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Abstract 
The water composition affects the flavor of brewed coffee and a proposed explanation is that 
dissolved cations increase the extraction of flavorsome organic acids. An alternative theory is that 
the cations modify the perception of flavor. To investigate the effect of dissolved divalent cations on 
the extraction of selected organic acids in coffee and in an attempt to clarify the matter, magnesium 
chloride and calcium chloride were added at two different concentrations to the coffee, pre- and 
post-extraction (n=5 per group). Lactic, malic and citric acids were identified and semi-quantified 
using gas chromatography-mass spectrometry. The results showed that magnesium and calcium in 
the brew water do not affect the extraction of lactic, malic and citric acids to a significant extent 
(p>0.05). At high concentrations, cations added pre- and post-brew significantly reduced the 
contents of malic and citric acids (p<0.00001). In conclusion, the results support the theory that 
dissolved cations affect perception rather than extraction of flavorsome compounds in coffee.
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1. Introduction 

1.1 Flavor 
The flavor of a coffee beverage is a combination of retro-nasal aroma impression and taste, caused 
by volatile and non-volatile flavor compounds present in the brew (1; 2).  A good cup of coffee is 
characterized by a balance between aroma, acidity, bitterness and astringency, accompanied by a 
pleasant mouthfeel (1).  

Perceived acidity is believed to be caused by organic acids such as chlorogenic, quinic, citric, lactic 
and malic acids, and appears to neither correlate to the pH value nor the titratable acidity of the 
beverage (3; 2; 1; 4). Chlorogenic acid additionally contributes to astringency and, together with 
caffeine and trigonelline, to bitterness (2; 1; 5). Bitterness is also largely contributed to by 
compounds of relatively low solubility formed during roasting (6). Perceived sweetness is more likely 
due to aromas exhibiting buttery and caramel-like characteristics than to the presence of sugars (7). 
Mouthfeel refers to the texture of the beverage and is often related to the contents of total solids 
and fatty acids (1). (3) 

Flavor perception is, however, a complex matter and does not solely depend on the presence of 
flavorsome compounds. Genetic factors play a role in bitter impressions and serving temperature has 
been shown to influence the perception of acidity and sweetness in a beverage (8; 9). 

1.2 Process parameters and chemical composition 
The chemical composition of the coffee brew depends on a range of parameters, starting with the 
green coffee bean; species, cultivar and origin, followed by fermentation and drying processes, 
roasting, grinding and brewing (10; 11; 12; 13; 14; 7).  

During roasting, complex chemical reactions such as the Maillard reaction take place, generating 
brown pigments and flavor compounds (2; 7; 13). Roasted coffee contains more than 1,000 volatile 
organic compounds, and between 20 and 50 are considered relevant for the aroma (2; 1). The non-
volatile compounds include carbohydrates, lipids, organic acids, melanoidins, minerals, caffeine and 
trigonelline (2; 15). Despite being rapidly degraded during roasting, chlorogenic acid remains in high 
concentrations (2). Generally, lighter roasts highlight sensory characteristics of the particular coffee, 
especially those of fruity, sweet and acidic character (7). Darker roasts favor nutty, chocolaty and 
bitter flavors due to the degradation of acids and formation of bitter end products (7; 2). 

The grind settings determine the size of the coffee particles. A finer grind results in smaller particles, 
which increases the surface area exposed water and thereby enhances the extraction rate (16; 17; 
18; 13). Particle size distribution is of high importance, as an uneven grind will result in a mixture of 
over-extracted and under-extracted particles (17; 13). 

Coffee brewing is a solid-liquid extraction initiated by water absorption by the coffee particles, 
followed by the transfer of chemical compounds from ground coffee into the water matrix, and 
completed by separation of the extract from the coffee solids (10; 17; 18). Due to varying solubility in 
water, the coffee constituents are extracted at different rates (1). Although the lipid fraction is not 
water-soluble, it may still reach the cup (19; 20; 2). Highly polar compounds such as sugars, organic 
acids, and caffeine are rapidly extracted during the first few seconds of brewing while less soluble 
compounds, often associated with bitter and astringent tastes, require longer contact time or larger 
water volume (6; 21; 22; 18). In filter methods, approximately 65-75% of the soluble material is 
extracted after two minutes and 80% after five minutes (23).  



 4 

The brew is often described in terms of total dissolved solids (TDS) and extraction yield. The terms 
translate into the mass fraction of soluble solids in the brew and the mass fraction removed from the 
coffee grounds, respectively (24). Over-extraction, typically caused by an excessively fine grind, 
prolonged extraction time, or high temperature, is characterized by bitter and astringent flavors (10; 
22; 18; 16). Under-extraction results in a watery and acidic cup profile (10; 1; 6). The coffee to water 
ratio determines the potential strength of the brew. Generally, too much coffee produces a beverage 
with underdeveloped flavor, while too much water generates a weak and over-extracted cup (18). 
The chart in Figure 1 illustrates the relationship between TDS, extraction yield and brew ratio. 

