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Abstract

:

Cesar, a coffee-growing department in Colombia, has particular characteristics that favor the production of coffees differentiated by sensory profile, for which the acidity attribute stands out. The chemical composition and sensory quality of the coffee produced by 160 coffee growers during two production harvests (2021 and 2022) and processed by the wet method were evaluated to correlate the contents of the main acidic chemical compounds present in green coffee beans with the perceived acidity of the beverage. The chemical analysis of coffee samples utilized spectrophotometric methods and HPLC-DAD techniques. Lactic, 3,5-di-CQA and phosphoric acids were good discriminators of acidity classified as excellent; that is, with a score higher than 7.75 on the Specialty Coffee Association (SCA) scale, presenting the highest contents in the green coffee bean. There was a direct linear relationship between acidity and 3,5-di-CQA and 5-CQA and an inverse relationship between acidity and 3-CQA, 4-CQA and 4,5-CQA. These findings contribute to the understanding of the quality and chemistry of Colombian coffee.
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1. Introduction


Colombia is the world’s largest producer of smooth washed Arabica coffee and is recognized for its coffee quality, giving coffee produced in Colombia additional value in commercialized prices. The income of more than 540,000 coffee-growing families in Colombia derives from the production of coffee; coffee is grown in more than 600 municipalities of the 23 coffee departments of the country, and according to figures from the Ministry of Agriculture, the coffee sector in Colombia represents 15% of GDP agriculture, creating approximately 2.5 million jobs (direct and indirect). In 2022, the total coffee production reached 11.1 million 60 kilogram bags of green coffee. Out of this, 11.4 million bags were exported, and 2.3 million bags were consumed in Colombia [1].



Cesar is one of 23 coffee departments of Colombia, with a coffee cultivation area of 23,589 ha and an average density of 5126 plants/ha; it has 8764 coffee farms and a population of 8417 coffee growers, distributed in 19 municipalities of the department [2]. Eighty percent of the crops are concentrated in four municipalities, Valledupar and Pueblo Bello, in Sierra Nevada de Santa Marta, and Agustín Codazzi and La Paz, in Serranía del Perijá (eastern mountain range).



The department of Cesar, located in northern Colombia, is 43% mountains and 57% plains, with warm weather in flat areas, a temperate climate in mountainous areas, and a moorland climate in Sierra Nevada de Santa Marta and Serranía de Perijá [3]. The climate effects lead to a concentrated harvest pattern in the second half of the year, with 90% of the harvest between the months of October and December and the remaining 10% in the months of January and February; additionally, the climate necessitates adopting a production system under the shade, except at altitudes above 1600 m, where it is possible to produce coffee in full sun exposure [3].



The quality of Colombian coffee is the result of the cultivation of varieties of the Arabica species, in combination with environmental (soil and climate) factors associated with the geography and location of Colombia; agronomic practices during the stages of sowing, fertilization, and the integrated management of pests, diseases and weeds [4,5,6,7,8]; and harvesting mainly ripe fruits and implementing wet processing [9,10,11,12,13]. The wet process to obtain washed coffee has more processing stages than does the dry process used to obtain natural coffee or the semidry process used to obtain honey type coffee; each of these processes yields beverages with sensory attributes differentiated by fragrance and aroma, acidity and body [14,15,16].



Wet processing, which is carried out by the majority of Colombian coffee growers, begins with the harvest of ripe fruits [15,17,18,19]. Then, pulping, considered the first stage of transformation, involves removal of the peel from the fruit [20] and the elimination of mucilage from coffee [21,22,23,24]; mucilage is the hydrogel that covers the shelled bean and, in combination with yeasts and bacteria present in the environment and in the equipment, leads to the natural occurrence of fermentation at room temperature [15,25]. After the spontaneous fermentation stage [26], the coffee is washed, followed by the drying process until it reaches a moisture content between 10–12% [27,28,29].



