degrees of roasting.

C. canephora exhibited significantly higher absorbance readings of melanoidins (brown
compounds) compared to C. arabica in the same roasting profile. The concentrations of this
compound were higher in the roasting profiles (210 °C/9.02 min and 210 °C/11.01 min in C.
canephora) and (220 °C/13.47 min in C. arabica) (Fig. 3). Abs4yo reading is used to indicate
the presence of melanoidins in thermally treated foods during their processing and processing.
Melanoidin polymers are products resulting from foods heated at high temperatures due to
reactions that occur during this process: the Maillard reaction and caramelization (Pastoriza et
al., 2014). These reactions occur in products due to the presence of sugars, compounds that are
present in our study's raw material in all roasting profiles and analyzed species. The chemical
composition of coffee melanoidins consists of 70 % carbohydrates, 12 % proteins, and 13 %
phenolics (Feng et al., 2023).

It is worth noting that the variation in melanoidin polymer can also be attributed to
differences in genotypes and growing locations, not just variations in roasting profiles (Luiz et

al., 2019)

3.5.  Multivariate association between the chemical compounds

The Principal Component Analysis (PCA) technique was employed to investigate

datasets of chemical nature. The outcomes resulting from the application of PCA, as well as the
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distinct separations identified among clusters, were thoroughly examined for their interrelation
with the operational variables inherent to the coffee roasting process. Furthermore, this analysis
was extended to the datasets corresponding to the coffee species C. canephora and C. arabica
(Fig. 4). The underlying objective was to evaluate how the dissociation observed between the

clusters determined by PCA was affected by the intricate processes associated with coffee

roasting.
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Figure 4. Scatter plot of Principal Component Analysis (PCA) scores of for canephora
(Robusta) and arabica coffee samples after different roasting treatments (PC1 vs. PC2).

The first two principal components (PCs) demonstrated the ability to explain
approximately 74.3 % of the variability present in the chemical analysis data. This breakdown
of representativeness unfolds as PC1, responsible for explaining 55.1 % of the variation, and
PC2, contributing with 19.2 % (Fig. 4). This distinction in the percentage of variation was
identified in the resulting score plot of the analysis, indicating a notable contribution of the first
two PCs in synthesizing the information contained in the chemical data. From the spatial
dispersion of the samples, it is possible to identify four distinct groups, separated by quadrants.

In the context of the C. canephora species, the roasting profiles were categorized as follows:



95

135 °C/20.20 min and 220 °C/13.47 min (positive PC1, positive PC2); 230 °C/17.43 min and
275 °C/7.46 min (negative PC1, negative PC2); 210 °C/9.02 min and 210 °C/11.01 min
(positive PC1, negative PC2). Regarding the C. arabica species, the roasting profiles fit as
follows: 135 °C/20.20 min, 230 °C/17.43 min, and 210 °C/11.01 min (negative PC1, positive
PC2); 210 °C/9.02 min, 220 °C/13.47 min, and 275 °C/7.46 min (negative PC1, negative PC2).
With roasting temperatures at 210 °C/11.01 min and 210 °C/9.02 min, it was observed that they
exhibited higher concentrations of these compounds.

However, the application of Principal Component Analysis (PCA) provided a deeper
understanding of the complex relationships between coffee species, roasting processes, and
resulting chemical characteristics. PCA's ability to highlight related patterns and clusters
allowed for a more precise and detailed analysis, thus contributing to knowledge about how

roasting processes affect the chemical compositions of different coffee species.

Conclusion

This study investigated the effects of post-harvest roasting temperature and time on the
concentrations of sugars and organic acids in coffee species C. canephora and C. arabica. The
results demonstrated that acidity was higher in C. canephora coffee, except under specific
roasting conditions. The concentration of volatile acids increased with roasting, reaching
maximum values around the standard temperature of 210 °C, and decreased with higher
temperatures due to the breakdown of chlorogenic acids. pH was influenced by temperature,
with lower temperatures resulting in lower values. Moisture was not significantly affected by
roasting temperature, except under extreme conditions. Soluble solids concentrations decreased
with increasing roasting temperature. Fructose was the most abundant sugar, with higher
concentrations at lower temperatures. Concentrations of organic acids varied between species
and roasting profiles, with succinic acid predominating. The presence of melanoidins increased
in roasting profiles employing higher temperatures. Analyzing the results of Principal
Component Analysis (PCA), it was possible to observe the separation of sample groups based
on roasting profiles and coffee species. The results indicated that different roasting profiles
distinctly affected the concentrations of chemical compounds in the two coffee species.

Overall, this study contributes to the understanding of the effects of roasting on the
concentrations of sugars and organic acids in coffee species C. canephora and C. arabica,
providing valuable information for optimizing the roasting process for the final quality of

coffee.
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Abstract

Coffee plays a significant role in the Brazilian economy, influenced by various factors in its
production. This study explored the relationship between sensory analysis and mid-infrared
spectroscopy (MIR) in different roasting profiles of arabica and robusta coffee. The objective
was to associate sensory characteristics and chemical compositions to identify roasting profiles
that resulted in more highly regarded coffees. Principal Component Analysis (PCA) was used
to analyze sensory data. The results highlighted spectral ranges associated with chlorogenic
acids, lipids, and carbohydrates in coffee. Expert sensory analysis revealed significant
differences in attributes, with arabica coffee being evaluated more positively than robusta.
Roasting profiles with lower temperatures appear to better preserve the sensory quality of
coffee. Consumer sensory evaluation also revealed differences in perceptions of acidity,
sweetness, aroma, flavor, and overall impression between varieties and roasting profiles. PCA
helped understand the relationship between coffee species, roasting profiles, and sensory
attributes, allowing for the visualization of sample groupings and the identification of key
influences on data variations. The study demonstrated the effectiveness of MIR spectroscopy
in predicting sensory attributes and coffee characteristics, while also highlighting the influence
of roasting profiles on consumer perceptions and the final product's quality. Sensory analyses
emphasized differences between arabica and robusta coffee, as well as among roasting profiles,

underscoring the importance of multiple factors in the quality of the product.

Keywords: Arabica coffee, Robusta coffee, Sensory analysis, Infrared, Tasters.
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1. Introduction

The coffee industry holds a significant position in Brazil as one of the most valuable
and prolific agricultural commodities. The price of coffee is determined by its potential for final
quality, which is a complex attribute influenced by various factors throughout its production,
encompassing planting, cultivation, environmental conditions, genetics, harvesting, maturation,
processing, roasting, and brewing methods (Borém et al., 2020; Laukaleja & Koppel., 2021;
Scholz et al., 2018).

Specifically, key factors influencing coffee quality include fruit ripening, as it
necessitates harvesting the beans at an early stage of ripeness. Factors such as altitude and
climatic conditions also significantly impact the final product's quality (Scholz et al., 2018).
After the harvesting process, coffee beans undergo processing, which can take three different
forms: dry processing (the most common and equipment-free method), wet processing, and
semi-dry processing (Cassimiro et al., 2020; Ferreira et al., 2023; Frebrianto & Zhu., 2023; Kim
et al., 2022; Widodo et al., 2023). Following processing, the beans are subjected to the roasting
process, a critical final step with a profound impact on the beverage's quality (Kim et al., 2022).

Coffee roasting is a highly complex process involving mass and energy transfer,
including drying, chemical structure modifications, and the enhancement of flavor, aroma, and
color (Fadai et al., 2017). Numerous chemical reactions occur during roasting that can
significantly affect the sensory attributes of the final product (Freitas et al., 2023). These
reactions include dehydration, hydrolysis, fragmentation, cleavage, and enolization (Chang et
al., 2020; Pereira et al., 2019). Overall, proper roasting processes lead to the formation of
aromatic compounds, enhancing product flavor and ultimately improving food quality for better
consumer acceptability (Freitas et al., 2023; Sruthi et al., 2021; Zhang et al., 2021). Roasting is
a fundamental and indispensable procedure in coffee production.

Currently, the final beverage's quality is assessed through sensory analysis protocols
like the Special Coffee Association (SCA), involving the process of tasting conducted by
certified "Q-Graders" (Worch et al., 2010). This sensory analysis is meticulous, complex, and
comprehensive, evaluating the beverage qualitatively based on attributes such as acidity, body,
sweetness, balance, fragrance, overall impression, aftertaste, flavor, uniformity, and cleanliness
of the cup (Ferreira et al., 2023).

In conjunction with the final beverage's quality, the use of near-infrared spectroscopy

(MIR) methods has proven effective and cost-efficient. MIR is a rapid technique that does not
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require chemicals and provides reliable results (Barrios-Rodriguez et al., 2021; Tugnolo et al.,
2021). Recent studies have highlighted that MIR spectroscopy can predict sensory attributes,
degree of roasting, product adulterations, and assess coffee composition (Craig et al., 2018a;
Craig et al., 2018b). Typically, these analyses are performed in the laboratory after coffee bean
roasting.

In light of the above, integrating near-infrared spectroscopy with sensory evaluation by
trained "Q-grader" professionals alongside consumer assessments can help predict beverage
quality. This approach provides intrinsic data on what constitutes quality coffee, as evaluated
by both certified experts and ordinary coffee enthusiasts. To our knowledge, studies that
encompass different roasting profiles and involve both trained and non-trained assessors are
relatively scarce. Many studies base coffee quality solely on "Q-grader" evaluations, even
though a significant portion of the population lacks training to distinguish coffee quality and
may have different perceptions of what constitutes quality. Therefore, ensuring the beverage's
appeal to all consumers, not just a specific group, is essential. This comprehensive study
explores how different roasting profiles can be qualitatively predicted in the final beverage

through near-infrared spectra and extensive sensory assessment.

2. Materials and methods

2.1 Materials

This study was conducted on Coffea arabica (Arabica) and Coffea canephora (Robusta)
coffee beans harvested from plantations located in the municipality of Sdo Geraldo, Minas
Gerais, Southeastern Brazil. According to the Koppen-Geiger classification, the climate in this
region is defined as humid subtropical with a dry winter and a hot summer (Alvares et al., 2013).

The coffee bean roasting process, following dry processing, was carried out using the
Probat Leogap TP2 roaster, located in Curitiba, Brazil (Table 1). After this stage, the beans
were ground using an electric grinder (Model: Bunn GVH-37, Springfield, Illinois, USA) to
achieve a medium particle size and then cooled. The samples were sealed in bags and
transported to the Laboratory of Supramolecular Chemistry and Biomimetics in the Department
of Chemistry and the Laboratory of Innovation and Natural and Bioactive Dyes (LaCBio) in

the Department of Food Technology at the Federal University of Vigosa (UFV).
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Table 1. Roasting profile with respective time/temperature binomial.