High pressure, characteristic for Espresso brewing, influences the extraction by forcing small solid 
particles and oil droplets into the cup and preventing the evaporation of volatile compounds (22). 
Further, filter and vessel types influence the final cup. Paper filters retain many lipophilic molecules, 
affecting mouthfeel and aroma (25). Brewing vessels come in different shapes, sizes and materials, 
possibly affecting flow rate and temperature of the slurry (26; 27; 28).  

 
Figure 1. The classic Brewing Control Chart, originally developed by Lockhart (1957) and later modified by Lingle (2011). 

1.3 Water quality 
Water is arguably an essential ingredient in coffee brewing, making its quality a parameter of high 
interest. It has been established that the flavor is greatly affected by the water composition and the 
matter has received substantial attention amongst professionals within the specialty coffee 
community. Yet, it is one of the least studied parameters. The general recommendations are vague 
and lack a complete scientific foundation. The Specialty Coffee Association of America suggests a 
calcium hardness between 50 and 175 ppm, an alkalinity of 40 ppm and a pH near 7 for favorable 
extraction (29).  

Existing studies mainly comprise sensory evaluations. Coffee prepared with distilled or softened 
water has been reported as flat, sour and salty, while water rich in carbonate and bicarbonate results 
in neutralization of acids, yielding bitter and flat coffee (30; 13; 31). The observed differences are 
believed to be due to the levels of magnesium, calcium and carbonate (32). Lockhart (33) reported 
that only coffee prepared with water containing ions above certain threshold levels could be 
differentiated from coffee prepared with distilled water. Pangborn et al. (30) found that coffee 
prepared with water containing 750 ppm CaCl2 was sour and had low pH and TDS values when 
compared to the bitter beverages made with water high in carbonates.  
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The role of the carbonate system has been explored, and calcium has received attention primarily 
regarding the formation of calcium carbonate. Carbonates have been found to indirectly increase 
extraction by increasing the brewing time of drip and Espresso coffee (33; 34). The results have been 
attributed to the release of carbon dioxide gas due to modifications of the carbonic acid equilibrium 
by acidic coffee constituents (34). Sodium softening and addition of hydroxide ions have also been 
reported to prolong the brewing time (34). Sodium softening involves the replacement of magnesium 
and calcium ions with sodium ions, and is a technique used to reduce scale formation in Espresso 
machines (35). Studies investigating tea brewing have shown that a high mineral content in the brew 
water slows the extraction of caffeine, catechins and theaflavins, resulting in less bitterness and 
astringency, (36; 37).  

According to Hendon et al. (32), the extraction of organic flavor compounds in coffee is dependent 
on the dissolved mineral content in the water (32). Through the use of density functional theory, the 
authors quantified the thermodynamic binding energies of selected organic acids, caffeine and 
eugenol to sodium, magnesium and calcium ions, and found that dissolved cations interact with the 
nucleophilic motifs of solvated coffee constituents. It was concluded that magnesium-rich water has 
the most extracting ability, while magnesium and calcium ions have a comparable effect if the 
desired outcome is a balanced flavor profile. Exchanging calcium ions for magnesium ions has the 
advantage of preventing the formation of calcium carbonate. The sodium ion was reported to not 
have a significant influence on the extraction. Hendon, et al. (32) highlighted that the buffering 
ability of bicarbonate is an important factor and described it as challenging to experimentally 
quantify the role of dissolved ions in coffee extraction due to competing interaction. 

Attempts have been made to verify Hendon’s and his coworker’s claims; however, most have not 
been presented or published according to the standards of the scientific community. Carr (39) 
analyzed the presence of furaneol, 2-methyl pyrazine and vanillin, associated with fruity, nutty and 
vanilla flavors respectively, and found that the flavor extraction increases significantly between 17 
ppm and 60 ppm calcium carbonate hardness. The caffeine content remained unaffected throughout 
the experiment and addition of sodium chloride did not affect the extraction of flavor compounds 
(38). Hartley (40) measured the total dissolved solids (TDS) in the coffee beverage after brewing with 
varying concentrations of magnesium chloride and calcium chloride and found that brewing 
variability caused a greater variation of the TDS than the water composition (39). Fekete (41) 
conducted a sensory experiment with chloride salts of calcium and magnesium added pre- and post-
brew. The tasting panel determined there was no difference in perceived flavor, indicating that the 
minerals might affect the perception rather than the extraction of flavorsome compounds (40).  

