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Abstract: Coffee is one of the most widely consumed beverages worldwide, mainly due to its 
organoleptic, and psychoactive properties. Coffee brewing techniques involve the use of different 
extraction/infusion conditions (i.e., time, temperature, pressure, water/powder ratio, etc.), which 
can influence the quality of the final product. The study aimed to analyze the effect of four brewing 
coffee techniques (industrial espresso machine, Moka machine, pod machine, and capsule machine), 
which are the most used coffee brewing methods in Italy, on the quality and safety of the coffee 
brews, taking into account the profile of biogenic amines (BAs), total polyphenol content (TPC), 
total flavonoid content (TFC) and anti-radical activity (DPPH and ABTS assay). Eight coffee 
powders and brewed beverages from two different brands belonging to the 100% Arabica variety 
(country of origin Brazil) were analysed. The brewing techniques all resulted in a reduction of both 
BA content (27–30%), TPC (55–60%), TFC (50–55%), and anti-radical assays (45–50%) in coffee 
beverages compared to ground coffee samples. The study also showed that Moka is the method that 
yields the highest TPC (2.71–3.52 mg GAE/g coffee powder) and TFC (8.50–8.60 mg RUT/g coffee 
powder) content and highest anti-radical capacity in coffee beverages. The multivariate statistical 
analysis revealed a difference between coffee powder and infusions and coffee infusions obtained 
by different extraction techniques. Moreover, an analysis of the environmental impacts related to 
the different coffee preparation methods examined was conducted. This was performed by 
applying the Life Cycle Assessment (LCA) methodology through SimaPro v.9.2.2. software. 

Keywords: coffee brewing methods; coffee powder; coffee beverage; biogenic amines; polyphenols; 
antioxidants; food quality; sustainability; life cycle assessment 
 

1. Introduction 
Coffee, valued mainly for its organoleptic-nutritional characteristics, is one of the 

most consumed foods/drinks in the world. Moreover, coffee is one of the most traded 
commodities globally [1]. In 2020, coffee production reached 10.7 million tonnes with a 
value of approximately USD 102 million. Brazil (34.7%) is among the main producing 
countries, followed by Vietnam (16.5%), Colombia (7.8%), Indonesia (7.3%), Ethiopia 
(5.5%), and Peru (3.5%) [2]. According to the International Coffee Organisation (ICO), 
more than 169 million 60 kg bags of coffee were produced in 2020, with an increase of 
0.3% compared to the previous year. As coffee production and consumption are expected 
to steadily grow in the coming years, the amount of coffee by-products produced by the 
coffee industry is also expected to increase [1,2]. 

Hot and cold coffee drinks can be produced from a different variety of beans (i.e., 
Arabica and Robusta). The two most important species in terms of economics are Coffea 
arabica L. (generally referred to as Arabica), which accounts for about 70% of production, 
and Coffea canephora (generally referred to as Robusta). Arabica and Robusta coffees differ 
in terms of ideal pedo-climatic conditions (soil composition, climate, temperature, etc.), 
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physical aspects (size of the green coffee, etc.), chemical composition, and the 
characteristics of the brew obtained after roasting [1]. In particular, considering the 
chemical composition, Robusta coffee contains higher amounts of antioxidant 
compounds, caffeine, and soluble solids, resulting in increased body and strong flavor 
and aroma. The caffeine content in seeds ranges from 0.3% to 2.7% and is twice as high in 
Coffee Robusta as in Coffee Arabica, which contains almost 1.5%. While Arabica coffee 
offers superior cup quality and aroma, different secondary metabolites (i.e., minor 
isomers of chlorogenic acids and diterpenes), are not present in C. Arabica [1–3]. 

There are many coffee preparation techniques, involving the use of different 
extraction/infusion conditions (i.e., time, temperature, pressure, water/powder ratio, etc.) 
[4,5]. Concerning the coffee brewing methods mostly used in Italy, 87% of the home-
brewed coffee beverage is mainly characterized by Moka, and the semi-sweet brewing 
method [6]. However, nowadays, coffee preparation with traditional techniques is slowly 
giving way to faster brewing methods such as pods and capsules. These are small 
containers containing previously roasted and ground coffee beans that are used in special 
systems to brew them. The introduction of these new systems resulted in an increase in 
domestic coffee consumption [7,8]. 

The chemical composition of coffee beverages mainly depends on the processing 
techniques (i.e., pre-roasting and roasting) of green coffee beans. Moreover, processing 
methods at the harvesting stage and industrial processes of green coffee, as well as the 
methods used by consumers to prepare the coffee beverage, contribute to changes in the 
concentration of certain compounds within the finished product. The study of the 
chemical composition of coffee also referred to as “coffeeology”, has highlighted more 
than 1000 different volatile and non-volatile compounds, exhibiting several functional 
properties, such as antioxidant, anti-inflammatory, antihypertensive and antimicrobial 
activities, that act both positively and negatively on the consumer’s health [9,10]. 

Considering the physiochemical properties, coffee beans consist of (i) an outer skin 
(exocarp), which is rich in caffeine, chlorogenic acids, and tannins [9]; (ii) a middle pulp 
and a mucilaginous layer (mesocarp), which is a source of carbohydrates, such as glucose, 
and pectin; (iii) parchment, composed of cellulose, caffeine, and minerals; (iv) silver skin 
(integument), composed of polysaccharides, such as cellulose, and hemicellulose, as well 
as proteins and phenolic compounds [9], and (v) finally, the seeds (endocarp), containing 
significant concentrations of caffeine, polyphenols, flavonoids and triacylglycerols 
(TAGs), bioactive compounds with high antioxidant and antimicrobial activities [10]. The 
content of bioactive compounds (i.e., antioxidants, biogenic amines, etc.) depends on the 
coffee species, growing conditions, harvesting techniques, and the processing techniques 
the bean undergoes (i.e., roasting at high temperatures) [11–13]. Among its bioactive 
compounds, there are biogenic amines (BAs), consisting of basic low-molecular weight 
compounds derived from microbial and/or thermal decarboxylation of amino acids. These 
compounds, which can have both undesirable effects on health (e.g., histamine, 
cadaverine, tyramine, etc.) and positive effects (e.g., serotonin), are considered an 
indicator of food quality and safety. Studies have reported that the concentration of BA, 
especially polyamines (spermine, spermidine, and putrescine) changes considerably 
during the formation of the fruit and the processing phases, especially during the roasting 
phase of green coffee. Among the most abundant amine is putrescine, followed by 
spermine, spermidine, and serotonin [1,13]. Whereas the BA present in smaller quantities 
is cadaverine, histamine, and tyramine. Among other bioactive compounds, coffee 
contains significant amounts of polyphenols, i.e., molecules produced by the secondary 
metabolism of plants that can have positive effects on human health (i.e., anti-
atherosclerotic activity, antioxidant activity, etc.). Among the polyphenols most 
commonly found in coffee are chlorogenic acid, hydroxycinnamic acid, and their 
derivatives (i.e., caffeic acid, ferulic acid, etc.), as they are molecules with a high 
scavenging activity towards free radicals [14]. The polyphenol content in coffee varies 
considerably between green and roasted coffee, indeed the roasting process of the beans 
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leads to the degradation of approximately 70–75% of the polyphenols contained in green 
coffee [14–16]. 

