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A B S T R A C T

Volatile organic compounds (VOCs) have a pivotal role in defining cocoa and derivatives quality and providing 
insights into botanical background, geographical origin, postharvest practices and industrialization. This study 
aimed to assess the performance of three headspace sampling techniques—solid phase microextraction (HS- 
SPME), headspace sorption extraction (HSSE) and dynamic headspace (DHS)— for gas chromatographic-mass 
spectrometric analysis of VOCs in cocoa masses and the potential for distinguishing geographical origin by 
applying chemometrics. Cocoa masses were elaborated from eight cacao varieties (CATIE-R1, CATIE-R4, CATIE- 
R6, CC-137, CCN-51, ICS-95, PMCT-58 and TSH-565) grown in two estates located in South Caribbean and 
Northen region of Costa Rica. A total of 139 VOCs were annotated: 101 with HS-SPME, 97 with DHS and 73 with 
HSSE, with predominance of alcohols, esters, ketones, pyrazines and monoterpenoids. Of these, 55 VOCs were 
commonly detected with the three techniques. DHS enabled higher relative peak areas than HS-SPME and HSSE, 
although yielding higher variability. Chemometric analysis showed that all three techniques effectively differ
entiated sample origin, mainly due to VOCs such as 2-heptanol, 2-heptanone, isovaleric acid, isobutyric acid, and 
acetophenone. This study outlines the relevance of selecting the appropriated sampling technique for VOC 
analysis in cocoa masses and their potential application for traceability.

1. Introduction

Cacao beans are a globally traded commodity, serving as the raw 
material for elaborating valuable products such as cocoa mass, cocoa 
powder, cocoa butter, chocolates, among others (Codex Alimentarius, 
2022a, 2022b, 2022c, 2022d). Cocoa mass —also called cocoa liquor— 
is obtained from the roasted or not cacao beans that are broken, winn
owed and grinded (Cacao of Excellence, 2023; Codex Alimentarius, 
2022d; End and Dand, 2023), and it is mainly used to obtain those 
products.

The chemical composition of cacao beans and derivatives is deter
mined by an interrelation of factors as genetics, climate, soil, agricul
tural practices (Febrianto and Zhu, 2020; Hegmann et al., 2020; Jaimez 

et al., 2022; Kadow, 2020; Perez et al., 2020), post-harvest and indus
trial processes (Aprotosoaie et al., 2016; Escobar et al., 2021; 
Herrera-Rocha et al., 2021, 2024; Llano et al., 2024; Mayorga-Gross 
et al., 2016; Papalexandratou et al., 2019). Therefore, chemical anal
ysis as volatile organic compounds (VOCs) profiling can provide infor
mation for traceability purposes (Escobar et al., 2021; Kadow, 2020; 
Liberto et al., 2025; Marseglia et al., 2020; Tuenter et al., 2020). This 
knowledge can also be useful for quality assessment, as several VOCs 
correlate with aroma properties thus influencing consumers perception 
(Becerra et al., 2023; Herrera-Rocha et al., 2023; Perez et al., 2020; Putri 
et al., 2024).

Gas chromatography coupled with mass spectrometry (GC-MS) is the 
most widely used analytical method for the determination of VOCs. This 
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method requires previous extraction of VOCs from the sample, a chal
lenging step for complex matrixes as cocoa derivatives, due to the di
versity of compounds with differing concentrations and properties such 
as polarity, volatility and molecular weights (Herrera-Rocha et al., 2023; 
Liberto et al., 2017). To achieve this, headspace sampling techniques are 
often applied. Examples include static headspace solid phase micro
extraction (HS-SPME), stir bar sorptive extraction (SBSE), headspace 
sorptive extraction (HSSE), and dynamic headspace (DHS) sampling, 
each differing in selectivity, sensitivity, repeatability, among other 
performance parameters. Therefore, the choice of a headspace tech
nique primarily depends on the analytical aim and the nature of the 
sample (Dias et al., 2023; Diez-Simon et al., 2020; Li et al., 2020; Paiva 
et al., 2021; Ríos-Reina et al., 2018; Ruvalcaba et al., 2020; 
Segura-Borrego et al., 2020).

HS-SPME has been the most applied technique in cocoa applications 
(Becerra et al., 2023; Braga et al., 2018; Britto de Andrade et al. 2021; 
Cemin et al., 2024; Herrera-Rocha et al., 2023; Lemarcq et al., 2022; 
Marseglia et al., 2020; Tuenter et al., 2020). Alternative techniques have 
been relatively less exploited (Chaudhary et al., 2025), for instance SBSE 
in cocoa powder and fresh cacao pulp (Bickel Haase et al., 2021; Quel
al-Vásconez et al., 2022), and DHS in cocoa mass and chocolate (Crafack 
et al., 2014; Cucu et al., 2021; Owusu et al., 2012; Waehrens et al., 
2016). To the best of our knowledge, up to date no studies have been 
identified regarding the application of HSSE for the analysis of cacao 
derivatives. Furthermore, although HS-based sampling techniques such 
as HS-SPME, HSSE and DHS are well-established, their comparative 
performance when applied to complex matrices such as cocoa mass re
mains insufficiently explored under harmonized experimental condi
tions. In particular, cocoa mass represents a challenging high-fat matrix 
in which extraction efficiency, selectivity, and reproducibility may vary 
significantly depending on the technique used. Therefore, a systematic 
comparison can provide useful insights into the practical applicability, 
strengths, and limitations of each method.

For this reason, the objective of this study is to provide a comparative 
assessment of HS-SPME, HSSE, and DHS coupled to GC-MS for the 
analysis of VOCs in cocoa masses obtained from eight cacao varieties 
and two geographical origins in Costa Rica under standardized condi
tions. The experimental design was fully harmonized, with all extraction 
techniques assessed using the same analytical platform, identical sample 
sets, and controlled conditions, thereby minimizing external variability 
and enabling a more reliable comparison of their intrinsic analytical 
performance. The study aims to elucidate the relative strengths, limi
tations, and complementarity of each technique in terms of VOCs 
coverage , and to assess the potential of the resulting VOC profiles to 
differentiate cocoa masses by geographical origin for future traceability 
applications.

2. Materials and methods

2.1. Samples

Eleven cocoa mass samples were produced from the fruits harvested 
from eight cacao clones (Theobroma cacao L.): CATIE-R1, CATIE-R4, 
CATIE-R6, CC− 137, PMCT− 58, CCN− 51, ICS− 95 and TSH− 565 
(Table 1). Seven samples originated from estate C (South Caribbean 
region) and four from estate O (Northern region). Moreover, three 
clones (CATIE-R1, CCN− 51 and ICS− 95) were represented in both 
geographical origins, whereas CATIE-R4, CATIE-R6, CC− 137 and 
PMCT− 58 were exclusive to estate C and TSH− 565 was exclusive to 
estate O. Further details regarding each clone are available in the In
ternational Cocoa Germplasm Database https://icgd.reading.ac.uk
(University of Reading, n.d.) and the Catalogue of cacao clones selected 
by CATIE for commercial plantings (Phillips-Mora et al. 2012). The 
mature fruits were harvested in two different estates of Costa Rica: a) 
International Cacao Collection at CATIE (IC3) and Clonal Mother Gar
den located in Turrialba (South Caribbean region) codified as ‘C’; and b) 

Sarapiquí (Northern region) codified as ‘O’, in July of 2022. To ensure 
strict geographical traceability, all fruits were directly harvested and 
labeled on-site by the authors.

The seeds were extracted from the fruits and followed a standardized 
and micro-fermentation procedure described by Seguine et al. (2014)
followed by the solar drying protocol detailed by Phillips-Mora et al. 
(2012). The cacao beans were roasted under clone-specific temper
ature–time conditions in an oven (9110–0218, Binder) in function of the 
cacao clone: CATIE-R1, CATIE-R4 and CATIE-R6 were roasted at 122 ◦C 
for 23 min, CC− 137 and CCN− 51 at 115 ◦C for 21 min, ICS− 95 at 
111 ◦C for 21 min, TSH− 565 at 118 ◦C for 26 min, and PMCT− 58 at 
149 ◦C for 13 min. Then, the cocoa beans were cracked, and shells were 
separated in a winnower (Capco), ground (Grindomix GM− 200, 
Retsch), and finally refined and conched (ECGC− 125 grinder, Cocoa
town) for 24 h to obtain the cocoa masses. Prior to analysis, the cocoa 
masses were grinded in a blade grinder at room temperature, 
vacuum-packed and stored under refrigeration until analysis. All the 
post-harvest and transformation steps were done at the Centro Agro
nómico Tropical de Investigación y Enseñanza (CATIE), Costa Rica.

2.2. Chemicals and supplies

4-Methyl− 2-pentanol (Merck, Darmstadt, Germany) was used as 
internal standard (IS) with a final concentration of 0.79 mg/mL in a 
0.5% hydroalcoholic solution. An alkane analytical standard mixture 
C10-C40 of 50 mg/L in n-hexane (Supelco®, Merck KGaA, Darmstadt, 
Germany) was used for the calculation of linear retention indices (LRI). 
For HS-SPME technique, a 2 cm SPME fiber coated with 50/30 μm of 
divinylbenzene/Carboxen on polydimethylsiloxane fiber (DVB/CAR/ 
PDMS) (Supelco®, Merck KGaA, Darmstadt, Germany) was used. 
Twister® of 10 mm long coated with 0.5 mm polydimethylsiloxane 
(PDMS) layer (24 µL of PDMS) (Gerstel, Müllheim an der Ruhr, Ger
many) were employed for HSSE analysis, and Tenax TA™ adsorbent 
packed liners (Gerstel, Müllheim an der Ruhr, Germany) for DHS 
sampling.

