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Abstract: Due to the dynamic growth of the cold brew coffee market, the aim of this study was to
identify and characterize main bioactive and aromatic compounds that may be helpful for quality
control during the production of popular beverages. Using headspace solid-phase microextraction
and GC-MS and LC-MS analysis, prepared cold brew coffee extracts were investigated and compared
with different green bean roasting profiles and varying extraction temperature and time parameters.
In terms of quantitative composition, the study showed that cold brew coffees are an exceptional
source of chlorogenic acid. Therefore, they may change consumers purchasing decisions on the
beverage market and establish a new and natural substitute for controversial energy drinks. The
analyses confirm the possibility of producing a beverage with increased chlorogenic acid content
above 900 mg/L or at a similar level of 400-500 mg/L with caffeine, which may be important on
an industrial scale due to the possibility of diversifying beverage production. Furthermore, aroma
compounds were presented as markers responsible for fruity or caramel-roasted-almond notes and
changes in their concentrations according to the recipe were also presented. The best option for cold
brew coffee production appears to be beans roasted in the 210220 °C temperature range.

Keywords: cold brew coffee; LC-MS; HS-SPME; technology; bioactive compounds

1. Introduction

Coffee is one of the basic agricultural commodities sold in the world and one of
the most consumed beverages—mainly due to its pleasant taste, aroma and stimulating
properties—and, recently, also due to its antioxidant properties [1]. In order to meet the
needs of health improvement and the active formation of pro-health values in the human
diet, a high dynamic of new food products” development has been observed. Due to the
characteristic way of production, cold brew coffee is clearly a new commodity category in
the segment of coffee. The popularity of this handcrafted and premium product opened up
lucrative growth opportunities for the global market. The global cold brew coffee market
size was valued at USD 339.7 million in 2018 and is expected to register a CAGR of 25.1%
from 2019 to 2025.

Cold brew coffee should not be confused with iced coffee, which is brewed hot and
served over ice. In actual cold brew production, the coffee is brewed using water at room
temperature or lower, between 4 °C and 25 °C, over a period of 12 to 24 h. It is claimed
that the slow brewing process brings out only the best flavor compounds and a relatively
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small amount of hydroxy carboxylic acids compared to phenolic acids, which belong to
antioxidants [2].

A conscious supply of dietary antioxidants helps to control reactive oxygen species
and reduces the production of free radicals that arise as a result of life processes or as a
consequence of adverse effects of external factors (smoking, unbalanced diet). Coffee can
be an important source of a compound belonging to this group—chlorogenic acid, an ester
of caffeic and quinic acid, which, in addition to neutralizing radicals and counteracting
oxidation reactions, can additionally activate other biosynthetic pathways of antioxidant
compounds [3,4].

During roasting, new compounds are also formed that affect the aroma and flavor of
coffee. For example, pyridine and pyrrole derivatives are formed from lipid degradation
and amino acids. A lot of studies on coffee’s volatile compounds relate to hot brewed cof-
fee [5]. Furthermore, cold brew coffee lacks a uniform, standardized production process in
terms of parameters such as extraction time, extraction temperature, dosage or roasting [6],
also in the context of the sensory quality of the beverage.

The aim of the research was to determine the effect of parameters (roasting green
beans followed by the extraction of roasted coffee at different temperatures and times) on
changes in the content of chlorogenic acid, caffeine and volatile compounds in types of
coldbrew products.

2. Materials and Methods

The raw material for the study was pulpednatural Arabica coffee, which came from
the largest producer of a given botanical variety in the world—Brazil [7]. The roasted coffee
was delivered from the local coffee roaster Etno Cafe in Wroclaw. Details of the coffee
species name and roasting profile remain under company secrets. Coffee roasting process
was prepared by using a professional IKAWA sampler model PRO100 (IKAWA, London,
Great Britain, UK). The coffees delivered for analyses contained experimentally relevant
data on final roasting temperature and were 210 °C, 220 °C and 230 °C for samples A,
B, C, respectively. In addition, pure compounds of caffeine and chlorogenic acid Sigma
Aldrich (Steinheim, Germany) were roasted with green beans at the same time and this
was the author’s experiment. A model with pure compounds also consisting of sand grains
c.a. 1.5 mm in diameter was the internal model filler.

Ground coffee with an average particle size of c.a. 1.6 mm (coarse grind) was used for
extraction at a ratio of 5 g per 100 mL of distilled water. In order to minimize differences
in the effect of environmental conditions on extraction, all samples were made using the
immersion method in 250 mL beakers. After pouring water over the coffee, each sample
was rotated by hand upside down, to stir the mixture evenly. This was repeated ten times
for all variants. The beakers were then set aside until filtration without stirring to reflect
the home beverage production conditions. Each option of coffee used for extraction was
modeled under the following reaction environment parameters, i.e., for time of 6, 12 and
24 h and temperatures of 5 °C, 15 °C and 25 °C, respectively.

2.1. Solid-Phase Microextraction (SPME) and GC-MS Analysis

HS-SPME analysis was performed on Varian CP-3800/Saturn 2000 apparatus (Varian,
Walnut Creek, CA, USA) equipped with a Zebron ZB-5 MSI (30 m x 0.25 mm X 0.25 pm)
column (Phenomenex, Shim-Pol, Warszawa, Poland). Analysis was performed using a
2 cm DVB/CAR/PDMS fiber (Supelco, Bellefonte, PA, USA), which was exposed over
the sample for 20 min and then desorbed at 220 °C for 3 min. Approximately 150 pL of
extract was transferred to a headspace vial and maintained in a laboratory water bath at
60 °C. To each sample, 10 puL of a homogeneous suspension of 2-undecanone in water at a
concentration of 1 mg/mL was added as an internal standard.

The GC-MS analysis was performed according to the following settings: the GC oven
was programmed from 40 °C for 3 min, to 110 °C at rate 5 °C/min and then to 270 °C at
rate 20 °C/min. Scanning was performed from 40 to 550 m/z in electron impact (EI) mode



Appl. Sci. 2022,12, 2582

30f23

at 70 eV. The carrier gas in the analysis was helium with a flow of 1.0 mL-min~!. Samples
were injected at a 1:5 split ratio. All analyses were run in triplicate.
Identification of the analyzed compounds using HS-SPME was based on three methods:

(i) retention indices calculated using the retention index calculator were compared to
values in the NIST17 database,

(if) spectra were compared to the NIST17 database,

(iii) retention times were compared to retention times of authentic standards.

2.2. LC-MS Analysis

Identification and quantification of caffeine and chlorogenic acid contained in coffee
samples were analyzed by LC-MS/MS. The previously prepared extract was diluted before
analysis. Volume of 1 pL was injected. The analysis was performed on a Shimadzu 8045
LC-MS instrument. The separation was achieved on a Kinetex column (2.6 pm C18 1004,
100 x 3 mm, Phenomenex, Aschaffenburg, Germany) at 35 °C., using phase A (water with
0.1% formic acid) and phase B (methanol with 0.1% formic acid). The flow rate was set
at 0.3 mL/min, and the program was as follows: 0.01-1 min 20% B, then up to 90% B
until 8 min, then 90% B until 10 min, then to 20% B until reaching 12 min, and finally 20%
until 15 min. The analyses were performed in MRM mode in positive ionization, and the
mass spectrometer was operated at the following parameters: nebulizing gas flow 3 L/min,
heating gas flow 10 L/min, interface temperature 300 °C, desolvation temperature 526 °C,
drying gas flow 10 L/min. MRM analysis parameters are presented in the table below
(Table 1). Analyses were run in triplicate.

Table 1. MRM analysis parameters for caffeine and chlorogenic acid.