The flavors of divalent salts are complex, and the underlying mechanisms are poorly understood. 
Chloride salts of magnesium and calcium are primarily characterized by salty and bitter flavors that 
increase with concentration, while larger anions such as lactate have been shown to suppress the 
perceived taste (41). Furthermore, the perceived sweetness of sweeteners has been reported to 
change with varying concentrations of minerals in the water (42). 

Despite several studies indicating the high relevance of water composition for the flavor of brewed 
coffee, there is a lack of evidence regarding the mechanisms at play. Research suggests that 
dissolved magnesium and calcium ions increase the extraction of flavor compounds, in particular 
organic acids associated with acidity, sweetness and bitterness. These claims are, however, yet to be 
verified experimentally, and the possibility of the cations influencing flavor perception rather than 
extraction cannot be ruled out.  

The aim of the present study was to determine the effect of magnesium and calcium ions on the 
extraction of lactic, malic, and citric acids (Table 1) in the coffee brew. The selection of cations and 
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acids was based on research published by Hendon et. al (32), suggesting that cation-rich water favor 
extraction, as well as on sensory experiments identifying them as relevant factors for the flavor of 
coffee. To our knowledge, this is the first study designed to experimentally investigate the effect of 
dissolved cations in the brew water on the extraction of coffee acids.  

Table 1. Selected organic acids commonly found in brewed coffee and their flavor attributes. 

Common name IUPAC name Structural formula Flavor attribute 

Lactic acid 2-Hydroxypropanoic 
acid 

 

Sour 
 

Malic acid 2-Hydroxybutanedioic 
acid 

 

Sour 
 

Citric acid 2-Hydroxypropane-
1,2,3-tricarboxylic 
acid 

 

Sour 
 

1.4 Gas chromatography-mass spectrometry 
Gas chromatography-mass spectrometry (GC-MS) is a combination of two analytical methods that 
provide a powerful tool for identification of components in complex mixtures. As illustrated in Figure 
3a, the instrumentation includes a gas chromatograph, a mass spectrometer and a dedicated 
computer. The GC-MS computer is essential in order to extract, store, and analyze the information 
obtained from the analytical instruments. The following section is based on the work of Karasek & 
Clement (44).  

Chromatography is a laboratory technique used to separate compounds in a mixture. Gas 
chromatography (GC) is used for separation of volatile and thermostable organic compounds, while 
liquid chromatography (LC) is suitable when the analytes are non-volatile and thermally unstable. 
The fundamental concept is that each compound partitions to a different extent between a mobile 
and a stationary phase. In gas chromatography (GC), the mobile phase is a chemically inactive carrier 
gas, typically helium, hydrogen or nitrogen, and the stationary phase is a thermally stable liquid of 
high molecular weight. In a capillary column, the stationary phase coats the inner walls of a long, thin 
wire. In a packed column it covers the surfaces of solid support particles, often formed from the 
skeletons of single cell algae. An overview of the instrumentation is presented in Figure 2. The GC 
column is attached to an injection port where the samples are introduced into the carrier gas stream. 
The samples are injected using either a split or splitless mode, depending on the concentration of the 
analyte to be determined. When split injection is applied, the sample is split after vaporization to 
avoid overloading of the column. It is generally preferred, as large amounts of sample may decrease 
the lifetime of the column. A calibration curve must, however, be established for accurate 
quantification of analyte concentrations. Split injection is suitable for analysis of principle 
components, while the splitless technique is used for analysis of trace compounds. In both cases, the 
sample is injected at a temperature sufficient for complete vaporization. The mobile phase carries 
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the compounds along the stationary phase where they, depending on their solubility in the 
stationary phase, are retarded to different extents. A detector monitors the elution of the individual 
components from the column and a chromatogram is formed from its response over time. In 
addition to mass spectrometry, the most common detectors are the thermal conductivity detector 
(TCD), the flame ionization detector (FID), and the electron capture detector (ECD), which sense the 
varying conductivity of the carrier gas depending on the organic compound present, the ions formed 
after combusting the GC effluent with a hydrogen flame, and the loss of emitted electrons after 
reacting with a GC peak compound, respectively. Peak areas and retention times provide 
quantitative and qualitative information respectively, and comparison with internal or external 
standards is often used for automatic quantitation.  

In GC-MS, the mode of detection is mass spectrometry. The separated compounds are transferred to 
a mass spectrometer, which comprises a vacuum system, an ion source, a mass analyzer and an ion 
detector. As the gas chromatograph and the mass spectrometer operate at different pressures, a 
special interphase is used to remove the carrier gas. The GC peak components are injected into the 
ion source, raising the pressure from 10-8 Torr to 10-5 Torr, and an electron beam is used for 
ionization. Each electron has an energy of 70 eV, sufficient to break every bond in a molecule. Upon 
collision, energy is transmitted, and a series of fragmentation reactions occur, producing ions of 
different masses. The ions are separated through application of either voltage or a magnetic field, 
and by recording a plot of the relative abundance versus the mass of the ions, a mass spectrum is 
produced. The spectrum contains structural information and interpretation may result in either 
partial or complete identification of the molecule.  