Bioactive compounds in coffee beverages have been studied using different brewing 
preparation techniques (espresso machines, capsule machines, pod machines, and Moka) 
with different infusion conditions (i.e., time, temperature, pressure, etc.). Some studies 
have considered the possibility of evaluating multiple bioactive compounds in coffee 
powder and respective brewed coffees obtained by different techniques [13]. Therefore, 
this study aimed to evaluate the effect of four different coffee extraction methods 
(professional coffee machine, Moka machine, pod machine, and capsule machine), on the 
quality and safety of the final product, as shown in Figure 1. Therefore, the effect of these 
four coffee preparation methods was evaluated for the content of eight biogenic amines 
(serotonin, histamine, spermidine, putrescine, tyramine, cadaverine, and β-
phenylethylamine), the total polyphenol (TPC) and flavonoid (TFC) content, and the anti-
radical capacity (ABTS and DPPH assay). For both coffee powders and the infusions 
obtained from them by the different extraction techniques, the quantitative determination 
of BA was carried out by HPLC-FD, while for TPC, TFC, and the DPPH and ABTS assays 
were performed by means of UV-Vis spectrophotometric analysis. Indeed, univariate, and 
multivariate statistical analysis was performed on the spectrophotometric and 
chromatographic results of coffee powder and coffee beverages. Furthermore, concerning 
the influence that different brewing techniques have on the final coffee beverage and 
packaging, an analysis of the environmental impacts could be of relevance for an all-
encompassing quality and sustainability assessment. Over the latest ten years, several 
studies have been carried out to assess the environmental performances of the coffee 
production process and packing stages. Brommer et al. (2011) estimated GHGs emissions 
associated with the preparation of 2000 cups of coffee based on a cradle-to-gate approach, 
thus highlighting coffee cultivation as the most impactful phase responsible for 55.4% of 
total GHGs emissions, followed by post-consumer phases (36%), and coffee packaging, 
and distribution (6.6%) [17]. Concerning the packaging of different brewing methods, 
Dubois et al. (2011) observed the environmental burdens associated with 40-mL 
Nespresso capsules based on the different types of packaging materials (i.e., 
polypropylene or PP, polyethylene or PE, polyethylene terephthalate or PET, Aluminium 
or Al, and PE-Al-PET multi-layer bags). They highlighted that the most impactful 
materials derived from the waste disposal of PE capsules in landfill are due to direct CH4 
emissions associated with the degradation of starch [18]. 

The results of the above-mentioned studies were only slightly comparable since they 
differ in several factors (such as coffee varieties, coffee beverage volume from 40 to 237 
mL, etc). Besides, with coffee brewing methods, the method-energy efficiency 
significantly affects the overall environmental impacts associated with a single-use phase. 

In this regard, the environmental sustainability of different coffee brewing methods 
analyzed in the study was evaluated through the application of Life Cycle Assessment 
methodology (ISO 14000:2006) using the software SimaPro v. 9.2.2. The LCA analyses 
focused on a gate-to-gate approach, thus allowing the comparison of coffee brewing 
methods based in detail on the preparation technique, its energy-demand, and packaging 
materials. 
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Figure 1. Scheme of quality and sustainability assessment of coffee brewing methods. 

2. Materials and Methods 
2.1. Chemicals 

2-phenylethylamine (B-Pea), Putrescine (Put), Cadaverine (Cad), Histamine (His), 
Tyramine (Tyr), Spermine (Spm), Spermidine (Spd), and Serotonin (Ser) were purchased 
from Supelco (Bellefonte, PA, USA), as well as the derivatizing agent (Dansyl-Chloride, 
DSN-CL), sodium bicarbonate (NaHCO3), ammonium hydroxide (NH4OH) and sodium 
hydroxide (NaOH). Folin-Ciocalteu reagent, sodium carbonate (Na2CO3), 2,2-Diphenyl-1-
picrylhydrazyl (DPPH), 2,2’-azino-bis (ABTS), sodium nitrite (NaNO2) and aluminum 
chloride (AlCl3). In addition, the following solvents were purchased from Sigma-Aldrich 
(St. Louis, MO, USA): acetone (C3H6O), perchloric acid (HClO4), acetonitrile; ACN 
(CH3CN), methanol (CH₃OH) and double-distilled water (d-H2O). 

2.2. Instruments 
The following instruments were used for the analysis: Bandelin Sonorex RK100H wa-

ter and ultrasonic thermostatic bath, IKA T18 digital Ultra–Turrax (IKA-group, Saufen, 
Germany), and Whatman 0.45 µm 100 (PTFE) syringe filters (Sigma Aldrich, Milan, Italy), 
UV-Vis spectrophotometer (Jenway, Stone, UK), NEYA 10R refrigerate centrifuge (Exacta 
Optech, Modena, Italy). The chromatographic analysis of biogenic amines was performed 
using an ATVP LC-10 HPV binary pump with an RF-10° XL fluorimetric (FD) detector 
(Shimadzu, Kyoto, Japan) operating to λ emission = 320 nm, and λ excitation = 523 nm. A 
Supelcosil LC-18 column (250 mm × 4.6 mm, 5 µm) with a Supelguard LC-18 (Supelco, 
Bellefonte, PA, USA) pre-column was used for the determination of BAs. 

2.3. Sampling 
Eight coffee powders and brewed beverages from two different brands belonging to 

the 100% Arabica variety (country of origin Brazil) were analysed. For each brand, n = 2 
coffee powders for domestic use (Moka), n = 2 coffee powders for professional use (Bar), 
n = 2 coffee powders for the capsule brewing method, and n = 2 coffee powders for the 
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pod brewing method were considered, as shown in Figure 1. All types of coffee powder 
packaged for the above-mentioned coffee brewing methods refer to the same brand. The 
samples were purchased from local retailers in the city of Rome, Italy. The coffee packages 
were opened just before analysis to avoid and limit oxidative damage. Extracts (coffee 
beverages) were obtained in triplicate for each type of coffee powder and stored at T = +4 
°C until the day of analysis. Different extraction methods were used for the analyses: 
Moka coffee machine (model Bialetti, Omegna, Italy), capsule machine (model Krups Nes-
presso INISSIA XN100, Naples, Italy), pod machine (model De’Longhi Dedica EC685.W, 
Treviso, Italy), and professional espresso machine (model Faema Hot Steam, Milan, Italy). 
For each type of extraction, the amount of coffee required for the specific machine was 
used with a known amount of demineralized water. The extraction conditions are shown 
in Table 1. 