Compound MRM Transition m/z (Q1-> Q3) Q1(V) CE (V) Q3 (V)
195.2— 138.10 —10.0 -22 —22.0

Caffeine
195.2— 42.15 —10.0 —-36 —15.0
355.2— 163.05 —-19.0 -15 —27.0

Chlorogenic acid
355.2— 89.10 —11.0 —55 —-30.0

The quantitative results of changes in bioactive compounds were statistically processed
using the Statistica 13.0 software. One-way analysis of variance was made where the means
in the post-hoc test were compared using Duncan’s test (statistically significant differences
were those at the level of p < 0.05).

3. Results and Discussion
3.1. Caffeine and Chlorogenic Acid in Cold Brew Samples

This study demonstrated that caffeine and chlorogenic acid can be one of the basic
analytical parameters in cold brew. Table 2 shows the results of bioactive coffee ingre-
dients from 81 trials of popular beverages betweenthe coffee roasting coffee profile and
extraction condition. Samples were formed in a matrix of three roast profiles x three
extraction times X three extraction temperatures. Depending on the direction of technology
development, the raw material rich in bioactive compounds may make the process less effi-
cient and decrease coffee’s antioxidant capacity, stimulating properties or giving them the
right quality.
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Table 2. Mean values caffeine and chlorogenic acid in cold brew samples.
Cold Brew Samples Time Temperature Caffeine(i(;f)entration Chlorogenic (Anf;/i Soncentration

5°C 460.2 +8.11 1036.2 £22.51

6h 15°C 516.1 +11.7 1034.5 £ 23.2
25°C 4712 +£9.4 9194 +£4.7
5°C 474.6 + 10.6 902.5 +12.5
A 12h 15°C 526. £+ 26.2 930.5 +29.4
25°C 4735 £ 6.5 931.9 + 6.9
5°C 540.4 +24.3 949.2 +16.3
24 h 15°C 497.4 +10.8 964.0 + 11.6
25°C 500.9 £9.9 9214 +294
5°C 631.8 +20.4 970.7 £ 17.8
6h 15°C 655.5 £+ 23.1 8454 + 252
25°C 608.4 £ 32.7 839.5 £ 43.1
5°C 603.6 &+ 35.0 739.3 £57.6
B 12h 15°C 608.3 +19.3 780.2 +39.0
25°C 611.4 +8.5 755.9 +45.6
5°C 643.1 +£22.0 811.8 £43.2
24 h 15°C 5799 + 224 769.8 + 61.1
25°C 590.4 + 28.6 770.1 £21.7
5°C 431.0 +54.9 429.5 +25.3
6h 15°C 441.6 £22.2 4427 + 16.5
25°C 510.2 +29.1 506.8 +29.3
5°C 4477 +31.3 525.5 +29.8
C 12h 15°C 4175+ 334 4589 + 32.6
25°C 522.1 +48.9 498.1 + 33.5
5°C 526.3 £ 8.3 455.4 + 38.5
24 h 15°C 4312 + 347 4412 +18.2
25°C 508.8 + 6.7 440.7 +23.1

1 Values are mean + SEM.

Dybkowskaetal. [8] reported polyphenol levels depending on the origin and roasting
conditions of the green bean. Researchers prepared hot (temp. 94 + 2 °C, extraction time
5 min) drinks from 1 g of roasted coffee where the measured concentration of polyphenols
was 2143 mg. For calculations in the design experiment performed with cold brew
beverages, only the content of chlorogenic acid—the main representative of coffee phenolic
acids—was considered. The analysis suggests that, depending on the cold brew preparation
method, the total content of polyphenols (along with chlorogenic acid isomers, phenolic
acid derivatives and melanoid complexes with antioxidant properties) in the beverage may
be higher than in hot brewed coffees.

As seen from Figure 1, a relatively high mean value content of chlorogenic acid was de-
termined in the product made at 5 °C and 15 °C in the relationship between coffee roasting
profile and extraction temperature. The difference between these results is not statistically
important. It seems that an ambient temperature below 25 °C for cold extraction has a
protective effect on changes in their composition due to, among other things, the inhibition
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of endogenous enzyme activity and preservation of biologically active components such as
vitamins or polyphenols [8].
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Figure 1. Cold brew coffee means values of chlorogenic acid concentration in the coffee roasting
profile x extraction temperature matrix. Homogeneous groups (p < 0.05) are marked with the same
letters. Final roasting temperatures: A 210 °C, B 220 °C and C 230 °C were roasting profiles.

We highlight the lower than 25 °C temperature processing for cold brew beverages
from light roasting coffee. On the other hand, the highest content of chlorogenic acid was
determined for profile A in Figure 2—it reached 996 mg/L for 6 h against the variable of
the extraction time, which is a much higher result than the extraction performed for 12
and 24 h. The smallest value in this relationship was 921 mg/L, marked as significantly
lower, in the same way as the 944 mg/L value for 24 h extraction. As reported by Arnot [9],
during the roasting process of green coffee beans, chlorogenic acid starts to decompose
from 208 °C and the total polyphenolic content decreases with increasing temperature per
kg of coffee. This information is confirmed by the graphs—there was a 10 °C difference
between the roast profile of samples A and B, and a 20 °C difference between A and C.

It seems that extraction time in the first hours is more important than temperature and
significantly affects the efficiency of chlorogenic acid diffusion into the solution. This is also
indicated by the available literature data of Yen et al. [10]—the concentration of extracted
bioactive compounds reaches an optimum value after a certain time, and prolongation of
this time may even result in a decrease in the content of active components. The time of
the 24 h trial, regardless of the conditions of the extraction environment, had a negative
effect on the amount of the tested compound. The experiment carried out, reflecting
different technological processes, shows that with increasing extraction time the content
of chlorogenic acid decreases in all samples. Results for profile C are two times lower
than profile A. According to Poltronieri and Rossi [11], high losses of chlorogenic acids are
linked to their sensitivity to oxidation, mainly based on the activity of polyphenol oxidase
(PPO) found in grains. In the presence of oxygen in the air, this enzyme catalyzes the
transformation of phenolic compounds. During this process, quinones are formed and it
cannot be ruled out that they play a role in the loss of coffee beverage quality [12].
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Figure 2. Cold brew coffee means values of chlorogenic acid concentration in the coffee roasting
profile x extraction time matrix. Homogeneous groups (p < 0.05) are marked with the same letters.
Final roasting temperatures: A 210 °C, B 220 °C and C 230 °C were roasting profiles.

Rao and Fuller [3] determined the content of caffeoylquinic acid along with its deriva-
tives in six cold brew samples prepared from different types of coffee. One coffee from
Brazil was also used in the study. The total amount of phenolic acid and its isomers
was 2201 mg/L, and the concentration of the main compound 5-CQA (5-caffeoylquinic
acid) was 1124 mg/L. The results presented here differ from those reported by Rao and
Fuller, which may be due to the use of different analytical techniques and the amount of
compounds tested. After calculating an average 5-CQA content of their six samples, the
concentration of the compound is estimated to be 1012 mg/L. This indicates a significant
approximation of the given value to the extracts prepared under the first variant of time
and temperature, and the difference between the highest level of chlorogenic acid for the
sample from profile A is 16 mg/L relative to an average 5-CQA. In another study, the
authors Fuller and Rao [13] compared the chlorogenic acid content of coffee depending
on the degree of roasting and grinding of coffee prepared for cold brew. They assigned
the lowest determined value after 24 h of extraction to Dark—Coarse 360 mg/L coffee and
the highest to Medium—Coarse 520 mg/L. After testing, all the results with the lowest
chlorogenic acid concentration were found to be between 445 mg/L and 494 mg/L.