All these factors and processes contribute to the formation of chemical compounds in green coffee beans; the compounds are expressed or transformed into other chemical compounds during the roasting process through different chemical reactions that occur inside the bean [4,6,12,30,31,32,33], giving rise to different sensory attributes, i.e., fragrance/aroma, flavor, acidity, sweetness and body, in the beverage. Each sensory attribute can be evaluated quantitatively based on quality and intensity and qualitatively through descriptions [14].



Acidity is one of the outstanding attributes of the coffee beverage and is most valued by consumers worldwide. It is described as the sensation on the tongue that causes salivation and contributes to the liveliness of the beverage, imparting characteristics of fresh fruit. Acidity, strictly speaking, is determined solely by the concentration of hydrogen ions (pH), which is related to the degree of ionization or dissociation of an acid present in a solution; undissociated molecules of acids can have a flavor effect through aroma by virtue of their volatility [34].



From a sensory perspective, certain groups of acids are considered constituents of coffee beans that directly affect beverage quality; these acids constitute 11% of the total bean mass, and they are flavor precursors for other coffee quality descriptors. Two groups of acids have been identified in coffee beans: organic acids (OAs), such as citric, malic, quinic, acetic, lactic, succinic and oxalic acids [15,30,33,35,36,37], and chlorogenic acids (ACGs), grouped as caffeoylquinic acids (5-CQA, 4-CQA and 3-CQA), feruloylquinic acids (5-FQA, 4-FQA and 3-FQA) and dicaffeoylquinic acids (3,4-diCQA; 3,5-diCQA and 4,5-diCQA) [32,38,39,40,41]. Among other acids present in coffee beans, inorganic acids such as phosphoric acid (H3PO4) have been identified [42].



Farah et al. [43] indicated that chemical analyses of green coffee beans can be used as an additional tool to predict the sensory quality of the beverage. In view of the importance of certain groups of chemical compounds as precursors of different sensory attributes of the beverage, including acidity, this study was carried out to determine if there is a relationship between the content of acids present in green coffee beans and the quality of the acidity perceived in the beverage.



This research deepens our understanding of how chemically acidic compounds present in green coffee beans correlate with the sensory attribute of acidity in the beverage. These findings are particularly relevant for Colombian coffee farmers, gaining a deeper insight into how acids in green coffee beans processed through wet processing with spontaneous fermentation influence the sensory perception of acidity. This study actively promotes and highlights the distinctive qualities of coffee produced in the department of Cesar.




2. Materials and Methods


2.1. Coffee Samples and Origin


In total, 160 farms were randomly and proportionally selected from the 12 coffee municipalities in the department of Cesar (Figure 1a). The samples were obtained from coffee fruits of the species Coffea arabica L., variety Castillo®, processed by the coffee growers on their farms through the wet process with spontaneous fermentation. These samples were evaluated during two production harvests (2021–2023), totaling 320 samples. The process began with the harvesting and pulping of ripe fruits, followed by the classification by density of lower quality beans, and then the removal of mucilage through spontaneous fermentation. The Fermaestro TM methodology [26] was employed to monitor the degradation of mucilage and establish the optimum point at which the coffee should be washed. Subsequently, the coffee was naturally dried (sun-dried) until the beans reached a moisture content between 10% and 12% (Figure 1b). The dry parchment coffee (DPC) was collected by the Departmental Committee of Coffee Growers of Cesar and then sent to the National Coffee Research Center (CENICAFE). This center is located in the municipality of Chinchiná, Caldas, at an altitude of 1310 m and has an average temperature of 21.2 °C, along with a relative humidity of 82.3%.




2.2. Chemical Analysis


2.2.1. Chemicals and Solvents


All organic solvents used in this study were HPLC-grade (Sigma-Aldrich, St. Louis, MO, USA). The ultrapure (type 1) water used for the HPLC and UPLC mobile phases and preparation of standard solutions was obtained through a SMART 2 PURE 12 UV/UF (Thermo scientific, Waltham, MA, USA). Various acids were utilized in the study, each with specific characteristics. Citric acid ACS reagent (≥99.5%, 251275), Succinic acid (≥99.0%, S3674), L-Malic acid (≥95%, M6413), D-Quinic acid (≥95%, 138622), and Chlorogenic acid (≥97%, C3878) were sourced from Sigma-Aldrich (St. Louis, MO, USA). Lactic acid—Certified Reference Material (PHR1215) by Supelco. Carrez clarification solutions I and II were obtained as a ready-to-use kit (Sigma-Aldrich, St. Louis, MO, USA).