Table 1. Extraction conditions for different coffee brewing techniques. 

Extraction 
Condition 

Coffee Powder 
Weight (g) 

Water Volume 
(mL) 

Pressure 
(Pa) 

Time (s) Temperature 
(°C) 

Moka 5 25 10 × 105 300 95 
Espresso 

Professional 
7 25 18 × 105 25 96 

Espresso Pods 7.5 20 18 × 105 30 90 
Espresso 
Capsules 5.5 20 15 × 105 30 90 

For espresso coffee preparation by the traditional method, the professional coffee 
machine was used. After weighing 7 g of coffee powder for catering use, i.e., the quantity 
required for the filter holder of the machine, the coffee was pressed into the filter. While, 
the single-serving Moka was prepared by weighing 5 g of coffee powder for domestic use, 
without pressing it into the filter, and 25 mL of water, relative to the volume of the ma-
chine’s boiler. The capsule coffee was extracted by placing the capsule, containing 
weighted amounts of coffee powders, and sealed in a protective atmosphere (5 ± 0.5 g), 
into the machine with a compatible capsule system. Each capsule was used only once and 
then disposed of. For coffee pods, another machine specifically for this product was used, 
the pods consisted of pre-packaged coffee (7 ± 0.5 g) and hermetically sealed between two 
sheets of filter paper. In both methods, the volume of water used was approximately 20 
mL. The samples obtained by the different extraction methods were stored at refrigerated 
temperatures (T = 4 ± 2 °C) until analysis. 

2.4. Determination of Biogenic Amines 
Biogenic amine extraction in coffee powder samples was performed according to the 

method previously described by Vinci et al. (2021) [19] with some modifications. 1 g of 
coffee powder was weighed and placed in a centrifuge tube, then 10 mL of 0.6 M HClO4 
was added and homogenized in an ultrasonic bath for 10 min at 400 Hz at room temper-
ature. Then, after centrifugation (3000 rpm for 10 min), the supernatant was stored in an 
amber vial. For the coffee beverage samples, the extraction was performed according to 
the method of Vinci et al., 2021 [19], with some modifications. Briefly, 1 mL of sample was 
placed in a 10 mL amber flask then acidified by adding 0.6 mL of 10.3 M HClO4 to obtain 
a final concentration of 0.6 M and made up to volume with distilled H2O. The extracts 
thus obtained for coffee powders and coffee infusions were stored at a temperature of 4 ± 
2 °C. 

Following BA extraction in coffee powders and coffee beverages, the samples were 
then derivatized by adding 200 µL NaOH 2 N and 300 µL saturated NaHCO3 solution to 
1 mL of acid extract. Subsequently, 2 mL of DNS-Cl at a concentration of 2 mg/mL in 
acetone is added. The sample was placed in the dark for one hour at 45 °C in the ultrasonic 
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bath (Bandelin Sonorex RK100H). Subsequently, the solutions were made up to a volume 
of 5 mL with acetonitrile (ACN) and filtered through 0.45 µm FPTE syringe filters. Bio-
genic amines were detected by HPLC-FD following the standardized method defined by 
ISO 19343:2017, with some modifications [20]. Analytes were eluted using Supelcosil LC-
10 column (250 × 4.6 mm; 5 µm) in reverse phase with Supelguard LC-18 pre-column 
(Supelco), coupled with fluorimetric detector (λ excitation = 320 nm; λ emission = 523 nm). 
The flow rate was set at 1.2 mL/min, while the column temperature was set at 30 °C. The 
elution program starts with 3 min of isocratic elution (50% ACN; 50% water) reaching 
100% of ACN after 18 min to finish after 3 min of isocratic elution. After that, the start 
isocratic condition (50% ACN; 50% water) was restored. The results were obtained 
through a calibration curve ranging from 0.1 to 25 mg/L for each BA. Based on BA results, 
the Biogenic Amines Quality Index (BAQI) was calculated to assess the coffee samples’ 
quality. For BAQI values < 10, the product can be considered safe [21]. It was calculated 
as follows and expressed in µg/g of coffee powder: 𝐵𝐴𝑄𝐼 = (𝑃𝑈𝑇 + 𝐶𝐴𝐷 + 𝐻𝐼𝑆)(1 + 𝑆𝑃𝑀 + 𝑆𝑃𝐷)  

2.5. Polyphenol, Flavonoid, and Antioxidant Activity Determination 
A hydroalcoholic extraction was performed on the coffee powder samples and their 

infusions. The hydroalcoholic extraction procedure in the coffee powder samples was as 
follows: 0.1 g of coffee powder was weighed, to which 5 mL of MeOH:H2O (60:40, v/v) 
was added [22]. The solutions were centrifuged at 3000 rpm for 10 min at room tempera-
ture and the supernatant was collected in a 10 mL volumetric flask. A second extraction 
was performed on the supernatant as described above. For the coffee infusions, the ex-
traction was performed by placing 1 mL of sample in a 50 mL volumetric flask and making 
up to volume with MeOH:H2O (60:40, v/v). Extractions were performed on the day the 
infusions were prepared and all extracts were stored at 4 ± 2 °C. 

2.5.1. Total Polyphenols Content 
The total polyphenols content (TPC) was assessed for both hydroalcoholic extracts of 

coffee powder and coffee infusions according to the method described by Vinci et al. 
(2022) [22] with some modifications. 0.5 mL of the hydroalcoholic extract was mixed with 
0.25 mL of Folin Ciocâlteu reagent in a 10 mL amber volumetric flask. After 3 min, 0.5 mL 
of aqueous sodium carbonate solution (7.5% w/v) was added and the flask was kept in the 
dark for 30 min. It was then made up to volume with distilled water. The absorbance of 
the samples was read at 750 nm. The results were expressed as milligrams of gallic acid 
equivalents per gram of coffee powder (mg GAE/g coffee powder). The results were ob-
tained through a calibration curve ranging from 10 to 100 mg/L (R2 = 0.9998) and the blank 
was the solvent used for sample extraction. 