Figures 3 and 4 below show that the caffeine content ranged from 430 to 631 mg/L.
Another study analyzed the caffeine content of 20 different coffees bought in coffee shops
in the United States. The amount of caffeine in the brews corresponded to 320 to 470 mg/L,
and the caffeine content in coffee of the same type bought in the same shop six times in
different portions corresponded to 540 to 1180 mg /L [14].

In the case of caffeine, the results indicate that the type of bean to obtain cold brew
coffee with the highest concentration of this compound is coffee whose final roasting
temperature reached 220 °C. For coffee B, the values were 603 to 631 in mg/L. It can be
assumed that, under the influence of high temperature, part of the alkaloid was released
from the cellular matrix structure of the bean under acid degradation, which favorably
increased the concentration of this compound in the final extracts with respect to profile
A. In contrast, a decrease in caffeine content was observed for profile C extracts. It seems
that caffeine is easier to extract from dark roasted coffee, but in the raw material obtained
close to its melting point [15], there is clearly a reduced strength of its extraction in the
prepared solution.
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Coffee roasting profile*extraction temperature [°C]
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Figure 3. Cold brew coffee mean values of caffeine concentration in the coffee roasting profile x
extraction temperature matrix. Homogeneous groups (p < 0.05) are marked with the same letters.
Final roasting temperatures: A 210 °C, B 220 °C and C 230 °C were roasting profiles.

The results of the experiment conducted by Dankowska and Misiak [16] show that
the amount of caffeine depends on the brewing method. Higher water temperature causes
faster diffusion of the alkaloid. Full extraction occurs only in water at 100 °C after 15 min.
In the case of cold brew coffee, it has been noted that the full extraction of caffeine can also
be achieved in water at room temperature—the time of contact between the coffee and
the water is important. The degree of grinding can be an additional factor affecting the
caffeine content of cold brew by accelerating its diffusion in the initial hours of extraction. It
should be noted that in addition to the extraction method, the ratio of coffee to water is an
important determining factor. Information on the caffeine content of cold brew beverages
prepared with different ratios was presented by de Paula and Farah [14]. For aratioof 7 g
of coffee per 100 mL of water and an extraction time of 12 h and a temperature of 10 °C,
the authors report an average caffeine content of 523 mg/L. These data are similar to the
average caffeine content of our conducted study. Moreover, the average reported caffeine
content of coffee infusions obtained from different blends and different methods of cold
brew preparation was much higher—close to 860 mg/L [14].

Although many studies have been conducted on hot coffee extraction, research on cold
brewing is more limited and known laboratory techniques are applied in some studies today
in order to understand the difference between them. Kyroglou et al., because of low total
solids yield and long extraction times in cold brew coffee production, studied the process of
optimization and found that caffeine concentration and yield were significantly influenced
by vacuum cycles (accelerating extraction and increasing the content of, compounds in
the final beverage). A maximum concentration of 10.02 g caffeine (per kilogram) was
achieved through a combination of vacuum cycles and the duration of each cycle [17]. On
the other hand Ahmed et al. explored extraction with ultrasonication techniques to observe
changes in the physicochemical properties of cold brewed coffee [18]. Their results led to
significant increases in total soluble solids and most organic compounds. For example,
caffeine reached a maximum level of 19.97 g and chlorogenic acid 2.1 g (per kilogram). The
higher concentrations achieved by ultrasonication can be attributed to a better disruption
of the cell walls, which also depends on the power and time of processing.
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Figure 4. Cold brew coffee means values of caffeine concentration in the coffee roasting profile x

extraction time matrix. Homogeneous groups (p < 0.05) are marked with the same letters. Final
roasting temperatures: A 210 °C, B 220 °C and C 230 °C were roasting profiles.

HPP treatment (High Pressure Processing) can also disrupt cell walls and other or-
ganelles in coffee, resulting in increased mass transfer rates of solutes during extraction.
Zhang et al. [19] used HPP for medium, coarse and whole coffee beans and subjected them
to 400 MPa for 10 min. They next allowed all samples to stand at 22 °C for 44 h for whole
beans to achieve a comparable brew Total Dissolved Solids (TDS) as that from the ground
coffee for 18 h extraction. Their results showed that infusions prepared from ground coffee
beans had higher caffeine and chlorogenic acid concentration than those prepared from
whole beans. This effect was demonstrated by the following levels: caffeine 0.48 g/L alone
and 0.49 g/L with HPP, and chlorogenic acid 0.96 g/L alone and 1.01 g/L with HPP. We
can state that exploiting HPP achieved comparable results to our research.

Despite different approaches for us, this study showed very important information
from a scientific point of view, but it needs to be highlighted that not every cold brew coffee
producer can buy often expensive equipment, i.e., vacuum technology. We conclude that
the aforementioned processes are an alternative processing method.

We can find a similarity to the study of Wang and Lim [20] due to the idea of helping
manufacturers of cold brew to design and control their production in traditional ways.
They studied coffee extraction at different temperatures and grind size conditions to
better understand the cold and hot brewing process. Overall, increasing the extraction
temperature from 4 to 93 °C increased the TDS values at equilibrium by about 23, 24, 27
and 27% for espresso, which ultimately showed 2.13% of TDS. In water, coffee extraction
proceeds through an initial fast extraction stage followed by a much slower extraction
stage, corresponding to the extraction from the surface of broken cells and extraction
from intact coffee cells, respectively. Thus, it can be concluded that it is not necessary to
prolong the time of extraction over 12 h with respect to coarse grind and room temperature.
Additionally “bitter” and “harsh” compounds are less water soluble in cold temperatures.

3.2. Caffeine and Chlorogenic Acid in Experimental Model Samples

Analyses of the effect of temperature on the content of pure compounds for the analysis
of caffeine and chlorogenic acid in model samples with sand—filler matrices as protective
layers, were an important part of the innovation of the study. With similar sample exposure
times and final temperatures of the green beans’ roasting profile, important changes in
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the decomposition of the bioactive compounds were observed in experimental prepared
samples, as shown in Table 3.

Table 3. Caffeine and chlorogenic acid concentration in experimental model samples.

. Final Caffeine . Mean Chlorogenic .
. . Chlorogenic Caffeine . . Chlorogenic
Trial Caffeine . Temperature Measured Caffeine Acid .
Acid Mass . Mass Loss Acid Mass
Number Mass (mg) (me) Roasting Value (%) Mass Loss Measured Loss (%)
& (o) (ug/mL) ° (%) Value (ug/mL) °
1 11.8 224 0.88 254 0 100
2 115 22,0 210 0.87 243 249 0 100
3 11.6 24.0 0.86 259 0 100
4 119 24.1 20 0.87 26.9 264 0 100
5 12.1 20.7 0.68 43.8 0 100
6 123 216 20 0.63 488 46.3 0 100

Figure 5 shows cell wall development in coffee fruit. The cell walls begin to thicken
due to the deposition of complex cell wall polysaccharides (CWSPs). This period also
corresponds to the storage phase, in which additionally to cell wall polysaccharides, the
endosperm (coffee beans) begins to accumulate storage proteins, triacylglycerols, alkaloids
(especially caffeine) and conspicuously high amounts of chlorogenic acids (CGAs). In green
coffee beans, galactomannans are the most abundant polysaccharides, which make up
50% of the dry weight, followed by arabinogalactans (up to 15%) and cellulose, organized
into microfibrils via inter and intramolecular strong hydrogen bonds and Van der Waals
forces [21]. Therefore, the degree of degradation of the caffeine and chlorogenic acid
components in coffee is somewhat different compared to what we found in our results
between coffee and ingredients alone.