 

 

Figure 2. Schematic representations of a GC-MS-computer system (A) and a gas chromatograph (B) (43).  
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2. Materials and Methods 

2.1 Coffee beans and preparation 
The selection of coffee brand was based on consistency and quality. Commercial roasteries 
producing dark-roasted coffee are more likely to be consistent than small batches of light-roasted 
coffee, although the latter are considered superior in quality. A comparison of the commercial 
brands available revealed Zoega as the most quality- focused, and Zoega’s Selected Presso, a dark-
roasted blend of 100% Arabica beans from Kenya, Latin America and Brazil, coarsely ground for 
French press, was chosen for the extractions. 
 
Brewing was performed according to Specialty Coffee Association (SCA) standard protocol using 
11.00 grams of coffee and 200 (± 1) mL of water heated to 93°C and steeped for 5 minutes (44). The 
brew was vacuum filtrated through a Munktell filter paper (grade 3). 

2.2 Experimental design 
The coffee was prepared with varying concentrations of calcium chloride (CaCl2) and magnesium 
chloride (MgCl2) added pre- or post-brew, as illustrated in Figure 3. For post-brew addition, reagent 
MgCl2·6H2O and CaCl2·2H2O were dissolved in Milli-Q water to concentrations of 20%. For pre-brew 
addition, four stock solutions containing 100 ppm and 1000 ppm of each salt were prepared.  
 
The concentrations are expressed in parts per million (ppm) throughout the present study, as it is the 
commonly used unit in previous research as well as in the specialty coffee community. Assuming the 
density of water is 1, ppm is equivalent to mg/L.  

The extractions were divided into two groups and a control (see Table 2). The control sample (1) was 
brewed with Milli-Q water. The samples in the post-brew group were brewed with Milli-Q water and 
filtered, followed by the addition of 20% salt solutions to final concentrations of 100 ppm MgCl2 (2), 
1000 ppm MgCl2 (3), 100 ppm CaCl2 (4) and 1000 ppm CaCl2 (5). The pre-brew group was brewed 
using prepared stock solutions of 100 ppm MgCl2 (6), 1000 ppm MgCl2 (7), 100 ppm CaCl2 (8) and 
1000 ppm CaCl2 (9). The change in volume due to post-brew addition of salt solution was 
compensated for in all samples using Milli-Q water.  

The extractions were performed in five replicates over the course of two days. At the end of the 
experiment two additional control samples were brewed as a validation control of the control 
samples brewed on day one. The samples were stored at -20°C until analysis. 

Table 2. Concentrations of MgCl2 and CaCl2 added to the water before extraction, or to the brewed coffee after 
extraction (ppm). 

 Control Post-brew Pre-brew 
Sample 1 2 3 4 5 6 7 8 9 
MgCl2  - 100  1000 - - 100 1000 - - 
CaCl2  - - - 100 1000 - - 100 1000 
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Figure 3. The experimental plan, illustrating the different groups, the mineral concentrations and the stage of addition.  

2.3 Analysis of compounds 

2.3.1 GC-MS 
The samples were prepared for GC-MS analysis by adding 900 µL extraction mixture 
(methanol/water, 90/10, v/v) with internal standards to 100 µL brewed coffee. The mixture was 
cooled and centrifuged at 13500 rpm for 10 minutes at +4°C, followed by removal of the 
supernatant. 100 µL of each sample was transferred to a GC vial, solvents were evaporated, and the 
extracts were stored at -20°C.  

As volatility of the sample is a necessity for GC-MS, derivatization was performed in order to 
transform the non-volatile acids into polar compounds of sufficient volatility to enable separation 
and detection. Derivatization of the dried extracts was initiated by the addition of 30 µL 
methoxyamine in pyridine (15 µg/µL) followed by 10 minutes in a vortex mixer. The samples were 
left in room temperature overnight prior to the addition of 60 µL of mixture containing 30 µL of N-
Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) with 1% Trimethylsilyl chloride (TMCS), and 30 
µL methyl stearate in heptane (15 ng/µL), vortexed and left in room temperature for one (1) hour. An 
L-PAL3 autosampler (CTC Analytics AG, Switzerland) was employed for the injection of 1 µL of the 
sample into an Agilent 7890B gas chromatograph using a splitless mode. Separation of compounds 
was carried out on a Rxi-5 Sil MS capillary column (10 m x 0.18 mm x 0.18 um thickness, Restek 
Corporation, U.S) with a low-polarity crossbond 1,4-bis(dimethylsiloxy)phenylene dimethyl 
polysiloxane stationary phase. The eluent was transferred to the ion source of a Pegasus BT GC-TOF-
MS (Leco Corp., St Joseph, MI, USA) using the settings provided in the Electronic Supplementary 
Material.  

