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Coffee is one of the most popular and consumed products in the world, with high nutritional 
value and economic importance. However, some factors can change the organoleptic properties 
of a coffee species, without causing significant damage such as loss of important components. 
The present study evaluated the chemical profile, via nuclear magnetic resonance (NMR), of the 
main biological properties and substances of the drink, verifying similarities in the composition 
of different types of arabica coffee made in different conditions, such as the roasting time and 
temperature. The main components were identified, using information from the literature and a 
database, and compared with the experimental data of 1D and 2D ¹H NMR. The spectral data 
were analyzed and grouped via principal component analysis (PCA) using the Bruker Amix 
3.9.14 software. ¹H NMR was able to monitor the roasting process and qualify the intact bean and 
chemical profile of the coffee according to the roasting conditions. Due to the importance of the 
monitored components, the coffee species analyzed can be identified, along with the appearance 
of unwanted or adulterating compounds that are normally added to the product to reduce the cost 
of commercialization.
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Introduction

Coffee is one of the most consumed products in the 
world, especially in the Western world. The high nutritional 
value and economic importance of this commodity1 has 
sparked the interest of researchers and consumers in relation 
to its quality, chemical composition, and beneficial effects 
on human health.2 The interest on the part of producers has 
grown substantially due to the increased consumption of 
coffee in the last four decades.3 Numerous species of coffee 
have been cataloged, but only three species (Coffea arabica, 
Coffea canephora, and Coffea liberica) are cultivated in 
large quantities for the consumer market.4 Each species 
is unique peculiarity in relation to the planting method, 
presence of defects, soil type, chemical composition of 
the fruit, climate conditions for cultivation, altitude, type 
of processing, genetic variation, drying, and storage.5-7 

In addition, different microorganisms that act in the 
fermentation process of beans can modify the taste, acidity, 
shape, and aroma of the product.8

Other factors, including the control of the roasting 
time, can alter the organoleptic properties of a coffee 
species, maintaining the quality of the drink without 
losing important characteristics.9,10 The roasting process 
is essential for the production of bioactive substances 
that can benefit human health,11 such as trigonelline,10,12 
caffeine,13,14 formic acid,15,16 and chlorogenic acids.16,17 
The main biological functions of these substances include 
inhibiting the production of leukotrienes, stimulating the 
metabolism and the central nervous system, and increasing 
cognition, in addition to antioxidant, anticarcinogenic, and 
antidepressant effects.18 For almost a century, different 
scientific studies have analyzed the complex composition 
in the coffee aroma, which contains numerous volatile 
substances from thermal reactions (Maillard and Strecker) 
that occur through the roasting process,19,20 to produce 
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different types of commercial coffees by varying only 
the physical conditions, such as roasting time and 
temperature.21

Recently, several techniques have been applied to 
detect coffee compounds including chromatographic 
and spectroscopic techniques, both in isolation and 
in combination, such as infrared and near infrared 
spectroscopy, (FTIR, FT-NIR),22-24 high performance 
liquid chromatography (HPLC),25-29 high-resolution 
gas chromatography (HRGC),27,30,31 nuclear magnetic 
resonance (NMR),32-34 and gas chromatography coupled 
to mass spectrometry (GC-MS).35-38 

However, the advantage of NMR is that it does not 
require previous treatment of the sample (separation and 
purification) like many other techniques. In addition, a 
detailed investigation of only one hydrogen spectrum 
provides information on the chemical composition and 
structure of the main constituents present in the coffee. 
Some studies report the use of NMR to identify different 
chemical composition between robust and arabica species,39 
and to determine adulterants added to reduce production 
costs, but did not relate the use of this technique to the 
physical conditions that provide good quality and less 
preparation time.40,41