Weeks after flowering
8 10 12 14 16 18 20 22 24 26 28 30 3z
i i —4%
—11%
1% pectin

m cellulosa
0%

arabinoxylan

% total CWSP

galactomannan

a4e; arabinogalactan

CWSP#1 . CWSP#2 | CWSP#3

Figure 5. Dynamic changes in cell wall composition during coffee fruit development [21].

During the roasting process, the CWSPs undergo some structural changes. It can be
considered that above a temperature of 220 °C, the chemical composition of the green
coffee cell wall ceases to protect the bioactive compounds. CWSPs are degraded, with
galactose and mannose being the two most heat-sensitive sugar components, which play
protective roles for other ingredients. This makes it possible to assess under which roasting
profile conditions health-promoting components can be retained and, thus, to optimize the
processes of roasted coffee processing technology into functional foods.

We highlighted that 230 °C relative to 210 °C of roasting profile can decrease close to
50% of the chlorogenic acid in green beans. Another interesting value is 220 °C, at which if
acid degradation reaches 20%, the caffeine value increases by about 20%. Thereafter, the
caffeine concentration drops below the 210 °C profile value in the variant using the highest
temperature during coffee roasting. In the context of caffeine, results were consistent with
the model matrix samples experiment, where a given compound that is not a biochemically-
contained component in the plant showed a similar decrease in concentration between
210 °C and 220 °C. Regardless of the final roasting temperature in the film, CQA was
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completely degraded. The results indicate significant binding of chlorogenic acid to caffeine
in green coffee.

3.3. Volatile Compounds of Cold Brew Samples

Many operations and parameters affect the final product, changing the chemical com-
position of raw materials and intermediates before the end of the technological process.
During roasting, the Maillard reaction, caramelization and other chemical reactions dra-
matically change the coffee beans” composition, as well as the colors and volatiles of green
coffee beans. As a result, desirable and potentially dangerous compounds are formed.
For example, Hyong et al. [22] studiedx-dicarbonyl compounds and 4-methylimidazole
in coffee made with various roasting and brewing conditions. In general, the espresso
method, using smaller coffee bean particles, led to significantly higher concentrations of
a-DC and 4-MI than cold brewing, and in the cold brew method, the highest concentrations
of a-DC and 4-MI were found with the largest coffee bean particles. The average total
a-DC concentration in their cold brew was 37.5 ug/mL and in 4-MI was 59.6 ug/mL. These
contents were higher due to higher roasting temperatures (235 °C/13 min, 240 °C/15 min,
245 °C/17 min).

Regardless of coffee bean quality, Cordoba et al. [23] determined the sensory profile,
physicochemical characteristics, and volatile and non-volatile compounds in two brewing
methods: cold and hot. Their coffee beverages were more differentiated by brewing
method than by the coffee bean quality used in the preparation. Cold brew coffees were
mainly associated with volatile 2-methyl-butanal, 5-methyl furfural and dihydro-2-methyl-
3 (2H)-furanone followed by relative percentage concentration, respectively: 3.4-42%,
14.49-14.68% and 1.1-1.13%. Hot brew coffee beverages were identified with some specific
furans and 2-methoxy-4-vinylphenol. We didnot find 2-methoxy-4-vinylphenol in our
research but did find some furans.

To date, many studies on volatiles have shown that furans and 5-hydroxymethylfurfural
(5-HMF) were found, for example by Park et al. [24]. Authors ranged from levels of 5-HMF
in coffee samples between 51 and 1143 mg/L. We agree with the presented research because
the higher temperature of roasting coffee causes the increase in the mentioned compounds
and others as a result of the Maillard reaction. It is worth noting that cold brew contains
less of these compounds compared to hot coffee [25].

Figure 6 below shows an interesting proposition of the main volatile compounds’
(VOCs’) formation reactions in coffee based on other authors [18].

During production, many operations and parameters influence the final product,
changing the chemical composition of raw materials and intermediates before the end
of the technological process. The different extraction conditions used by independent
producers of a coffee beverage can indicate a different composition of volatile compounds.
The experiment was designed to highlight the importance of different extraction methods
to detect and characterize particular compounds. Generally, a test for VOCs was performed
in a similar matrix to caffeine and chlorogenic acid (three roast profiles x three extraction
times x three extraction temperatures) and the results are shown in Table 4 below.

Selected compounds from all of the marked volatile compounds belong to the follow-
ing groups.

3.3.1. Aromatic Alkyl Pyrazines

Hundreds of compounds have been identified as coffee flavor components where
pyrazines in coffee are determined in predominant amounts in similar studies [26]. Pyrazines
are monocyclic aromatic rings with two nitrides (in the para position). The formation of
pyrazines is related to the process of heating food—amino acids react with sugars in
Maillard reactions. A longer roasting profile also resulted in their increase. Many of
these compounds are intense and exhibit very low odor thresholds—for example, 2,5-
dimethylpyrazine has an odor threshold of 1 ppm in water [27]. Pyrazine compounds give
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a coffee, nutty, roasted, earthy aroma [28]. Its derivatives may contribute to reducing free
radicals in the body [29].
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Figure 6. Main volatile formation reactions during the coffee roasting process. Precursors are formed
in rectangles.

In the case of pyrazine, the lowest value was determined for sample A 12h 5 °C—
0.3 ug/g, whereas an average was achieved at 4.0 ug/g. Furthermore, 11 samples from
27 reached more than average. It has a pungent, sweet smell that becomes floral when
diluted [30].

2-methylpyrazine was the most abundant compound among the pyrazines group in
the experiment. This is in agreement with the results of Kremer et al. [31], who reported a
range of concentration of the aromatic compound in coffee from 34.8 ppm to 91.6 ppm. The
mean value in our study was 47.9 ppm, the overall range was between 1.0 and 121.5 ppm
(ug/g). The knowledge gained from the effects for the example of time and temperature
suggest that 2-methylpyrazine is made by asparagine and fructose rather than glucose [32].
It is defined as nutty, roasted, grassy and chocolaty in dilution [30]. It is noteworthy that
its thresholds of odor detection in water, oil and air are as follows: 30-100, 27 ppm and
>2000 pg/m?3 [33].

Ethyl pyrazine—a derivative of methylpyrazine—is characterized by completely dif-
ferent odor properties, which is largely due to an additional methyl group in the side chain.
Its aroma is described as nutty, sweet, buttery, rum-like with an odor detection in water of
4-21 ppm and oil 17 ppm [34]. In a study by Abdelwareth et al. [35], the authors reported
the percentage range of ethyl pyrazine in macerated coffee, at a ratio of 1.0 g coffee ground
per 5 mL water for 18 h with occasional stirring, to be in the range of 0.65-4.16%. After
converting the concentration in our research from the mean value 25.6 ug/g to %, we
obtained a higher average ethylpyrazine content in samples. This was 5.94%, summarized
by samples A, B and C, respectively: 1.02%, 2.70% and 2.22%. This suggests that the
concentration of pyrazine compounds and their derivatives increases with the degree of
coffee roasting (more than 50% comparing 210 °C with 220 °C and 230 °C).
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Table 4. List of aromatic compounds depending on the cold brew coffee prepared variant.