Roasting Roasting Start time: 1° CRACK  Total roasting time
profile Temperature (°C) (min) (min)
T1 135 2.16 20.20
T2 210 0.13 9.02
T3 220 4.55 13.47
T4 230 6.20 17.43
TS 275 1.56 7.46
T6 210 2.38 11.01

2.2. Infrared Spectrometry

The infrared spectra (IR) were obtained using a Varian 660 FTIR spectrophotometer
equipped with a Gladi ATR (Attenuated Total Reflectance) accessory at the Department of
Chemistry - UFV. The spectrophotometer used was a Paragon 1000PC model by Perkin Elmer.
A diamond ATR was used as the sampling accessory. The average spectra of the samples were
acquired as the mean of 16 consecutive scans in terms of wavenumbers (expressed in cm-!)
within the spectral range of 4000 to 400 cm-'. This range corresponds to the mid-infrared region
of the spectrum, which is notably rich in exploitable information for the functional assessment
of organic compounds. The sample preparation technique employed has proven to be effective
for coffee analysis (Ribeiro et al., 2009; Souza et al., 2022). Measurements were conducted in

a dry environment at room temperature (20 + 0.5 °C).

2.3.  Sensory analysis with certified Q-grader tasters

The quality of the coffee cup was evaluated through the analysis of its sensory
characteristics, following the protocol developed by the Specialty Coffee Association (SCA)
(Special Coffee Association, 2018). Three Q-Grader certified tasters conducted the sensory
analysis. Initially, coffee samples were roasted according to the roasting profiles indicated in
Table 1. The coffee tasting was conducted based on the protocol proposed by the SCA, and the
attributes assessed included acidity, aroma/fragrance, body, sweetness, balance, aftertaste,
flavor, uniformity, cup cleanliness, and overall cup impression. The rating scale for these

attributes ranged from O to 10 points. After evaluating all attributes, the tasters assigned an
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average score as the final rating, with 10 points being the maximum score a coffee sample can
receive. These scores represent the overall quality of the coffee beverage. Therefore, if a coffee
sample achieves a final rating of 8 points or higher, it is classified as specialty coffee (SCA,
2018). This study adhered to ethical guidelines and was approved by the Research Ethics
Committee for Human Subjects (CEP) under number 69623523.7.0000.5153 at the Federal
University of Vigosa (UFV).

2.4. Affective sensory analysis by consumers

The coffee was roasted 24 hours before analysis, and grinding took place 8 hours after
roasting. The coffee powder concentration used was 8.25 g for 150 mL of water, following the
midpoint of the infusion control chart, considered optimal for achieving the "golden cup
standard" (SCA, 2018). The coffee infusion method was conducted with water at temperatures
ranging from 92-95 °C.

A total of 110 untrained volunteer tasters (both genders, aged 18 years or older)
participated in the study, each evaluating 12 coffee samples. The analysis was conducted in two
sessions, with six samples served per session. The inclusion criterion for individuals
participating in the research was a habit of consuming coffee, and the exclusion criteria were
the claim of not having the habit of consuming coffee and/or experiencing unpleasant symptoms
after coffee consumption.

The samples were served individually to consumers in individual booths under white
light and evaluated using a hedonic scale ranging from 1 to 9 points, where 1 corresponded to
"disliked extremely" and 9 to "liked extremely." Coffee infusions, approximately 20 mL each,
were served at 70 °C in plastic cups (50 mL capacity) labeled with three random digits. The
presentation order of the samples was randomized for each evaluator. The attributes assessed
included acidity, aroma, color, sweetness, flavor, and overall impression (Minim, 2013). This
study adhered to ethical guidelines and was approved by the Research Ethics Committee for

Human Subjects at the Federal University of Vicosa (UFV).

2.5. Statistical Analysis

The sensory analysis data were analyzed using analysis of variance (ANOVA) followed

by means comparison through the Tukey test at a 5 % probability level. The statistical analysis
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was performed using the R software (R Core Team, Vienna, Austria). Principal component
analysis (PCA) based on the Pearson correlation matrix was conducted to observe differences
between the roasting profiles of Arabica and Robusta coffee using R version 4.3.1 (Ry Core

Team, Vienna, Austria).

3. Results and Discussion

3.1. Infrared analysis of arabica coffee

Infrared spectroscopy is a technique used to detect subtle changes in the chemical
composition of coffee, where the spectral absorption region is examined to differentiate coffee
samples with varying chemical compositions. Spectral methods in the near and mid-infrared
range have gained significant interest among researchers due to their ability to quickly and non-
invasively assess various characteristics of organic materials without the need for extensive
sample preparation (Barbin et al., 2014).

Through a detailed analysis of the spectra obtained from Arabica coffee subjected to
different roasting profiles (Fig. 1), it was possible to identify that the most significant absorption
bands of the samples, those that provide a broader range of information about their
characteristics, are found in the spectral regions between 3269 and 2851 cm™!, as well as from
1743 to 1027 cm’!, the latter being within the region known as the "fingerprint region." It is
important to emphasize that such prominent absorption bands are universally present in all

employed roasting profiles.
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Figure 1. Infrared Spectroscopy in arabica coffee variety Catdai affected by different degrees
of roasting.

At the specific point of 3269 cm™, there is a discernible broad amplitude absorption
band associated with the vibrational stretching of the O-H bond. This characteristic is observed
in a variety of substances present in coffee, including phenols, chlorogenic acids, and
carbohydrates (Santos et al., 2016). On the other hand, at the spectral positions of 2922 and
2851 cm’!, two bands of considerable intensity emerge, correlated with the asymmetric and
symmetric stretching, respectively, of C-H bonds present in sp® carbon atoms. The origin of
these stretches is associated with the presence of lipid molecules in roasted coffee, along with
other saturated compounds (Barbosa et al., 2013).

Additionally, there is a prominent band at 1743 c¢m’!, indicating the vibrational
stretching of the C=0 bond in lipids and aliphatic esters, as exemplified by chlorogenic acid
(Barrios-rodriguez et al., 2021; Craig et al., 2018). The stretching of the C=0 bond in amides,
such as that present in the caffeine structure, is distinctly manifested at 1697 cm™. A relevant
contribution to caffeine characterization is the distinctive band at 1651 cm™!, representing the
vibrational stretching of tertiary amides (Craig et al., 2012; Paica et al., 2016).

At the spectral points of 1595 and 1456 cm’!, bands related to the stretching of C=N and
CO?* bonds in trigonelline molecules are identified, respectively. Finally, at positions 1151,

1055, and 1027 cm’!, bands indicative of the stretching of ether groups present in carbohydrates,
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as well as O-C-O glycosidic bonds present in saccharides like cellulose and sucrose, are

observed (Barrios-rodriguez et al., 2021; Paica et al., 2016).

3.2. Infrared analysis of robusta coffee

The analysis of infrared spectra from different roasting profiles of robusta coffee, as
illustrated in Figure 2, provides valuable insights into the chemical composition and molecular
changes that occur during the roasting process. When examining the spectra, it is notable that
certain absorption bands stand out as key points for obtaining essential information about the
samples under study. These key bands are concentrated in two specific wavenumber ranges:
between 3306 and 2952 cm™ and between 1752 and 1023 cm', known as the "fingerprint

region" due to the complexity of the information it contains.
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Figure 2. Infrared Spectroscopy in canephora (Robusta) coffee affected by different degrees
of roasting.

The consistent presence of these important bands in all samples highlights the
fundamental nature of the compounds they represent. For example, the broad band observed at
3306 cm’!, related to the stretching of the O-H bond, indicates the presence of essential coffee
components such as phenols, chlorogenic acids, and carbohydrates (Santos et al., 2016). These
compounds not only contribute to the flavors and aromas of coffee but also play a crucial role

in the nutritional and sensory quality of the beverage (Barbosa et al., 2013; Paica et al., 2016).
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The intense bands at 2922 and 2852 cm’!, corresponding to the asymmetric and
symmetric stretching of C-H bonds in sp® carbon atoms, deserve particular attention. These
stretches can be attributed to lipid molecules present in roasted coffee, as well as other saturated
compounds (Craig et al., 2018). This information suggests the influence of lipid characteristics
on the sensory profile and physical properties of coffee, such as crema formation on the surface
of an espresso cup.

The analysis of absorption bands at 1742 cm! reveals the stretching of the C=0 bond,
which is characteristic of lipids and aliphatic esters, including chlorogenic acid (Craig et al.,
2012). The latter is a widely studied compound due to its antioxidant properties and potential
impact on human health.

The presence of the band at 1701 cm™, related to the stretching of the C=0O bond in
amides such as caffeine, is relevant both for caffeine identification and for assessing coffee
quality (Barrios-rodriguez et al., 2021; Craig et al., 2012). This band highlights the presence of
nitrogenous compounds like caffeine, which contribute to the flavor and stimulating
characteristics of the beverage. Other bands, such as the one observed at 1647 cm’!, specific to
the stretching of tertiary amides, are associated with caffeine, providing additional information
about this crucial molecule. The presence of bands at 1598 and 1457 cm™ is directly related to
trigonelline, a key compound in coffee that plays an essential role in both the flavor and
antioxidant properties of the beverage (Barbosa et al., 2013; Craig et al., 2012).

Finally, the bands at 1053 and 1020 cm™! indicate the stretching of ether groups and O-
C-0O glycosidic bonds in carbohydrates, such as cellulose and sucrose (Barrios-rodriguez et al.,
2021). These compounds contribute to the texture, body, and perceived sweetness in coffee.

Taken together, the analysis of absorption bands in infrared spectra provides a detailed
and comprehensive insight into the complex chemical composition of arabica and robusta
coffee, offering essential information for understanding their quality, taste, aroma, and

nutritional impact.

3.3. Sensory analysis by expert panelists

The results of the consensus profile for different coffee roasting profiles are presented
in Figure 3 and reveal clear differences between arabica and robusta coffee species. The study
considered twelve relevant attributes in coffee evaluation, namely: Acidity, aroma/fragrance,

body, sweetness, balance, aftertaste, flavor, uniformity, clean cup, and overall impression. The
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minimum and maximum values for individual quality attributes ranged from 6 to 10 on the
quality scale, indicating specialty grade.

The "defect" attribute of the product received a score of zero in all used roasting profiles,
as expected, to avoid influencing the final coffee score. This is because assigning low scores to
this aspect tends to reduce the overall product evaluation. Regarding the "clean cup,"
"sweetness," and "uniformity" attributes, no significant differences (p>0.05) were found
between roasting profiles within the same species. However, the "clean cup" attribute showed
significant differences (p<0.05) between the arabica and robusta species in the 230 °C/17.43
min roasting profile. It is important to emphasize the importance of scores related to "clean cup”
since coffees with low ratings in this regard may not result in quality final products as they
affect all other attributes. Interestingly, a previous study conducted by Bhumiratana et al. (2011)
indicated that coffee prepared at lower temperatures (light roast) is generally sweeter and less
bitter than coffees roasted at higher temperatures. However, our results showed a different
trend, as different roasting profiles did not exhibit significant differences (p>0.05) in the
sweetness attribute and achieved significantly high intensity scores, reaching 10 points for both
arabica and robusta species in all roasting profiles. These sensory differences likely occur due
to changes in volatile substance concentrations, which are determining factors for the final
product's quality (Baggenstoss et al., 2008; Buffo & Cardelli-Freire, 2004). These differences
were not reported and confirmed in the present study.