2.2.2. Sample Preparation


The DPC samples were threshed to obtain coffee beans. The selection of beans was carried out by removing beans with physical defects to obtain healthy grains, minimizing the interference of other types of beans. Subsequently, the beans were cryogenically ground in liquid nitrogen using a Retsch ZM 200 ultracentrifuge mill. The ground samples were stored at −80 °C in a Thermo Scientific brand freezer until chemical analyses were performed.




2.2.3. Extraction, Analysis and Quantification of Chemical Compounds


	
Organic acids (OAs)






Extraction and quantification of organic acids were conducted following the protocol described by Santiago et al. [36] with modifications, and chromatographic conditions were adjusted according to the method provided by the column manufacturer [44]. OAs were extracted with water at 90 °C for 5 min. The analytes of interest were isolated and quantified using a high efficiency liquid chromatograph coupled to a diode array detector (Alliance 2690-996 DAD, Waters Corporation, Milford, CT, USA) and a Supelcogel C-610H column (300 mm × 7.8 mm, Supelco, Bellefonte, PA, USA); the separation parameters were as follows: temperature, 35 °C; flow rate, 0.5 mL/min; mobile phase, H3PO4 (0.1% v/v); and isocratic mode. The data were acquired using the Empower 2.0 controlling software. The DAD detector collected data in the range from 190 to 450 nm, and chromatograms were extracted at 210 nm for quantitation (Figure 2). The different acids (acetic, citric, lactic, malic, quinic and succinic acids) were quantified using calibration curves made with reference standards for each OA (Sigma-Aldrich). The method of external standards was applied for the quantitation of each compound. Analytical parameters of chromatographic methods (LOD, LOQ, and linearity range) for each standard were established (Table 1).



The organic acids were identified by comparing their retention time (in minutes) to standard values and quantified using external standard calibration. The chromatographic separation of each organic acid is depicted in Figure 2.



	2.

	
Phosphoric acid







Green coffee beans (2 g) were milled. The ash was digested with 4 mL of a solution of HCl: water (1:1 v/v), followed by complete evaporation. The residue obtained was brought to a volume of 25 mL with hot water. A 0.5 mL aliquot of resuspended residue was added to 4.5 mL of water and 2 mL of a mixture of ammonium molybdate and ammonium vanadate (1: 1 v/v). The mixture was left to react for 10 min, and then the absorbance at 420 nm was read on a UV-VIS spectrophotometer (Beckman DU-650, Beckman Coulter, Brea, CA, USA). The phosphorus concentration in the sample was determined based on a calibration curve (1 to 16 mg L−1, Figure 3) made with monobasic potassium phosphate (Merck, Rahway, NJ, USA), following the methodology described by Carrillo et al. [45]. The data were expressed as the content of phosphorus present in the coffee beans and then converted to the content of phosphoric acid. All tests were carried out in triplicate.



	3.