2.3. Sampling methods

For the three extraction methods, a total of 2.0 g of cocoa sample 
were placed in 20 mL glass vials and spiked with 10 µL of the IS solution 
prior to extraction. The vials were then placed in a thermostatized 
autosampler tray at 20 ◦C, except for HSSE analysis, as explained below. 
No further homogenization step was applied. However, due to the na
ture of headspace sampling techniques, the internal standard is expected 
to volatilize and equilibrate within the headspace during the incubation 
step, enabling its effective interaction with the sample matrix. All 
extraction techniques were performed under identical incubation and 

Table 1 
Geographical origins of estates where different cacao varieties were harvested 
for making the cocoa masses.

Estate Geographical 
origin of the estate

Cacao variety Sample code

C Turrialba1 

(South Caribbean region)
CATIE-R1 CR1_C
CATIE-R4 CR4_C
CATIE-R6 CR6_C
CC− 137 CC1_C
CCN− 51 CCN_C
ICS− 95 ICS_C
PMCT− 58 PMC_C

O Sarapiquí2 

(Northen region)
CATIE-R1 CR1_O
CCN− 51 CCN_O
ICS− 95 ICS_O
TSH− 565 TSH_O

1International Cacao Collection at CATIE (IC3) and Clonal Mother Garden 
located in Turrialba, Costa Rica (South Caribbean region) and 2Sarapiquí, Costa 
Rica (Northen region).
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extraction conditions (60 ◦C and 40 min) to ensure strict methodological 
comparability across HS-SPME, HSSE, and DHS. This experimental 
design was intentionally selected to minimize variability arising from 
technique-specific optimization and to allow a direct evaluation of the 
intrinsic performance and extraction behavior of each headspace 
approach under standardized conditions. Although each technique may 
exhibit different optimal operating conditions, the application of uni
form parameters provides a controlled experimental framework that 
facilitates unbiased comparison and avoids confounding effects associ
ated with differential optimization strategies. Moreover, the selected 
sorptive phases for each extraction method correspond to those most 
commonly employed and validated in previous studies for VOC analysis 
of food matrices (Cordero et al., 2009; Jelén et al., 2012; Jelén and 
Wieczorek, 2025). All samples were analyzed in duplicate, and blanks 
were run between samples.

2.3.1. Headspace solid phase microextraction (HS-SPME)
The procedure was based in Van Durme et al. (2016) methodology 

with some modifications. The sample with the IS was incubated at 60 ◦C 
for 10 min shaking at a speed of 250 rpm. Afterwards, the VOCs 
extraction was performed by exposing the SPME fiber to the headspace 
of the vial at 60 ◦C for 40 min. Then, for desorption of compounds, the 
fiber was inserted and kept into the injector at 250ºC for 3 min in 
splitless mode.

2.3.2. Headspace sorptive extraction (HSSE)
After placing the sample with the IS in the vial, a Twister ® was 

included inside a glass insert and then the vial was tightly capped. The 
capped vial was heated in a thermostatic bath following the same 
extraction parameters previously described for the HS-SPME procedure 
(40 min at 60 ºC). Afterwards, the Twister ® was removed with tweezers 
when the vial reached room temperature, rinsed with Milli-Q grade 
water, and dried with a lint-free tissue. The stir bar was put into a glass 
tube of 60 mm in length, 6 mm o.d. and 4 mm i.d., and then desorbed in 
the Thermal Desorption Unit (TDU) (TDS2, Gerstel, Müllheim and der 
Ruhr, Germany) in splitless mode. The desorption temperature program 
was the following: 35 ºC for 1 min, ramped at 60 ºC/min to 250 ºC held 
for 5 min. The VOCs were cryo-focused on a CIS− 4 PTV injector (Gerstel, 
Müllheim and der Ruhr, Germany) at − 35 ºC for total desorption time 
and then raised at 10 ºC/s to 260 ºC and held for 4 min. Solvent vent 
mode was employed for transferring of sample to analytical column.

2.3.3. Dynamic headspace sampling (DHS)
The vial with the sample and the IS were incubated in the DHS unit at 

60 ºC during 2 min and agitated at 250 rpm. Next, purging of the sample 
headspace was done with 50 mL/min of N2 during 40 min and the VOCs 
were trapped on a pre-conditioned Tenax TA™ adsorbent at 30ºC. 
Finally, desorption and injection steps were done with the same pro
cedure for the HSSE analysis previously described.

2.4. Gas Chromatography- mass spectrometry analysis (GC-MS)

Gas chromatography analysis was performed using an Agilent 8890 
GC System (Santa Clara, United States) coupled to a mass spectrometer 
(Agilent, 5977B GC/MSD) and equipped with a CP-WAX 57 CB column 
of 50 m x 0.25 mm and 0.2 µm film thickness (Agilent CP97723, Santa 
Clara, United States) for compound separation. Helium was used as 
carrier gas with a controlled flow of 1 mL/min. The oven temperature 
program was as follows: 40 ºC for 5 min of hold time, then raised to 140 
◦C at 2 ºC/min and held for 5 min, and afterwards raised to 220ºC at a 
rate of 10 ºC/min (held for 5 min), based on Hamdouche et al. (2019), 
with the modification of the final temperature as the authors used 250 
◦C. Electronic ionization was applied at 70 eV, ion source and transfer 
line temperature were set at 230 ◦C and 250 ◦C, respectively. Full scans 
were recorded in a m/z range of 29–350. To monitor instrumental per
formance throughout the analytical sequence, a quality control (QC) 

sample was analyzed after every ten sample injections. The QC samples 
were used to verify chromatographic stability and analytical repeat
ability during the GC-MS analyses. Moreover, all samples were analyzed 
in randomized order to minimize potential instrumental drift 
throughout the analytical sequence.

2.5. Identification of volatile compounds

The acquired chromatographic data were converted to AIA format by 
MSD ChemStation F.01.01.2317© (Agilent Technologies, Inc., Santa 
Clara, United States). Then, data was deconvoluted with software 
PARADISe v6.0.1 based on the PARAFAC2 algorithm, and following the 
steps previously described in the literature (Johnsen et al., 2017; 
PARADISe, 2023; Quintanilla-Casas et al., 2023).

Volatile compounds were identified based on a combination of mass 
spectral information (match factor ≥ 90%), linear retention indices 
(LRI), and authentic reference standards when available. Identification 
reliability was classified into three confidence levels: A, mass spectrum 
and LRI agreed with authentic standards; B, mass spectrum agreed with 
spectral databases and LRI agreed with literature values; and C, mass 
spectrum agreed with the spectral database. Annotated VOCs were 
classified into chemical groups with ClassyFire web application 
(Djoumbou Feunang et al., 2016) and Human Metabolome Database 
(https://hmdb.ca/, Wishart et al., 2022).

2.6. Statistical analysis

Relative peak areas (VOC peak area/IS peak area) of annotated 
compounds were used for the statistical analysis. The normalized areas 
of the replicates were reported as averages with their corresponding 
standard deviations. Principal component analysis (PCA) was applied to 
the experimental data of each headspace sampling technique. In all 
cases, pre-processing included an autoscaling step. This analysis was 
done with PLS_Toolbox 9.2.1 (Eigenvector Research Inc., USA) under 
the MATLAB R2022a environment.

3. Results and discussion

3.1. Comparison of the sampling techniques

A total of 139 volatile compounds (VOCs) were detected in the cocoa 
masses, 55 of them were detected in common after sampling with the 
three techniques (Table 2, Table 3 and Supplementary Material, 
Tables S1, S2 and S3). To facilitate visualization of the overlap and the 
unique compounds extracted by each method, a Venn diagram has been 
included (Fig. 1). The highest number of VOCs (i.e. 101 VOCs) were 
determined after sampling with HS-SPME, followed by DHS with 97 
VOCs and, notably fewer, by HSSE with 73 VOCs. The detected VOCs 
were classified into 8 main chemical groups: acids, alcohols, aldehydes, 
alkanes, esters, ketones, monoterpenoids and pyrazines. The predomi
nant groups were alcohols, esters, ketones, monoterpenoids, and pyr
azines (Fig. 2). An additional group named “others” comprised a 
diversity of compounds which contributed to the overall complexity of 
the samples; further details are provided in the Tables S1, S2 and S3. 
These results were expected as samples came from cocoa beans that had 
been fermented, dried and roasted. These are crucial transformation 
steps for the development of VOCs, some of which actively participate in 
the aroma (Otero Rojas, et al., 2022; Peña-Correa et al., 2022; Quelal 
et al., 2023; Rojas et al., 2022).

3.1.1. Alcohols
Alcohols represented the largest chemical group totaling 24 anno

tated compounds. The highest number was detected after sampling with 
DHS (20), followed by HS-SPME (18) and HSSE (15) (Fig. 2), and 13 of 
them were detected in common after sampling with the three techniques 
(Tables 2 and 3). In addition, it was also observed that DHS enabled the 
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Table 2 
Means of the relative1 peak area values and correspondent standard deviations of VOCs detected in common after sampling with three headspace techniques in different cocoa masses made from estate ‘C’ cocoa.