2.5.2. Determination of Total Flavonoid Content 
The total flavonoid content (TFC) was evaluated in all powdered and infused coffee 

extracts. The TFC was determined according to the method described by Abdel-Naeem et 
al. (2021), with some modifications [23]. To 0.5 mL of extract, 2 mL of distilled water and 
150 µL of NaNO2 (5% w/v) were added to a 5 mL volumetric flask. The solution was stirred 
and incubated in the dark for 5 min, then 150 µL of AlCl3 (10% w/v) was added and the 
solution was put back in the dark for 5 min. Next, 2 mL of NaOH (1 M) was added to the 
solution and left in the dark for a further 15 min. Subsequently, 5 mL was made up to a 
volume of 5 mL. The absorbance of the extracts was read at 510 nm. TFC results were 
expressed as milligrams of rutin equivalents (Rut) per gram of coffee powder (mg Rut/g 
coffee powder). As the TPC assay, the TFC blank corresponds to the solvent used for the 
extraction of polyphenols from coffee samples. 
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2.5.3. Determination of Antioxidant Activity 
The antioxidant activity of coffee powders and infusion extracts was evaluated by 

using two different reagents: ABTS and DPPH [24,25]. The scavenging activity of the 
ABTS radical in the samples was evaluated by measuring the decrease in absorbance at 
734 nm. A 7 mM solution of ABTS was prepared by dissolving 0.19 g of ABTS powder in 
50 mL of distilled water, while the PBS solution was prepared by dissolving 0.38 g of PBS 
powder in 10 mL of d-H2O. 25 mL of 7 mM ABTS and 0.4 mL of PBS (1.9 mg/mL) were 
placed in an amber flask. The solution was kept in the dark for 16 h at room temperature 
to activate the reagent. 3.6 mL of the reagent was added to 0.4 mL of hydroalcoholic ex-
tract, and the sample with the reagent was placed in the dark for 15 min and then read on 
the UV-Vis spectrophotometer. The scavenging activity of coffee samples was also as-
sessed for both types of extracts by DPPH assay. A 2.5 ng/mL DPPH solution was pre-
pared by dissolving 125 mg of standard powder in 50 mL of methanol. To 1 mL of hy-
droalcoholic extract, 1.5 mL of DPPH solution (2.5 ng/mL) was added and kept in the dark 
for 30 min at room temperature. The absorbance (λ = 517 nm) was then measured against 
methanol using a UV-Vis spectrophotometer. The results were calculated using the inhi-
bition rate (I%) of the radical cation for both assays, according to the following equation: 

I% = (A0 − A1)/A0 

where A0 is the absorbance of the control (blank) and A1 is the absorbance of the DPPH or 
ABTS radical in the extract. 

2.6. Life Cycle Assessment (LCA) 
Following standards ISO 14040:2006 and ISO 14044:2006, Life Cycle Assessment 

(LCA) is considered a standardized and valuable tool for environmental impact assess-
ment, and it should involve four phases [26,27]: (1) Goal and scope definition, describing 
the objective of the study, the functional unit (FU) and the system boundary; (2) Life Cycle 
Inventory (LCI), collecting the input data for the environmental assessment of a product, 
process, or activity; (3) Life Cycle Impact Assessment (LCIA), which is aimed at evaluating 
sustainability in terms of impacts on the environment, human health, and resources; and 
(4) Interpretation of results, in which LCIA results are interpreted according to the objec-
tives and scope definition. SimaPro 9.2.2., software was used for the evaluation of envi-
ronmental impacts. 

2.6.1. Goal and Scope Definition 
The study was aimed at assessing the environmental performances of different brew-

ing methods (Moka, espresso bar, espresso pods, and capsules) for coffee beverages, by 
taking into account operational conditions in terms of time, temperature, coffee powder, 
water consumption, and packaging materials. The functional unit (FU) is a 40-mL cup of 
espresso coffee with no additional ingredients (i.e., milk, sugar, etc.) and by the Italian 
Coffee Committee's disciplinaries [28]. The system boundaries are referred to as a gate-to-
gate approach. In this regard, the life cycle included the use of the aforementioned coffee 
machines, considering their operational conditions (in terms of electricity usage), roasted 
and ground coffee, water use, and primary packaging materials used (i.e., paper filters, 
low-density polyethylene, polypropylene, etc.). Nevertheless, the system boundaries did 
note GHGs emissions arising from the capital goods production, such as coffee machines, 
as well as their maintenance and disposal due to: i. lack of data, ii. the exclusion of oper-
ating goods in previous LCA studies on coffee brewing methods [17,28,29] and, iii. the 
assumption that these inputs could be considered negligible because of their minor con-
tribution to a single cup of espresso coffee. Therefore, the coffee production chain (culti-
vation, transportation of coffee beans, as well as coffee roasting and grounding) was ex-
cluded from the study, since it was assumed to be the same for the coffee beverages 
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obtained from the different brewing systems analyzed [28,29]. Waste disposal of both 
spent coffee grounds, and all packaging materials used, were excluded from the study. 

2.6.2. Life Cycle Inventory (LCI) 
The input data concerning the preparation of a 40-mL cup of coffee beverage (FU) 

are shown in Table 2. 

Table 2. Inventory data for different coffee beverage brewing methods. All data referred to a 40-mL 
cup of coffee beverage (FU). 

INPUTS Coffee Brewing Methods 

 Unit Coffee 
Moka 

Coffee Bar Coffee 
Capsule 

Coffee Pod 

Roasted and ground coffee g 8.0 11.2 14.0 11.0 
Water for preparation g 100 100 54.08 40.3 

Electricity kW·h 0.266 0.014 0.022 0.021 
Primary packaging      

Low-density polyethylene 
(LDPE) g 0.352 0.493 - - 

Paper filters g - -  2.47 
Poly-laminated bag (PE-Al-

PP) 
g - - 2.01  

OUTPUTS     
1 cup of coffee beverage mL 40 40 40 40 

The primary data were provided by a coffee company, located in Rome (Lazio, RM, 
Italy), and referred to roasted and ground coffee, as well as primary packaging materials. 
The secondary data for electric coffee machines usage were extracted from the Ecoinvent 
v3.8 database, provided by SimaPro 9.2.2. software [30]. 

2.7. Statistic Analysis 
The data were obtained from the analysis of three replicates and were expressed as 

mean ± standard deviation. The normality of the data distribution was checked using the 
Shapiro–Wilk test, the homogeneity of variances using Levene’s test, and the significance 
of differences between the extracts was tested using one-way analysis of variance 
(ANOVA) with p < 0.05. After ANOVA, multiple comparison tests were performed for 
statistically significant variables, using Dann’s post hoc test (homogeneity of variance was 
assumed) at the level of p < 0.05. Following the characterization of the coffee samples with 
different brewing methods, a multivariate analysis was carried out to interpret the results 
using principal component analysis (PCA). The data were pre-treated (autoscaling) to ex-
clude variance related to the different units of measurement of the analyses performed. 
Analyses were performed using CAT software. 

3. Results and Discussion 
3.1. Biogenic Amiens Content in Coffee Samples 

The BA content in coffee powder and beverage samples is shown in Table 3. The 
differences in BA concentrations in the ground and respective brewed samples could be 
associated with some factors involved in the extraction mechanisms (water/coffee ratio, 
temperature, pressure, brewing time, etc.), but also with the particle size of coffee powder 
[31,32]. During the coffee extraction phase, water can extract the soluble compounds from 
the coffee powder [1,11]. Furthermore, through the pressure generated by water on the 
sample, less soluble or physically bound compounds are extracted by physical mecha-
nisms. Another aspect to be considered is the extraction temperature, which can lead to 
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the degradation of thermolabile compounds and help the emulsification of fats in the final 
extract. Therefore, to make the data as comparable as possible, we eliminated the granu-
lation effect by choosing coffee powders with the same degree of grinding. In addition, 
similar extraction parameters were selected, always bearing in mind the peculiarities of 
each infused coffee preparation technique [1]. 