VOC Content in Cold Brew [ng/gl
Sample A B C
Time 6h 12h 24h 6h 12h 24h 6h 12h 24h
gf)nr;l%o[ljgc]l 5 15 25 5 15 25 5 15 2 5 15 25 5 15 25 5 15 25 5 15 25 5 15 25 5 15 25
Pyrazine 36 35 33 03 08 41 25 41 35 37 107 44 43 36 35 37 44 52 50 09 30 33 48 69 56 39 67
Pyridine 291 144 186 84 94 91 56 143 159 245 309 110 243 248 157 168 213 139 103 165 69 173 202 393 237 158 503
d?ﬁirI:iIz'oF;r;r:t)}r:}e/l 45 45 59 38 47 27 05 47 50 45 148 55 44 54 51 63 63 43 73 57 21 63 60 107 89 60 107
4-Methylthiazole 07 03 03 07 07 04 40 06 07 10 07 14 07 10 07 08 05 08 06 07 07 08 05 12 19 07 18
2-Methylpyrazine 530 303 533 259 368 313 10 592 437 539 1215 444 553 460 467 523 540 516 323 302 221 592 576 649 631 321 714
Furfural 114 530 103 106 720 02 494 12r 697 1030 3314 1262 249 1133 91.8 1202 70.6 828 761 349 714 1075 1151 1446 1204 784 1358
o-Furfurylalcohol 245 15 239 70 04 23 818 162 257 401 987 371 268 363 88 96 635 88 18 16 197 209 617 38 190 356 334
Pyrazine, 26-dimethyl-and 55 76 55 162 228 62 37 540 441 621 1454 493 651 605 551 618 593 571 51 84 479 681 699 742 693 316 79.1
Pyrazine, 2,5-dimethyl-
Pyrazine, ethyl- 49 185 56 60 64 79 108 319 270 309 673 289 325 283 273 340 333 321 103 59 286 370 338 419 368 172 471
Pyrazine, 2,3-dimethyl- 14 57 06 19 07 12 90 118 96 118 83 76 126 50 104 106 102 66 04 13 78 112 112 125 126 28 146
o-Pinene 07 60 15 01 01 ! 20 05 23 21 17 28 19 20 02 02 & 04 03 05 25 t! 02 03 06 20 52
Benzaldehyde 18 29 06 12 22 07 01 27 34 26 64 27 15 27 21 22 19 32 10 07 08 07 33 51 28 44 39
Z'F“m};_f\l:}’:;fehyde' 54 214 01 46 133 06 26 458 373 635 1734 563 206 662 547 682 604 483 388 327 169 659 799 923 743 431 925
B-Pinene 22 71 12 01 t 01 5.1 02 08 19 05 37 06 20 03 03 01 02 t 01 09 03 06 06 tr 06 38
1-Octen-3-ol 01 04 01 01 01 t 01 03 05 10 01 t 07 03 01 01 & 01 & t t 01 t t 02 01 09
5-Hepten-2-one, 6-methyl- 22 01 05 11 08 03 01 05 07 35 07 04 22 04 03 04 01 01 01 01 01 01 01 03 03 02 13
2-Octanone 11 19 11 02 & 02 02 13 13 20 18 05 07 12 08 09 12 09 07 08 04 08 03 10 08 07 19
2-Furanmethanol, acetate 165 174 68 24 70 89 12 37 23 153 383 191 33 118 68 566 218 166 289 113 237 352 25 232 273 07 39
Pyrazine, 2-ethyl-6-methyl- 33 22 33 43 25 35 144 60 58 86 336 84 80 226 47 163 147 201 143 24 137 139 85 tr 20 34 54
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Table 4. Cont.

VOC Content in Cold Brew [ug/gl
Sample A B C
Time 6h 12h 24 h 6h 12h 24 h 6h 12h 24h

Pyrazine, 2-ethyl-3-methyl- 25 10 25 05 16 04 172 92 71 64 228 64 72 153 69 105 89 116 41 28 47 64 103 101 64 28 99
Pyrazine, 2-ethyl-5-methyl- 29 06 1.0 03 07 07 58 149 151 12 145 11 20 50 62 176 72 119 04 18 05 09 159 198 139 12 58
p-Cymene 153 255 46 22 14 05 10 29 41 350 15 108 232 95 07 04 05 05 04 06 41 09 04 08 02 57 184
Eucalyptol 365 345 94 41 03 02 08 14 159 753 90 78 411 137 14 43 08 50 06 13 71 24 10 05 03 50 107
2-Acetyl-1-methylpyrrole 07 14 04 04 03 03 01 133 08 49 111 51 62 47 50 47 53 07 09 09 18 75 67 73 58 06 13

Pyrazine, 3-ethyl-2,5-dimethyl- 142 87 94 138 103 145 06 40 131 183 385 155 199 169 163 166 182 160 111 40 68 193 194 212 174 74 181
Pyrazine, 2-ethyl-3,5-dimethyl- 05 03 02 02 03 18 130 186 06 13 29 29 06 09 1tr 09 33 01 03 02 07 21 39 40 10 04 0.5

Fenchone 75 50 22 23 03 28 08 34 32 165 57 88 147 103 34 07 49 01 03 08 11 35 116 125 16 18 32
Linalool 57 52 16 11 09 08 07 102 42 127 27 46 64 39 27 20 23 07 09 09 03 17 22 41 22 21 4.0
a-Thujone 94 77 19 02 02 01 03 31 30 229 25 28 112 34 04 12 01 01 02 01 09 03 20 13 05 15 5.0
B-Thujone 42 36 09 03 03 02 02 13 15 106 10 10 56 20 12 10 10 01 01 02 02 03 04 06 02 08 22
:;xi?}%;?]}:;ﬁ; 45 08 tr 1.7 03 04 05 08 07 06 24 07 88 11 10 12 04 04 04 02 02 07 15 07 01 02 0.8
Camphor 57 38 08 03 02 01 02 24 30 112 19 11 114 32 08 06 01 01 01 04 11 01 tr tr 07 1.2 3.1
Isomenthone 06 02 11 41 tr 47 11 01 tr 51 30 11 25 19 03 16 03 02 02 01 02 14 02 14 18 tr 0.3
z’ii;?gr;ztz};ﬁle-& 12 05 13 08 09 02 45 09 27 59 106 45 60 69 26 79 18 16 14 11 06 48 05 66 73 03 1.7
Sabinone 1.7 05 02 08 06 08 21 20 16 78 40 26 12 45 19 32 1.7 10 01 09 06 06 08 34 30 06 0.7
Terpinen-4-ol 27 19 01 03 02 02 03 14 15 75 29 31 45 29 01 04 03 05 08 08 04 01 01 01 03 08 0.3
«-Terpineol 12 08 03 06 02 03 02 04 07 38 04 12 25 09 07 02 01 03 04 06 03 06 03 01 22 07 0.9
Carvone 36 05 03 01 01 09 03 22 19 18 06 28 05 36 20 03 10 06 22 02 04 01 02 03 03 16 2.7
Indole tr 01 03 11 12 09 47 08 09 309 335 239 06 17 09 04 08 07 02 17 12 09 20 02 04 tr tr

Ltr. <0.1.
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Pyrazine, 2,6-dimethyland Pyrazine, 2,5-dimethyl: The research carried out by
Klosowskiand Btajet-Kosick shows that especially when heat treatment is too intense,
DMP is formed [34]. The results of Yu and Zhang [36] also showed that the reaction be-
tween L-ascorbic acid and L-threonine/L-serine leads mainly to the formation of pyrazines.
Many of these are alkylpyrazines, such as 2-methylpyrazine, 2,5-dimethylpyrazine and
2-ethylpyrazine [36]. On the other side, Jinap et al. indicated a significant decrease in DMP
with an increase in polyphenol concentration [37]. They are characterized by a nutty, sweet,
toasted aroma [34].

The concentration values of dimethylpyrazine ranged from 3.70 to 145.4 pg/g in
the analyzed extracts and we confirmed that concentration increases with the higher
final temperature roasting of green coffee beans. In a similar study for cold brew, the
concentration was calculated to range from 4 to 23 ng/mL of the extract by SPME-GC/MS
method [5]. This range differs from the result presented in our experiment because the
average concentration was 47.0 ug/g.