	
Chlorogenic acid isomers







The extraction method described below is based on that described by Marín and Puerta [38]. Chlorogenic acids were extracted from previously defatted coffee samples using 70% methanol and subsequent purification with Carrez I and II reagents. Analyses were performed on an ultra-performance liquid chromatograph (Acquity MQ, Waters Corp., Milford, MA, USA) coupled with a diode array detector (2998-DAD, Waters Corp., Milford, MA, USA). The parameters for the analysis included a wavelength range of 210–400 nm, with chromatograms extracted at 324 nm for quantitation (Figure 4). The column used was Acquity UPLC BEH C18 (1.7 µm, 2.1 mm × 50 mm, Waters Corp., Milford, MA, USA), maintained at a temperature of 40 °C. The mobile phase consisted of a mixture of acetonitrile (100% v/v) and phosphoric acid (0.1%) in a 10:90 ratio, with a flow rate of 0.6 mL/min in an elution gradient lasting 3.5 min. Chlorogenic acids (CQA, FQA, and diCQA) were identified by comparison of retention times in relation to 5-caffeoylquinic acid (Figure 4) and were quantified considering the concentration obtained for 5-CQA in the chromatogram, the molar absorptivity coefficients and the molecular weights of the respective acids, based on molar ratios reported in the literature [38,46,47].





2.3. Sensory Analysis


Prior to the sensory analysis, all the samples were roasted in Probat equipment (BRZ 2) for 8 to 12 min in a colorimetry range between 55–65 Agtron/SCA, and the roasted coffee beans were ground in Bunn G3 equipment. For each sample, 5 cups were evaluated at three different temperature levels in accordance with the protocol of the Specialty Coffee Association (SCA) [48].



This protocol is internationally recognized by the Coffee Quality Institute (CQI) and allows the recording of 10 coffee attributes: fragrance/aroma, flavor, aftertaste, acidity, body, balance, uniformity, clean cup, sweetness, presence of defects (clean cup). The total SCA score was the sum of all the attribute scores. These attributes are rated on a 16-point scale representing quality levels with increments of 0.25 between numerical values from 6 up to 9.75. To conduct this analysis, the taster must be certified as Q-Grader by the CQI.




2.4. Statistical Analysis


For each of the chemical compounds, the average and standard deviation were determined for each evaluated harvest. Of the 320 samples evaluated in the two harvests, those that did not present sensory defects were selected, and a multivariate principal component analysis (PCA) was carried out to identify relationships between the different chemical compounds and the acidity ranges established and evaluated by the cupping panel. Subsequently, to determine differences in chemical compounds and acidity ranges, a 5% multivariate t-multiple comparison test was performed. Finally, Pearson’s correlation coefficient was calculated to describe the linear relationships between chemical compounds and perceived acidity. Principal component analysis (PCA) and Pearson’s correlation coefficient were conducted using R version 4.2.1 (R Core Team, 2021, R Foundation for Statistical Computing, Vienna, Austria).





3. Results and Discussion


3.1. Acid Composition in Green Coffee Beans


Table 2 shows the results obtained from the chemical analyses carried out on the green coffee beans of C. arabica from the department of Cesar and processed by the coffee growers on their farm by wet means. The data are presented as the average and standard deviation obtained by each acid group for each of the evaluated harvests: phosphoric acid, organic acids and chlorogenic acids.



For OAs (Table 2), in general, citric acid (12.1 ± 1.6 g kg−1), quinic acid (6 ± 0.8 g kg−1), malic acid (4.4 ± 0.8 g kg−1) and acetic acid (4 ± 3 g kg−1) were the predominant acids; these data were within the average values reported for C. arabica grown in Colombia [15,30].



As observed descriptively, the variability of acetic acid does not remain consistent from one harvest to another. This change could be associated with post-harvest practices carried out by coffee growers in the wet process [15,49,50]. However, it was not the focus of this study to control these factors, and therefore, it is not possible to precisely determine the causes of the variability.



For C. arabica, Santiago et al. [36] reported citric acid values ranging from 7.48 to 13.43 g kg−1, quinic acid values ranging from 1.92 to 3.37 g kg−1, malic acid values ranging from 2.63 to 4.42 g kg−1 and acetic acid values ranging from 9.30 to 14.67 g kg−1.



Regarding phosphoric acid, no values have been reported for the coffee varieties grown in Colombia; the value obtained in this study ranged from 0.42 to 0.68 g 100 g−1, values similar to those reported by Khapre et al. [42] for C. arabica green coffee beans from Kenya, with contents ranging from 0.31 to 0.74% green coffee bean (dwb).