Table 3. Biogenic amines amount (µg/g of coffee powder) ± standard deviation (SD) in ground cof-
fee and brewed coffee samples. 

Samples 
Biogenic Amines (µg/g of Coffee Powder) BAs 

Tot  BAQI 
Ser B-Pea Put His Cad Tyr Spd Spm 

Coffee  
powder 

Bar 1 71.77 ± 1.02 c 8.97 ± 0.23 b 0.33 ± 0.07 a 2.78 ±0.23 b nd nd 0.72 ± 0.09 b 0.74 ± 0.12 a 84.59 1.26 
Bar 2 75.50 ± 1.21 a 11.93 ± 0.33 a 0.35 ± 0.04 a 2.32 ±0.20 a nd nd 0.51 ± 0.07 b 0.67 ± 0.17 b 90.77 1.22 

Capsule 1 63.46 ± 0.76 b 3.26 ± 0.12 a 0.52 ± 0.13 c 3.62 ±0.14 c nd nd 0.19 ± 0.03 c 0.78 ± 0.11 c 71.85 2.10 
Capsule 2 57.87 ± 0.84 c 3.65 ± 0.17 a 0.45 ± 0.11 a 4.19 ±0.17 a nd nd 0.10 ± 0.01 a 0.74 ±0.13 a 67.01 2.52 

Moka 1 82.61 ± 1.32 a 5.81 ± 0.36 b 0.43 ± 0.06 a 7.30 ±0.51 b nd nd 0.29 ± 0.02 a 0.38 ±0.03 a 96.83 4.60 
Moka 2 84.24 ± 0.91 b 5.35 ± 0.36 b 0.42 ± 0.01 a 5.78 ±0.32 a nd nd 0.21 ± 0.05 b 0.39 ±0.05 b 96.38 3.89 
Pod 1 62.13 ± 0.53 c 2.75 ± 0.25 a 0.40 ± 0.03 b 2.22 ±0.13 b nd nd 0.34 ± 0.01 b 0.55 ±0.07 b 67.88 1.89 
Pod 2 72.47 ± 1.32 c 2.22 ± 0.12 a 0.35 ± 0.02 a 3.20 ±0.21 a nd nd 0.33 ± 0.02 b 0.57 ±0.08 a 81.15 1.87 

Coffee  
beverages 

Bar 1 14.38 ±0.56 b 0.52 ± 0.08 b 0.18 ± 0.02 b 8.29 ± 0.58 a nd nd 0.14 ± 0.02 a 0.24 ± 0.11 c 23.60 6.81 
Bar 2 12.75 ± 0.41 c 0.52 ± 0.05 b 0.16 ± 0.03 a 7.97 ±0.74 c nd nd 0.12 ± 0.03 b 0.20 ± 0.09 b 21.61 6.76 

Capsule 1 14.42 ± 0.65 a 0.41 ± 0.31 a nd 0.77 ± 0.21 b nd nd 0.11 ± 0.03 a 0.32 ± 0.08 a 16.02 0.54 
Capsule 2 19.95 ± 0.25 c 0.48 ± 0.11 b nd 0.85 ±0.26 b nd nd 0.06 ± 0.01 c 0.22 ± 0.14 b 21.75 0.57 

Moka 1 33.46 ± 0.84 b 0.51 ± 0.08 b nd 14.66 ± 0.54 b nd nd 0.04 ± 0.02 a 0.25 ± 0.06 a 48.92 11.38 
Moka 2 31.82 ±0.67 c 0.44 ± 0.05 a nd 20.57 ±0.86 a nd nd 0.07 ± 0.01 b 0.26 ± 0.09 b 53.15 15.50 
Pod 1 21.38 ± 0.35 a 0.85 ± 0.14 a nd 0.37 ± 0.36 b nd nd 0.03 ± 0.01 c 0.20 ± 0.04 a 22.83 0.30 
Pod 2 18.46 ± 0.62 b 0.31 ± 0.04 a nd 0.22 ±0.05 a nd nd 0.14 ± 0.02 b 0.15 ± 0.06 c 19.28 0.17 

Ser: Serotonin; B-Pea: B-Phenylethylamine; Put: Putrescine; His: Histamine; Cad: Cadaverine; Tyr: 
Tyramine; Spd: Spermidine; Spm: Spermine; nd = not detectable; BAs Tot: Total amount of biogenic 
amines; BAQI: Biogenic amine quality index. The superscripts a, b, and c denote significant (p < 0.05) 
differences. 

The total BA amounts in the coffee powder samples ranged between 67.01 µg/g of 
coffee powder and 96.83 µg/g of coffee powder, thus in line with the results found in the 
literature [33,34]. These BA concentration differences in coffee powder samples could be 
related to the different agronomic techniques and the different transformation processes 
that coffee beans undergo along the supply chain. Furthermore, it has been shown that 
the presence of high BA concentrations in food may also be related to product storage and 
shelf-life [1]. Among all the BAs considered, only Cad and Put were not found in the sam-
ples. In coffee powder samples, the BAs present the highest concentrations are Ser (62.13–
84.24 µg/g of coffee powder), followed by β-Pea (2.22–11.93 µg/g of coffee powder) and 
His (2.22–7.30 µg/g of coffee powder), with a large degree of variability depending on the 
sample considered. 

The data showed that in the coffee beverages obtained by the different extraction 
methods, the profile of biogenic amines reflected the coffee powder samples, except for 
Put, which was only found in the sample obtained with the professional espresso machine 
(Bar 1 and 2). In all coffee beverages, there was a reduction in the biogenic amine content 
varying between 50 and 77%. This is probably because ABs at high temperatures tend to 
degrade; therefore, the extraction process may influence the concentration of BAs in the 
final extract. The total content of biogenic amines for the different beverage extraction 
techniques varies between 16.02 and 5.15 µg/g of coffee powder. In coffee beverages, the 
most represented amine is serotonin (12.75–33.46 µg/g of coffee powder), followed by his-
tamine (0.22–20.57 µg/g of coffee powder). The concentration in the infusions obtained 
with a professional espresso machine and Moka coffee machine is higher than in ground 
coffee, probably due to the time/temperature and extraction pressure [1]. However, the 
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Biogenic Amines Quality Index (BAQI) showed that AB concentrations do not pose a 
health risk to the consumer. Furthermore, the histamine content in coffee beverages was 
found to be below alert levels defined by Regulation (EU) 2073/2005 [35]. 