Overall, some attributes showed significant differences (p<0.05) between the applied
roasting profiles, including aftertaste, body, acidity, flavor, fragrance/aroma, balance, overall

impression, and final score.
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not differ according to the Tukey test (p>0.05).
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In arabica coffee, the aftertaste and body attributes received higher scores in the 135
°C/20.20 min, 220 °C/13.47 min, and 230 °C/17.43 min roasting profiles, showing significant
differences (p<0.05) compared to the other roasting profiles for arabica and robusta coffee. The
body attribute, also known as mouthfeel or texture, is an important sensory descriptor for coffee.
In instrumental terms, it is often related to total solids and occasionally associated with fat
content or fatty acids. Furthermore, to provide a pleasant sensation at the end of coffee
consumption, the final coffee flavor must be well-balanced among the aroma, acidity,
bitterness, and astringency attributes (Gloess et al., 2013).

The fragrance/aroma attribute received the highest score in arabica coffee in the 210
°C/11.01 min roasting profile (commonly used as the standard profile), with a score of 7.5
points, statistically differing from the other roasting profiles of both arabica and robusta species.
Coffee contains various volatile compounds that act as precursors to the beverage's
characteristic aroma. During the roasting process, these compounds undergo complex chemical
transformations. Several variables, such as coffee variety, cultivation conditions, and
processing methods, contribute to the formation of distinct aromas in each type or origin of
coffee. Although aroma and flavors are strongly influenced by the locality, it is important to
note that the roasting process controls the development of these volatile compounds
(Bhumiratana et al., 2011). As a result, differences in aroma complexity arise among coffees
subjected to different degrees and roasting conditions. Roasting is, therefore, an essential step
to enhance the unique sensory characteristics of each type of coffee, imparting its distinct and
pleasing nuances to consumers.

The 135 °C/20.20 min and 220 °C/13.47 min roasting profiles received the highest
ratings for the "balance" attribute, both scoring a maximum of 6.88 points. For overall
impression, the 230 °C/17.43 min roasting profile received the highest rating, reaching a score
of 6.72 points.

The attributes of acidity and flavor exhibited varying scores among the different roasting
profiles and analyzed species. For the acidity attribute, scores ranged from 6.0 to 7.17 points
for arabica coffee and from 6.0 to 6.67 points for robusta coffee. Flavor scores ranged from 6.0
to 6.88 for arabica coffee and from 6.0 to 6.50 for robusta coffee. Acidity is an essential
characteristic of coffee and plays a significant role in consumer perception and response. Along
with aroma and bitterness attributes, acidity has long been recognized as a crucial attribute for
coffee sensory quality, and it is established that coffee acidity is directly related to the roasting
profile to which coffee beans are subjected (Balzer, 2001; Ginz et al., 2000; Rodrigues et al.,

2007). Coffee quality is directly influenced by flavor, which results from the chemical
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compounds present in coffee beans, also known as precursors. During the roasting process,
these compounds undergo transformations and convert into volatile and non-volatile
compounds responsible for highlighting the characteristic aromas and flavors of coffee, making
this complex chemical reaction occurring during roasting of great importance in the
development and highlighting of distinct sensory nuances in the final beverage (Cérdoba et al.,
2020).

Regarding the final score, the maximum score obtained was 7.12 for the 135 °C/20.20
min roasting profile and 7.08 for the 230 °C/17.43 min roasting profile in arabica coffee. These
values showed significant differences (p<0.05) both within the arabica coffee context (among
the arabica profiles) and in comparison to robusta coffee. It is important to note that the
classification of the final product can be influenced by various factors beyond roasting, such as
post-harvest processing, crop management, and even the sensory perception of the consumer
(Ufer et al., 2019). Therefore, coffee quality is the result of a combination of factors that go
beyond the roasting process and involve the entire production chain up to the consumer's

experience.

3.4. Consumer sensory analysis

The attributes color, aroma, acidity, sweetness, flavor, and overall impression assessed
through the affective test on a 9-point hedonic scale are presented in Table 2.

The "color" attribute was the most highly rated for both coffee species, with Arabica
coffee receiving scores ranging from "slight liking" to "liking very much" (6.19 to 7.82 points),
with significant differences between roast profiles, and the 135 °C/20.20 min profile being the
most highly rated. Robusta coffee received relevant scores in the "color" attribute, ranging from
"slight liking" to "moderate liking," with significant variations in statistics (p<0.05). When
comparing the species and similar roast profiles, only the 135 °C/20.20 min and 220 °C/13.47
min profiles showed significant differences (p<0.05). However, the Brazilian consumers in the
study exhibited a greater preference for lighter coffee samples, those produced using lower
temperatures. The amount of phenolic compounds, sugars, and lipids present in both varieties,
along with the degree of roasting, influence the color of the final beverage, with Arabica coffee
often exhibiting a lighter color due to these factors (Freitas et al., 2023; Leme et al., 2019;
Mehaya & Mohammad 2020; Neves et al., 2023).
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The coffee aroma attribute is a distinctive and appealing characteristic resulting from
the complex interaction of volatile compounds present in roasted beans. The results related to
this attribute are detailed in Table 2. In Arabica coffee, significant differences (p<0.05) were
observed between roast profiles regarding the aroma attribute. However, Robusta coffee did not
show significant differences (p>0.05) between roast profiles. When comparing the two species
at the same roast profile, only the profiles at 135 °C/20.20 min and 210 °C/11.01 min showed
significant differences (p<0.05), with Arabica receiving higher scores. These aroma differences
between Arabica and Robusta coffees stem from variations in their intrinsic chemical
compositions (Haile & Kang 2019; Neves et al., 2023). Arabica coffee tends to contain more
sugars and unsaturated fatty acids, while Robusta coffee has higher proportions of saturated
fatty acids and elevated total lipids levels (Cheng et al., 2016; Neves et al., 2023; Romano et
al., 2014). These differences influence Maillard reactions and chlorogenic acid degradation
during roasting, resulting in unique volatile compound profiles contributing to specific aromas
in each variety (Kulapichitr et al., 2019; Neves et al., 2023). Additionally, variations in
polysaccharide and amino acid compositions also affect the formation of volatile compounds
during roasting, contributing to the diversity of aromas detected in Arabica and Robusta coffee
beverages (Prakash et al., 2022).

Acidity is a crucial sensory attribute that contributes to the complexity and quality of
coffee flavor. The results of the sensory analysis of the acidity attribute are presented in Table
2. In the present study, no significant differences (p>0.05) were observed in the acidity attribute
among different roast profiles for Arabica coffee. However, in the case of Robusta coffee,
significant differences (p<0.05) were found between roast profiles, with profiles using milder
temperatures (135 °C/20.20 min, 210 °C/9.02 min, and 210 °C/11.01 min) being better
evaluated by tasters. This can be explained by the fact that lower temperatures allow for a more
gradual and controlled Maillard reaction and caramelization, resulting in greater preservation
of compounds that contribute to acidity. At higher temperatures, these reactions occur more
intensely, leading to the production of compounds that negatively impact the flavor due to the
loss of important acidity-contributing chemical constituents. Among the Arabica and Robusta
coffee species, roast profiles at 220 °C/13.47 min, 230 °C/17.43 min, and 275 °C/7.46 min
showed significant differences (p<0.05). These differences can be attributed to the unique
chemical compositions of the two coffee varieties, which react differently to variations in
temperature and time during the roasting process. It is important to note that the intrinsic

characteristics of Arabica and Robusta coffee, including different levels of compounds such as
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sugars, chlorogenic acids, and lipids, directly influence sensory properties (Catdo et al., 2022;
Mehaya & Mohammad, 2020).

The sweetness of coffee is a complex and desirable sensory aspect influenced by the
concentration of natural sugars, roast profile, and brewing method. The average scores assigned
to this attribute are presented in Table 2. In Arabica coffee, significant differences (p<0.05)
were observed between roast profiles, with the 230 °C/17.43 min profile receiving the lowest
score (3.79 points). In Robusta coffee, there were no significant differences (p>0.05) between
roast profiles, with scores ranging from 3.74 to 3.96, indicating moderate to slight dislike. When
comparing the two species at the same roast profile, Arabica coffee was generally rated more
positively by tasters compared to Robusta, with scores ranging from moderate dislike to slight
liking. Sweetness contributes to flavor balance and can vary between species, adding
complexity to sensory attributes (Rogers et al., 1999; Neves et al., 2023). The coffee received
low ratings for the sweetness attribute due to the fact that Brazilian consumers are accustomed
to using sugar in their coffee. However, the samples served in the study were not sweetened,
which resulted in lower scores. Coffee culture in Brazil has a long history of appreciating coffee
sweetened with sugar, which has become a common preference among consumers. Therefore,
when the coffee was evaluated without sugar, many Brazilian consumers could perceive a
difference in the sweetness level, leading to lower scores for this attribute. This cultural
peculiarity highlights the importance of taking local preferences into account when evaluating

food and beverage products in market or sensory studies.



Table 2. Hedonic Scale analysis of canephora (Robusta) and arabica coffee variety Catdai affected by different degrees of roasting.
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Roasting profiles Attributes
Acidity Sweetness Aroma Flavor Color Overall impression
Arabica  Robusta Arabica Robusta Arabica Robusta Arabica Robusta Arabica Robusta Arabica Robusta
135°C/20.20 min ~ 5.95 % 581+ 510+ 378 £ 6.82 + 5.60 £ 6.07 £ 6.17 £ 7.82 6.89 £ 6.06 £ 543+
1.6742 2.2448 1.98Ba 1.574A° 2.05%4 1.83Bb 0.98B4 1.28%2 0.914%  0.844B> 196" 2.094°
210 °C/9.02 min 5.76 £ 530+ 530+ 3.74 £ 6.00 + 5.68 + 6.75 + 5.80 + 7.13 6.98 + 5.59 + 573
1.574 2.16%  2,03ABa  1,504P 1.6182 1.758 0.77% 13748 (0.96B2 0.9444 2.04%8 1.9342
220 °C/13.47 min ~ 4.53 + 541+ 594 + 3.87+ 5.65+ 5.90 + 6.84 + 5.80 + 6.88 + 6.55 + 583+ 385+
1.978° 1.7242 1.734a 1.774° 1.838a 1.918a 0.794%  1.554B>  0.86B*  (.93B 1994 1.68B°
230 °C/17.43 min ~ 3.65 % 502+ 3.79 + 376 £ 6.18 £ 6.00 £ 6.80 £ 5.62 + 6.50 £ 6.87 £ 6.02 £ 589+
2.12¢° 1.8442 1.63% 1.58Aa  ].44ABa ] 47Ba 0.75% 1748 095  (0.874B*  2.10M 1.3742
275 °C/7.46 min 3.89 + 540+ 4.66 393+ 5.54 + 585+ 6.80 £ 541+ 6.19 £ 6.39 £ 562+ 3.89
1.638¢0 2.06% 1.83B2 1.714° 1.6482 1.93Ba 0.76%* 2,008 0.98%  1.00P* 2034 1.558°
210 °C/11.01 min ~ 5.37 % 522+ 4.71 = 375+ 5.78 £ 6.70 £ 7.24 £ 533+ 6.20 £ 6.11 £ 6.13 £ 528 +
1.65% 2,014 1.858 1.744° 1.768° 1.4944 1.00% 1.56< 0.92¢ 0.99"2 1.874 2.114°