Compound LRI Technique Mean relative peak areas

CC1_C CCN_C CR1_C CR4_C CR6_C ICS_C PMC_C

Acids ​ ​ ​ ​ ​ ​ ​ ​ ​
Acetic acid 

(CAS: 64–19–7; LRI: 1425)
​ HSSE 0.300 ± 0.106 11.052 ± 1.929 0.221 ± 0.175 0.218 ± 0.014 3.512 ± 0.152 0.246 ± 0.168 0.785 ± 0.449
1425a DHS 12.809 ± 0.265 26.592 ± 21.496 12.985 ± 0.958 24.031 ± 3.536 16.692 ± 8.600 18.485 ± 0.506 19.980 ± 0.667
​ SPME 2.307 ± 0.665 24.463 ± 2.399 4.505 ± 0.272 6.191 ± 1.446 7.037 ± 0.267 3.506 ± 0.068 4.571 ± 0.185

Propanoic acid 
(Propionic acid) 
(CAS: 79–09–4; LRI: 1532)

​ HSSE 0.026 ± 0.007 0.105 ± 0.007 0.018 ± 0.007 0.0140 ± 0.0001 0.036 ± 0.008 0.025 ± 0.001 0.047 ± 0.022
1532a DHS 0.360 ± 0.054 0.981 ± 0.544 0.177 ± 0.011 0.367 ± 0.119 0.429 ± 0.212 0.714 ± 0.054 0.557 ± 0.017
​ SPME 0.027 ± 0.008 0.078 ± 0.007 0.034 ± 0.006 0.038 ± 0.012 0.034 ± 0.002 0.047 ± 0.001 0.0520 ± 0.0001

Butanoic acid 
(Butyric acid) 
(CAS: 107–92–6; LRI: 1629)

1629a HSSE 0.026 ± 0.001 0.089 ± 0.018 0.016 ± 0.005 0.022 ± 0.001 0.039 ± 0.011 0.044 ± 0.001 0.040 ± 0.012
​ SPME 0.026 ± 0.003 0.065 ± 0.001 0.040 ± 0.003 0.049 ± 0.009 0.046 ± 0.002 0.046 ± 0.002 0.0539 ± 0.0001
​ DHS 0.446 ± 0.194 0.489 ± 0.359 0.628 ± 0.302 0.314 ± 0.369 0.707 ± 0.26 0.723 ± 0.084 0.790 ± 0.046

3-Methylbutanoic acid (Isovaleric acid) 
(CAS: 503–74–2; LRI: 1672)

​ HSSE 0.051 ± 0.008 0.268 ± 0.069 0.044 ± 0.012 0.0519 ± 0.0003 0.090 ± 0.016 0.092 ± 0.003 0.125 ± 0.037
1672a DHS 2.241 ± 0.195 7.053 ± 4.489 4.290 ± 0.678 6.128 ± 2.941 5.993 ± 2.832 6.546 ± 0.097 10.22 ± 0.937
​ SPME 0.056 ± 0.017 0.241 ± 0.006 0.102 ± 0.016 0.128 ± 0.031 0.131 ± 0.014 0.1216 ± 0.0003 0.187 ± 0.017

2-Methylbutanoic acid (CAS: 116–53–0; LRI: 1675) ​ HSSE 0.018 ± 0.003 0.064 ± 0.019 0.012 ± 0.003 0.0130 ± 0.0004 0.019 ± 0.004 0.037 ± 0.006 0.029 ± 0.008
1675a SPME 0.010 ± 0.004 0.0346 ± 0.0006 0.012 ± 0.002 0.017 ± 0.004 0.014 ± 0.001 0.0233 ± 0.0001 0.023 ± 0.003
​ DHS 1.453 ± 0.906 1.022 ± 0.692 6.586 ± 8.009 2.335 ± 1.725 1.320 ± 0.684 1.821 ± 0.704 2.330 ± 0.200

Alcohols ​ ​ ​ ​ ​ ​ ​ ​ ​
2-Pentanol 

(CAS: 6032–29–7; LRI: 1114)
​ HSSE 0.025 ± 0.003 0.010 ± 0.001 0.014 ± 0.002 0.021 ± 0.004 0.064 ± 0.003 0.018 ± 0.003 0.031 ± 0.002
1114a DHS 0.108 ± 0.003 0.027 ± 0.013 0.040 ± 0.002 0.076 ± 0.018 0.095 ± 0.049 0.052 ± 0.001 0.130 ± 0.006
​ SPME 0.278 ± 0.076 0.108 ± 0.024 0.147 ± 0.031 0.218 ± 0.053 0.310 ± 0.012 0.138 ± 0.004 0.332 ± 0.004

3-Methyl¡1-butanol (Isoamyl alcohol) 
(CAS: 123–51–3; LRI: 1201)

1201a HSSE 0.174 ± 0.033 0.029 ± 0.002 0.193 ± 0.002 0.103 ± 0.008 0.103 ± 0.008 0.130 ± 0.007 0.192 ± 0.023
​ DHS 0.564 ± 0.017 0.162 ± 0.060 0.608 ± 0.035 0.592 ± 0.173 0.303 ± 0.153 0.483 ± 0.01 0.803 ± 0.076
​ SPME 0.266 ± 0.073 0.065 ± 0.014 0.322 ± 0.051 0.227 ± 0.052 0.162 ± 0.01 0.207 ± 0.002 0.306 ± 0.001

1-Pentanol 
(CAS: 71–41–0; LRI: 1244)

​ HSSE 0.036 ± 0.003 0.019 ± 0.001 0.0226 ± 0.0003 0.021 ± 0.001 0.022 ± 0.001 0.033 ± 0.001 0.039 ± 0.003
1244a DHS 0.114 ± 0.003 0.089 ± 0.014 0.128 ± 0.009 0.141 ± 0.042 0.074 ± 0.032 0.167 ± 0.001 0.167 ± 0.008
​ SPME 0.053 ± 0.006 0.034 ± 0.004 0.043 ± 0.005 0.0485 ± 0.0001 0.036 ± 0.002 0.060 ± 0.001 0.0639 ± 0.0002

2-Heptanol 
(CAS: 543–49–7; LRI: 1316)

​ HSSE 0.474 ± 0.058 0.515 ± 0.063 0.0480 ± 0.0001 0.066 ± 0.003 0.136 ± 0.012 0.436 ± 0.033 0.187 ± 0.036
1316a DHS 6.639 ± 0.097 4.374 ± 2.630 0.716 ± 0.115 1.041 ± 0.458 1.949 ± 1.007 7.393 ± 0.002 3.963 ± 0.102
​ SPME 0.245 ± 0.036 0.544 ± 0.051 0.055 ± 0.004 0.083 ± 0.017 0.115 ± 0.01 0.311 ± 0.003 0.126 ± 0.015

3-Ethoxy¡1-propanol 
(CAS: 111–35–3; LRI: 1372)

​ HSSE 0.296 ± 0.042 0.015 ± 0.002 0.189 ± 0.009 0.105 ± 0.002 0.057 ± 0.006 0.199 ± 0.007 0.168 ± 0.025
1372b,2 DHS 2.059 ± 0.124 0.090 ± 0.031 2.224 ± 0.318 1.280 ± 0.478 0.501 ± 0.26 2.313 ± 0.027 2.046 ± 0.244
​ SPME 0.203 ± 0.013 0.022 ± 0.001 0.263 ± 0.008 0.122 ± 0.022 0.060 ± 0.008 0.1999 ± 0.0004 0.144 ± 0.005

2-Octanol 
(CAS: 123–96–6; LRI: 1414)

​ HSSE 0.012 ± 0.002 0.019 ± 0.002 0.0028 ± 0.00001 0.0034 ± 0.0003 0.006 ± 0.001 0.016 ± 0.002 0.005 ± 0.001
1414a DHS 0.304 ± 0.012 0.174 ± 0.125 0.036 ± 0.006 0.045 ± 0.017 0.101 ± 0.054 0.367 ± 0.005 0.1474 ± 0.0001
​ SPME 0.006 ± 0.001 0.0813 ± 0.0003 0.005 ± 0.001 0.0061 ± 0.0001 0.007 ± 0.001 0.0104 ± 0.0001 0.004 ± 0.001

2-Nonanol 
(CAS: 628–99–9; LRI: 1515)

​ HSSE 0.119 ± 0.021 0.236 ± 0.041 0.008 ± 0.001 0.011 ± 0.002 0.024 ± 0.003 0.244 ± 0.032 0.031 ± 0.007
1515a DHS 1.422 ± 0.102 1.191 ± 1.044 0.173 ± 0.034 0.279 ± 0.116 0.481 ± 0.258 2.200 ± 0.076 0.609 ± 0.012
​ SPME 0.042 ± 0.004 0.149 ± 0.047 0.017 ± 0.002 0.020 ± 0.003 0.020 ± 0.004 0.133 ± 0.004 0.018 ± 0.008

2,3-Butanediol, isomer 1 (LRI: 1554) ​ HSSE 2.361 ± 0.521 10.26 ± 2.028 9.259 ± 0.376 9.219 ± 0.119 10.800 ± 1.408 9.989 ± 0.704 11.348 ± 3.098
1554c DHS 96.407 ± 3.918 105.260 ± 77.461 135.481 ± 22.150 130.027 ± 50.223 134.06 ± 74.56 159.200 ± 5.959 252.472 ± 0.735
​ SPME 2.490 ± 0.541 7.456 ± 0.184 8.813 ± 0.268 7.303 ± 1.273 6.896 ± 0.473 5.372 ± 0.025 6.673 ± 0.114

2,3-Butanediol, isomer 2 (LRI: 1590) ​ HSSE 1.871 ± 0.387 8.740 ± 1.469 2.670 ± 0.150 3.343 ± 0.038 2.855 ± 0.394 3.333 ± 0.248 3.988 ± 1.091
1590c DHS 68.740 ± 2.129 92.017 ± 63.78 88.900 ± 15.204 87.935 ± 34.815 74.632 ± 41.041 101.645 ± 2.944 156.991 ± 2.528
​ SPME 1.892 ± 0.389 6.764 ± 0.278 4.116 ± 0.108 4.083 ± 0.839 3.022 ± 0.097 2.992 ± 0.048 3.641 ± 0.001

2-Furanmethanol 
(Furfuryl alcohol) 
(CAS: 98–00–0; LRI: 1661)