3.2. Total Polyphenol Content 
The Folin-Ciocâlteu assay was used to determine the total content of polyphenols 

(TPC) in coffee and respective brews obtained from the different extraction processes 
(Moka, professional espresso, espresso pods, and espresso capsules). The TPC expressed 
as mg gallic acid equivalent (GAE) per g of coffee powder is shown in Table 4. 

Table 4. Total polyphenols content (mg GAE/g of coffee powder) ± SD in coffee powder and bever-
age samples. The superscripts a, b, and c denote significant (p < 0.05) differences. 

Sample 
TPC (mg GAE/g of Coffee Powder) 

Coffee Powder Coffee Beverages 
Bar 1 25.37 ± 0.52 b 1.51 ± 0.26 a 

Bar 2 23.33 ± 0.61 c 1.72 ± 0.21 a 

Capsule 1 22.96 ± 0.38 b 1.46 ± 0.02 b 

Capsule 2 23.87 ± 0.71 b 1.49 ± 0.05 a 

Moka 1 23.03 ± 0.23 c 2.71 ± 0.25 b 

Moka 2 24.06 ± 0.41 b 3.52 ± 0.08 a 

Pod 1 29.61 ± 0.26 b 1.30 ± 0.06 b 

Pod 2 28.46 ± 0.53 a 1.44 ± 0.07 c 

The highest TPC was found in capsule coffee preparations (28.46–29.61 mg GAE/g of 
coffee powder), this trend, however, was not maintained by the infusion processes. The 
coffee infusions that presented a higher concentration of total polyphenols in the final 
extract were the samples obtained with the Moka machine (2.71–3.52 mg GAE/g of coffee 
powder) and the professional bar machine (1.51–1.72 mg GAE/g of coffee powder). This 
is probably due to the longer contact time between water and ground coffee and the 
higher extraction temperatures. The water volume and the coffee powder amount ratio 
used has been highlighted as limiting factor for the extraction of TPC from coffee for all 
types of extraction techniques; in addition, other factors that could influence the extraction 
of polyphenols from coffee in the different extraction methods are temperature, contact 
time between water and coffee powder, pressure and powder size [16,31–33]. 

3.3. Total Flavonoid Content 
The results of the total flavonoid content (TFC) are shown in Table 5. In coffee pow-

der samples, the TFC varied between 82.33 ± 0.84 and 113 ± 1.05 mg RUT/g of coffee pow-
der. The samples with the highest TFC content were capsule coffee powder (99.40–113.69 
mg RUT/g of coffee powder) and Moka coffee powder (93.64–97.67 mg RUT/g of coffee 
powder). After infusion, there was a reduction in the total flavonoid content in all infused 
coffee samples. However, the best method of preparation of the infused coffee was the use 
of the Moka technique (8.55–8.60 mg RUT/g of coffee powder) [31,32]. Furthermore, the 
variability in flavonoid concentration in coffee beverage samples may be related to time, 
extraction temperature, and the ratio of water to the coffee powder, as pointed out by Uslu 
(2021) [36]. 

Table 5. Total flavonoid content (mg RUT/g coffee powder) ± SD for ground coffee and respective 
beverages samples. The superscripts a, b, and c denote significant (p < 0.05) differences. 

Sample 
TFC 

Coffee Powder Coffee Beverages 
Bar 1 86.78 ± 0.42 c 5.13 ± 0.21 c 
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Bar2 79.90 ± 0.56 a 4.77 ± 0.36 b 

Capsule 1 82.33 ± 0.84 b 4.39 ± 0.25 b 

Capsule 2 90.02 ± 0.72 a 5.01 ± 0.14 b 

Moka 1 93.64 ± 0.63 a 8.55 ± 0.24 a 

Moka 2 97.67 ± 0.82 b 8.60 ± 0.31 c 

Pod 1 113.69 ± 1.05 b 4.41 ± 0.09 a 

Pod 2 99.40 ± 0.94 b 3.94 ± 0.11 b 

3.4. Determination of Antioxidant Activity 
To assess the antioxidant activity of the coffee samples examined, two antiradical 

assays were performed: ABTS and DPPH. The ABTS assay showed that for the coffee 
powder samples and the extracts obtained from them, the extraction process did not affect 
the antiradical activity of coffee (Table 6). 

The ABTS assay was characterized by high antiradical activity for both ground coffee 
(96–99% of Inhibition) and coffee infusions (97–99% of Inhibition), in agreement with the 
literature studies [32,36]. Concerning the DPPH assay, the results obtained showed a dif-
ference in radical inhibition between the ground coffee samples and the respective infu-
sions (Table 6). Among the coffee powder samples, the Moka samples were found to have 
a higher antioxidant capacity of about 65% DPPH radical inhibition for both samples, fol-
lowed by the ground coffees for professional brewing (60.89–61.09% of Inhibition). 

Table 6. Inhibition percentage (I%) ± SD of coffee powder and beverage samples for ABTS and 
DPPH assays. The superscripts a, b, and c denote significant (p < 0.05) differences. 

Sample 
ABTS DPPH 

Coffee Powder Coffee Beverages Coffee Powder Coffee Beverages 
Bar 1 99.03 ± 0.21 a 97.63 ± 0.11 a 61.09 ± 0.23 b 27.03 ± 0.12 a 

Bar 2 99.12 ± 0.23 c 97.71 ± 0.13 a 60.89 ± 0.11 a 27.42 ± 0.18 a 

Capsule 1 97.59 ± 0.11 b 99.35. ± 0.21 b 48.76 ± 0.15 a 7.84 ± 0.06 c 

Capsule 2 96.31 ± 0.22 c 99.42 ± 0.25 b 49.04 ± 0.13 a 9.06 ± 0.09 a 

Moka 1 99.88 ± 0.25 b 99.62 ± 0.13 b 64.65 ± 018 b 16.01 ± 0.25 c 

Moka 2 99.96 ± 0.27 b 99.73 ± 0.17 b 64.82 ± 0.16 c 14.78 ± 0.17 a 

Pod 1 98.23 ± 0.19 a 97.68 ± 0.15 a 54.75 ± 0.09 b 24.23 ± 0.24 a 

Pod 2 98.52 ± 0.17 b 97.76 ± 0.14 a 55.21 ± 0.05 a 22.04 ± 0.15 b 

However, the extracts obtained with the different infusion methods showed a lower 
scavenging capacity towards the DPPH radical, probably due to the influence of the ex-
traction factors on the antioxidant compounds [37,36]. Furthermore, the results obtained 
showed a difference in the antiradical activity within the ABTS and DPPH assays, and this 
is probably due to the different target molecules of the two reagents [38,39]. In particular, 
ABTS is mainly oxidized by peroxyl radicals and it is soluble in both aqueous and organic 
solvents, so can be used to determine both the hydrophilic and lipophilic antioxidant ca-
pacity (AOC) of extracts [40]. Therefore, it could be worth noting the strong scavenging 
abilities of both coffee powders and coffee brews against ABTS radicals. 