Currently, the literature only speculates about product 
decomposition during roasting or the reaction that leads to 
its degradation. Acrylamide is one of the products formed 
during coffee roasting42 by the Maillard thermal reaction, 
an important route that comprises the reaction between 
reducing sugars.43 Several review papers published in the 
literature31,42 on coffee NMR do not include statistical 
treatment such as principal component analysis (PCA) and 
hierarchical cluster analysis (HCA) to identify and group 
of organic compounds of interest. Data processing is very 
useful to help identify different coffee species (canephora, 
liberica, or arabica).31  

In this study, we developed a condition to guarantee the 
quality of the product, optimizing the process with a small 
temperature rise and a drastic reduction in the roasting 
time of the grains. For this purpose, 1H NMR spectral 
profiles compare shorter (up to 4 min) and longer roasting 
times (up to 16 min), which are commonly presented in 
the literature21,44 and indicated by coffee masters45 and 
professionals accredited by the Brazilian Coffee Industry 
Association (ABIC). Such evaluation of the organoleptic 
characteristics after the roasting process is highly 
desirable. The identification of chemical composition 
via 1H NMR, through a rapid analysis, without previous 
treatment or derivatization, can verify criteria such as 
the influence of temperature and the roasting time on the 
quality of coffee.

Experimental

Roasting process 

The coffee samples were generated at the School of 
Agronomy at the Federal University of Goiás (EA/UFG) 
located on the Campus Samambaia, in the city of Goiânia-
GO, where the three roasting tests were carried out using 
a Copacabana® roaster, model T-10 with burner ZA1 and 
TFI flame controller. Two types of arabica beans were 
roasted, high and low quality properly ground (type 1 and 
type 2, respectively), according to criteria pointed out by 
a coffee master (EA/UFG), such as the size of the bean, its 
color, the fragrance of the ground coffee, and the number 
of defective beans under different physical conditions of 
time and temperature. These same characteristics are used 
by the ABIC to evaluate the overall quality of the product 
on a scale of 0 to 10. This classification, which is unique 
in the world, helps consumers to decide which quality of 
coffee they want to consume.46

Table 1 indicates the specifications of the sizes 
purchased, as well as the time when they were roasted and 
their temperatures.

The variables evaluated in the roasting tests were 
temperature, as it represents the energy expenditure 
involved in the process; the time used to roast the beans; 

Table 1. Type 1 and type 2 samples at different roasting times and 
temperatures

Roasting Sample
Roast 

time / min
Temperature / 

ºC
Quality (type)

Test 1

1 16 180 type 1

2 14 180 type 1

3 12 180 type 1

4 10 180 type 1

5 8 180 type 1

6 6 180 type 1

7 4 180 type 1

8 2 180 type 1

9 0 - type 1

Test 2

10 14 180 type 2

11 12 180 type 2

12 10 180 type 2

13 6 180 type 2

14 4 180 type 2

15 2 180 type 2

16 0 - type 2

Test 3

17 4 200 type 2

18 2 200 type 2

19 1 200 type 2

20 0 - type 2
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and the type of roasted coffee bean, according to the size 
of the bean, the fragrance of the ground powder and the 
number of defective beans. The test configurations were 
defined by the coffee master and in accordance with works 
found in the literature.38,39,44

Figure 1 illustrates the different matrices obtained 
according to the different roasting times for arabica coffee 
beans classified as type 1, referring to higher quality beans 
(right), and type 2, referring to lower quality beans (left), 
identified and classified by a coffee master duly accredited 
by the ABIC.