Among chlorogenic acids, caffeoylquinic acid (CQA) was predominant (Table 2), with an average content of 5.6 ± 0.4 g 100 g−1, corresponding to 83% of the total chlorogenic acids present in green coffee beans; within this group, the 5-CQA isomer had the highest content (4.7 ± 0.3 g 100 g−1). The other isomers within this group, i.e., 3-CQA and 4-CQA, had contents of 0.4 ± 0.1 and 0.5 ± 0.1 g 100 g−1, respectively. In the group of diCQAs, the isomer with the highest content was 3,5-diCQA (0.4 ± 0.1 g 100 g−1), and for the group of feruloylquinic acids (FQAs), the isomer with the highest average content was 5-FQA (0.37 ± 0.04 g 100 g−1).



The results are similar to those reported by Dong et al. [51] for green coffee beans of different origins, with values ranging from 0.23 to 0.47 g 100 g−1 for 3-CQA, from 0.39 to 0.65 g 100 g−1 for 4-CQA and from 3.55 to 4.92 g 100 g−1 for 5-CQA. Similar results were observed by other authors for C. arabica [32,39,40,51].




3.2. Sensory Analysis


The individual determination of each attribute was carried out in accordance with the methodology established by the SCA, and the total score was the sum of each attribute score. A total of 320 samples were evaluated for the two coffee harvests, and the data were grouped by classification category using the total scores (Figure 5). A total of 19.7% of the samples evaluated presented sensory defects, with scores below 60 SCA points, and 3.1% of the samples did not present sensory defects, but their score was less than 80 SCA points, classifying them as standard quality (not specialty). A total of 77.2% of the samples evaluated obtained scores equal to or greater than 80 SCA points, classifying them as specialty coffees [52].



One of the objectives of the SCA protocol is to differentiate specialty coffee from commercial or conventional coffee. The maximum possible score for this protocol is 100 points, and 80 points is the threshold for specialty coffee. Using this classification range established by the SCA [52], 77.2% of the 320 samples evaluated were classified as specialty coffees, of which 50% of the samples had scores greater than or equal to 80 SCA points but less than 83 points; a total of 24.4% of the samples had scores greater than or equal to 83 SCA points but less than 85; and 2.8% of the evaluated samples had scores equal to or greater than 85 SCA points but less than 90 SCA points.



Table 3 shows the average scores for each of the attributes evaluated during a sensory analysis of the 77.2% of samples that had scores higher than 80 SCA points. Further analyses were conducted to determine if the scores for these samples were correlated with the contents of different groups of acids present in green coffee bean.



The samples with a score higher than 80 points on average had scores higher than 7.25 for each attribute. For acidity, for the samples evaluated, the average score was 7.52 ± 0.20, with a minimum of 7.00 and a maximum of 8.25. For fragrance/aroma, the average score was 7.57 ± 0.21, and for flavor, the average score was 7.54 ± 0.24.




3.3. Relationship between Acid Composition in Green Coffee Beans and the Sensory Attribute of Acidity


In this study, acetic acid is not considered in the analysis of its relationship with the sensory attribute of acidity. The heterogeneity in the values recorded for this acid (Table 2) may be attributed to factors other than those investigated in this study. Therefore, only those acids that exhibited homogeneity in their concentration in both harvests will be taken into account.



For the 77.2% of samples with scores equal to or greater than 80 SCA points, classified as specialty coffees (specialty quality), a classification scale for acidity was developed by the authors (Table 4) to determine if there is a relationship between perceived acidity perceived by the Q-Grader tasters and the content of acidic compounds present in green coffee beans.



In the principal component analysis (PCA), the first component explained 66.9% of the variability, and the second component explained 33.1%, for a total of 99% of the explained variability (Figure 6). The samples with a high score for acidity, i.e., classified as excellent, that is, with a score higher than 7.75, had higher contents of 3,5-di-CQA chlorogenic acid, phosphoric acid and lactic acid but lower contents of malic acid and 5-FQA. For samples with acidity scores less than 7.25, classified as good acidity, the content of 4.5-di-CQA acid was higher with respect to that in samples with other classifications.