3.5. Statistics Analysis 
The data obtained from the biogenic amines analysis and the spectrophotometric as-

says for the determination of polyphenols, flavonoids, and scavenging activities were an-
alyzed by univariate and multivariate analysis. The Pearson correlation between the eight 
biogenic amines analyzed and the spectrophotometric assays (TPC; TFC; ABTS and 
DPPH) was evaluated (Table 7). 
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Table 7. Pearson correlation (p < 0.05) between spectrophotometric assays (TPC, TFC, DPPH, and 
ABTS) and biogenic amines determined in coffee samples. 

 ABTS DPPH TPC TFC Ser B-Pea Put His Spd 
ABTS  0.163 0.187 0.195 0.414 0.448 0.034 0.087 0.465 
DPPH   0.878 0.904 0.900 0.810 0.906 −0.272 0.607 
TPC    0.990 0.925 0.678 0.912 −0.213 0.555 
TFC     0.933 0.713 0.927 −0.228 0.542 
Ser      0.809 0.847 −0.090 0.667 

B-Pea       0.649 −0.232 0.879 
Put        −0.195 0.444 
His         −0.247 

The results showed that there was a strong positive correlation (r > 0.900; p > 0.05) 
between the total polyphenol content, the total flavonoid content, and the DPPH antioxi-
dant assay. Regarding BA concentration, the analysis showed that serotonin, β-phenyle-
thylamine, and putrescine are positively correlated (r > 0.678; p < 0.05) with total polyphe-
nol content, total flavonoid content, and scavenging activity towards the DPPH radical. 
Spermidine is positively correlated (r > 0.607; p < 0.05) to the DPPH antioxidant assay. 
Furthermore, β-Pea correlated positively with Ser (r = 0.809; p > 0.05), while Put and Spd 
positively correlated with both serotonin and β-Pea content (r > 0.667; p > 0.05). 

In addition, an exploratory analysis using Principal Component Analysis (PCA) was 
performed on the data obtained from the analyses of the spectrophotometric assays and 
the biogenic amine content. Firstly, PCA was performed considering all the results ob-
tained from the analyses (Figure 2). 

Considering this exploratory investigation, it was found that the first two principal 
components explain approximately 96% of the variance. Furthermore, from the Scatter 
Plot between Principal Component 1 (PC1) and Principal Component 2 (PC2), two group-
ings along the x-axis (PC1) were formed between the ground coffee and infused coffee 
samples. Loadings analysis showed that the variables that weigh positively on Principal 
Component 1 are total polyphenol content and total flavonoid content, followed by sero-
tonin, whereas the variables that weigh positively on PC2 are serotonin concentration and 
histamine concentration followed by β-phenylethylamine. The variables that weigh neg-
atively on PC2 are TFC and TPC. The Scatter plot also shows a separation along the PC2 
component for the Moka-infused coffee samples; therefore, to better assess how the vari-
ables affected the Moka-infused coffee samples, the principal component analysis was 
performed for these samples only (Figure 3). The total variance explained by the two prin-
cipal components in this second PCA analysis was around 90%. It was also shown that 
the coffee beverage samples were separated according to the extraction procedure. There-
fore, it can be concluded that the multivariate principal component analysis showed a 
difference between the ground and infused coffee samples and that even with a small 
number of samples, clustering between the infused coffee samples is evident for the vari-
ables studied [41,42]. 
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Figure 2. Scatter Plot of the main components (PC1 vs. PC2) of ground coffee (orange), and infused 
coffee (green) samples. 

 
Figure 3. Scatter Plot of the main components (PC1 vs. PC2) of coffee infusion obtained with differ-
ent brews techniques. 

3.6. Life Cycle Assessment Impact Assessment of Coffee Brewing Methods 
The LCA analysis was conducted to assess the environmental impact of the four dif-

ferent coffee preparation methods examined (Moka, industrial coffee machine, capsule 
machine, and pod machine). The analysis was carried out by applying the global ReCiPe 
Midpoint (H) method, which considers 18 different impact categories [43]. The data ob-
tained showed that the method with the highest weighting on almost all 18 impact 
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categories is the capsule method. Table 8 showed LCA results obtained for the coffee 
brewing methods analyzed in the study. The results of LCA comparison among the four 
coffee brewing methods (Moka, bar, capsule, and pod) analyzed in this study, revealed a 
variation depending on the preparation method used by the consumer. A remarkable dif-
ference among coffee brewing methods was recorded for five impact categories: Global 
Warming, Terrestrial Ecotoxicity, Human Non-Carcinogenic Toxicity, Land Use, and Fos-
sil Resource Scarcity. 

The capsule was the coffee brewing method that weighs the most on 14 out of 18 
impact categories considered. It heavily impacts Terrestrial Ecotoxicity (4.21 × 10−1 kg 1.4-
DCB), Human non-carcinogenic toxicity (1.12 × 10−1 kg 1.4-DCB), and Land Use (1.35 × 10−1 
m2a crop eq). This could probably be related to the release of heavy metals into soil, air, 
and water mainly related to the primary packaging of the brewing method; in particular, 
aluminum (Al) used for capsules had a key role in human and environmental ecotoxicity. 
As stated by different authors [44,45], the environment may be contaminated by Al mainly 
from anthropogenic sources and through the weathering of rocks and minerals. Several 
chemical compounds with Al (i.e., Al nitrate, Al phosphate, Al sulfate, etc.) are widely 
used in various products and processes associated with human activities, such as for the 
manufacturing of cooking utensils and foils, as well as layers for capsule production. 
However, for some impact categories, the capsule has less impact than the other brewing 
methods considered. It was found that Global Warming (1.38 × 10−1 kg CO2 eq), it has a 
lower impact than Moka by about 9%, Ionizing radiation by 23%, Human carcinogenic 
toxicity by 16%, and Fossil resource scarcity by 18%. 

Furthermore, the type of primary packaging used for storing the coffee also plays a 
decisive role in Moka coffee beverage, thus resulting in a higher impact for the categories 
Terrestrial and Freshwater Ecotoxicity (3.64 × 10−1 kg 1.4-DCB; 2.99 × 10−3 kg 1.4-DCB, re-
spectively) [46]. 

Table 8. LCIA results for different coffee brewing methods. 