Tetradeuterated sodium trimethylsilylpropionate 
(TMSP-d4, Sigma-Aldrich, Saint Louis, USA) was used 
as a reference compound for the relative integration of 
signals in deuterated water solvent (D2O, Sigma-Aldrich, 
Saint Louis, USA). The solvent D2O was chosen to evaluate 
the chemical profile of the drink, as it is consumed. The 
coffee samples ground in the Cadence® coffee grinder 
were weighed on a Shimadzu© analytical scale with a 
mass of 0.100 g, and subsequently diluted in 0.800 μL 
of D2O with 0.1% TMSP-d4. This mixture was taken to 
the 1800 Branson® Sonicator, in which a cold extraction 
took place for 20 min to check all the components in the 
coffee bean, without promoting any type of alteration by 
thermolabile components or loss of volatile components 
by evaporation. Subsequently, filtration with cotton was 
done to remove the remaining material in the suspension. 
This heterogeneous material went to the EBA21 Hettich© 
centrifuge for 10 min and 7,000 rpm, from which the 
supernatant was removed. A 50 μL aliquot of the extract 
was diluted in 550 μL of the same solvent, sending prepared 
sample for ¹H NMR analysis.

The signal suppression noesyprld sequence was used 
to suppress the signal strength of the solvent. Acquisition 
parameters were also established, including acquisition (4 s) 
and relaxation (6 s) times, as well as processing parameters 
such as zero filling and line-broadening. A receiver gain of 
203 was used, with 128 cycles, and a mixing time of 1.5 ms 
with 64 scans. As a result, less equipment time was used 
without losing the sensitivity and quality, in addition to 
maintaining the appropriate resolution for our objectives.

The identification of the main compounds was performed 
through information contained in the literature32,47 and 
access to the database available to our research group. These 
were compared with experimental 1D and 2D 1H NMR 
data. All experiments were performed in Bruker Avance III 
500 MHz at 11.75 T equipment, with triple resonance 
broad band (TBI) probe, located in the Nuclear Magnetic 
Resonance laboratory of the Institute of Chemistry at the 
UFG (LabRMN-IQ/ UFG).

Commercial coffees 

Table 2 describes information from the samples 
purchased in Goiânia-GO, Brazil. The type designation 
indirectly indicates the time the coffee was roasted, with 
the extra strong type representing the longer roasting time, 
while the traditional type refers to the shorter roasting time.

Chemometric analyzes

The chemometric analyses were carried out using the 
Amix 3.9.14 software (Bruker, Billerica, USA). Thus, the 
spectral regions referring to the D2O signal, the reference 

Figure 1. Roasted and unground coffee beans as described in test 2 (left) and test 1 (right).
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signal TMSP-d4, and other regions that contain only spectral 
noise were removed from the data matrix. The baseline 
and phase of the spectra were corrected manually using 
the Topspin software from Bruker. In addition, the 0.5 Hz 
line-broadening feature was used to minimize spectral noise 
by improving the signal-to-noise ratio for each sample 
analyzed. The PCA was performed using the sum of the 
absolute intensities with the total scale of intensities and 
buckets of 0.01 ppm.

Results and Discussion 

The coffee roasting process plays a decisive role in the 
formation of the chemical and organoleptic characteristics 
of the final product. In the present study, the chemical 

profile of coffee beans subjected to roasting was analyzed 
under physical conditions that follow the parameters 
commonly used by producing industries and by coffee 
masters, such as roasting time and temperature, to reduce 
costs in their processing and production.

The roasting times used here were in agreement with 
other research,21,35 and were 14 min at 180 °C for type 1, and 
12 min at 180 °C for type 2. After optimizing the process for 
the shortest heating time, the 4 min was used at 200 °C for 
type 2 (Figure 2). This information was useful for checking 
the metabolic profile to achieve a more accepted market 
condition. The spectra have very similar profiles, which 
indicate the similarity in quality and type of species, with 
emphasis on a greater quantity of carbohydrates preserved 
with the heating time of 4 min (Figure 2). The spectral 
analysis of 1H NMR indicated that the roasting time can be 
reduced without compromising the chemical composition, 
because the concentrations of essential substances do not 
degrade the proposed physical conditions, guaranteeing 
a spectral similarity, thus maintaining the quality and the 
sensory properties of the drink. The roasting properties of 
coffee mostly depend on the amount of heat transferred 
to the beans of the product during roasting and the time it 
takes this process.42