GC-MS data files were exported in NetCDF format from the ChromaTOF software and preprocessing 
of the raw data, including baseline correction, spectral alignment, data compression and Multivariate 
Curve Resolution, was performed in MATLAB R2016a (Mathworks, Natick, MA, USA) using custom 
scripts. Identification of the mass spectra was achieved by comparing the obtained mass spectra and 
retention time index (Table 3) to those of libraries using the NIST MS 2.0 software and an in-house 
database (Swedish Metabolomics Center). n-alkanes (C8-C40) were used for retention-index 
conversion of the timeline and the results were semi-quantified based on the internal standard 
concentration.  
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2.4 Statistical analysis 
In order to reveal the effects of the different salt solutions added pre- and post-brew compared to 
brewing variability, univariate statistical investigations were conducted using two sample t-tests in 
Microsoft Excel. (Microsoft Corp., Redmond, WA, USA). 

3. Results 

3.1 Determination of sample concentration 
As coffee was not previously analyzed by the Swedish Metabolomics Center (SMC), the optimal 
concentration of the sample needed for GC-MS had to be established in a pilot study. Coffee was 
brewed according to previously described brewing protocol, and after treatment with extraction 
mixture, 50, 100 and 200 µL of the sample were transferred to GC vials, followed by evaporation, 
derivatization and analysis. Comparison of the obtained total ion chromatograms (TICs), presented in 
Figure 4, resulted in 100 µL being deemed most suitable for analysis. 

 

 

Figure 4. Chromatogram obtained from 50, 100 and 200 µL coffee sample (extraction mix/brewed coffee 90/10). 

3.2 Analysis of organic acids 
Lactic, malic and citric acids were identified in the coffee samples and semi-quantified. Retention 
indices and quantified masses of the selected acids, obtained though GC-MS and used for 
identification, are listed in Table 3.  

The lactic acid content in the brewed coffee remained unaffected throughout the experiment, while 
systematic effects were observed for malic and citric acid. The relative concentrations of the acids 
(average of five replicates) are presented in Table 4 and Figure 5 illustrate the peaks and their 
integrated areas. The highest concentrations of malic and citric acids were observed in the control 
sample. Concentrations of 100 ppm MgCl2 and CaCl2 had little or no effect, while 1000 ppm caused 
substantial variations. 1000 ppm CaCl2 resulted in considerably low citric acid concentrations 
corresponding to a third of that in the control, while the concentrations obtained from 1000 ppm 
MgCl2 corresponded to two thirds. The lowest concentrations of malic acid were found in samples 
with 1000 ppm MgCl2, although the effect was not as extensive as that of calcium on citric acid.  
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The total ion chromatogram (TIC), Figure 6, reveal that the chemical composition is rather stable 
independent of the water composition. The most affected areas represent citric acid and phosphate 
fragments. It can further be deduced that citric acid was present in relatively large amounts, and that 
the  

Table 3. Retention index and quantified mass for lactic, malic and citric acid. 

 Lactic acid Malic acid Citric acid 
Retention index 1086 1486 1815 
Quant. Mass (M/z) 117 335 273 

 

Table 4. Mean relative concentrations and standard deviations of lactic acid, malic acid and citric acid in the coffee 
samples (a.u.). 

Sample Lactic acid Malic acid Citric acid 
1 93 ± 4 95 ± 4 95 ± 5 
2 92 ± 4 91 ± 1 91 ± 1 
3 91 ± 2 57 ± 2 63 ± 2 
4 90 ± 5 91 ± 4 90 ± 4 
5 90 ± 3 69 ± 3 32 ± 2 
6 91 ± 4 89 ± 3 90 ± 3 
7 95 ± 3 53 ± 3 59 ± 3 
8 95 ± 3 93 ± 3 91 ± 3 
9 95 ± 4 63 ± 4 33 ± 2 
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Figure 5. Baseline corrected retention times and integrated peak values for lactic acid (a), malic acid (B), and citric acid 
(C) in coffee brewed with varying water compositions. Control (1), 100 ppm MgCl2 post-brew (2), 1000 ppm MgCl2 post-
brew (3), 100 ppm CaCl2 post-brew (4), 1000 ppm CaCl2 post-brew (5), 100 ppm MgCl2 pre-brew (6), 1000 ppm MgCl2 pre-
brew (7), 100 ppm CaCl2 pre-brew (8), 1000 ppm CaCl2 pre-brew (9). *Two  samples (purple bars) were brewed with pure 
water at the end of the experiment as a validation of the control samples and have been excluded from statistical 
analysis.  