Means followed by the same lowercase letters in the row and uppercase letters in the column for each attribute do not differ by Tukey's test (p>0,05).
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Coffee flavor plays a fundamental role in the appreciation of the beverage, being
influenced by a complex interaction of organic compounds and chemical reactions. The results
related to the flavor attribute are presented in Table 2. Significant differences (p<0.05) were
observed in the flavor attribute between the two coffee species (Arabica and Robusta). Arabica
coffee received the lowest score at the 135 °C/20.20 min roast profile among all roast profiles.
On the other hand, Robusta coffee showed statistically significant variations (p<0.05) among
all roast profiles, with scores ranging from 5.33 to 6.17, with the highest score attributed to the
135 °C/20.20 min roast profile. It is relevant to highlight that the highest scores in the flavor
attribute were assigned to Arabica coffee (p<0.05). The superiority of Arabica coffee flavor
compared to Robusta can be attributed to various factors. Arabica coffee is recognized for
having higher amounts of sugars, lipids, and aromatic compounds, resulting in a smoother body
and greater flavor richness (Cheng et al., 2016; Kulapichitr et al., 2019; Neves et al., 2023;
Romano et al., 2014). Additionally, it presents a wider variety of volatile compounds,
contributing to complex aromatic notes and sensory nuances. Genetic differences between the
two species lead to distinct sensory profiles. Careful cultivation and processing of Arabica
under moderate climatic conditions also contribute to its superior flavor (Haile & Kang 2019;
Neves et al., 2023).

Finally, the "overall impression" attribute represents the sum of individual impressions
and experiences that consumers have when interacting with the product, resulting in an overall
positive or negative evaluation. The data related to this attribute are presented in Table 2.
Arabica coffee showed no significant differences (p>0.05) in this attribute, while Robusta
coffee exhibited significant differences (p<0.05), with the 220 °C/13.47 min and 275 °C/7.46
min roast profiles being the least well-rated. In terms of species and similar roast profiles,
significant differences were observed (p<0.05), with Arabica coffee being better rated in all
roast profiles.

In summary, consumers evaluated various sensory attributes of Arabica and Robusta
coffee, revealing distinct nuances in acidity, sweetness, aroma, flavor, and overall impression.
Roast profiles with milder temperatures stood out for Robusta, preserving its acidity and aroma,

while Arabica excelled in sweetness and flavor attributes.

3.5. Exploratory analysis of sensory analysis through PCA
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Principal Component Analysis (PCA) is an important statistical tool employed to
elucidate and analyze differences between samples, as well as the ability to extract more
knowledge from variables that primarily affect the spatial distribution of samples. The use of
PCA can reduce the dimensionality of the data matrix, capturing a large portion of the original
data information, and clarify the relationship between objects and the correlation structure of
variables (Alessandrini et al., 2008; Souza et al., 2022). PCA was conducted on the dataset of
values to assess the influence of coffee species and roast profiles on sample grouping. The two-
dimensional bi-plots of scores and loadings for Arabica and Robusta species in different roast
profiles are presented in Figure 4. The Principal Components (PCs) PC1 and PC2 represented
49.5 % and 15.9 % of the total variance, respectively, with the cumulative contribution rate of

the first two PCs accounting for 65.4 %.
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Figure 4. Scatter plot of Principal Component Analysis (PCA) scores from panelist and
consumer sensory analysis on samples of canephora (Robusta) and arabica coffee after

different roasting treatments (PC1 vs. PC2).
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In the graphical representation of Principal Component Analysis (PCA), the roast
profiles for Arabica coffee at 135 °C/20.20 min and 230 °C/17.43 min were positioned in the
positive quadrant of PC1 and PC2. In the case of Robusta coffee, except for the roast profile at
210 °C/11.01 min, which fell into the negative quadrant of both PC1 and PC2, the other roast
profiles exhibited a disposition with negative PC1 and positive PC2. Within the context of
Arabica coffee, only the roast profile at 210 °C/9.02 min showed a similar disposition, with
negative PC1 and positive PC2. The roast profiles at 275 °C/7.46 min and 210 °C/11.01 min,
however, positioned themselves in the negative quadrant of PC1 and positive quadrant of PC2.
In this negative PC1 and positive PC2 quadrant, the roast profiles were primarily associated
with the "fragrance/aroma" attribute. It's worth noting that the only roast profile that exhibited
the reverse configuration, with positive PC1 and negative PC2, was Arabica coffee subjected
to a temperature of 220 °C/13.47 min, and it was associated with attributes like flavor, acidity,
and overall impression by common consumers and attributes like body, balance, and sweetness
by trained panelists.

In general, Arabica coffee beans tend to have a higher market value and display more
advantageous sensory characteristics compared to Robusta beans (Pinheiro et al., 2021).
However, it is worth noting that Robusta coffee boasts significant advantages in terms of its
composition. This attribute proves to be a considerable advantage, especially for consumers
whose focus extends beyond the sensory aspects of the product, demonstrating a noteworthy

concern for the health benefits provided by this variety.

Conclusion

This study investigated the use of different roast profiles for Arabica and Robusta coffee
beans, considering compositional aspects (infrared spectroscopy) and sensory evaluation (based
on Q-grader certified tasters) as well as consumer preferences (affective evaluation). Infrared
analysis and sensory evaluation provided valuable insights into the characteristics of Arabica
and Robusta coffees subjected to various roast profiles. Infrared spectra revealed significant
absorption bands associated with relevant compounds such as chlorogenic acids, lipids,
carbohydrates, and other aromatic compounds. Differences in absorption bands between the
coffee species and roast profiles can be explained by variations in the intrinsic chemical
composition of coffee varieties and the complex reactions that occur during the roasting

process.
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The sensory analysis conducted by expert panelists and regular consumers yielded
important information about the sensory attributes of the coffees. Attributes like acidity,
sweetness, aroma, flavor, and overall impression were evaluated, revealing notable variations
among different roast profiles and coffee species. Differences in sensory evaluations can be
attributed to the unique chemical compositions of coffee varieties as well as the transformations
that occur during roasting.

Principal Component Analysis (PCA) allowed for the visualization of sample
distribution based on the assessed sensory attributes. The results showed how different roast
profiles influence sample grouping and how specific attributes like fragrance/aroma and flavor
are correlated with particular roast profiles.

In summary, the combination of spectral, sensory, and statistical analyses provided a
comprehensive understanding of the chemical and sensory characteristics of Arabica and
Robusta coffees, enabling the identification of patterns associated with roast profiles and coffee
species. These findings may have significant implications for the coffee industry, contributing
to the selection of ideal roast profiles that enhance the desired sensory characteristics in each

coffee variety.
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Abstract

In this study, different roasting profiles were evaluated to analyze their impact on Arabica
coffee in terms of sensory characteristics, chemical composition, and antioxidant activity. The
results revealed significant differences in sensory attributes such as flavor, acidity, sweetness,
and overall impression among the roasting profiles. Physicochemical characteristics such as
phenolic compounds, organic acids, color, and antioxidant activity also varied with the different
roasting profiles. It was observed that roasting at lower temperatures resulted in a higher
concentration of phenolic compounds and a more attractive color, while roasting at higher
temperatures led to a decrease in antioxidant activity. Infrared analysis revealed the presence
of various substances such as phenols, chlorogenic acids, carbohydrates, and lipids in coffee.
These findings highlight the importance of precise control over roasting parameters to preserve

the desirable characteristics of coffee.

Keywords: Organic acids; Carbohydrates; Antioxidant activity; Total phenolics; Infrared;

Sensory analysis.
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1. Introduction

The coffee roasting process is a fundamental step in the production of the beverage, and
its application can positively or negatively affect the final product. In the roasting process, two
important factors stand out, namely, temperature and roasting duration (time). The typical
temperatures range from 160 °C to 240 °C, with 210 °C being the most common roasting
temperature, and the maximum exposure time to heat is 14 minutes (Freitas et al., 2023; Park
et al., 2023; Sruthi et al., 2021).

During the roasting process, using temperatures considered high, various chemical
reactions occur, including the Maillard reaction and caramelization (Freitas et al., 2023). The
Maillard reaction is of great importance in food processing, including coffee. This reaction has
the ability to affect the nutritional and sensory aspects of food, as well as produce some
desirable and undesirable compounds for human health (Liu et al., 2020; Shakoor et al., 2022;
Wei et al., 2015). For this reaction to occur, a free carbonyl group and an amino group are
required (Moreira et al., 2017; Jia et al., 2023; Xue et al., 2022). Another reaction that takes
place is caramelization, which is a non-enzymatic browning reaction that occurs during the
thermal processing of food, leading to the degradation of sugars. As a consequence, it becomes
difficult to distinguish the products formed in the Maillard reaction from those formed in
caramelization, due to the occurrence of both reactions simultaneously (Sen et al., 2022). These
reactions can lead to changes in the taste, aroma, color, and chemical composition of coffee
(Freitas et al., 2023; Zuhair et al., 2018). The roasting process can lead to the degradation of
proteins, polysaccharides, chlorogenic acids, caffeine, trigonelline, the formation of 5-
hydroxymethylfurfural (5-HMF), as well as various other compounds, such as organic acids
and melanoidins (Long et al., 2023; Yeager et al., 2021).

Most studies investigating the roasting process focus on light, medium, and dark roast
profiles (Acquaticci et al., 2023; Kim et al., 2022). New roasting profiles should be explored
because, depending on the temperature and contact time of coffee beans in the roasting process,
the concentration of certain compounds can be affected, consequently impacting the quality of
the final product. In this context, the present study aimed to obtain results to be used as
references for the use of different roasting profiles, seeking information on physical-chemical
characteristics, antioxidant activities, total phenolics, color indices (CIE-LAB), melanoidins,

sugar and organic acid composition, as well as major compounds, chlorogenic acids (5-CGA),



135

5-hydroxymethylfurfural (5-HMF), caffeine, and trigonelline, and infrared analysis. The

roasting process in this research was conducted at variable temperature and time ranges.

2. Materials and methods

2.1. Materials

The harvest of Coffea arabica variety Red Catuai beans was carried out in the rural area
of the city of Coimbra (20°52'12"S, 42°4922"W), located 868 meters above sea level, in the
Southeast Region of Minas Gerais, Brazil. According to the Kppen-Geiger classification, the
climate in the region is defined as humid subtropical with a dry winter and hot summer (Alvares
et al., 2013).

In the roasting process of the beans after dry processing, a Probat drum roaster (Probat-
Werke) was used. After this stage, the samples were packaged and transported to the Laboratory
of Natural Dyes and Bioactive Compounds (LacBio) at the Department of Food Technology of
the Federal University of Vicosa (UFV) and stored at 5°C for subsequent analyses. Different
roasting profiles were created by varying the temperature and time (Table 1). The selection of
temperatures was guided by specific criteria. Initially, a review of the existing scientific
literature was conducted to identify gaps and inconsistencies in preexisting studies. The
approach covered a spectrum ranging from lower temperatures to substantially higher ones,
aiming for a comprehensive understanding of the effects on coffee. Additionally, relevant
chemical transition thresholds for compounds present in coffee were considered, as well as

temperatures that might have practical relevance from an industry perspective.