The concentration of this compound in roasted coffee ranges from 2.0-2.2 ppm [30].

3.3.2. Pyridine

Pyridine is formed during strong and long roasting processes and has previously
been proposed to originate through the decomposition of trigonelline and by Maillard
chemistry [38]. It has bitter, burnt, roasted and astringent properties and can impart a
sharp, burnt taste at concentrations as low as those on the ppm scale. In the aspect of the
study by Heo et al. [5], pyridine was determined for, among others, a Starbucks sample
(1229 ng/mL), which suggests that beverages can have a burnt taste. Corresponding to
these studies, an average result of pyridine contained in the extracts was 18.8 pug/g, the
highest, 50.3 ug/g, was for coffee made from the highest temperature of roasting, and
the highest temperature and time of extraction. Thus, the lower pyridine content in the
beverage may indicate a mild and delicate taste.

3.3.3. Furans with Alcohol Function

a-furfuryl, included in this group, was not present in green coffee but formed dur-
ing roasting. Coffee produces furfuryl alcohol in larger quantities, more than 400 pg/g,
compared to other beans or seeds. Furfuryl alcohol production resembles that of other
process contaminants (e.g., HMF, acrylamide) produced in coffee roasting, but to date do
not reflect the total amounts produced during roasting because great amounts of furfuryl
alcohol (up to 57%) evaporate and are released to the atmosphere during roasting. Hy-
potheses concerning the formation of furfuryl alcohol include a model of the glucose and
alanine system from the intact C1-C5 or C2-C6 carbon skeleton of glucose and through an
unknown mechanism, with glyceraldehyde as a potential intermediate [39,40].

Roasted coffee is correlated with the undesirable burnt and bitter fraction of coffee [30].
In brewed coffee, furfural is described as cooked pea and smoky [41]. As a result of
the analyses, the highest concentration of this compound was 98.7 ug/g for sample B 6h
15 °C, noting that this value was much higher than an average value of 26.3 nug/g. Moreover,
the highest concentration from sample A was 81.8 ug/g for A 24h 5 °C, from sample C
was 61.7 ug/g for C 12h 15 °C. This compound during chemometrics-based GC-MS aroma
profiling [35] was detected in only half of the samples analyzed, including cold macerated
coffee. In wine, furfural may, chemically or microbiologically, convert to 2-furanmethanol.
The concentration of 2-furanmethanol was assessed by other researchers and the lowest
value was 4.11 mg/L and the highest was 8.12 mg/L in prepared coffee extracts [42].

3.3.4. Furans with Ketone Function

The prominent compound of this group was 3(2H)-Furanone. Furanone is prepared
by the oxidation of furfural [43] or in lower yields from pyrrole reduction with glucose
by heating [44,45]. The measured content ranged from 0.5 nug/g to 14.8 ug/g. Based on
the available literature, it was found that the concentration of this constituent significantly
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depends on the extraction method performed and the assay methodology and can reach a
threshold value of 1.20-1.80 ppm, an average content of 9.7 ppm or can be absent in coffee
at all [30]. This pleasant-smelling furan derivative is a volatile component of the aromatic
complex of roasted coffee and has a pleasant, sweet caramel character with a nutty note [46].
The compounds are also important in the flavor of strawberry, raspberry, pineapple and
tomato but the route of biosynthesis is unknown [47].

3.3.5. Alkylthiazole

4-Methylthiazole was the only distinguished compound in cold brew extracts. It
is made not only by Maillard browning reactions and fatty acid oxidation but also by
inter and intramolecular cyclizations of sulfur-containing compounds. One of the most
quoted explanations for their formation in heated foods would be the thermal interaction
of reactive sulfur-containing compounds such as amino acids with other reactive com-
pounds such as carbohydrates or carbonyls, for example L-cystine with glucose at various
temperatures [48].

The maximum value of the component was 4.0 ug/g for coffee profile A. It should
be noted that the mean in the analyses was much lower, reaching 0.9 pug/g. Nevertheless,
the assigned concentration 4.0 ug/g would indicate a tomato, green fruit aroma. Compar-
ing the studies of two authors, the 4-methylthiazole content in grains was estimated at
0.4-1.5 ppm [30].

3.3.6. Furans with Aldehyde Function

In this study, furfural and 2-Furancarboxaldehyde, 5-methyl were determined.

Furfurals have been detected in sugar rich foods such as juice and honey as well
as coffee. It is an organic compound in the decomposition of xylose and can be pro-
duced under thermal conditions. Three pathways were found to coexist for the formation
of furfural:

(i) the Maillard reaction induced by saccharides and nitrogenous compounds,
(if) the direct cleavage of pentose,
(iii) indirect conversion from pentosan, which only made a minor contribution [49].

The analysis of total xylose in a wide selection of green coffee and the assessment
of its fate during processing allowed the derivation of a maximum total xylose limit of
0.40% [50].

2-Furancarboxaldehyde, 5-methyl (HMF) is formed either by acid catalyzed degra-
dation of reducing sugars or via the Maillard reaction. Fructose was found to be twice as
reactive as glucose in the formation of HMF and brown pigments. The reaction consists of
a structural change of hexoses into an intermediate 1,2-enediolic form (containing a double
bond and containing 2 hydroxyl groups), which rapidly eliminates water. The presence of
HMF depends on temperature, pH, sugar concentration and the water activity, which plays
an important role in the degradation of sugars. HMF formation increases proportionally
with the decrease in water activity, pH and higher temperature of the system [51,52]. In
any case, the heating processes and HMF content can affect the quality of such products.

The effect of brewing methods on furfural levels was investigated by Chaichi et al. [53].
Furfural concentrations were reduced after hot coffee brewing, with a slight increase after
espresso brewing. Hot coffee preparation contributed to a higher loss of furan compounds
(about 87%) compared to espresso brewing (about 47%). This can be explained by additional
furan formation during brewing due to high pressure (3.5 bar) and temperature. In a
similar research to Chaichi et al. the furfural content averaged 71 pg/mLin espresso [54].
Compared to cold brew coffee, an average result reached 86.8 pg/g for furfural and
474 ug/g for 2-Furancarboxaldehyde, 5-methyl. Only in one sample from profile A (24h
15 °C) was the concentration higher than average in relation to furfural. This means that
lower coffee roasting temperature decreases the content of this compound in cold brew
coffee. The aroma of furfural was described as pungent but sweet, similar to bread, caramel
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and cinnamon [30]. In the context of HMF, no one sample from profile A was higher than
average:very close to an average value with a result of 45.8 ug/g was A 24h 15 °C.

3.3.7. Terpenes

Terpenes are a group of natural substances, mainly of plant origin [55], whose main
skeleton was formed by combining five-carbon isoprene units [56].

The labeled terpenes contained in the samples analyzed are: x-pinene, 3-pinene,
eucalyptol, fenchone, x-thujone, 3-thujanone, camphor, sabinone and carvone. The com-
pounds with the largest concentration range were found to be eucalyptol—75.3 ug/g and
-pinene—>50.1 ng/g. An average content among all compounds ranged from 1.02 ug/g
for carvone to 10.8 ng/g for eucalyptol. There is a need for further research towards the
chemical profiling of cold brew coffee terpenes because they are not characteristic of volatile
coffee compounds. We hypothesize that terpenes are consistent with a high quality of
coffee. However, as the roasting temperature of coffee increases, the terpene compounds in
the bean are degraded, which results in their reduced extractability during the maceration
of cold brew coffee.