1661a HSSE 0.163 ± 0.039 0.384 ± 0.012 0.117 ± 0.052 0.0621 ± 0.0001 0.128 ± 0.028 0.078 ± 0.020 0.327 ± 0.204
​ DHS 0.914 ± 0.016 4.407 ± 2.658 0.539 ± 0.091 1.335 ± 0.602 1.208 ± 0.703 1.764 ± 0.022 2.747 ± 0.162
​ SPME 0.019 ± 0.001 0.282 ± 0.024 0.027 ± 0.002 0.067 ± 0.003 0.069 ± 0.008 0.0611 ± 0.0002 0.0679 ± 0.0003

Methyl benzenemethanol (1-Phenylethanol) 
(CAS: 98–85–1; 1818)

​ HSSE 0.074 ± 0.011 0.048 ± 0.009 0.026 ± 0.002 0.070 ± 0.006 0.074 ± 0.008 0.065 ± 0.009 0.150 ± 0.031
1818b,2 DHS 3.027 ± 0.192 0.877 ± 0.690 1.273 ± 0.240 3.399 ± 1.588 3.241 ± 1.790 2.696 ± 0.025 9.984 ± 0.43
​ SPME 0.024 ± 0.002 0.027 ± 0.002 0.026 ± 0.003 0.055 ± 0.002 0.058 ± 0.012 0.035 ± 0.001 0.069 ± 0.007

Benzyl alcohol (Phenylmethanol) 
(CAS: 100–51–6; LRI: 1896)

​ HSSE 0.037 ± 0.006 0.093 ± 0.024 0.021 ± 0.003 0.0313 ± 0.0004 0.029 ± 0.003 0.057 ± 0.019 0.038 ± 0.007
1896a DHS 1.496 ± 0.091 1.871 ± 1.472 1.023 ± 0.195 1.383 ± 0.682 1.328 ± 0.749 1.730 ± 0.007 2.724 ± 0.183
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Table 2 (continued )

Compound LRI Technique Mean relative peak areas

CC1_C CCN_C CR1_C CR4_C CR6_C ICS_C PMC_C

​ SPME 0.014 ± 0.002 0.054 ± 0.003 0.025 ± 0.001 0.025 ± 0.002 0.025 ± 0.006 0.025 ± 0.001 0.022 ± 0.004
Phenylethyl alcohol 

(2-Phenylethanol) 
(CAS: 60–12–8; LRI: 1934)

​ HSSE 2.897 ± 0.484 1.748 ± 0.396 2.020 ± 0.135 1.703 ± 0.148 1.420 ± 0.199 2.584 ± 0.38 2.738 ± 0.522
1934a DHS 57.20 ± 3.401 30.357 ± 25.677 44.729 ± 7.675 43.155 ± 18.128 41.837 ± 23.788 60.269 ± 2.165 96.642 ± 0.872
​ SPME 1.133 ± 0.219 1.561 ± 0.119 2.233 ± 0.163 1.656 ± 0.005 1.411 ± 0.365 1.650 ± 0.112 1.525 ± 0.287

Aldehydes ​ ​ ​ ​ ​ ​ ​ ​ ​
Benzaldehyde 

(CAS: 100–52–7: LRI: 1512)
​ HSSE 0.074 ± 0.005 0.083 ± 0.015 0.127 ± 0.004 0.109 ± 0.001 0.124 ± 0.007 0.103 ± 0.001 0.155 ± 0.015
1512a DHS 0.596 ± 0.029 0.365 ± 0.187 0.683 ± 0.080 0.898 ± 0.270 0.707 ± 0.344 0.904 ± 0.017 1.594 ± 0.042
​ SPME 0.148 ± 0.021 0.349 ± 0.055 0.485 ± 0.008 0.513 ± 0.079 0.444 ± 0.079 0.405 ± 0.012 0.493 ± 0.024

Benzeneacetaldehyde (Phenylacetaldehyde) (CAS: 
122–78–1; LRI: 1637)

​ HSSE 0.050 ± 0.003 0.054 ± 0.011 0.072 ± 0.003 0.063 ± 0.002 0.022 ± 0.001 0.059 ± 0.003 0.062 ± 0.008
1637a SPME 0.013 ± 0.001 0.027 ± 0.006 0.042 ± 0.004 0.028 ± 0.005 0.022 ± 0.007 0.027 ± 0.002 0.031 ± 0.006
​ DHS 0.479 ± 0.02 0.968 ± 1.014 0.310 ± 0.089 0.098 ± 0.037 0.401 ± 0.289 0.442 ± 0.017 1.559 ± 0.155

Alkanes ​ ​ ​ ​ ​ ​ ​ ​ ​
Dodecane 

(CAS: 112–40–3; LRI: 1195)
​ HSSE 0.231 ± 0.043 0.164 ± 0.041 0.198 ± 0.004 0.160 ± 0.031 0.209 ± 0.027 0.210 ± 0.023 0.238 ± 0.031
1195b,2 DHS 4.377 ± 0.238 1.790 ± 1.986 3.290 ± 0.634 1.579 ± 0.374 3.157 ± 1.597 2.735 ± 0.180 6.512 ± 0.692
​ SPME 0.052 ± 0.001 0.092 ± 0.024 0.131 ± 0.045 0.0674 ± 0.0003 0.113 ± 0.039 0.081 ± 0.008 0.076 ± 0.007

Tetradecane 
(CAS: 629–59–4; LRI: 1390)

​ HSSE 0.091 ± 0.019 0.088 ± 0.021 0.069 ± 0.004 0.069 ± 0.014 0.065 ± 0.007 0.115 ± 0.030 0.054 ± 0.003
1390a DHS 4.253 ± 0.246 2.699 ± 2.448 4.623 ± 0.903 3.578 ± 1.377 3.583 ± 1.976 5.308 ± 0.237 7.073 ± 0.270
​ SPME 0.011 ± 0.002 0.034 ± 0.019 0.040 ± 0.021 0.022 ± 0.013 0.035 ± 0.014 0.028 ± 0.004 0.014 ± 0.003

Esters ​ ​ ​ ​ ​ ​ ​ ​ ​
2-Heptanol acetate 

(1-Methylhexyl acetate) (CAS: 5921–82–4; LRI: 1247)
​ HSSE 0.012 ± 0.002 0.105 ± 0.023 0.0034 ± 0.0001 0.0032 ± 0.0004 0.012 ± 0.001 0.014 ± 0.002 0.011 ± 0.002
1247a DHS 0.046 ± 0.002 0.184 ± 0.110 0.027 ± 0.004 0.026 ± 0.009 0.038 ± 0.018 0.0335 ± 0.0001 0.078 ± 0.003
​ SPME 0.010 ± 0.002 0.120 ± 0.024 0.015 ± 0.002 0.016 ± 0.005 0.021 ± 0.002 0.0194 ± 0.0001 0.020 ± 0.001

Ethyl 2-hydroxypropanoate (Ethyl lactate) 
(CAS: 97–64–3; LRI: 1330)

1330a HSSE 0.239 ± 0.026 0.332 ± 0.064 0.099 ± 0.003 0.120 ± 0.005 0.212 ± 0.017 0.051 ± 0.001 0.056 ± 0.005
​ DHS 0.485 ± 0.044 2.938 ± 0.941 0.275 ± 0.004 0.698 ± 0.182 0.809 ± 0.359 0.135 ± 0.002 0.127 ± 0.009
​ SPME 0.097 ± 0.020 0.260 ± 0.001 0.065 ± 0.019 0.085 ± 0.018 0.136 ± 0.023 0.0215 ± 0.0004 0.029 ± 0.001

Ethyl octanoate 
(CAS: 106–32–1; LRI: 1420)

​ HSSE 0.072 ± 0.013 0.135 ± 0.022 0.058 ± 0.002 0.060 ± 0.010 0.070 ± 0.010 0.088 ± 0.013 0.090 ± 0.012
1420a DHS 2.470 ± 0.150 1.917 ± 1.669 1.796 ± 0.323 1.571 ± 0.553 1.978 ± 1.077 2.555 ± 0.055 4.040 ± 0.210
​ SPME 0.0156 ± 0.0004 0.050 ± 0.015 0.041 ± 0.015 0.030 ± 0.009 0.037 ± 0.013 0.032 ± 0.002 0.022 ± 0.002

2-Nonanol acetate (CAS: 14936–66–4; LRI:1446) ​ HSSE 0.006 ± 0.001 0.026 ± 0.005 0.0012 ± 0.0004 0.0014 ± 0.0002 0.005 ± 0.001 0.008 ± 0.003 0.0044 ± 0.0004
1446a DHS 0.323 ± 0.020 0.392 ± 0.33 0.090 ± 0.019 0.090 ± 0.036 0.171 ± 0.091 0.281 ± 0.007 0.245 ± 0.006
​ SPME 0.005 ± 0.001 0.021 ± 0.006 0.0045 ± 0.0004 0.003 ± 0.001 0.0075 ± 0.0001 0.0064 ± 0.0001 0.002 ± 0.001

2,3-Butanediol diacetate, isomer 1 (LRI: 1470) ​ HSSE 0.004 ± 0.001 0.183 ± 0.03 0.0045 ± 0.0001 0.007 ± 0.001 0.012 ± 0.001 0.010 ± 0.005 0.007 ± 0.002
1470c DHS 0.082 ± 0.002 1.441 ± 0.974 0.101 ± 0.016 0.163 ± 0.055 0.196 ± 0.103 0.133 ± 0.004 0.182 ± 0.001
​ SPME 0.0009 ± 0.137 ± 0.022 0.0037 ± 0.0001 0.0071 ± 0.0003 0.009 ± 0.001 0.0029 ± 0.0001 0.0028 ± 0.0001