Figure 3 shows the signals of the compounds of 
interest identified in the 1H NMR spectrum for test 1. 
Figure 4 illustrates the oscillation of these components 
as a function of time for the same test at constant 
temperature. Only the signals from the unobstructed 
chemical groups were integrated via the TMSP-d4 spectral 

Table 2. Description of commercial samples of ground and roasted coffee 
vacuum packed or pad packed coffee

Sample number Coffee style Species Packing

1 traditional Arabica vacuum

2 traditional Arabica vacuum

3 uninformed Arabica pad

4 traditional Arabica pad

5 dark roasting Arabica pad

6 extra strong Arabica pad

7 extra strong Arabica vacuum

8 extra strong Arabica vacuum

9 extra strong Arabica pad

Figure 2. 1H NMR spectra in ppm (500 MHz, D2O) for different thermal conditions and types of arabica coffee.
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signal integration. The compounds used for the evaluation 
were trigonelline (T), nicotinic acid (NA), formic acid (F), 
caffeine (C), chlorogenic acids (CQA), quinic acid (QA), 
fatty acids (FA), and carbohydrates (CHO), specifically.

This work used a semi-quantitative approach to analyze 
the transformations and main components involved. 
Thus, the integration values of the signals were directly 
proportional to the concentration of the components and 
indicated how the components were formed or consumed, 
regardless of a concentration unit. Through them, the 

slope of increase and decrease in the components found 
in this complex mixture were clear. We chose not to use 
concentration units to compare classes of compounds 
such as FA, CHO and CQA, because it would have been 
impossible to calculate the concentration as they did not 
have a fixed molar mass.

The decrease in the CHO integration values indicated 
their degradation during the roasting over time, therefore, 
their concentration values decreased dramatically after 
10 min (Figure 4). The reductions in the values of CHO 

Figure 3. Spectra of ¹H NMR in ppm (500 MHz, D2O) from samples 1-5 of the roasting test-test 1.
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integration decreased even more sharply in type 2 coffee 
and with shorter heat exposure than type 1 coffee (Figure 5). 
As type 2 beans have a different quality and characteristic, 
they will behave differently in relation to the variation of 
temperature and time.

Figure 5 presents the results for test 2, which has 
different curves than test 1 (Figure 4). In both tests, only the 
FA, QA, and NA did not undergo changes in concentrations 
that can be substantially evidenced. This information 
is very useful to plan the roasting process, maintaining 
the properties of interest combined with the flavor and 
aroma. Another important issue is information about the 
characteristics of the bean to optimize the pyrolytic process. 
We observed that the lower bean quality decreased most 
compounds in just 4 min processing to a temperature of 
180 °C. Thus, by varying the roasting conditions and the 

type of bean, the profile can be controlled better and less 
energy expended due to the shorter roasting time.

Figure 6 shows the spectra related to the structure 
of C at 7.75 ppm for test 1 before and after the roasting 
procedure. Both spectra contain a clear and characteristic 
signal for that substance. However, the concentration of 
C was influenced by the time the sample was subjected to 
heating; the longer the time, the lower its concentration, 
which may vary by decomposition. Extended roasting 
times generate degradation products that interfere with the 
quality, aroma, and flavor of the drink.44

Figures 7 and 8 show data from test 3, with less exposure 
time and higher temperature. The temperature increase to 
200 °C anticipated the modification of the analyzed markers 
for the second minute of the process. This result was 
expected; however, the size of the alteration supported new 

Figure 4. Line-graphs illustrating variation in the substances of interest according to the roasting time-test 1.
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Figure 5. Line-graphs with variation of compounds according to the roasting time-test 2.

Figure 6. 1H NMR spectrum in ppm (500 MHz, D2O) before (above) and after (below) the roasting; emphasis on the sign (ppm) referring to caffeine.
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proposals for roasting optimization through quantitative 
data integrating the 1H NMR signals. Remember that the 
signal area is directly proportional to the concentration of 
a group of molecules in a given spectral region.