Impact Category Unit Pod Moka Capsule Bar 
Global warming kg CO2 eq 1.14 × 10−1 1.87 × 10−1 1.38 × 10−1 1.08 × 10−1 

Stratospheric ozone depletion kg CFC11 eq 7.78 × 10−7 6.48 × 10−7 9.90 × 10−7 7.89 × 10−7 
Ionizing radiation kBq Co−60 eq 6.05 × 10−4 1.14 × 10−3 5.33 × 10−4 3.98 × 10−4 

Ozone formation, Human health kg NOx eq 3.57 × 10−4 4.49 × 10−4 4.46 × 10−4 3.50 × 10−4 
Fine particulate matter formation kg PM2.5 eq 2.75 × 10−4 3.13 × 10−4 3.45 × 10−4 2.72 × 10−4 

Ozone formation, Terrestrial ecosystems kg NOx eq 3.71 × 10−4 4.62 × 10−4 4.63 × 10−4 3.64 × 10−4 
Terrestrial acidification kg SO2 eq 1.33 × 10−3 1.29 × 10−3 1.67 × 10−3 1.33 × 10−3 

Freshwater eutrophication kg P eq 1.57 × 10−5 1.46 × 10−5 2.00 × 10−5 1.58 × 10−5 
Marine eutrophication kg N eq 2.25 × 10−4 1.65 × 10−4 2.86 × 10−4 2.29 × 10−4 
Terrestrial ecotoxicity kg 1.4-DCB 3.28 × 10−1 3.64 × 10−1 4.21 × 10−1 3.28 × 10−1 
Freshwater ecotoxicity kg 1.4-DCB 4.05 × 10−3 2.99 × 10−3 5.16 × 10−3 4.12 × 10−3 

Marine ecotoxicity kg 1.4-DCB 9.02 × 10−4 8.29 × 10−4 1.15 × 10−3 9.10 × 10−4 
Human carcinogenic toxicity kg 1.4-DCB 1.18 × 10−3 2.39 × 10−3 1.40 × 10−3 1.09 × 10−3 

Human non-carcinogenic toxicity kg 1.4-DCB 8.78 × 10−2 8.31 × 10−2 1.12 × 10−1 8.86 × 10−2 
Land use m2a crop eq 1.04 × 10−1 9.95 × 10−2 1.35 × 10−1 1.05 × 10−1 

Mineral resource scarcity kg Cu eq 5.17 × 10−4 5.74 × 10−4 6.52 × 10−4 5.14 × 10−4 
Fossil resource scarcity kg oil eq 2.38 × 10−2 4.94 × 10−2 2.72 × 10−2 2.15 × 10−2 

Water consumption m3 7.96 × 10−3 7.95 × 10−3 1.01 × 10−2 8.08 × 10−3 

Characterized results obtained with the ReCiPe Midpoint method for the coffee 
brewing methods impact assessment are shown in Figure 4. In addition, Moka coffee bev-
erage resulted in the highest value for Fossil Resource Scarcity (4.94 × 10−2 kg oil eq), thus 
representing 40% of the total impact generated by all coffee brewing methods considered 
for this impact category. This could be attributable to the differences in energy 
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consumption of the respective preparation techniques [17]. The Moka method requires 
higher electricity consumption, which is based on the use of fossil fuels, thus being re-
sponsible for the direct emission of greenhouse gases such as CO2 and N2O, which inevi-
tably affect Global Warming, as well as Fine Particulate Matter Formation [46,47]. 

Meanwhile, the preparation method with the lowest environmental impact is the in-
dustrial machine and this is probably related to less time spent on coffee preparation and 
reduced packaging of the raw material, as it is packaged in 3–5 kg LDPE bags, which are 
then collected as organic waste [28,29]. The study found that the concentration of coffee 
powder used, as well as the ratio of packaging mass to the volume of the beverage pre-
pared, has a significant effect on the environmental impact of coffee preparation methods. 

 
Figure 4. Characterized results for environmental impacts of coffee brewing methods. 

Cibelli et al. (2021) highlighted a greater amount of GHGs emissions associated with 
a multi-layer packing bag (i.e., Al-PP-PE) as well as post-consumer wastes, for espresso 
coffee machines than for capsule or pod coffee machines [28]. 

4. Conclusions 
In recent years, the market for nourishing foods and beverages has become increas-

ingly diversified in response to structural changes in consumer demand, which calls for 
increased attention to the health-promoting effects, the preservation of the environment, 
and the socio-economic well-being of small producers. As the brewing method can be 
considered the main contributing factor for the coffee beverage chemical-nutritional com-
position, this study demonstrated that bioactive compound content (polyphenols, antiox-
idants, and BAs) greatly depends on the brew preparation technique adopted. Coffee 
powders used directly for professional espresso machines, and Moka, and coffee powders 
packaged for pods and capsules, and subsequently extracted by different brewing meth-
ods were considered. All four different coffee beverages obtained were then compared 
with the corresponding non-extracted coffee powders. 

Analyses of coffee powders showed total BA concentration ranging from 67.01 µg/g 
to 96.83, thus highlighting a decrease of 39% in coffee beverages (16.02–53.92 µg/g). 
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Among all BAs, Serotonin was the prevailing amine in both ground coffee samples (62.13–
84.24 µg/g) and coffee beverage samples (12.75–33.46 µg/g). β-Pea, Put, His, Spd, and Spm 
were found in wide variations of concentration observed depending on the coffee brewing 
method. When considering coffee brews, phenolic compounds (polyphenols, flavonoids, 
antioxidants) are the class of bioactive compounds most abundant in coffee, which un-
dergo significant variation during coffee beverage preparation. It was found that the total 
polyphenol content was higher in the starting ground coffee powders (22.96–29.61 mg 
GAE/g) and decreased significantly in coffee beverages, between 80% and 90%, depend-
ing on the different beverage preparation methods. The same trend was found for the TFC 
assay, thus observing in ground coffee samples a flavonoid content approximately 15 
times higher than coffee beverages samples. 

The overall reduction of bioactive compounds in coffee beverages could probably be 
due to the high brewing temperatures and pressures, which lead to the degradation of 
these compounds; in addition, the water/coffee contact surface and the particle size of the 
coffee powder may affect the extractant capacity of biogenic amines and phenolic com-
pounds [1,5]. Furthermore, using multivariate analysis, it was possible to show that the 
variables considered allowed the samples to be grouped into ground coffee and coffee 
beverages and that they were heavily influenced based on the brewing method adopted. 

The application of LCA methodology allowed the sustainability assessment of coffee 
brewing methods, thus highlighting lower environmental impact for the industrial coffee 
machine compared to the capsule brewing method, which showed the highest environ-
mental burden in 14 out of 18 impact categories analyzed. However, the LCA study pre-
sents limitations, since the coffee cultivation and production stages were not considered 
for the sustainability assessment, in a cradle-to-grave approach. For this reason, future 
studies will have to expand the boundaries of the system, also considering the disposal 
and reuse of processing by-products. In addition, different coffee preparation techniques 
(e.g., Turkish, French, American brewing techniques, etc.) can be compared to highlight 
the most efficient one in terms of both the quality and sustainability of the final coffee 
beverage. 
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