 

    1*          2         3         4          5         6         7         8         9 

    1*           2         3          4          5         6          7          8          9 

    1*          2         3         4          5         6         7          8          9 
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Figure 6. Total ion chromatogram from coffee brewed with varying mineral content. Extensively affected regions are 
marked with arrows and represent phosphate fragments (left) and citric acid (right). 

3.3 Statistical analysis 
Under the assumption that the data was normally distributed, univariate analysis was performed 
using t-tests. Inter-variability refers in this case to variability between control, pre- and post-brew 
groups while intra-variability represents the brewing variability.  
 
Addition of 100 ppm MgCl2 and CaCl2 resulted in slightly, however not significantly, lower 
concentrations of malic and citric acids (p>0.05). The exception was malic acid after addition of 100 
ppm MgCl2 pre-brew (p=0.028). 

As shown in Table 5, there was no significant difference (p>0.05) in citric acid content between pre- 
and post-brew addition of minerals, with the exception of malic acid and 1000 ppm CaCl2, where pre-
brew addition resulted in a slightly lower concentration (p=0.028). 1000 ppm MgCl2 also caused 
slightly lower concentrations of malic acid, however, not to a significant degree (p=0.055). 

Table 5. P-values for acid content variability compared to control samples.  

 Lactic acid Malic acid Citric acid 
100 ppm MgCl2 pre 0,67 0,028 0,051 
100 ppm MgCl2 post 0,94 0,092 0,11 
100 ppm CaCl2 pre 0,31 0,28 0,12 
100 ppm CaCl2 post 0,45 0,16 0,086 
1000 ppm MgCl2 pre 0,26 9,3E-08 6,0E-07 
1000 ppm MgCl2 post 0,43 1,5E-07 5,8E-07 
1000 ppm CaCl2 pre 0,37 2,6E-06 3,1E-09 
1000 ppm CaCl2 post 0,32 5,2E-06 3,1E-09 

 

Table 6. P-values for acid content variability pre-brew compared to post-brew addition of minerals. 

 Malic acid Citric acid 
1000 ppm MgCl2 

0,055 0,11 

1000 ppm CaCl2 
0,028 0,63 
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4. Discussion 

When attempting to research the subject, it rapidly became clear that the scientific exploration of 
the field is very limited. Many of the experiments are, although conducted by highly educated 
chemists, not peer reviewed or published according to scientific standards, which reflects the 
substantial gap between the scientific community and the coffee community. Hendon et. al (2019) 
made an attempt to bridge that gap and the present project aimed to either confirm or disprove 
their claims.   

As early as in 1955, it was reported that ions only affect the flavor of filter coffee when present 
above certain threshold concentrations in the brew water (45). This could potentially support the 
theory that the ions interact with the tastebuds rather than with compounds during extraction, as 
they have to be present in high enough concentrations to be detected by the taste receptors. On the 
other hand, more recently conducted sensory experiments have shown that small changes in 
magnesium and calcium content affect the perceived flavor, often judged by professionals with 
highly sensitive palettes. The common assumption is that the water composition affects the 
extraction. It is, however, possible that insufficient care has been taken when interpreting the results 
of previous studies. The mechanisms of filter brewing are not to be confused with those of espresso 
brewing. It has been established, that ions indirectly affect espresso extraction by prolonging the 
brew time. The ions in question are, however, bicarbonate ions forming carbon dioxide due to 
changed pH conditions (34). Gardner (34) showed that the concentration and species of ions in the 
water affect the flow rate in drip filter brewing (33). The flow rate is, however, not relevant for 
coffee brewed with steeping methods, where the brewing time is kept constant. Pangborn et al. (30) 
also used a drip filter method, which might explain the over-extracted beverages obtained from 
carbonate-rich brew water. Further, the salty taste in the cup caused by soft water is due to sodium 
ions used for softening rather than the absence of divalent cations (34).  

Hendon et al. (32) claim that divalent cations aid the extraction of organic acids and caffeine, while 
Pangborn (30) found that calcium-rich (750 ppm) brew water produced coffee with low TDS values. 
The common interpretation of a low TDS value is that the coffee is under-extracted. However, in light 
of the present study, reactions may occur post extraction and subsequently change the TDS.  

As organic acids are polar compounds and therefore highly soluble in water they are extracted 
quickly during brewing, making it rather unlikely that their extraction is facilitated by ions. If calcium 
and magnesium ions indeed do increase the extraction of the acids, there should be a more 
pronounced difference in filter brews with a short brew time. Considering the estimation that 65-
75% of the soluble material is extracted within the first two minutes and 80% after five minutes (23), 
it is a reasonable conclusion that all acids available for extraction are removed from the coffee in the 
early stages of brewing, and if anything, the cations would be more likely to aid the extraction of 
compounds of lower solubility.  