In general, the FA concentrations varied little during 
the heating slope at the end of the three tests. The values 
fluctuated close to the initial values and signal overlap could 
have happened in the analysis. This could be due to the 
presence of unsaturated FA, which are more unstable than 
saturated FA contained in a lower concentration in coffee 

beans. In addition, saturated FA are more thermally stable 
and do not decompose at the temperatures used in the tests.

The CQA decreased in the three tests after heating,48 
but they decayed at different times for each type of bean. 
In addition, the concentration of these acids underwent 
greater reduction in the lower quality beans.49 The QA 
increased concentration in longer roasting times (Figure 4). 
At low concentrations of some substances, they are better 
represented by line-graphs (Figures 4, 5 and 8) than spectral 
integrations (Figures 3, 6 and 7). 

Figure 7. 1H NMR spectra in ppm (500 MHz, D2O) type 2 for test 3.
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The concentration of T decreased rapidly in type 2 
coffee (Figure 5) and slowly in type 1 (Figure 4). The 
concentration of this component is directly influenced by 
both the quality of the bean and the roasting time.50

The NA was formed only in test 2 with 14 min of 
exposure although its integration was rounded to zero. The 
concentration of NA may be related both to the quality 
of the bean and roasting time. In addition, the FA is an 
indication of the roasting time and is linearly related to 
prolonged exposure of thermal energy.

C decreased strongly in type 2 (Figure 5), and less 
markedly in type 1 coffee (Figure 4). Considering the 
importance of the essential human health components 
found in coffee beans, as well as the roasting time, energy 
demand, and processing costs, the proposal was to reduce 
the roasting time (type 2, 4 min, 200 °C) if proven efficient, 

Figure 8. Line-graphs with the variation of the substances of interest according to the roasting time-test 3.

guaranteeing quality without losing the natural organoleptic 
properties of coffee. The concentrations of C and T can also 
be used to identify the types of coffee species contained in 
the analyzed matrix, such as: arabica, robusta, or liberica.51

Commercial coffees

Analysis of the coffees sold in Goiânia found similar 
spectral profiles, demonstrating the proximity in the quality 
of the raw materials and coffee species. In addition, the 
roasting process can be seen for each type analyzed, 
according to the presence of compounds present with the 
longest roasting time. However, there was noticeable lack 
of standardization in the component profile according to 
the classification of traditional coffee, extra strong, dark 
roast (Figures 9 and 10). 
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Only traditional coffees did not present the singlet 
signal at 8.65 ppm of F. This signal is indicative of the 
roasting time, as it is obtained by degradation caused by 
the prolonged heating time.

The CHO signals varied near 4.40 ppm mainly in 
samples 3, 4, and 7, changing the proportion between 
them. Only sample 9 exhibited a signal at 3.04 ppm. As this 
signal is not common in any roasting time, it may indicate 
a presence of impurity or strange body to the coffee. The 
general impression of commercial products is that their 

chemical profiles are similar to the coffees generated with 
a longer roasting time and exhibit a noticeable change in 
the CHO profile.

Chemometric analyzes 

Figure 11 presents the graph of PCA scores, with a 
separation of the samples according to the roasting time that 
they were submitted. The negative scores of the first main 
component (PC1) are for the samples that were roasted for 

Figure 9. ¹H NMR spectra in ppm (500 MHz, D2O) of commercial samples 1, 2, 3, and 4 (from bottom to top), with the respective chemical structures 
of the identified compounds (top).
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longer, and the positive scores are for the other samples, 
which had a more preserved chemical profile due to a 
shorter heat exposure. Thus, samples with a predominantly 
natural profile differed from those that had a greater number 
of compounds generated by the roasting process. The 
greatest contribution to the explanatory variance could 
be seen up to the fourth main component, with the total 
accumulated value of 74.3%. After that, the increment 
became smaller and smaller, indicating that most of the 

information was preserved in the first components (PC1 and 
PC2). This can be explained mainly by the signals of major 
compounds that result in a spectrum of medium complexity.