3.3.8. Aromatic Aldehyde

Benzaldehydeis the simplest aromatic aldehyde present in coffee, biosynthetically
derived from the degradation of phenylalanine via phenylacetic acid [57]. It is formed
during roasting and our research confirms that; however, no direct correlation has been
found so far to define the temperature of the process and the rate of its formation, also
during cold brew extraction. It is assumed that increasing the amount of benzaldehyde
affects the positive sensory properties of the product [58]. The highest value was reached
in coffees from profile B and, generally, the maximum was 6.4 ug/g for B 6h 15 °C. It
has a characteristic almond and apricot smell; also, their similarity in taste and aroma is
remarkable [30]. In contrast to raw coffee, benzaldehyde in a beverage made with roasted
coffee is not associated with the presence of defects [59]. Gancarz et al. [60] differentiated the
volatile compound profile of Brazilian arabica coffee, in which they proved that aldehydes
accounted for 17.5% of VOCs (volatile organic compounds). Other researchers showed that
aldehydes in macerated coffee represented only 1.43%, with benzaldehyde reaching 0.3%
of the total VOCs fraction [35]. In the cold brew experiment conducted, benzaldehyde was
detected in amounts ranging from 0.1 pg/g to 6.4 ug/g of coffee, representing on average
0.55% of the total aroma compounds in the extracts made.

3.3.9. Unsaturated Aliphatic Alcohols

Linalool is an important flavor and strong aroma compound, which is derived from
a-pinene [61]. This reaction consists of x-pinene hydrogenation to pinane, pinaneoxidation
to hydroperoxide by molecular oxygen and hydroperoxide hydrogenation to pinanol,
followed by its thermal isomerization to linalool. Briefly, it can also be described by the
opening of the cyclic monoterpene to an unsaturated aliphatic alcohol.

In the conducted experiment, linalool achieved an average 3.0 ng/g higher content
compared to 1-octen-3-ol, and the difference in the highest concentrations was 11.7 ug/g
against the two compounds with respect to the B 6h 5 °C sample. In the context of 1-octen-
3-0], it is worth noting that the average value from all samples was 0.2 ug/g.

In the study of Abdelwareth et al. [35], linalool was detected and represented the
second highest result among the given group of alcohols in macerated coffee extracts.
The detection threshold of this aromatic reaches the order of ppb for GC olfactometry
determinations [30]. It contributes to the characteristic aroma of many natural products such
as fruits and spices, as well as tea and chocolate and is one of the key aroma compounds in
green and roasted coffee [62].
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3.3.10. Saturated and Unsaturated Aliphatic Ketones

5-hepten-2-one, 6-methyl- is an unsaturated methylated ketone product of the oxida-
tive degradation of lycopene [63]. Its description is characterized by a fruity, floral aroma
with an odor threshold in water of 0.05 mg/L [64]. It exists in a low concentration in brewed
arabica coffee [30] for which we can suppose its influence on the characteristic tomato
aroma. It has been tested in trace amounts in ripe coffee berries [65]. In the experiment, an
average content of this compound was 0.6 ng/g, and the highest content of 3.5 ug/g was
attributed to the variant B 6h 5 °C.

The detected 2-octanone in coffee may come from fatty acid oxidation [66]. This occurs
mainly in concentrations in the extracts from profile B. An average concentration was
0.9 pug/g and the highest 2.0 ug/g for variant B 6h 5 °C and 1.9 pug/g for C 24h 25 °C. It
is characterized by a pleasant, floral, mildly unripe apple and herbal aroma [30]. There is
little evidence from a literature review in the context of the concentration of 2-octanone in
cold brew coffee but it seems to increase the quality in the final product [67].

3.3.11. Furfuryl Ester

The main compound identified in this group is 2-Furanmethanol acetate—known as
furfuryl acetate. This compound is considered a food contaminant in other foods such as
cocoa, roasted almonds, bread and honey. Most probably it has been formed from quinic or
caffeic acid and is therefore commonly found in coffee beans, as confirmed by numerous
chemical compositional analyses [39,68]. The lower roasting temperature of coffee does
not significantly affect the degradation of chlorogenic acid [9], which is also a factor in
forming the acetate compound during the roasting of the green bean. Onthe other hand,
it can be supposed that in some percent, there is synthesis between furfuryl alcohol and
vinyl acetate during heating [69]. Caporaso et al. [68] proved the highest concentration of
furfuryl acetate was for coffee roasted at 210 °C 96.5 mg/kg, and the highest concentration
for coffee roasted around 230 °C was found to be 177.7 mg/kg. We marked the highest
concentration of 56.6 ug/g for B 24h 5 °C—this was at 220 °C for green coffee beans during
roasting.

An average content of the analyzed compound in coffee extracts prepared by different
methods (which corresponded to different production technologies) was 15.3 pug/g. Gener-
ally, the presented results prove that the lowest concentration of furfuryl acetate belongs to
coffees from profile A, which is consistent with Caporaso et al.

3.3.12. Aromatic Hydrocarbons

Hydrocarbons are a p-cymene component of the essential oils and occur as major
components of the volatile oil of several plant species. For example, thyme (Thymus vulgaris
L.) is made by the conversion of y-terpinene, which involves the cleavage of the OH
group from an aromatic ring in which two unsaturated bonds are formed [70]. In high
concentration, this compound has a typical paraffin odor, but in coffee it contributes to
restoring the aroma of citrus peel oils [30]. In cold brew extracts, an average content of this
compound was 6.3 pg/g. The highest concentration of 35.0 ug/g belonged to sample B 6h
5 °C. There is a need for further research to determine the concentration of this compound
depending on how cold brew coffee drinks are made.

3.3.13. Pyrrole with Ketone Function

The aroma of 2-acetyl-1-methylpyrrole has been identified among the volatile pyrrole
products produced by the nonenzymatic browning reactions between oxidized lipids and
amino acids [71] and is described as nutty, floral, fruity and even smoky [30]. Other researchers
have also suggested its synthesis from glucose with amino acids by heating [72,73].

High concentrations of this compound were observed in extracts prepared from
coffees profile B and C. An average content was found to be 3.6 ng/g, while the smallest
average value between profiles was 1.96 nug/g for cold brew made from coffees A. Heo et al.
determined the content of 2-acetyl-1-methylpyrrole in five purchased beverage samples
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ranging from 1 ng/mL to 39 ng/mL, and in four samples prepared by a cold brew method
ranging from 15 ng/mL to 24 ng/mL [5]. Not in all similar studies is this compound
detected [35].

3.3.14. Alkylpyrazines

Two compounds were detected in this group: 2-methyl-3-trans-propenyl pyrazine and
2,3 ,5-trimethyl-6-ethylpyrazine. They are important contributors to the flavor of fermented
foods [74], which we can associate with the nature of coffee processing on farms. They are
characterized by chocolate flavor notes in the studied beverage [30]. It can be assumed that
one pathway for their formation mechanism is the Maillard reaction. At a high temperature
(usually above 100 °C), free amino acids and the reductones (x-dicarbonyls) that are derived
either from the Maillard reaction or the caramelization of carbohydrates, can be converted
to a-amino carbonyls via Strecker degradation. Then x-aminocarbonyls can be condensed
to form alkylpyrazines. On the other hand, they can arise from 2,5-dimethylpyrazine,
which is a transformation product of threonine [75].

Average contents were noted, respectively, as 1.2 pg/g and 3.2 ug/g. Unfortunately,
there are still no scientific reports on alkyl pyrazines in cold brew coffee. In a similar study,
derivatives of the group were detected, and the highest determined concentrations were
2,5-dimethylpyrazine and 3-ethyl-2,5-dimethylpyrazine [35].