2,3-Butanediol diacetate, isomer 2 (LRI: 1507) ​ HSSE 0.009 ± 0.002 0.107 ± 0.019 0.0072 ± 0.0004 0.008 ± 0.001 0.021 ± 0.002 0.013 ± 0.001 0.009 ± 0.002
1507c DHS 0.0564 ± 0.0002 0.860 ± 0.615 0.071 ± 0.011 0.151 ± 0.06 0.336 ± 0.173 0.078 ± 0.002 0.120 ± 0.001
​ SPME 0.0014 ± 0.0001 0.083 ± 0.012 0.0054 ± 0.0001 0.009 ± 0.001 0.016 ± 0.002 0.0035 ± 0.0001 0.0035 ± 0.0001

Benzyl acetate 
(CAS: 140–11–4; LRI: 1737)

​ HSSE 0.003 ± 0.001 0.040 ± 0.008 0.0031 ± 0.0005 0.0050 ± 0.0002 0.0055 ± 0.0004 0.008 ± 0.002 0.004 ± 0.001
1737a SPME 0.0007 ± 0.0001 0.015 ± 0.003 0.0024 ± 0.0003 0.0024 ± 0.0003 0.0023 ± 0.0008 0.0015 ± 0.0001 0.0014 ± 0.0002
​ DHS 0.069 ± 0.006 0.563 ± 0.473 0.054 ± 0.010 0.083 ± 0.033 0.107 ± 0.058 0.085 ± 0.002 0.1351 ± 0.0007

Ethyl phenylacetate 
(CAS: 101–97–3; LRI: 1784)

​ HSSE 0.186 ± 0.015 0.199 ± 0.031 0.065 ± 0.004 0.065 ± 0.01 0.119 ± 0.016 0.111 ± 0.016 0.252 ± 0.042
1784 a DHS 7.977 ± 0.635 3.958 ± 3.385 2.916 ± 0.584 2.623 ± 1.072 4.445 ± 2.376 4.577 ± 0.093 14.177 ± 0.262
​ SPME 0.024 ± 0.002 0.053 ± 0.005 0.031 ± 0.006 0.022 ± 0.003 0.038 ± 0.012 0.027 ± 0.001 0.038 ± 0.005

2-Phenylethyl acetate 
(CAS: 103–45–7; LRI: 1813)

​ HSSE 0.220 ± 0.029 1.368 ± 0.238 0.226 ± 0.014 0.299 ± 0.052 0.435 ± 0.057 0.244 ± 0.03 0.306 ± 0.044
1813a DHS 9.323 ± 0.714 21.84 ± 8.779 10.21 ± 1.961 11.24 ± 4.576 14.76 ± 7.978 10.43 ± 0.24 17.91 ± 0.281
​ SPME 0.050 ± 0.001 0.314 ± 0.069 0.134 ± 0.03 0.116 ± 0.027 0.154 ± 0.048 0.083 ± 0.007 0.076 ± 0.015

Ketones ​ ​ ​ ​ ​ ​ ​ ​ ​
3-Hydroxy¡2-butanone (Acetoin) 

(CAS: 513–86–0; LRI: 1275)
​ HSSE 0.171 ± 0.023 1.967 ± 0.311 0.233 ± 0.001 0.172 ± 0.059 0.4380 ± 0.0001 0.228 ± 0.011 0.207 ± 0.010
​ DHS 0.867 ± 0.039 6.299 ± 2.965 1.161 ± 0.098 0.994 ± 0.211 1.219 ± 0.499 1.298 ± 0.070 1.254 ± 0.079
1275a SPME 0.340 ± 0.109 6.796 ± 0.423 0.539 ± 0.074 0.439 ± 0.084 0.638 ± 0.024 0.559 ± 0.011 0.408 ± 0.008

1-Hydroxy¡2-propanone (Hydroxyacetone) 
(CAS: 116–09–6; LRI: 1288)

​ HSSE 0.552 ± 0.136 0.593 ± 0.005 0.516 ± 0.164 0.251 ± 0.036 0.396 ± 0.054 0.313 ± 0.082 0.910 ± 0.301
1288a DHS 0.949 ± 0.004 3.019 ± 2.208 0.760 ± 0.129 1.207 ± 0.258 1.023 ± 0.549 1.284 ± 0.031 2.053 ± 0.099
​ SPME 0.113 ± 0.038 0.307 ± 0.011 0.132 ± 0.006 0.2074 ± 0.0001 0.152 ± 0.014 0.200 ± 0.001 0.218 ± 0.009

1-Hydroxy¡2-butanone (CAS: 5077–67–8; LRI: 1363) ​ HSSE 0.055 ± 0.001 0.058 ± 0.003 0.065 ± 0.020 0.025 ± 0.005 0.041 ± 0.007 0.034 ± 0.002 0.129 ± 0.064
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Table 2 (continued )

Compound LRI Technique Mean relative peak areas

CC1_C CCN_C CR1_C CR4_C CR6_C ICS_C PMC_C

1363b,2 DHS 0.059 ± 0.001 0.177 ± 0.070 0.042 ± 0.006 0.104 ± 0.017 0.084 ± 0.044 0.1064 ± 0.0002 0.145 ± 0.006
​ SPME 0.006 ± 0.001 0.008 ± 0.005 0.006 ± 0.001 0.012 ± 0.001 0.0091 ± 0.0001 0.015 ± 0.0002 0.013 ± 0.001

Acetoin acetate 
(2-Acetoxy¡3-butanone) 
(CAS: 4906–24–5; LRI: 1364)

​ HSSE 0.021 ± 0.004 0.364 ± 0.080 0.013 ± 0.001 0.016 ± 0.001 0.019 ± 0.001 0.0158 ± 0.002 0.018 ± 0.003
1364b,2 DHS 0.0517 ± 0.0003 1.414 ± 0.214 0.038 ± 0.006 0.032 ± 0.013 0.045 ± 0.021 0.077 ± 0.003 0.089 ± 0.001
​ SPME 0.003 ± 0.001 0.814 ± 0.024 0.010 ± 0.001 0.010 ± 0.001 0.024 ± 0.003 0.0077 ± 0.0002 0.0061 ± 0.00001

2-Nonanone 
(CAS: 821–55–6; LRI: 1377)

​ HSSE 0.080 ± 0.014 0.337 ± 0.051 0.0216 ± 0.0002 0.024 ± 0.003 0.046 ± 0.005 0.185 ± 0.027 0.050 ± 0.009
1377a DHS 0.996 ± 0.028 2.400 ± 1.799 0.2014 ± 0.030 0.176 ± 0.061 0.441 ± 0.210 1.980 ± 0.001 0.716 ± 0.039
​ SPME 0.020 ± 0.003 0.165 ± 0.053 0.020 ± 0.004 0.020 ± 0.003 0.025 ± 0.005 0.069 ± 0.004 0.020 ± 0.008

1-Phenylethanone (Acetophenone) 
(CAS: 98–86–2; LRI: 1651)

​ HSSE 0.331 ± 0.132 0.538 ± 0.114 0.105 ± 0.040 0.387 ± 0.043 0.243 ± 0.099 1.757 ± 1.378 0.350 ± 0.015
1651a DHS 2.201 ± 0.040 1.141 ± 0.856 1.028 ± 0.168 2.243 ± 0.823 2.304 ± 1.155 2.103 ± 0.012 4.444 ± 0.170
​ SPME 0.028 ± 0.003 0.0388 ± 0.0002 0.032 ± 0.004 0.058 ± 0.001 0.066 ± 0.015 0.041 ± 0.001 0.064 ± 0.002

1-(1H-pyrrol¡2-yl) ethanone (2-Acetylpyrrole) 
(CAS: 1072–83–9; LRI: 1991)

​ HSSE 0.07 ± 0.013 0.768 ± 0.169 0.049 ± 0.004 0.102 ± 0.009 0.114 ± 0.015 0.124 ± 0.017 0.142 ± 0.027
1991b,2 SPME 0.026 ± 0.001 0.485 ± 0.059 0.071 ± 0 0.092 ± 0.012 0.112 ± 0.023 0.088 ± 0.003 0.085 ± 0.008
​ DHS 2.792 ± 0.163 16.04 ± 3.3 2.469 ± 0.474 5.041 ± 2.478 5.390 ± 3.133 5.626 ± 0.057 9.465 ± 0.494

Monoterpenoids ​ ​ ​ ​ ​ ​ ​ ​ ​
trans-linalyl oxide 

(trans-linalool oxide) (furanoid) (CAS: 34995–77–2; 
LRI: 1439)

1439b,3 HSSE 0.012 ± 0.002 0.011 ± 0.002 0.0062 ± 0.0002 0.019 ± 0.002 0.045 ± 0.006 0.015 ± 0.002 0.017 ± 0.003
​ SPME 0.018 ± 0.003 0.026 ± 0.004 0.021 ± 0.001 0.0595 ± 0.0001 0.108 ± 0.010 0.027 ± 0.003 0.0291 ± 0.0003
​ DHS 0.446 ± 0.018 0.144 ± 0.108 0.166 ± 0.023 0.548 ± 0.208 1.330 ± 0.679 0.518 ± 0.012 0.774 ± 0.016

cis-linalyl oxide (cis-linalool oxide) (furanoid) 
(CAS: 5989–33–3; LRI: 1467)

​ HSSE 0.080 ± 0.013 0.079 ± 0.013 0.025 ± 0.001 0.090 ± 0.012 0.227 ± 0.027 0.078 ± 0.010 0.059 ± 0.011
​ DHS 2.581 ± 0.123 0.812 ± 0.632 0.563 ± 0.086 1.893 ± 0.744 5.173 ± 2.687 2.268 ± 0.041 2.190 ± 0.025
1467b,3 SPME 0.043 ± 0.009 0.064 ± 0.010 0.031 ± 0.001 0.0991 ± 0.0003 0.199 ± 0.020 0.0532 ± 0.0002 0.035 ± 0.001