Table 5 shows the results of the multivariate t test. For samples with the highest con-tents of acidic compounds in the green coffee beans and with acidity scores higher than 7.75, 3,5-di-CQA (0.51 g 100 g−1), lactic acid (0.45 g kg−1) and phosphoric acid (0.56 g 100 g−1) contents were higher, and malic acid (3.82 g kg−1) and 5-FQA (0.36 g 100 g−1) contents were lower. For samples with acidity scores lower than 7.25, classified as good acidity, the content of 4.5-di-CQA acid was higher with respect to that in samples with other classifications (0.20 g 100 g−1).



Khapre et al. [42] found significant correlations (p < 0.05) between citric acid and the flavor and acidity attributes perceived in the beverage; however, in this study, there was not a statistically significant correlation between the citric acid content and the increase in the intensity of perceived acidity if citric acid was identified as the majority OA in green coffee beans (11.7 to 12.4 g kg−1, dwb). High contents of malic and citric acids contribute to the acidity of the beverage [32,53].



In the group of chlorogenic acids (Table 5), significant differences were also observed, with the content of the 3,5-di-CQA isomer being higher in the samples classified as having excellent acidity and statistically lower contents of the 3-CQA, 4-CQA and 5-FQA isomers. Dos Santos Scholz et al. [12] indicated that high values of 3,5-diCQA and 3,4-diCQA are indicators of ripe beans at harvest and result in positive beverage attributes.



Statistically significant differences were observed for samples with an acidity classified as excellent and green coffee beans with the highest phosphoric acid content (Table 5).



The Pearson correlation analysis (Figure 7) revealed that the contents of 3,5-di-CQA and 5-CQA have a direct linear relationship with acidity, with values of 0.26 and 0.27, respectively. For 3-CQA, 4-CQA and 4,5-CQA, there was an inverse relationship with acidity, with values of −0.36, −0.31 and −0.33, respectively; that is, higher contents of these compounds tend to be associated with lower acidity scores.



Barbosa et al. [32] indicated that although authors such as Farah et al. [43] have reported an association between high levels of CGA and lower cup quality, it is possible to obtain coffee beverages with good sensory quality from beans with different levels of CGAs.



For roasted Arabic coffees from different regions of Brazil, Zanin et al. [53] found wide variation in the total contents of CGA and 5-CQA in good quality coffee after different postharvest processing.



Figure 7 shows that the total SCA score is highly correlated with acidity (0.86), which is expected because this attribute is part of the total score. Osorio et al. [15] showed that the attributes most highly correlated with the total SCA score are acidity, flavor and balance, with values of 0.922, 0.894 and 0.881, respectively, which agrees with the results reported by Rune et al. [54], indicating that perceived acidity is not only associated with the content of OAs but also with other factors of the coffee process and other compounds present in green coffee beans.





4. Conclusions


This research explored the relationship between acidic chemical compounds and the sensory attribute of acidity, and the results indicate that acidity highly influences the perceived sensory quality of coffee, further contributing to the ability to differentiate the origins of Colombian coffee.



Lactic, 3,5-di-CQA and phosphoric acids are good discriminators of excellent acidity, and are associated with scores higher than 7.75 on the SCA classification scale, for green coffee beans with high contents of these compounds.