Table 1. Roasting profile with respective time/temperature binomial.

Roasting Roasting Start time: 1° CRACK  Total roasting time
profile Temperature (°C) (min) (min)
T1 135 2.16 20.20
T2 210 0.13 9.02
T3 220 4.55 13.47
T4 230 6.20 17.43
T5 275 1.56 7.46

T6 210 2.38 11.01
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2.2. Reagents

All the reagents met the required quality standards for analytical-grade reagents.
Acetonitrile (HPLC-grade CH3CN), Folin-Ciocalteu reagent (FCR), acetic acid, caffeic acid,
citric acid, chlorogenic acid, phosphoric acid (85% H3POs), gallic acid (>98%), isovaleric acid,
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,2-diphenyl-1-
picrylhydrazyl (DPPH) acid, lactic acid, malic acid, oxalic acid, propionic acid, quinic acid,
succinic acid, tartaric acid, trifenil tetrazolium chloride (TPTZ), caffeine, trigonelline, 5-
hydroxymethylfurfural, arabinose, stachyose, fructose, glucose, xylose, and raffinose were
acquired from Sigma-Aldrich (St. Louis, MO, USA). Ethyl acetate (=99.7%), methanol
(299.9%) were acquired from Chromasolv (Shanghai, China). Ethyl alcohol (>99.5%), sodium
carbonate, ferric chloride, and sodium were acquired from Exodo Cientifica (Sumaré, SP,

Brazil). Sodium hydroxide (NaOH) was from Synth (Diadema, Brazil).

2.3. Preparation of the extract

The coffee extracts were obtained through solid-liquid extraction using Milli-Q water at
100 °C. To do this, 5 g of each coffee powder sample were mixed with 20 mL of Milli-Q water,
and the fluids were centrifuged at 10,000 x g for 10 min (Silva et al., 2008). The extracts were
immediately cooled and filtered through a 0.2 um cellulose acetate filter for subsequent

analyses.

2.4. Titratable acidity, pH, moisture, and soluble solids

The acidity was determined by titration with 0.1 N NaOH. The pH was measured using
a pH meter DM-20 (Digimed, Sao Paulo, Brazil). Moisture content was determined using the
standard oven method at 105 °C for 24 hours. The soluble solids content was determined using

a digital refractometer AR200 (Leica, Sao Paulo, Brazil) (AOAC, 1990).

2.5. Color attributes and melanoidins
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The color of coffee in different roasting profiles was determined using a Colorquest XE
Colorimeter (Hunter Lab, Reston, VA), which was previously calibrated. The direct readings
of the L* (lightness), a* (redness (+) vs. green (-)) and b* (yellowness (+) vs. blue (-)) values
were then taken. The hue (h*) and chroma (c*) parameters were calculated from the values of

a* and b* according to equations 1 and 2, respectively.
h*= arctan (Z—:) (1)
c*=+vVa *2+ b 2 (2)

For the determination of melanoidins, 200 uL of coffee extracts were diluted in 4 mL
of distilled water. Melanoidins were quantified by measuring the absorbance at 420 nm using a

spectrophotometer (UV-MS51, Bel Photonics, Monza, Italy) (Ludwig et al., 2013).

2.6. Total phenolic content and determination of antioxidant activity

The quantification of total phenolic compounds was performed according to the method
described by Singleton & Rossi (1965). The results were expressed as gallic acid equivalents
per gram of coffee. The DPPH radical scavenging activity was determined according to the
method described by Kim et al. (2002). The Ferric Reducing Antioxidant Power (FRAP) assay
followed the method of Boroski et al. (2015). The ABTS (2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) assay was conducted using the method proposed by Re

et al. (1999).

2.7. Analysis of caffeine, chlorogenic acid (5-CQA), trigonelline, caffeic acid, and HMF
(Hydroxymethylfurfural) composition

Caffeic acid, chlorogenic acid, caffeine, trigonelline, and hydroxymethylfurfural were
determined in roasted coffee samples following the methodology adapted by Vignoli et al.
(2014). The analyses were performed by high-performance liquid chromatography (HPLC)
using a Thermo Scientific Accela LC system (diode array detector (DAD), autoinjector, and
pump Accela) (Thermo Fisher Scientific, TX, USA). The column used for separation was the
Lichrospher 100 RP-18 reverse-phase column (250 x 4.6 mm, 5 um particle size, and 10 nm
pore size) (Merck, Germany). The mobile phase consisted of water (A) and methanol (B), with

elution in an isocratic mode from 0 - 6 minutes (90 % A and 10 % B), a gradient mode from 6
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- 7 minutes (90 - 80 % A and 10 — 20 % B), an isocratic mode from 7 - 23 minutes (80 % A and
20 % B), a gradient from 23 - 24 minutes (80 — 0 % A and 20 — 100 % B), 24 - 25 minutes (0 —
90 % A and 100 — 10 % B), and finishing with an isocratic mode from 25 - 26 minutes (90 %
A and 10 % B). The flow rate was 1 mL min-1, and the injection volume was 1 puL (partial
loop), with a temperature of 25 °C for the injector and 40 °C for the column. Peaks were
detected at a wavelength of 272 nm. Caffeine, chlorogenic acid (5-CQA), trigonelline, caffeic
acid, and HMF were identified by injecting standards and calibration curves. The calibration
curves obtained for trigonelline, HMF, chlorogenic acid, caffeic acid, and caffeine showed
linearity ranges between concentrations of 2.5 mg/L! and 600 mg/L!, 1.7 mg/L ! and 200 mg/L°
1, 2.5 mg/L! and 600 mg/L!, 1.7 mg/L! and 400 mg/L!, and 5.0 mg/L"! and 1200 mg/L,
respectively. The equations of the lines obtained were as follows: trigonelline: y = 7953.6x +
23878, with R? = 0.9976; HMF: y =46062x + 296356, with R%=0.9972; chlorogenic acid: y =
8394.6x + 94087, with R? = 0.9974; caffeic acid: y = 17096x + 42049, with R? = 0.9997; and
caffeine: y = 24942x + 431009, with R? =0.9982.

2.8.  Organic acids composition analysis

The analyses were performed using High-Performance Liquid Chromatography (HPLC)
on a Thermo Scientific Accela LC system (Diode Array Detector (DAD), autoinjector, and
pump Accela) (Thermo Fisher Scientific, TX, USA). The column used for separation was the
reverse-phase Lichrospher 100 RP-18 column (250 x 4.6 mm, with a particle size of 5 pm and
a pore size of 10 nm) (Merck, Germany). The mobile phase consisted of water acidified with
0.1 % phosphoric acid. The flow rate was 600 uL min!, and the injection volume was 2 uL
(partial loop), with a temperature of 25 °C for the injector and 50 °C for the column. Peaks were
detected at a wavelength of 210 nm. Peak identification was performed by comparing the
retention time in the chromatogram and the UV spectra with those of separately injected
standards. The concentration of oxalic acid, quinic acid, acetic acid, citric acid, succinic acid,
and propionic acid was calculated based on the area of each peak at 210 nm using the calibration
curve. The calibration curves obtained for oxalic acid, quinic acid, acetic acid, citric acid,
succinic acid, and propionic acid showed a linear range between concentrations of 100 mg/L!
and 8000 mg/L"". The equations for the calibration curves were as follows: oxalic acid: y =
3203.5x + 435068, with R* = 0.9905; quinic acid: y = 178.69x - 26232, with R%=0.9923; acetic
acid: y = 212.19x + 15254, with R? = 0.9990; citric acid: y = 438.65x + 46680, with R? =
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0.9990; succinic acid: y = 92.684x + 11416, with R? = 0.9980; and propionic acid: y = 201.56x
+ 14884, with R* = 0.9988.

2.9. Sugar composition analysis

Sugars were quantified using high-performance liquid chromatography (HPLC). This
process was carried out on the Shimadzu CBM-20A/20Alite chromatograph model, equipped
with a refractive index detector RID-20A (Shimadzu).

Quantification of monomeric sugars was performed using the BioRad Aminex7
HPX87H column. The flow rate used was 0.6 mL/min, and the oven temperature was set at 45
°C. Elution was carried out isocratically using a 0.005 mol/L sulfuric acid solution, following
the protocol established by Alyammabhi et al., (2023), which is known to enable the separation
and detection of sugars by refractive index.

To construct the analytical curve, standards of arabinose, stachyose, fructose, glucose,
xylose, and raffinose were used at concentrations of 0.1, 0.5, 1.0, 2.0, 5.0, and 10.0 g/L. These
standards served as references for the quantification of sugars present in the sample under study.
The equations of the lines were obtained as follows: Arabinose: y = 111245x + 1495.2, with R2
=0.9999; Stachyose: y = 126912x + 103425, with R2 = 0.9848; Fructose: y = 120753x + 11839,
with R2 = 0.9973; Glucose: y = 138289x + 814.48, with R2 = 0.9979; Xylose: y = 112158x +
5632.1, with R2 = 0.9997; Raffinose: y = 114705x + 202955, with R2 = 0.9333.

2.10. Infrared spectroscopy

The infrared spectra (IR) were obtained using a Varian 660 FTIR spectrophotometer
equipped with a Gladi ATR (Attenuated Total Reflectance) accessory (Department of
Chemistry - UFV, Brazil), Paragon 1000PC model (Perkin Elmer), equipped with a diamond
ATR accessory. The spectra of the samples were obtained as the average of 16 consecutive
scans within the range of 4000 to 400 cm'. This range corresponds to the mid-infrared spectrum
region and can be used for a functional assessment of organic compounds. The approach used
for sample preparation has proven to be effective in coffee analysis (Ribeiro et al., 2009; Souza
et al., 2022). The measurements were conducted in a dry environment at room temperature (20

+0.5 °C).
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2.11. Sensory analysis with trained panelists

The sensory evaluation of coffee flavor, obtained from different roasting methods, was
conducted following the SCA (Specialty Coffee Association) protocol from 2018. The study
involved the participation of three trained Q-Grader panelists who specialize in coffee
assessment.

Participants used a scale ranging from 6 to 10 to evaluate 10 sensory attributes:
fragrance/aroma, flavor, finish, acidity, body, balance, uniformity, cup cleanliness, sweetness,
and defects. This scale allowed for a detailed assessment of the sensory quality of each coffee
sample. It is important to mention that, according to the SCA protocol, defects were scored
negatively, indicating undesirable characteristics that reduce the final score of the coffee.

After evaluating each attribute, participants assigned an overall score to each coffee
sample, representing the overall quality of the prepared coffee. The team's average score was
calculated for each sample, providing a representative measure of the overall quality.

This study adhered to ethical guidelines and was approved by the Human Research
Ethics Committee (CEP), under protocol number 69623523.7.0000.5153, at the Federal
University of Vigosa (UFV).