Linalool (3,7-Dimethylocta¡1,6-dien¡3-ol) 
(CAS: 78–70–6; LRI: 1537)

​ HSSE 0.030 ± 0.006 0.136 ± 0.024 0.014 ± 0.001 0.059 ± 0.006 0.125 ± 0.009 0.045 ± 0.006 0.034 ± 0.007
1537a DHS 0.857 ± 0.060 1.351 ± 1.127 0.256 ± 0.049 1.002 ± 0.405 2.552 ± 1.331 0.996 ± 0.02 0.916 ± 0.013
​ SPME 0.011 ± 0.002 0.092 ± 0.021 0.012 ± 0.002 0.050 ± 0.007 0.098 ± 0.012 0.0218 ± 0.0001 0.0131 ± 0.0005

cis-Linalool 3,7-oxide (pyranoid) (CAS: 24048–52–0; 
LRI: 1773)

​ HSSE 0.016 ± 0.002 0.029 ± 0.006 0.007 ± 0.001 0.031 ± 0.005 0.075 ± 0.009 0.020 ± 0.002 0.015 ± 0.003
1773c DHS 0.862 ± 0.065 0.697 ± 0.590 0.474 ± 0.102 1.746 ± 0.737 3.603 ± 1.84 1.129 ± 0.009 1.166 ± 0.022
​ SPME 0.012 ± 0.003 0.031 ± 0.003 0.0142 ± 0.0003 0.048 ± 0.002 0.101 ± 0.009 0.0204 ± 0.0001 0.013 ± 0.001

3,7-Dimethyl¡6-octen¡1-ol (beta-Citronellol) 
(CAS: 106–22–9; LRI: 1774)

​ HSSE 0.008 ± 0.004 0.017 ± 0.003 0.0029 ± 0.0003 0.004 ± 0.001 0.0086 ± 0.0001 0.016 ± 0.008 0.0072 ± 0.0003
1774b,2 DHS 0.056 ± 0.002 0.390 ± 0.280 0.050 ± 0.007 0.043 ± 0.016 0.095 ± 0.047 0.077 ± 0.003 0.157 ± 0.003
​ SPME 0.001 ± 0.001 0.007 ± 0.003 0.0007 ± 0.0003 0.001 ± 0.001 0.0018 ± 0.0003 0.0013 ± 0.0001 0.0005 ± 0.0001

Pyrazines ​ ​ ​ ​ ​ ​ ​ ​ ​
2-Methylpyrazine 

(CAS: 109–08–0; LRI: 1261)
​ HSSE 0.008 ± 0.001 0.020 ± 0.003 0.011 ± 0.001 0.025 ± 0.001 0.013 ± 0.001 0.015 ± 0.001 0.036 ± 0.009
1261a DHS 0.0120 ± 0.0002 0.023 ± 0.011 0.016 ± 0.002 0.035 ± 0.012 0.021 ± 0.011 0.0304 ± 0.0003 0.091 ± 0.002
​ SPME 0.0033 ± 0.0001 0.034 ± 0.004 0.0212 ± 0.0001 0.043 ± 0.007 0.026 ± 0.003 0.0231 ± 0.0002 0.068 ± 0.002

2,5-Dimethyl pyrazine/ 
2,6-Dimethyl pyrazine 
(CAS: 123–32–0/108–50–9; LRI: 1317/1335)

1317a/ 
1335a

HSSE 0.016 ± 0.003 0.056 ± 0.009 0.019 ± 0.001 0.051 ± 0.004 0.032 ± 0.003 0.036 ± 0.001 0.082 ± 0.012

​ DHS 0.021 ± 0.001 0.111 ± 0.037 0.022 ± 0.002 0.060 ± 0.201 0.045 ± 0.022 0.038 ± 0.001 0.145 ± 0.004
​ SPME 0.0041 ± 0.0001 0.070 ± 0.016 0.0156 ± 0.0002 0.036 ± 0.005 0.030 ± 0.005 0.0194 ± 0.0004 0.054 ± 0.002

2,3-Dimethylpyrazine 
(CAS: 5910–89–4; LRI: 1348)

​ HSSE 0.004 ± 0.001 0.061 ± 0.009 0.017 ± 0.001 0.024 ± 0.002 0.022 ± 0.002 0.026 ± 0.001 0.029 ± 0.005
1348a DHS 0.0065 ± 0.0003 0.161 ± 0.054 0.023 ± 0.002 0.033 ± 0.009 0.038 ± 0.018 0.033 ± 0.001 0.054 ± 0.001
​ SPME 0.0023 ± 0.0001 0.119 ± 0.035 0.021 ± 0.001 0.026 ± 0.005 0.030 ± 0.004 0.0208 ± 0.0001 0.025 ± 0.001

Trimethylpyrazine 
(CAS: 14667–55–1; LRI: 1410)

​ HSSE 0.010 ± 0.002 0.495 ± 0.124 0.025 ± 0.001 0.042 ± 0.005 0.062 ± 0.008 0.047 ± 0.006 0.068 ± 0.014
1410a DHS 0.123 ± 0.005 4.509 ± 3.253 0.314 ± 0.057 0.624 ± 0.233 0.782 ± 0.400 0.490 ± 0.002 1.116 ± 0.084
​ SPME 0.0048 ± 0.0003 0.451 ± 0.090 0.035 ± 0.003 0.041 ± 0.009 0.070 ± 0.014 0.028 ± 0.001 0.042 ± 0.003

5-Ethyl¡2,3-dimethylpyrazine 
(CAS: 15707–34–3; LRI: 1463)

1463a HSSE 0.002 ± 0.001 0.048 ± 0.010 0.0044 ± 0.0003 0.006 ± 0.001 0.008 ± 0.001 0.010 ± 0.001 0.011 ± 0.002
​ DHS 0.065 ± 0.003 0.621 ± 0.537 0.095 ± 0.014 0.141 ± 0.061 0.203 ± 0.109 0.246 ± 0.002 0.402 ± 0.011
​ SPME 0.0015 ± 0.0004 0.032 ± 0.001 0.0050 ± 0.0004 0.0058 ± 0.0001 0.006 ± 0.001 0.0058 ± 0.0001 0.005 ± 0.001

Tetramethylpyrazine 
(CAS: 1124–11–4; LRI: 1480)

​ HSSE 0.025 ± 0.005 1.596 ± 0.363 0.021 ± 0.002 0.016 ± 0.002 0.058 ± 0.006 0.048 ± 0.008 0.054 ± 0.011
1480a DHS 0.794 ± 0.039 18.91 ± 15.979 0.535 ± 0.087 0.407 ± 0.184 1.648 ± 0.870 1.432 ± 0.026 2.116 ± 0.083
​ SPME 0.010 ± 0.001 1.175 ± 0.019 0.044 ± 0.004 0.018 ± 0.002 0.051 ± 0.011 0.029 ± 0.001 0.026 ± 0.005

2,3,5-Trimethyl¡6-ethylpyrazine (CAS: 17398–16–2; 
LRI: 1514)

1514c HSSE 0.0018 ± 0.00003 0.089 ± 0.020 0.0024 ± 0.0002 0.005 ± 0.001 0.007 ± 0.001 0.008 ± 0.002 0.008 ± 0.002
​ DHS 0.0006 ± 0.0001 0.053 ± 0.008 0.0030 ± 0.0001 0.0037 ± 0.0001 0.005 ± 0.001 0.0039 ± 0.0001 0.0033 ± 0.0003
​ SPME 0.041 ± 0.003 1.031 ± 0.896 0.044 ± 0.008 0.089 ± 0.039 0.169 ± 0.089 0.202 ± 0.007 0.272 ± 0.005

Others ​ ​ ​ ​ ​ ​ ​ ​ ​
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detection of 5 alcohols that when using HS-SPME and HSSE were not 
detected or were not properly integrated due to notably low signal levels 
(Table S3): 1-hexanol, 3-phenylpropanol (benzenepropanol), 4,5- 
dimethyl− 2-hepten− 3-ol, 4-methyl− 5-hexen− 2-ol and nicotinyl 
alcohol (3-pyridinemethanol). This observation supports the importance 
of the selection of the sampling technique in VOCs analysis.

Regarding peak areas of the extracted alcohols, DHS extraction 
yielded higher relative peak areas for this chemical group compared to 
HS-SPME or HSSE, with some exceptions (Tables S1 and S3). This can be 
attributed to factors such as the nature of the DHS adsorbent, Tenax 
TA™, which has affinity to high-boiling compounds (Buchem n.d.; 
Dettmer and Engewald, 2002; Mastrogiacomo et al., 1995), the contin
uous headspace flushing and the markedly higher amount of extraction 
phase compared to HS-SPME and HSSE. This behavior has also been 
reported for other food matrices as in milk chocolate, red wine, yogurt, 
and wine vinegar (Cucu et al., 2021; Ríos-Reina et al., 2018). Some 
examples of alcohols which area values were notably higher after sam
pling with DHS were: 2,3-butanediol isomers, phenylethyl alcohol 
(2-phenylethanol), 2-heptanol, 2-nonanol, 2-furanmethanol (furfuryl 
alcohol), benzyl alcohol (phenylmethanol), methyl benzenemethanol 
(1-phenylethanol), 4-methyl− 5-hexen− 2-ol, among others.