There was a direct linear relationship between acidity and 3,5-di-CQA and 5-CQA and an inverse relationship between acidity and 3-CQA, 4-CQA and 4,5-CQA.
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Figure 1. Location of farms and sample processing: (a) Geographical location of the farms; (b) sample processing. 
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Figure 2. Chromatographic profile of the standard solution at 210 nm of citric acid (11.12 min), malic acid (13.16 min), quinic acid (13.72 min), succinic acid (16.29 min), lactic acid (16.65 min) and acetic acid 19.69 min) at 50 mg L−1. Diamond indicates that a fitting parameter was added to improve separation. Triangles indicate the start and end of integration. 
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Figure 3. Calibration curve for phosphoric acid content assay. 
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Figure 4. UPLC–DAD chromatogram of chlorogenic acids in green coffee beans of C. arabica. 3-CQA: 0.75 min; 5-CQA:0.98 min; 4-CQA: 1.04 min; 4-FQA:1.32 min; 5-FQA: 1.52 min; 3,4-di-CQA: 2.14 min; 3,5-diCQA: 2.18 min; 4,5-diCQA: 2.24 min. Triangles indicate the start and end of integration. 
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Figure 5. Classification of samples based on the sensory evaluation results. 
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Figure 6. Principal component analysis biplot of Dim1 and Dim2 for the dataset of chemical compounds in green coffee beans and acidity in the cup. 
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Figure 7. Pearson Correlation between Acidity and Chemical Compounds. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Table 1. Parameters of analytical methods of organic compounds.
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	Compound

Acid
	Retention Time

(min)
	Equation
	Regression Coefficient

(R2)
	Working

Range

mg/L
	LOD

(mg/L)
	LOQ

(mg/L)





	Acetic
	19.69
	y = 1.42 × 103x − 7.56 × 102
	0.9958
	50–500
	5.00
	16.67



	Citric
	11.12
	y = 2.44 × 103x − 7.74 × 103
	0.9999
	60–960
	6.00
	20.00



	Lactic
	16.65
	y = 4.47 × 103x + 3.96 × 103
	0.9955
	6–96
	0.60
	2.00



	Malic
	13.16
	y = 1.68 × 103x − 6.12 × 103
	0.9996
	90–450
	9.00
	30.00



	Quinic
	13.72
	y = 1.09 × 103x − 3.67 × 103
	0.9994
	180–900
	18.00
	60.00



	Succinic
	16.29
	y = 1.33 × 103x − 4.94 × 103
	0.9970
	20–100
	4.00
	12.00










 





Table 2. Average acid content in green coffee beans (dry weight basis (dwb)).
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	Parameter
	Harvest 1 (2021)

Mean ± Sd
	Harvest 2 (2022)

Mean ± Sd
	General Mean ± Sd





	Phosphoric acid (H3PO4) 1
	0.53 ± 0.05
	0.52 ± 0.05
	0.53 ± 0.05



	Organic Acids 2
	
	
	



	Acetic
	4 ± 3
	2.2 ± 0.7
	3.2 ± 2.6



	Citric
	12.3 ± 1.6
	11.9 ± 1.5
	12.1 ± 1.6



	Lactic
	0.48 ± 0.11
	0.27 ± 0.02
	0.37 ± 0.13



	Malic
	4.3 ± 0.8
	4.5 ± 0.8
	4.4 ± 0.8



	Quinic
	6.4 ± 0.7
	5.5 ± 0.5
	6 ± 0.8



	Succinic
	1.6 ± 0.8
	1.7 ± 0.6
	1.6 ± 0.7



	Chlorogenic Acids 1
	
	
	