Although not presenting their studies in a completely scientific manner, the following researchers are 
held in high regard within the coffee community, and their work should be considered valuable. As 
coffee professionals, they focus heavily on the sensory aspects, which, in the end, is what determines 
the quality of the cup. The research conducted by Carr (39), Hartley (40) and Fekete (41) offer 
interesting comparisons to the present study. Carr (39) reported that extraction of the volatile aroma 
compounds vanillin and furaneol increased between 17 and 60 ppm calcium carbonate hardness, 
suggesting calcium might play a role in extraction. It is, however, possible that the carbonate ion is 
the main contributor, as the mechanisms remain unknown. The extraction of caffeine was 
unaffected, contradicting Hendon et al.’s research (32). As the present study did not investigate 
aroma compounds or caffeine, and since carbonate was not present in the water, the relevance of 
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Carr’s (39) work lies in the comparison to Hendon et al. (32). The fact the brewing variability in 
Hartley’s (2014) experiment caused larger TDS variations than the water composition also suggests 
that the water composition does not affect the extraction in sufficient extent to modify the flavor 
and indicates that perception plays a greater role. This is consistent with the results presented by 
Fekete (2019), where calcium and magnesium ions before and after brewing yield similar flavor 
profiles, as well as with the present study. 

Based on the experimental results obtained in the present study, calcium and magnesium, at 
concentrations recommended for coffee brewing, does not seem to increase the extraction of 
organic acids. This contradicts the research published by Hendon et al. (32). At high concentrations, 
calcium and magnesium significantly (p<0.00001) reduced the observed amounts of malic and citric 
acids, which was quite unexpected. If the cations affected the extraction, pre-brew addition should 
cause deviations, while post-brew addition should yield results no different from the control. If the 
cations simply competed for space, and thereby lowered the relative concentrations of other 
dissolved solids, all acids should be affected to the same degree, which they are not.  

The acid composition in the final cup is, however, clearly modified by the presence of the cations, by 
mechanisms that remain unknown. As no compound showed an increase in concentration (Figure 6), 
the lost acids must have escaped detection. A possible explanation is that lactic and malic acids 
formed complexes with calcium and magnesium and precipitated out of solution. This theory could 
also explain the low TDS values caused by 750 ppm CaCl2 documented by Pangborn in 1971 (30). 

The brewing variability was most probably due to small differences in water temperature, water 
volume and agitation. In the case of 100 ppm mineral additions, brewing variability was comparable 
to the variability caused by the cations. Is therefore unlikely that the cations affect the extraction in a 
noticeable way. To ensure consistency among repeats, a suggestion would be to measure the TDS 
values.   

The control samples brewed at the end of the experiment as a validation of the control group (Figure 
5, purple bars) were considered outliers and excluded from statistical analysis. Their purpose was to 
exclude substantial day-to-day variations, as brewing the coffee samples on separate days may 
influence the extraction due to varying humidity or factors to date unknown. However, if these 
variations would have had a more pronounced effect than the water composition, it would only 
further strengthen the theory that the cations affect perception rather than extraction. Brewing 
control samples at the start and the end of each day or brewing the samples in a randomized order 
would nevertheless increase the reliability of the experiment.  

Limitations of the present study include the effect of the carbon dioxide-carbonate system. Not 
letting the carbon dioxide in the air equilibrate with the brew water could affect the carbonate ion 
content as carbon dioxide from the air dissolves in water, forming carbonate and bicarbonate ions. 
As previous research suggests that carbonate might play a more prominent role in extraction than 
cations and as the aim of the experiment aims to investigate the impact of the cations alone, this 
could affect the reliability of the results. However, water equilibrates quickly with the carbon dioxide 
in the air and as the water used for brewing was kept in bottles for a while, rather than being used 
straight out of the Milli-Q tap, equilibrium was most likely reached. A proposed solution in order to 
improve future experiments would be to check the pH of the brew water.  

Finally, the filtration step could induce errors. Various amounts of coffee particles may have escaped 
the filter and remained available for continued extraction. The long brew time of five minutes was 
selected in order to even out potential differences as the larger part of the extraction occur within 
the first two minutes. The matter could be resolved by filtering the brewed coffee a second time.  
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If the experiment was to be repeated, analysis of the calcium and magnesium cation content in the 
final brew could provide clues in regard to the interactions responsible for the acid content decrease. 
Applying alternative analytical methods, such as Nuclear Magnetic Resonance (NMR) or High 
Performance Liquid Chromatography (HPLC), would greatly benefit the reliability of the experiment. 
An expanded investigation including additional analytes would further shed light on the relationship 
between divalent cations and the chemical composition of brewed coffee.  