2.12. Consumer sensory analysis

A panel of 110 untrained coffee evaluators was randomly recruited from regular coffee
consumers, with a minimum age of 18 years, at the Federal University of Vicosa (UFV), Brazil.
The panel consisted of 47 male individuals and 63 female individuals, with ages ranging from
18 to 75 years (26.25 + 7.23 years for males and 26.10 + 6.10 years for females). None of the
participants were informed about the coffee preparation methods. The Ethics Committee for
Human Research at the Federal University of Vicosa approved the study.

A 9-point hedonic scale was employed in the study to assess the attributes of acidity,
aroma, color, sweetness, flavor, and overall impression. When using the hedonic scale,
participants assigned a score from 1 to 9 for each attribute, indicating their level of satisfaction

or pleasure (Minim, 2013).

2.13. Statistical Analysis
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The data were analyzed using analysis of variance (ANOVA), and the means of three
repetitions were subjected to the Tukey test at a 5% probability level. Statistical analysis was
performed using the R program (R Core Team, Vienna, Austria). Principal component analysis
(PCA) based on the Pearson correlation matrix was conducted to observe the differences among
the various roasting profiles in Arabica coffee using R version 4.3.1 (R Core Team, Vienna,

Austria).

3. Results and discussion

3.1. Acidity, pH, moisture, and soluble solids

The values of acidity, pH, moisture, and soluble solids found in the roasted and ground
coffee samples from different roasting profiles are presented in Table 2. These results are
important as they can provide a comparison of the current data on the physicochemical
characteristics of coffee subjected to the roasting process with previously published data.
Furthermore, they describe valuable compositional data that can serve as an indication of the
potential final quality of coffee infusions.

There was no significant difference (p>0.05) in acidity and soluble solids parameters
for Arabica coffee in all the roasting profiles employed. The roasting profile at 275°C/7.46 min
showed the highest pH value (6.66), and the highest moisture content was observed in the
roasting profile at 135°C/20.20 min (10.13%). The differences observed in the physicochemical
characteristics of Arabica coffee can be attributed to the inherent properties of coffee beans
(microbiota, grain maturity, climate, seasonality, and processing) (Livramento et al., 2017;

Sunarharum et al., 2014).



Table 2. Physicalchemical characteristics of arabica coffee variety Catiai Red affected by different degrees of roasting.

Roasting profiles

Coffea arabica

Moisture (%) pH Acidity Soluble solids
135 °C/20.20 min 10.13 +£0.97° 5.41£0.02° 11.88 £ 0% 520+ 0°
210 °C/9.02 min 2.01 £0.03° 5.80 +0.04¢ 12.36 £ 0* 543 £0°
220 °C/13.47 min 1.05 + 0.04% 6.44 +0.01° 12.03 £ 0* 523 +£0°
230 °C/17.43 min 0.31 £ 0.06° 6.39 + 0.07" 12.36 £ 0% 543 £ 0%
275 °C/7.46 min 0.04 £0.03° 6.66 £ 0.05% 11.83 +£0.64% 4.26 + 0°
210 °C/11.01 min 2.15+0.48° 6.27 £0.04° 11.13 £ 1.53% 523+£0°

Means followed by the same lowercase letters in the column do not differ by Tukey's test (p>0.05).
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3.2.  Color analysis and melanoidin analysis

Color indices are considered one of the main physical properties of food and food
products due to their influence on consumer acceptability. An important factor to be controlled
and monitored in coffee is its coloration because this characteristic is directly related to the final
quality of the product after the roasting process. Modifications in color parameters can either
enhance or diminish consumer perception and determine their preference and choice of the
product (Anette & Stafford 2023; Dong et al., 2017). The colorimetric coordinates and
quantification of melanoidins in the Arabica coffee roasting profiles are presented in Table 3.

In all the roasting profiles employed in this study, the values of the L, a*, and b*
coordinates did not show significant differences (p>0.05). Generally, as the roasting
temperature increases, coffee becomes darker in color, and the yellowish variation decreases,
and consequently, the b* parameter decreases, tending toward a bluish hue. However, the
exposure time of coffee beans to heat is also a factor that can affect the color of roasted coffee
beans, making the samples darker. The values of the a* parameter being higher than the b*
parameter indicate that the green/yellow variation changes to blue/red due to the application of
heat, thus indicating the occurrence of Maillard and caramelization reactions during this process
(Dong et al., 2017; Santos et al., 2016).

The coffees roasted at 135 °C/20.20 min, 220 °C/13.47 min, and 275 °C/7.46 min
showed higher hue (h) values (Tab. 3). For the c parameter (chroma), no significant differences
(p>0.05) were observed among the roasting profiles employed. Color is considered an intrinsic
factor of products of great importance, and several studies have reported that changes in color
saturation can impact consumer choices and preferences (Carvalho & Spence 2019; Sousa et

al., 2020).
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Table 3. Average attributes color and melanoidins of arabica coffee variety Catdai Red affected by different degrees of roasting.

Roasting profiles

Coffee arabica

L a* b* h (hue) C (chroma) Absaoo
135 °C/20.20 min 30.26 £ 0.98* 19.77 £ 1.69% 11.52 £1.95° 59.90 £2.03% 22.90 £2.42% 0.396 + 0.00¢
210 °C/9.02 min 34.21 £2.98* 19.87 £3.97% 17.55 £5.15° 48.98 + 4.83%¢ 26.57 £6.16 0.426 + 0.00%
220 °C/13.47 min 31.53 £1.69° 20.37 £ 1.06% 12.71 £1.93? 58.16 £2.57% 24.03 £1.92% 0.461 £ 0.00*
230 °C/17.43 min 34.38 £ 1.95° 20.06 £3.31% 17.27 £2.69* 49.22 + 4.15% 26.51 £3.84% 0.425 £ 0.00¢
275 °C/7.46 min 31.74 £ 0.89? 21.83 £0.58% 13.76 £ 1.06* 57.78 +2.18%® 25.82 £0.70% 0.417 +0.00%
210 °C/11.01 min 3419 £2.37° 20.23 £3.27% 1778 £4.17° 48.92 +2.44° 26.95 £5.17% 0.450 + 0.00%

Means followed by the same lowercase letters in the column do not differ by Tukey's test (p>0.05).
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The roasting process of coffee beans triggers the formation of the characteristic aroma
of coffee and brown-colored compounds (Bekedam et al., 2008). In the present study, regarding
melanoidins, Arabica coffee showed significant differences (p < 0.05) among the roasting
profiles. The highest absorbance of melanoidins (brown compounds) was found in the roasting
profiles at 220 °C/13.47 min and 210 °C/11.01 min, and the lowest absorption was observed in
the roasting profiles at 135 °C/20.20 min and 275 °C/7.46 min (Tab. 3). Probably in the roasting
profile at 135 °C/20.20 min, the Maillard reaction was not as intense, resulting in lower levels
of melanoidins, and at 275 °C/7.46 min, due to the high temperature, the compounds were
degraded, a process that may have occurred in melanoidins. Specifically, melanoidins are
interesting not only for their contribution to the color of coffee but also for enhancing taste
properties, presenting antioxidant activity, metal-chelating properties, as well as their reactivity

in coffee infusion (aiding in the aging process of the beverage) (Bekedam et al., 2008).

3.3. Antioxidant activity and total phenolics

The roasting profiles of Arabica coffee at 135 °C/20.20 min and 210 °C/9.02 min
showed higher antioxidant activity (p<0.05) than the other roasting profiles in the ABTS
method. The antioxidant activity of Arabica coffee significantly decreased with increasing
roasting temperature. The decreasing trend was observed starting from the roasting at 210
°C/11.01 min, as antioxidant activity values gradually decreased after this roasting,
demonstrating that roasting time also interferes with the antioxidant activity of Arabica coffee
(Tab. 4).

The antioxidant activity values by the DPPH and FRAP methods showed the same
decreasing trend in antioxidant activity with increasing roasting temperature (Tab. 4). Some
studies have found that antioxidant activity increases up to a certain roasting time and then
decreases (Freitas et al., 2023; Sacchetti et al., 2009; Vignoli et al., 2014). One of the main
causes of variations in antioxidant activity in the different roasting profiles used in coffee
processing is related to reactions occurring during this process, such as the Maillard reaction
and the degradation of chlorogenic acids. During the roasting process, non-covalent interactions
occur between phenolics and melanoidins (products of the Maillard reaction and
caramelization). The antioxidant activity of melanoidins is likely due to the incorporation of

chlorogenic acids into their structure during the roasting process (Kwon et al., 2022).
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Table 4. Antioxidant activities by ABTS, DPPH, FRAP and total phenolic methods of roasted Coffea arabica variety Catudi Vermelho according

to the roasting profile used.

Roasting Profiles Antioxidant activity and total phenolics
ABTS (umol ET/g) DPPH (umol ET/g) FRAP (umol ESF/g) Total phenolics (mg AGE/g)

135 °C/20.20 min 394.24 + 34.62° 592.30 +7.34* 57.61 +£2.18* 13.97 £1.63%

210 °C/9.02 min 361.64 +10.43° 592.24 + 4.37* 50.76 + 3.39% 12.94 + 1.36%

220 °C/13.47 min 290.15 + 14.50° 471.39 + 14.60° 33.26 +2.29° 12.79 + 1.54%®

230 °C/17.43 min 215.74 £ 25.03¢ 407.60 + 12.394 30.73 + 5.79%¢ 10.0 + 1.02%

275 °C/7.46 min 202.63 + 14.10¢ 285.31 £ 3.06° 24.08 + 2.06° 9.17+0.41°

210 °C/11.01 min 279.61 = 11.66° 433.32 +4.16° 33.25+1.83° 12.63 + 1.38:¢

Means followed by the same lowercase letters in the column do not differ by Tukey's test (p>0.05).
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Phenolic compounds are important secondary metabolites found in plants and are
abundant in roasted coffee, considered healthy for human consumption. These compounds have
significant antioxidant potential (Agunbiade et al., 2022; Liao et al., 2022). The total phenolic
content is presented in Table 4.

In general, roasting profiles with lower temperatures had higher total phenolic content
(TPC), and an increase in temperature gradually decreased their content, indicating a decrease
of 65.64 % (Tab. 4). This decrease in total phenolic concentration may result from the
degradation of some compounds that, when exposed to very high temperatures, such as
chlorogenic acid, are degraded into other compounds, giving rise to new acids and phenolics,

such as quinic acid (Mehaya & Mohammad, 2020).

3.4. Caffeine, chlorogenic acid (5-CQA), trigonelline, caffeic acid, and HMF (Hy-
droxymethylfurfural)

The effect of roasting on the concentrations of caffeine, chlorogenic acid (5-CQA),
trigonelline, caffeic acid, and HMF was investigated in Arabica coffee. Caffeic acid and HMF

were not detected in the samples from the different roasting profiles analyzed (Fig. 1).
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Figure 1. Caffeine, caffeoylquinic acid (5-CQA), trigonelline, caffeic acid and
hydroxymethylfurfural (HMF) (mg/g) content in arabica coffee variety Red Catiai affected by

different degrees of roasting.