In general, regarding the kind of alcohols extracted, they were 
mainly higher alcohols (C4-C9) (Tables S1, S2 and S3) which have been 
previously reported for cacao and derivatives (Escobar et al., 2021; 
Frauendorfer and Schieberle, 2019; Hegmann et al., 2020; 
Herrera-Rocha et al., 2023; Rodríguez-González et al., 2025; Rottiers 
et al., 2019). Alcohols can be found in the fresh cacao seeds or can be 
developed during processing, playing and active role in quality 
(Deuscher et al., 2020; Herrera-Rocha et al., 2023) and expressing origin 
factors linked to genetics, climate, local microbiota, among others. 
Certain alcohols, such as 1-pentanol, 2-pentanol, 1-hexanol, 2-heptanol, 
2-octanol, 2-nonanol and 3-methyl− 1-butanol —all of them detected in 
this study— are initially present in the cacao pulp, imparting fruity, 
flowery, herbal and spicy fine notes, and can vary among cacao varieties 
and season effects (Hegmann et al., 2020). These can diffuse into the 
bean, as has been studied for phenylethyl alcohol (Besançon et al., 2024; 
Chetschik et al., 2018). Other alcohols, as for example 2-methyl
− 1-propanol (isobutyl alcohol), might cause undesirable off-flavors 
(Rottiers et al., 2019). This is why their determination can be relevant 
when assessing cocoa quality.

Post-harvest steps, especially fermentation and drying, and indus
trial processing, with a major influence of roasting, also shape the profile 
of alcohols. For instance, 3-methyl− 1-butanol (isoamyl alcohol) and 
phenylethyl alcohol —which were detected with the three sampling 
techniques— can be obtained by means of microbial metabolism during 
cocoa fermentation (De Vuyst and Leroy, 2020; Dias et al., 2025; 
Frauendorfer and Schieberle, 2019; Hegmann et al., 2020). Moreover, 
alcohols can persist after industrial processing, albeit volatilization and 
chemical reactions that arise during roasting, refining and conching 
steps. Examples include 1-pentanol, phenylethyl alcohol and 2-heptanol 
(Escobar et al., 2021; Guckenbiehl et al., 2025; Quelal et al., 2023).

3.1.2. Esters
Esters constituted one of the main chemical groups extracted in this 

study, accounting for 21 in total (Tables S1, S2 and S3). DHS and HS- 
SPME enabled the detection of 16 esters, while HSSE led to 11 VOCs 
(Fig. 2), most of which were esterification products of acetic acid. 
Moreover, 9 of these esters were detected across all three techniques 
(Tables 2 and 3), all of which have previously been reported in cocoa 
masses and chocolates (Cemin et al., 2024; Escobar et al., 2021).

As occurred for alcohols, higher relative peak areas were also ob
tained after DHS compared to the other techniques, with more pro
nounced effects on ethyl octanoate, ethyl phenylacetate and 2- 
phenylethyl acetate. Furthermore, 5 compounds were detected only 
after sampling with DHS (ethyl 3-phenylpropenoate, ethyl 3-phenylpro
pionate, ethyl tetradecanoate, geranyl acetate and phenethyl Ta

bl
e 

2 
(c

on
tin

ue
d)

Co
m

po
un

d 
LR

I 
Te

ch
ni

qu
e 

M
ea

n 
re

la
ti

ve
 p

ea
k 

ar
ea

s

CC
1_

C 
CC

N
_C

 
CR

1_
C 

CR
4_

C 
CR

6_
C 

IC
S_

C 
PM

C_
C

G
am

m
a-

Bu
ty

ro
la

ct
on

e 
(C

A
S:

 9
6–

48
–0

; L
RI

: 1
63

6)
​

H
SS

E
0.

50
0 
±

0.
03

5
0.

44
3 
±

0.
08

3
0.

47
7 
±

0.
04

0
0.

31
1 
±

0.
00

2
0.

40
0 
±

0.
04

8
0.

61
4 
±

0.
01

1
0.

64
4 
±

0.
10

3
16

36
a

SP
M

E
0.

25
6 
±

0.
04

6
0.

24
4 
±

0.
00

2
0.

41
7 
±

0.
01

3
0.

26
1 
±

0.
04

0
0.

27
3 
±

0.
01

5
0.

45
5 
±

0.
01

0
0.

37
9 
±

0.
00

2
​

D
H

S
4.

34
7 
±

2.
14

8
3.

51
1 
±

3.
30

9
2.

59
7 
±

1.
23

4
3.

79
0 
±

2.
13

8
3.

47
7 
±

1.
74

8
4.

90
4 
±

1.
78

8
5.

35
7 
±

0.
35

7
2(

5 
H

)-
Fu

ra
no

ne
 

(C
A

S:
 4

97
–2

3–
4;

 L
RI

: 1
76

9)
​

H
SS

E
0.

07
0 
±

0.
01

1
0.

16
9 
±

0.
01

7
0.

05
3 
±

0.
02

4
0.

02
9 
±

0.
00

2
0.

06
1 
±

0.
01

0
0.

05
3 
±

0.
00

2
0.

14
4 
±

0.
08

8
17

69
b,

2
D

H
S

0.
06

3 
±

0.
00

1
0.

38
0 
±

0.
27

1
0.

07
2 
±

0.
01

0
0.

12
1 
±

0.
04

7
0.

15
2 
±

0.
08

3
0.

15
5 
±

0.
00

2
0.

27
1 
±

0.
02

2
​

SP
M

E
0.

00
2 
±

0.
00

1
0.

02
2 
±

0.
00

2
0.

00
4 
±

0.
00

1
0.

00
65

 ±
0.

00
03

0.
00

7 
±

0.
00

1
0.

00
78

 ±
0.

00
01

0.
00

67
 ±

0.
00

03
U

nk
no

w
n 

10
8 

(L
RI

: 1
84

0)
​

H
SS

E
0.

03
7 
±

0.
00

7
0.

14
5 
±

0.
02

8
0.

01
0 
±

0.
00

1
0.

04
1 
±

0.
00

9
0.

05
0 
±

0.
00

7
0.

04
6 
±

0.
00

5
0.

02
9 
±

0.
00

3
18

40
SP

M
E

0.
00

75
 ±

0.
00

01
0.

04
3 
±

0.
01

1
0.

01
2 
±

0.
00

3
0.

01
7 
±

0.
00

3
0.

02
8 
±

0.
00

7
0.

01
6 
±

0.
00

1
0.

00
9 
±

0.
00

1
​

D
H

S
1.

83
3 
±

0.
13

9
4.

19
2 
±

3.
71

6
0.

58
9 
±

0.
11

7
2.

38
4 
±

0.
94

7
2.

77
2 
±

1.
48

7
2.

72
8 
±

0.
07

7
2.

41
3 
±

0.
08

0
U

nk
no

w
n 

12
6 

(L
RI

: 2
00

9)
​

H
SS

E
0.

04
7 
±

0.
01

0
0.

11
7 
±

0.
01

3
0.

03
0 
±

0.
01

4
0.

04
0 
±

0.
00

2
0.

03
9 
±

0.
00

2
0.

08
7 
±

0.
02

5
0.

07
2 
±

0.
04

2
20

09
SP

M
E

0.
00

3 
±

0.
00

1
0.

01
6 
±

0.
00

2
0.

00
86

 ±
0.

00
04

0.
00

8 
±

0.
00

2
0.

00
98

 ±
0.

00
03

0.
00

58
 ±

0.
00

01
0.

00
83

 ±
0.

00
04

​
D

H
S

0.
10

4 
±

0.
00

6
0.

19
3 
±

0.
14

9
0.

11
6 
±

0.
02

3
0.

13
5 
±

0.
06

6
0.

16
9 
±

0.
09

2
0.

12
1 
±

0.
00

1
0.

28
1 
±

0.
01

9

1 n 
=

2;
 L

RI
: m

ea
n 

ex
pe

ri
m

en
ta

l l
in

ea
r r

et
en

tio
n 

in
de

x.
 re

lia
bi

lit
y 

of
 id

en
tifi

ca
tio

n:
 a

) m
as

s s
pe

ct
ru

m
 a

nd
 L

RI
 a

gr
ee

d 
w

ith
 st

an
da

rd
s,

 b
) m

as
s s

pe
ct

ru
m

 a
gr

ee
d 

w
ith

 m
as

s s
pe

ct
ra

l d
at

ab
as

e 
an

d 
LR

I a
gr

ee
d 

w
ith

 th
e 

lit
er

at
ur

e 
da

ta
, c

) 
m

as
s 

sp
ec

tr
um

 a
gr

ee
d 

w
ith

 m
as

s 
sp

ec
tr

al
 d

at
a 

ba
se

; l
ite

ra
tu

re
 r

ef
er

en
ce

s 
ag

re
ed

 w
ith

 L
RI

 d
at

a:
 2 

Ki
m

, e
t a

l. 
(2

02
5)

, 3 
M

an
ci

ni
, e

t a
l. 

(2
00

9)
.

A.L. Mayorga-Gross et al.                                                                                                                                                                                                                     Journal of Food Composition and Analysis 158 (2026) 109416 

7 



Table 3 
Mean relative1 peak areas and correspondent standard deviations of VOCs detected in common after sampling with three headspace techniques in different cocoa 
masses made from estate ‘O’ cocoa.