	Caffeoylquinic acid (CQA)
	5.44 ± 0.35
	5.70 ± 0.33
	5.57 ± 0.36



	3-caffeoylquinic acid (3-CQA)
	0.34 ± 0.10
	0.35 ± 0.08
	0.35 ± 0.09



	4-caffeoylquinic acid (4-CQA)
	0.52 ± 0.10
	0.54 ± 0.08
	0.53 ± 0.09



	5-caffeoylquinic acid (5-CQA)
	4.58 ± 0.32
	4.81 ± 0.29
	4.70 ± 0.33



	Dicaffeoylquinic acids (di-CQA)
	0.73 ± 0.09
	0.73 ± 0.10
	0.73 ± 0.10



	3,4-dicaffeoylquinic acid (3,4-diCQA)
	0.13 ± 0.03
	0.14 ± 0.06
	0.13 ± 0.05



	3,5-dicaffeoylquinic acid (3,5-diCQA)
	0.40 ± 0.10
	0.40 ± 0.12
	0.40 ± 0.11



	4,5-dicaffeoylquinic acid (4,5-diCQA)
	0.20 ± 0.04
	0.19 ± 0.04
	0.19 ± 0.04



	Feruloylquinic acids (FQA)
	0.38 ± 0.03
	0.46 ± 0.14
	0.40 ± 0.04



	4-feruloylquinic acid (4-FQA)
	0.03 ± 0.01
	0.03 ± 0.01
	0.03 ± 0.01



	5-feruloylquinic acid (5-FQA)
	0.35 ± 0.03
	0.39 ± 0.03
	0.37 ± 0.04







Sd: Standard deviation. 1 g 100 g−1 green coffee bean. 2 g kg−1 green coffee bean.













 





Table 3. Results of the sensory analysis by attribute.
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	Attributes
	Mean ± Sd
	Minimum
	Maximum





	Fragrance/Aroma
	7.57 ± 0.21
	6.88
	8.25



	Flavor
	7.54 ± 0.24
	7.00
	8.35



	Aftertaste
	7.38 ± 0.22
	7.00
	8.12



	Acidity
	7.52 ± 0.2
	7.00
	8.25



	Bodysuit
	7.48 ± 0.19
	7.00
	8.13



	Balance
	7.45 ± 0.2
	7.00
	8.00



	Overall
	7.49 ± 0.27
	7.00
	9.00







Sd: Standard deviation.













 





Table 4. Classification scale for acidity.
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	Score Range
	Quality Classification





	≥7.00–<7.25
	Good



	≥7.25–<7.75
	Very good



	≥7.75
	Excellent










 





Table 5. Average content of acidic compounds based on acidity classification. Different letters indicate significant differences according to the 5% multivariate t test.
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Acid Group

	
Acidity Classification




	
Good

	
Very Good

	
Excellent




	
≥7.00–<7.25

	
≥7.25–<7.75

	
≥7.75






	
Phosphoric acid (H3PO4) 2

	
0.52 ± 0.04 b

	
0.53 ± 0.05 b

	
0.56 ± 0.05 a




	
Organic acids 1




	
Citric

	
12.4 ± 1.5 a

	
11.7 ± 1.5 a

	
12 ± 1.5 a




	
Lactic

	
0.37 ± 0.13 b

	
0.32 ± 0.11 b

	
0.45 ± 0.13 a




	
Malic

	
4.5 ± 0.8 a

	
4.5 ± 0.8 a

	
3.8 ± 0.8 b




	
Quinic

	
6 ± 0.7 ab

	
5.7 ± 0.7 b

	
6.1 ± 0.8 a




	
Succinic

	
1.7 ± 0.6 a

	
1.6 ± 0.7 a

	
1.6 ± 0.7 a




	
Isomers of CGA 2




	
3-CQA

	
0.36 ± 0.09 a

	
0.32 ± 0.08 a

	
0.26 ± 0.07 b




	
4-CQA

	
0.55 ± 0.09 a

	
0.51 ± 0.09 a

	
0.45 ± 0.08 b




	
5-CQA

	
4.69 ± 0.31 a

	
4.81 ± 0.31 a

	
4.81 ± 0.30 a




	
3,4-di-CQA

	
0.14 ± 0.04 a

	
0.13 ± 0.06 a

	
0.12 ± 0.03 a




	
3,5-di-CQA

	
0.40 ± 0.10 b

	
0.42 ± 0.11 b

	
0.51 ± 0.10 a




	
4,5-di-CQA

	
0.20 ± 0.04 a

	
0.18 ± 0.04 b

	
0.17 ± 0.03 b




	
4-FQA

	
0.03 ± 0.01a

	
0.03 ± 0.01 a

	
0.03 ± 0.01 a




	
5-FQA

	
0.37 ± 0.03 a

	
0.37 ± 0.04 a

	
0.36 ± 0.03 b








1 g kg −1 green coffee bean on a dry basis. 2 g 100 g −1 green coffee bean on a dry basis.
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