5. Conclusion 

Available scientific literature regarding water composition and coffee brewing has been reviewed 
and a substantial gap between the scientific community and the specialty coffee community has 
been identified. In this study, a rough model for analysis of non-volatile coffee constituents with GC-
MS was developed, paving way for further research in the field. Experimental data suggest that 
calcium and magnesium do not increase the extraction of organic acids. At concentrations 
recommended for coffee brewing, there was no observed effect, while at high concentrations, 
calcium and magnesium added pre- and post-brew, significantly (p<0.00001) reduced the levels of 
malic and citric acids, as measured by GC-MS.  
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8. Appendix 

Table 7. Processed GC-MS data for lactic, malic and citric acid. 

 
Lactic acid Malic acid Citric acid 

Library feature S284 LACTIC ACID 2TMS major S312 MALIC ACID 3TMS S140 CITRIC ACID 4TMS 

ROI Time: 158.5511 to 160.7882 Mass: 
116.5 to 117.5 

Time: 262.51 to 264.6366 Mass: 
334.5 to 335.5 

Time: 319.2884 to 321.4482 Mass: 
272.5 to 273.5 

Retention  index 
(RI) 

1086 1486 1815 

Quant. Mass 
(M/z) 

117 335 273 

RSD(%) 5,6 20,9 33,5 

1_1.centroid.cdf 87,3689 91,1279 91,2569 

1_2.centroid.cdf 88,5532 90,2628 90,1593 

1_3.centroid.cdf 95,6252 99,135 99,4631 

1_4.centroid.cdf 95,7249 100 100 

1_5.centroid.cdf 95,4581 96,3932 95,2426 

1_6.centroid.cdf 69,5487 72,2012 72,867 

1_7.centroid.cdf 86,1921 86,6777 84,3245 

2_1.centroid.cdf 95,3428 91,1454 91,2615 

2_2.centroid.cdf 91,0078 90,1496 89,4315 

2_3.centroid.cdf 96,9421 93,2064 92,5779 

2_4.centroid.cdf 88,6376 90,6727 92,1022 

2_5.centroid.cdf 89,8546 89,9711 89,9244 

3_1.centroid.cdf 88,4816 56,3698 62,0439 

3_2.centroid.cdf 90,5512 57,7964 64,2218 

3_3.centroid.cdf 88,766 54,4272 59,7709 

3_4.centroid.cdf 94,5531 60,4987 65,8009 

3_5.centroid.cdf 91,2697 55,7337 61,4924 

4_1.centroid.cdf 87,6366 91,2173 90,2531 

4_2.centroid.cdf 94,6865 95,2387 94,5127 

4_3.centroid.cdf 88,9822 91,2844 89,0195 

4_4.centroid.cdf 95,6969 93,514 92,0212 

4_5.centroid.cdf 84,4141 84,3085 83,6225 

5_1.centroid.cdf 89,3876 69,6563 34,3882 

5_2.centroid.cdf 93,6587 70,8603 32,8344 

5_3.centroid.cdf 88,6484 66,908 31,0442 

5_4.centroid.cdf 85,9595 64,857 28,969 

5_5.centroid.cdf 92,7579 72,9603 34,1788 

6_1.centroid.cdf 90,7204 87,7069 88,474 

6_2.centroid.cdf 85,6258 84,4437 85,5543 

6_3.centroid.cdf 91,796 88,3838 88,0875 

6_4.centroid.cdf 93,672 91,4526 92,8588 

6_5.centroid.cdf 95,3613 92,1747 92,7229 

7_1.centroid.cdf 99,3379 55,3381 61,7798 

7_2.centroid.cdf 97,823 52,9835 58,6104 
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7_3.centroid.cdf 94,7183 56,4824 63,5369 

7_4.centroid.cdf 91,4719 49,6667 54,8965 

7_5.centroid.cdf 93,6928 52,7447 57,6191 

8_1.centroid.cdf 98,5154 97,0217 95,3225 

8_2.centroid.cdf 90,8982 92,3549 90,8391 

8_3.centroid.cdf 92,4439 92,5912 91,5853 

8_4.centroid.cdf 97,0484 91,6154 89,968 

8_5.centroid.cdf 96,5991 89,9185 88,1033 

9_1.centroid.cdf 100 64,1269 33,0494 

9_2.centroid.cdf 90,4017 55,612 29,5588 

9_3.centroid.cdf 91,7401 61,4419 32,9486 

9_4.centroid.cdf 97,4505 65,0828 33,9271 

9_5.centroid.cdf 95,5284 66,7227 35,4103 

 