3.3.15. Alicyclic Ketone (Terpenes Derivatives)

The main compound identified is isomenthone, a derivative of menthol belonging
to the terpenoids, an oxidized diastereoisomer that accompanies mint oils. It exhibits a
characteristic refreshing aroma [76]. In an experiment conducted on the complexity of
coffee flavor, there are no reports on the content of menthol and its derivatives in Arabica
coffee. The major terpenes and its derivatives were linalool, limonene and geraniol [77].
Menthol, in a study by Abdelwareth et al., was detected in small amounts and not in all
samples [35].

Observations after chemical analysis showed that 63% of the cold brew coffee samples
contained less than theaverage value—they reached below 1.3 pug/g. The highest value,
5.1 ug/g, wasmarked for B 6h 5 °C. More research needs to be conducted to see if this
compound is commonly found in cold brew coffee and if it significantly correlates with the
refreshing properties of the beverage.

3.3.16. Cyclic aromatic Alcohols (Terpenes Derivative)

According to Del Terra et al. [78], linalool is one of the predominant monoterpenes in
C. arabica flowers. The authors also indicated that volatile monoterpenes such as limonene,
linalool, a-terpineol and geraniol have been found in freshly brewed coffee.

There are several reports of it and terpineol formation from mevalonic acid, or of
the incorporation of radioactivity from linalyl derivatives into cyclic monoterpenes [79].
However, the chemical hydrolysis ofthe phosphoric ester of geraniol also leads to the
biosynthesis of linalool [80]. Floral, sweet and musky ataromas are positively related to the
concentration of linalool [81]. The characteristic feature of terpineol is an intense floral and
lilac aroma [30].

The analysis of the mentioned compounds showed that the average concentrations
in coffee extract were: linalool 3.2 ug/g, terpinen-4-ol 1.3 ug/g and o-terpineol 0.8 ug/g.
Different analyses have shown that terpineol is the dominant alcohol in cold extracts among
all alcohols [35]. It is difficult to compare the present result to other analyses as many of
them only indicate the percentage of the respective compounds in the grain [78,82].

3.3.17. Pyrrole

Yang et al. [38], in their study, reported that important compounds modified and
formed during the dark roast defect, include indole, which is made from the wax surround-
ing coffee. The highest final roasting temperature should show the highest concentration
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of indole in the extracts. It is an unpleasant smelling animalic, cheesy compound that can
also be formed during the roasting of serotonin and which behaves in the same way as
the related tryptophan [30]. The mean indole content in cold brew coffee samples was
4.1 ng/g. The analyses carried out in the present cold brew experiment showed that almost
all concentrations of this compound were from coffees B and were 85.1%, generally. The
highest measured concentration was 33.5 ug/g. Due to the elevated abundance in the
light roast defect samples, indole is also proposed as a chemical marker for the light roast
defect [38]. There is no other similar research on cold brew coffee analysisto compare with.
Otherwise, indole concentration in the unprocessed cocoa was below the odor threshold
value of 51 ug/kg. In the processed samples, the amounts increased continuously with
increasing roasting temperature. It was the most odor active among the four off-flavor
compounds at 140 °C [83]. Moreover, indole low concentration is normally observed in
commercial wines (1 mg/L to 10 mg/L, approximate mean 5 mg/L) [84].

Additional parameters from the chromatography analysis for all volatile compounds
are given in Table 5.

Table 5. List of aromatic compounds based on retention time and analyzed methods.

Nr tR (min) Compound RI Exp. ! RI Lit. 2 Identification 3
1 417 Pyrazine 739 736 RI, MS, IS
2 4.42 Pyridine 744 746 RI, MS, IS
3 5.97 3(2H)-Furanone, dihydro-2-methyl- 799 809 RI, MS
4 6.24 4-Methylthiazole 817 823 RI, MS
5 6.42 2-Methylpyrazine 835 831 RI, MS
6 6.74 Furfural 835 833 RI, MS, IS
7 7.87 a-Furfurylalcohol 872 860 RI, MS, IS
8 9.17 Pyrazine, 2,6-dimethyl- and Pyrazine, 2,5-dimethyl- 909 917 RI, MS, IS
9 9.27 Pyrazine, ethyl- 926 921 RI, MS
10 9.39 Pyrazine, 2,3-dimethyl- 926 926 RI, MS
11 9.90 «-Pinene 939 937 RI, MS, IS
12 10.77 Benzaldehyde 970 962 RI, MS, IS
13 10.87 2-Furancarboxaldehyde, 5-methyl- 970 965 RI, MS
14 11.29 [-Pinene 980 979 RI, MS, IS
15 11.43 1-Octen-3-ol 985 980 RI, MS, IS
16 11.66 5-Hepten-2-one, 6-methyl- 991 986 RI, MS, IS
17 11.78 2-Octanone 994 990 RI, MS, IS
18 11.91 2-Furanmethanol, acetate 997 995 RI, MS
19 11.97 Pyrazine, 2-ethyl-6-methyl- 1001 1003 RI, MS
20 12.05 Pyrazine, 2-ethyl-3-methyl- 1003 1004 RI, MS
21 12.11 Pyrazine, 2-ethyl-5-methyl- 1004 1005 RI, MS, IS
22 12.84 p-Cymene 1030 1025 RI, MS, IS
23 13.05 Eucalyptol 1035 1032 RI, MS, IS
24 14.44 2-Acetyl-1-methylpyrrole 1083 1096 RI, MS
25 14.55 Pyrazine, 3-ethyl-2,5-dimethyl- 1083 1082 RI, MS
26 14.74 Pyrazine, 2-ethyl-3,5-dimethyl- 1088 1084 RI, MS, IS
27 14.85 Fenchone 1091 1096 RI, MS, IS
28 15.22 Linalool 1099 1099 RI, MS, IS
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Table 5. Cont.
Nr tR (min) Compound RI Exp. ! RI Lit. 2 Identification 3
29 15.39 a-Thujone 1108 1103 RI, MS, IS
30 15.74 -Thujone 1123 1119 RI, MS
31 16.45 2-Methyl-3-trans-propenylpyrazine 1147 1146 RI, MS
32 16.58 Camphor 1150 1142 RI, MS, IS
33 16.88 Isomenthone 1165 1164 RI, MS, IS
34 16.96 2,3,5-Trimethyl-6-ethylpyrazine 1168 1164 RI, MS
35 17.18 Sabinone 1177 1163 RI, MS
36 17.49 Terpinen-4-ol 1187 1177 RI, MS, IS
37 17.80 a-Terpineol 1196 1190 RI, MS, IS
38 18.75 Carvone 1256 1242 RI, MS, IS
39 19.46 Indole 1299 1295 RI, MS, IS
I Relativeretention index calculatedagainstn-alkanes. 2 Retention index according to NIST20 database;
3 RI—retention index; MS—mass spectrum; IS—authentical standard of compound.
4. Conclusions
Our results provide the first quantitative comparison of the bioactive compounds of
cold brew coffee with the artificial matrix beans of roasted coffee. It should be stated that
the technological process differently affects the content of caffeine and phenolic compounds
in cold brew coffee. Their content depends on many other factors, but on the basis of the
conducted research, it is possible to choose the desired method of beverage production,
especially in the context of the increased extraction of bioactive compounds. This research
needs to be further developed in the context of total polyphenol content and antioxidant
capacity. Moreover, this study investigated the comprehensive sensory attributes derived
from cold brew coffee. Chemical analyses showed important information about aroma
descriptors and closely investigated their pathways of biosynthesis in the final recipes. Fur-
ther research is needed for evaluating sensory descriptors with repeatability and significant
correlation in production.
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