148

In the six roasting profiles, caffeine was detected in concentrations ranging from 9.40
mg/g to 15.3 mg/g (Fig. 1). Caffeine is a methylxanthine, being one of the most abundant
compounds in coffee, known for its high thermal stability and possessing antioxidant and anti-
inflammatory properties (Rodrigues et al., 2023).

In addition to caffeine, coffee is rich in trigonelline, which is a bioactive alkaloid with
significant biological activity. This compound is the second most abundant alkaloid in coffee
berries, derived from enzymatic methylation of nicotinic acid, and trigonelline concentrations
were detected in the range of 0.98 mg/g to 4.51 mg/g. The highest concentration of trigonelline
was found in roasting profiles at 135 °C/20.20 min, 210 °C/11.01 min, and 220 °C/13.47 min.
The lowest concentration of trigonelline (0.98 mg/g) was observed with the high temperature
profile at 275 °C/7.46 min, indicating a decrease when high temperatures are used in the coffee
roasting process (Fig. 1). Trigonelline has potential anticancer activity, neuroprotective effects,
and can lower blood sugar, cholesterol, and lipid levels (Hu et al., 2019; Jeszka-skowron et al.,
2020; Wu et al., 2022).

Chlorogenic acids are an important class of phenolics in coffee and are water-soluble
esters between quinic acid and hydroxycinnamic acids, showing temperature sensitivity,
indicating their susceptibility to deterioration (Vilas-boas et al. 2020). 5-CQA was detected in
the present study at concentrations ranging from 0.22 mg/g to 2.57 mg/g in the analyzed
roasting profiles (Fig. 1). It has been reported that the roasting process reduces the
concentrations of 5-CQA in coffee (Bastian et al., 2021), and the intake of this acid by active
coffee consumers varies between 0.5 g and 1.0 g per day (Olthof et al., 2001). High
concentrations of chlorogenic acids have the ability to reduce the sensory quality of the
beverage, especially in terms of taste attribute, due to relatively high concentrations of oxidized
products generated before roasting (Farah, 2012; Zanir et al., 2016). It is evident that
geographical location, cultivation conditions and practices, as well as processing through
roasting, can be linked to the losses of 5-CQA in the chemical composition of coffee (Illy &
Viani, 2005; Perrone et al., 2010; Zanir et al., 2016).

The importance of these phenolics in coffee lies in the formation of the characteristic
and unique flavor and bitterness of coffee, as well as their potential benefits to human health
due to their antioxidant activity, anti-inflammatory characteristics, and antimicrobial properties
(Farah & dePaula Lima, 2019). As observed, coffee beans contain various bioactive
components, especially caffeine, which is considered a natural stimulant, phytoestrogen

trigonelline, and chlorogenic acids (5-CQAs) with antioxidant properties.
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3.5. Composition of organic acids and sugars

The compositions of organic acids (acetic, citric, isovaleric, lactic, malic, oxalic,
propionic, quinic, succinic, and tartaric) were verified using HPLC. Lactic, malic, tartaric, and
isovaleric acids were not detected (Tab. 5).

The levels of acetic, citric, propionic, quinic, and succinic acids did not show significant
differences (p>0.05) among the analyzed roasting profiles. Propionic and succinic acids had the
highest fractions of organic acids in mg/g. Oxalic acid showed significant differences among
the analyzed roasting profiles (p<0.05).

Acidity is considered a sensorially important attribute in coffee, as a correlation has
been demonstrated between roasting profiles and the perceived acidity in coffee (Yeager et al.,
2021). This attribute is closely related to the composition and levels of organic acids present in
roasted coffee (Rune et al., 2023; Wang et al., 2023). Acids are considered natural contributors
to the final quality of coffee and are responsible for the authentic experience of the beverage.
They are valued by coffee enthusiasts who savor this acidity and seek roasting adjustments to
achieve the highest sensitivity to this attribute. Acidity is a pleasant sensation that enhances the
sweetness of coffee (Rune et al., 2023; Thomas et al., 2017).

Quantitative analyses of carbohydrates were conducted for glucose, fructose, xylose,
stachyose, arabinose, and raffinose in coffee samples subjected to different roasting profiles
(Tab. 6). It was noted that raffinose was not detected in any of the investigated roasting profiles.
In terms of sugar concentrations, stachyose exhibited the highest amounts, ranging from 4.88
to 6.42 mg/mL, showing no significant differences (p>0.05) between the different roasting
profiles tested in this study. Fructose followed, with concentrations ranging from 4.20 to 4.94
mg/mL. The highest concentration of fructose was observed in the roasting profile at 210
°C/11.01 min, while the lowest concentration occurred in the roasting profile at 275 °C/7.46

min (p<0.05).



Table 5. Organic acid content of arabica coffee variety Catiai Red affected by different degrees of roasting.
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Roasting Organic acid content

profiles Acetic acid Citric acid Oxalic acid Propionic acid Quinic acid Succinic Acid
135 °C/20.20 min 347 £1.75% 7.48 £1.14% 2.60 +0.43% 50.60 + 11.04% 27.70 £5.02° 48.33 +£10.33%
210 °C/9.02 min 6.30 £ 0.23% 5.74 £ 0.03* 2.37 £0.01% 41.22 £ 0.66* 12.36 £ 0.52% 39.82 +£4.03%
220 °C/13.47 min 048 £ 1.47* 7.97 £ 1.05% 3.53 +0.32% 33.02 £4.39° 17.64 £5.11% 4425 £5.07%
230 °C/17.43 min 8.43 £2.12% 7.23 £0.23% 3.14 £0.14° 25.55 +2.88% 14.17 £2.07° 51.57+0.77%
275 °C/7.46 min 5.83 £ 1.46% 5.65 £1.22% 1.66 £ 0,29° 20.57 + 4.85% 9.19 £2.09% 30.84 + 6.50?
210 °C/11.01 min 8.41 £0.53* 6.27+ 0.60% 4.85 +0.02% 40.58 £ 0.95% 12.06 £ 0.54% 37.59 £0.91°

Means followed by the same lowercase letters in the column do not differ by Tukey's test (p>0.05).
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The concentrations of glucose, xylose, and arabinose, on the other hand, did not show
significant differences between the different roasting profiles, with values ranging from 0.29 to
0.37 mg/mL, 0.79 to 1.01 mg/mL, and 1.73 to 2.06 mg/mL, respectively. These concentrations
did not exhibit notable disparities among the various roasting profiles analyzed. During the
roasting process, there is a reduction in the concentrations of raffinose and stachyose, attributed
to the occurrence of thermal hydrolysis of these oligosaccharides. Simultaneously, the
concentrations of glucose and fructose increase, resulting from both the hydrolysis of sucrose
into various products and thermal degradation through the caramelization process (Chindapam
et al., 2019; Ginz et al., 2000; Poisson et al., 2017). The presence of sugars in coffee beans is
crucial for the quality of the final beverage as they influence the taste, aroma, acidity, sweetness,

body, and texture of the product.

3.6. Infrared

The infrared spectra of the six coffee samples obtained from different roasting
conditions are presented in Fig. 2. When observing the spectra, it is noted that the most
important absorption bands of the samples, those that provide the most information about the
samples, are in the regions from 3306 to 2097 cm™! and from 1745 to 1024 cm™ (part of the

fingerprint region). It is worth noting that these important bands are present in all samples.
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Figure 2. Infrared Spectroscopy in arabica coffee variety Red Cattai affected by different
degrees of roasting.

At 3306 cm’!, a broad band is observed, which corresponds to the stretching of the O-H
bond, present in numerous coffee substances such as phenols, chlorogenic acids, and
carbohydrates. At 2922 and 2847 cm’!, two intense bands are observed, corresponding to the
asymmetric and symmetric stretching of C-H bonds of sp® carbon. These stretches can come
from lipid molecules present in roasted coffee, as well as some other saturated compounds. In
addition to these, there is also a high-intensity band at 1745 cm!, which is characteristic of the
stretching of the C=0 bond in lipids and aliphatic esters (such as chlorogenic acid). The
stretching band of the C=0 bond in amides, such as caffeine, is observed at 1701 cm’!. Another
band related to the caffeine molecule is at 1648 cm’!, which is specific to the tertiary amide
stretching. Bands at 1596 and 1455 cm™! are present in the spectrum and can be related to the
stretching of the C=N and CO> bonds, respectively, in trigonelline. Finally, at 1154, 1057, and
1024 cm™!, there are bands inherent to the stretching of ether groups present in carbohydrates
and the O-C-O glycosidic bonds of saccharides like cellulose and sucrose (Barbosa, 2013;
Barrios-Rodriguez et al., 2021; Paiva et al., 2016).

3.7.  Sensory analysis with Q-graders panel
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According to the methodological protocol of the Special Coffee Association (SCA-
2018), we observed that the scores assigned to different roast profiles had similar final scores
and did not show significant differences (p>0.05) in the final score (Fig. 3). All analyzed coffees
received a final score ranging from 6.58 to 7.17 points (Fig. 3). In another study, it was observed
that the variation in temperature/time gradient was not significant in distinguishing the roast
profiles used in their sensory analysis (Anastécio et al., 2023). However, the results revealed
that the roast profile at 135 °C/20.20 min showed significantly higher scores (p<0.05) in the
final score, indicating that the use of lower temperatures with longer heat contact time favored
the overall perception of the beverage. Furthermore, the "balance" attribute also showed
significant differences (p<0.05) among the analyzed roast profiles, receiving lower scores for
roasts conducted at 210 °C/9.02 min, 230 °C/17.43 min, and 270 °C/7.46 min. The body and
flavor of the beverage also received lower scores for the roast profiles at 230 °C/17.43 min and
270 °C/7.46 min. The acidity of the product showed significant differences among the different
roast profiles, with the temperature of 275 °C/7.46 min resulting in the lowest acidity (Fig. 3).
This can be attributed to the use of high temperatures, which ended up impacting the
degradation of various chemical compounds present in the coffee.

The obtained results can be attributed to the use of prolonged roast times and moderate
temperatures, which may result in less physical wear and subtler chemical changes in the coffee
beans. The lack of proper adjustment of time and temperature conditions during the coffee
roasting process can lead to the formation of compounds that negatively affect the sensory
characteristics of the final coffee beverage (Yang et al., 2016). It is worth noting that carefully
considering roasting parameters is essential to achieve the desired sensory attributes in the final

product, such as aroma, body, and flavor of the coffee beverage.
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Figure 3. Average values of the attributes and overall qualification by the sensory analysis according to the protocol of the Specialty Coffee

Association (SCA) of coffee obtained by different roasting profiles.
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3.8. Consumer sensory analysis

The sensory attributes of the coffees were analyzed, and the consistency of the sensory
analysis method through the affective acceptance test was related to the scores assigned to the
different roast profiles used in this study. The mean values (and standard deviations) for each
sensory attribute analyzed, according to the 110 coffee tasters (consumers who claimed to
appreciate the beverage), and the overall impression are presented in Table 7.