Sample 4 (commercial coffee) was most influenced 
in the PCA graph, with the highest values plotted in the 
influence graph. On the other hand, the CHO region 
presented the variables responsible for the dispersion of 
the samples along PC1, predominantly identified in the 
loadings graph. This finding can be explained by the large 

Figure 10. 1H NMR spectra in ppm (500 MHz, D2O) of commercial samples 5, 6, 7, 8, and 9 (from bottom to top), with the respective names of the 
identified compounds (top).
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change in the CHO profile with the roasting time of 10 min 
for the highest quality roasted beans (type 1).

The commercial samples were grouped close to the 
samples with longer roasting time made at EA/UFG. In 
the second main component (PC2), the samples with the 
longest roasting time differ in positive values, especially 
those that were also found in negative PC1 values. The 
samples with longer roasting time (1, 2, 3, 10, and 11) 
exhibited a product profile most accepted by Brazilian 
consumers.46

Test 3 presented a profile similar to that of most 
preserved because it has a shorter roasting time, grouping 
through PCA with the samples 6, 7, 9-test 1 and 14, 15, 
16-test 2, despite the use of temperature above 200 °C. 
Evaluation of the chemical profile indicates that different 
strategies can be used to preserve some components without 
significantly changing the sensory characteristics of coffee. 
Figure 2 shows this possibility of preserving the CHO 
profile (region between 3.01 and 4.80) in a sample from 
test 3, and still presenting a very similar profile in the other 
regions of the spectrum.

The 1H NMR technique used efficiently evaluated the 
quality of the sample and the characteristics that coffee 
presents in different roasting times. This technique can 
also be used to identify possible adulterants in the drink, 
effectively replacing other analytical techniques, such as 
molecular biology methods based on deoxyribonucleic acid 
(DNA),52 capillary electrophoresis (CE),53 HPLC,54 and 
GC-MS,55 which require longer analysis time and larger 
quantity of consumables per test. In addition, 1H NMR 
is less expensive and produces less residues in sample 
preparation.

Conclusions 

¹H NMR proved to be able to monitor the roasting 
process, qualifying the intact bean and the chemical 
profile of the coffee without the need for pre-treatment 
and derivatization, according to the different physical 
conditions used, such as the roasting time and temperature. 
This analysis was able to identify the appearance of 
compounds from adulteration that are normally inserted 
into the product to reduce the production cost, which drop in 
the quality and nutritional capacity of the drink, in addition 
to controlling the appearance of unwanted compounds.

This studied highlighted the change in the roasting 
profile according to the quality of the bean. This evaluation 
was subjective, made by a coffee master, and compared 
with other published works.39 A completely different 
product was found for the two types of coffee evaluated. 
Furthermore, the proposal to guarantee the product quality 
through a drastic reduction in the roasting period (type 2, 
4 min, 200 °C) was guaranteed, since the chemical profile 
of the main components of interest was maintained without 
suffering degradation and without the loss of the organoleptic 
properties of coffee beans. Another factor was to identify 
quality as a determining variable in the degradation of 
genuine coffee compounds, with this behavior expected only 
for a rise in temperature. Commercial coffees exhibited good 
similarity with coffees roasted at EA/UFG, changing only the 
concentrations between their components. The commercial 
products with longer roasting time were most similar to our 
roasted coffees. The convergence of the signs and assigning 
authenticity to them could help detect adulterants, due to 
the high similarity with authentic arabica coffee beans that 

Figure 11. Graph of PCA scores generated with the samples from the roasting process (green: test 1; blue: test 2; red: test 3; black: commercial coffees).
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were only ground and roasted. In addition, there is a need to 
monitor certain components for a better nutritional profile 
through a simple and quick analysis, as is the case with 1H 
NMR compared to other analytical techniques, which can 
be easily applied to other organic matrices similar to coffee 
beans.
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