The acidity attribute was perceived with lower sensitivity by the tasters in the roast
profiles at 230 °C/17.43 min and 275 °C/7.46 min, showing statistically significant differences
(p<0.05) compared to the other roast profiles. Intrinsic observations revealed a correlation
between the scores assigned to this attribute and the acidity measured by titration (Table 2),
indicating that there were no statistically significant differences (p<0.05) in roasts at 135
°C/20.20 min, 210 °C/9.02 min, 220 °C/13.47 min, and 210 °C/11.01 min. Acidity, along with
aroma and bitterness, is widely recognized as a crucial factor for the sensory quality of coffee
in the final cup (Rune et al., 2023; Thomas et al., 2017). Especially in the C. arabica species
subjected to lighter and medium roasts, acidity plays a central role in the flavor of the beverage.
On the other hand, when coffees are roasted at higher temperatures, acidity is typically reduced,
allowing bitterness to become the dominant flavor (Chindapan et al., 2019). It is worth noting
that in observations, some tasters referred to acidity as "fruity."

Statistically significant differences (p<0.05) were observed in flavor scores for the
different roast profiles. The most appreciated roast profiles were as follows: 135 °C/20.20 min,
210 °C/9.02 min, and 210 °C/11.01 min. On the hedonic scale, these roasts received average
ratings ranging from "liked slightly" to "liked moderately." Considering the common practice
of consuming coffee with added sugar in Brazil, these roasts received favorable ratings in terms
of flavor. It is important to highlight that the characteristic flavor of coffee is influenced by the
presence and concentrations of various chemical compounds, such as phenolic compounds,
organic acids, sugars, and proteins (Febrianto & Zhu, 2023; Pimenta et al., 2021; Wang et al.,
2023). In this study, the roast at 135 °C/20.20 min exhibited a high concentration of total
phenolic compounds, while organic acids were predominant in this same roast. Some tasters

noted the presence of citrus fruit flavors in this specific roast profile.



Table 7. Sensory attributes by arabica coffee variety Catiai Red affected by different degrees of roasting by acceptance test.

Coffea arabica

Roasting profiles Sensory Attributes
Acidity Aroma Color Sweetness Flavor Overall impression

135 °C/20.20 min 72+ 1.1% 7.1+0.8 6.1 0.8 3.1+0.2%® 6.9 +1.3% 6.7 +1.3%
210 °C/9.02 min 7.1 +2.1% 8.4 +1.2% 7.8 +1.2° 29+0.2% 6.7 +0.6" 6.3 +£2.0°
220 °C/13.47 min 6.9 +0.9* 8.1+1.3% 6.7 £0.3° 2.7 £0.4% 6.1 £2.2° 58+1.1¢
230 °C/17.43 min 6.0 +£0.9% 72+2.1° 5.8+2.0° 2.4 +1.0° 6.2+ 1.4° 5.6 +0.8°
275 °C/7.46 min 59+1.5° 6.2+ 1.7° 5.6+1.8% 2.3+0.6° 6.0 +0.9° 55+0.7°
210 °C/11.01 min 6.9 +£2.2° 8.1+0.7% 7.7+0.8" 3.0+ 1.0 6.7 +1.3% 6.8 £0.4°

Means followed by the same lowercase letters in the column do not differ by Tukey's test (p>0.05).
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The scores assigned to the sweetness attribute varied negatively, ranging from "disliked
extremely" to "disliked slightly." These evaluations can be justified by the prevalent habit of
consuming coffee with added sugar in the coffee context (Eulalia et al., 2022). Therefore, in
this study, regardless of the roast profile used, the analyzed coffees did not provide a pleasant
sensory experience to the tasters' palates. Sweetness is a crucial sensory attribute for coffee
flavor appreciation and can be influenced by various factors, including the chemical compounds
present in the beverage, and it is important to note that sweetness perception is mediated by the
interaction between compounds such as carbohydrates, organic acids, and phenolic compounds
(Chindapan et al., 2019; Lopes et al., 2021; Yeager et al., 2021). However, the results obtained
in this study indicate that even with variations in roast profiles, the coffee samples evaluated
failed to provide a positive sensory experience regarding sweetness. These findings reinforce
the importance of considering local consumption habits when assessing coffee sensory quality.
The habit of adding sugar to coffee can affect taste perceptions and influence individual
consumer preferences (Eulalia et al., 2022). Therefore, when developing new products or
adjusting roasting processes, it is essential to take into account the preferences of the target
audience and seek to enhance the sensory experience, including sweetness, to meet consumer
expectations and demands.

In this study, the roast at 275 °C/7.46 min resulted in a lower appreciation of aroma by
the tasters, suggesting that the temperature used in this roast profile may have been excessively
severe. This more rigorous roasting condition may have led to more pronounced degradation
reactions, resulting in the loss or alteration of important aromatic compounds. These findings
highlight the importance of precise control of roasting parameters to preserve desirable sensory
characteristics of coffee. Proper selection of the roast profile, including temperature and
exposure time, can directly influence the formation and preservation of aromatic compounds
(Caporaso et al., 2018; Kim et al., 2022; Pimenta et al., 2021). Understanding the relationships
between roasting parameters and the sensory properties of coffee is essential for improving the
quality of the final product and meeting consumer preferences (Bemfeito et al., 2021).

The color attribute showed significant differences (p<0.05) among the roast profiles.
The roast profiles at 210 °C/9.02 min and 210 °C/11.01 min received the highest scores. This
suggests that roasting parameters, such as temperature and time, influence the coloration of the
beverage. Color is an important sensory attribute and can affect the perception of coffee quality
by consumers (Anette & Stafford 2023; Bemfeito et al., 2021; Carvalho & Spence 2019; Dong

et al., 2017; Sousa et al., 2020). Therefore, it is essential to optimize roasting parameters to
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achieve an attractive and pleasant color to satisfy consumers' visual expectations and provide a
positive sensory experience.

The overall impression of the coffee showed significant differences (p<0.05) among the
roast profiles. The lowest scores were attributed to coffees roasted at 220 °C/13.47 min, 230
°C/17.43 min, and 275 °C/7.46 min. These results suggest that exposing the beans to higher
temperatures may lead to the degradation of important compounds in the final beverage quality,
negatively affecting the overall impression of the coffee.

Overall, untrained consumers had a similar taste perception to certified tasters (Q-
graders). Their evaluations are not significantly inferior to those of experts. These results
emphasize the importance of considering consumers' perceptions in the development and
evaluation of coffee beverages, respecting their preferences. Therefore, it is crucial to improve

sensory evaluation methods to encompass the diversity of coffee sensory perspectives.

3.9. Principal component analysis

Principal Component Analysis (PCA) is a widely used statistical technique for reducing
the dimensionality of complex datasets. Through this approach, it is possible to transform a
large number of correlated variables into a smaller set of uncorrelated principal components. In
the specific context of a dataset containing information about roasting profiles, PCA was
employed to investigate the relationship between these variables and the formation of sample

groups (Fig. 4).
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Figure 4. Data from the principal component analysis of chemical compounds and sensory
attributes of Arabica coffee variety Red Cattai subjected to different roasting profiles.

The similarity and divergence between samples of roasting profiles can be represented
through a Principal Component Analysis (PCA) with two principal components (PCs),
displaying the distribution of samples on a new coordinate graph according to their scores.
Additionally, the loading plot shows the relationship between variables and a specific principal
component. According to the PCA data, as demonstrated in Fig. 4, the explained variance was
70.5 %. The first principal component (PC1) contributed 50.4 % to the total variance of the
data, while the second principal component (PC2) explained 20.1 % of the variance (Fig. 4).
The PCA analysis indicated a clear segregation of roasting profiles, corresponding to
temperatures from milder to more intense, which is in agreement with the results reported by
Alcantara et al. (2021). In an exploratory study, Alcantara and colleagues identified a clear
distinction between traditional and specialty coffees using PCA analysis. From the spatial
representation of the samples, four distinct groups were identified and separated into the
following quadrants: 210 °C/9.02 min, 210 °C/11.01 min, and 220 °C/13.47 min (positive PC1,
positive PC2); 230 °C/17.43 min (negative PC1, positive PC2); 275 °C/7.46 min (negative PC1,
negative PC2); 135 °C/20.20 min (positive PC1, negative PC2) (Fig. 4).

In conclusion, Principal Component Analysis (PCA) revealed a relationship of

similarity among different coffee samples, distinguishing roasting profiles based on the use of
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temperatures ranging from low to high, arranged in four quadrants that correlate with the
compounds of each principal component (PC). Thus, it became evident that the relationship
between the chemical and sensory components of coffee, as well as its quality, could be easily

observed through the application of PCA.

Conclusion

The results of this study have demonstrated that different roasting profiles significantly
impact the physicochemical, sensory, and antioxidant characteristics of Arabica coffee.
Variations in roasting temperatures and times influenced the composition of organic acids, total
phenolics, caffeine, sugars, melanoidins, and aromatic compounds, as well as the acidity, color,
and antioxidant activity of the beverage.

These findings underscore the importance of precise control over roasting parameters to
achieve desirable sensory characteristics in coffee, such as aroma, flavor, acidity, and color.
Furthermore, the results highlight the need to consider consumer preferences when developing
new products or adjusting roasting processes in order to meet their expectations and demands.

In this way, the study contributes to the understanding of the relationships between
roasting parameters and the chemical and sensory properties of Arabica coffee, providing
valuable information for the coffee industry in its pursuit of high-quality products that align
with consumer preferences. Future research can further explore the effects of different roasting
temperatures and times on other coffee varieties and under different cultivation conditions,
aiming to further enhance the quality and diversity of flavors in coffee offered to enthusiasts of

this globally consumed beverage.
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2. CONCLUSION

This comprehensive study on coffee highlights the importance of the roasting process
as a critical factor that influences both the chemistry and the coffee experience, a widely
consumed beverage worldwide. The five chapters of this work take us on a journey of
discovery, exploring everything from the origin and market of coffee to roasting profiles,
chemical composition, properties, and innovations in the process.

In the first chapter, we are introduced to the general context of coffee, its global
relevance, and the importance of quality in the roasting process. In the second chapter, we
examine how different roasting profiles affect the chemical composition, antioxidant activity,
and color of different coffee varieties, Coffea canephora and Coffea arabica.

The third chapter explores post-harvest roasting conditions, focusing on the composition
of carbohydrates, organic acids, and melanoidins, revealing how these elements contribute to
the unique flavor and aroma of coffee. The fourth chapter investigates the harmonization of
sensory characteristics in different roasting profiles, using advanced techniques such as infrared
spectroscopy analysis to deepen our understanding of the complex chemical interactions
involved.

Finally, in the fifth and last chapter, we are introduced to innovative roasting profiles
that have the potential to enhance both the chemical composition and the experience of arabica
coffee. The study covers a comprehensive analysis of the total chemical composition of this
coffee, demonstrating the potential for roasting advancements to further elevate the quality of
this beloved beverage.

In summary, this work underscores the deep relationship between chemistry, the
roasting process, and the appreciation of coffee, offering valuable insights that can benefit both

the industry and enthusiasts of this globally cherished beverage.
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