Compound LRI Technique Mean relative peak areas

CCN_O CR1_O ICS_O TSH_O

Acids ​ ​ ​ ​ ​ ​
Acetic acid 

(CAS: 64–19–7; LRI: 1425)
1425a HSSE 0.309 ± 0.166 1.028 ± 0.919 0.557 ± 0.435 0.412 ± 0.181
​ DHS 7.473 ± 3.338 9.428 ± 0.139 8.208 ± 2.920 16.439 ± 14.734
​ SPME 4.026 ± 1.601 8.423 ± 0.838 4.468 ± 0.154 5.154 ± 0.030

Propanoic acid 
(Propionic acid) 
(CAS: 79–09–4; LRI: 1532)

1532a HSSE 0.018 ± 0.003 0.033 ± 0.016 0.053 ± 0.032 0.032 ± 0.001
​ DHS 0.386 ± 0.176 0.113 ± 0.008 0.230 ± 0.104 0.447 ± 0.314
​ SPME 0.094 ± 0.039 0.048 ± 0.003 0.074 ± 0.002 0.088 ± 0.001

Butanoic acid 
(Butyric acid) 
(CAS: 107–92–6; LRI: 1629)

1629a HSSE 0.0214 ± 0.0002 0.032 ± 0.007 0.065 ± 0.025 0.045 ± 0.002
​ SPME 0.090 ± 0.026 0.048 ± 0.003 0.115 ± 0.002 0.077 ± 0.003
​ DHS 0.345 ± 0.157 0.090 ± 0.112 0.400 ± 0.191 0.413 ± 0.201

3-Methylbutanoic acid 
(Isovaleric acid) 
(CAS: 503–74–2; LRI: 1672)

1672a HSSE 0.711 ± 0.008 0.163 ± 0.050 0.545 ± 0.372 0.607 ± 0.105
​ DHS 7.758 ± 3.626 3.288 ± 0.560 5.322 ± 3.383 22.802 ± 22.341
​ SPME 2.012 ± 0.819 0.240 ± 0.017 0.798 ± 0.008 1.427 ± 0.018

2-Methylbutanoic acid 
(CAS: 116–53–0; LRI: 1675)

​ HSSE 0.265 ± 0.001 0.043 ± 0.014 0.219 ± 0.135 0.252 ± 0.045
1675a SPME 0.518 ± 0.211 0.036 ± 0.002 0.230 ± 0.002 0.431 ± 0.003
​ DHS 3.475 ± 4.356 0.516 ± 0.237 3.117 ± 2.013 16.267 ± 5.782

Alcohols ​ ​ ​ ​ ​ ​
2-Pentanol 

(CAS: 6032–29–7; LRI: 1114)
​ HSSE 0.0039 ± 0.0003 0.021 ± 0.002 0.009 ± 0.002 0.0098 ± 0.0004
1114a DHS 0.006 ± 0.002 0.024 ± 0.003 0.014 ± 0.005 0.018 ± 0.004
​ SPME 0.026 ± 0.011 0.137 ± 0.012 0.050 ± 0.002 0.079 ± 0.002

3-Methyl¡1-butanol 
(Isoamyl alcohol) 
(CAS: 123–51–3; LRI: 1201)

​ HSSE 0.081 ± 0.010 0.130 ± 0.012 0.116 ± 0.045 0.078 ± 0.002
​ DHS 0.131 ± 0.026 0.227 ± 0.003 0.237 ± 0.091 0.344 ± 0.155
1201a SPME 0.121 ± 0.046 0.162 ± 0.020 0.171 ± 0.005 0.189 ± 0.008

1-Pentanol 
(CAS: 71–41–0; LRI: 1244)

​ HSSE 0.018 ± 0.001 0.035 ± 0.002 0.025 ± 0.006 0.023 ± 0.001
1244b DHS 0.038 ± 0.001 0.117 ± 0.011 0.063 ± 0.019 0.120 ± 0.012
​ SPME 0.026 ± 0.010 0.054 ± 0.005 0.040 ± 0.001 0.060 ± 0.003

2-Heptanol 
(CAS: 543–49–7; LRI: 1316)

​ HSSE 1.528 ± 0.129 0.566 ± 0.070 0.949 ± 0.450 2.088 ± 0.186
1316a DHS 6.483 ± 2.711 1.902 ± 0.323 3.369 ± 2.315 37.07 ± 9.394
​ SPME 1.310 ± 0.345 0.483 ± 0.018 0.721 ± 0.013 2.040 ± 0.061

3-Ethoxy¡1-propanol 
(CAS: 111–35–3; LRI: 1372)

​ HSSE 0.013 ± 0.001 0.044 ± 0.011 0.040 ± 0.019 0.023 ± 0.002
1372b,2 DHS 0.057 ± 0.013 0.159 ± 0.022 0.123 ± 0.059 0.169 ± 0.069
​ SPME 0.019 ± 0.008 0.0507 ± 0.0003 0.044 ± 0.001 0.034 ± 0.005

2-Octanol 
(CAS: 123–96–6; LRI: 1414)

​ HSSE 0.038 ± 0.003 0.012 ± 0.002 0.031 ± 0.016 0.053 ± 0.007
1414a DHS 0.311 ± 0.137 0.045 ± 0.009 0.110 ± 0.069 2.027 ± 2.424
​ SPME 0.032 ± 0.004 0.0145 ± 0.0002 0.0212 ± 0.0001 0.043 ± 0.004

2-Nonanol 
(CAS: 628–99–9; LRI: 1515)

1515a HSSE 0.310 ± 0.013 0.053 ± 0.008 0.527 ± 0.338 0.283 ± 0.030
​ DHS 0.859 ± 0.438 0.127 ± 0.025 0.649 ± 0.398 4.647 ± 5.677
​ SPME 0.224 ± 0.007 0.056 ± 0.008 0.2896 ± 0.0003 0.166 ± 0.017

2,3-Butanediol, isomer 1 
(LRI: 1554)

1554c HSSE 3.971 ± 0.163 12.38 ± 1.883 12.29 ± 5.016 8.792 ± 1.782
​ DHS 33.113 ± 15.658 41.338 ± 7.116 41.510 ± 24.616 179.548 ± 192.760
​ SPME 5.304 ± 1.751 9.698 ± 0.844 7.232 ± 0.165 7.702 ± 0.332

2,3-Butanediol, isomer 2 
(LRI: 1590)

​ HSSE 2.664 ± 0.157 7.659 ± 1.007 6.857 ± 3.081 5.283 ± 0.674
1590c DHS 28.261 ± 12.939 36.621 ± 5.895 32.654 ± 18.929 129.213 ± 131.062
​ SPME 4.345 ± 1.364 7.333 ± 0.803 5.399 ± 0.128 5.953 ± 0.254

2-Furanmethanol 
(Furfuryl alcohol) 
(CAS: 98–00–0; LRI: 1661)

​ HSSE 0.068 ± 0.002 0.116 ± 0.049 0.166 ± 0.139 0.124 ± 0.046
1661a DHS 0.128 ± 0.059 0.284 ± 0.032 0.064 ± 0.037 0.876 ± 0.918
​ SPME 0.029 ± 0.005 0.051 ± 0.004 0.039 ± 0.001 0.033 ± 0.003

Methyl benzenemethanol 
(1-Phenylethanol) 
(CAS: 98–85–1; 1818)

​ HSSE 0.0243 ± 0.0001 0.038 ± 0.006 0.060 ± 0.026 0.041 ± 0.004
1818b,2 DHS 0.306 ± 0.135 0.354 ± 0.059 0.472 ± 0.325 2.694 ± 2.942
​ SPME 0.020 ± 0.004 0.037 ± 0.004 0.0401 ± 0.0002 0.038 ± 0.006

Benzyl alcohol 
(Phenylmethanol) 
(CAS: 100–51–6; LRI: 1896)

1896a HSSE 0.052 ± 0.003 0.056 ± 0.010 0.070 ± 0.020 0.058 ± 0.008
​ DHS 0.749 ± 0.327 0.566 ± 0.086 0.515 ± 0.349 2.658 ± 2.670
​ SPME 0.060 ± 0.010 0.065 ± 0.009 0.0579 ± 0.0004 0.057 ± 0.004

Phenylethyl alcohol 
(2-Phenylethanol) 
(CAS: 60–12–8; LRI: 1934)

1934a HSSE 4.228 ± 0.192 3.467 ± 0.587 6.975 ± 4.220 4.790 ± 0.494
​ DHS 19.541 ± 9.557 14.149 ± 2.356 20.100 ± 13.154 116.082 ± 134.065
​ SPME 3.606 ± 0.692 3.484 ± 0.339 4.516 ± 0.007 3.998 ± 0.395

Aldehydes ​ ​ ​ ​ ​ ​
Benzaldehyde 

(CAS: 100–52–7: LRI: 1512)
​ HSSE 0.209 ± 0.013 0.221 ± 0.020 0.184 ± 0.105 0.143 ± 0.034
1512a DHS 0.538 ± 0.213 0.484 ± 0.045 0.633 ± 0.306 2.955 ± 3.147
​ SPME 0.666 ± 0.107 0.945 ± 0.135 0.958 ± 0.016 1.162 ± 0.114

Benzeneacetaldehyde (Phenylacetaldehyde) 
(CAS: 122–78–1; LRI: 1637)

1637a HSSE 0.0691 ± 0.0001 0.069 ± 0.001 0.064 ± 0.035 0.045 ± 0.004
​ SPME 0.0321 ± 0.0004 0.033 ± 0.004 0.0469 ± 0.0002 0.027 ± 0.004
​ DHS 0.028 ± 0.028 0.035 ± 0.001 0.010 ± 0.008 0.863 ± 1.194

Alkanes ​ ​ ​ ​ ​ ​
Dodecane 

(CAS: 112–40–3; LRI: 1195)
​ HSSE 0.200 ± 0.006 0.217 ± 0.030 0.321 ± 0.218 0.125 ± 0.025
1195b,2 DHS 1.237 ± 0.474 0.543 ± 0.069 0.883 ± 0.470 5.652 ± 6.855
​ SPME 0.087 ± 0.002 0.135 ± 0.004 0.125 ± 0.003 0.067 ± 0.012

Tetradecane 
(CAS: 629–59–4; LRI: 1390)

​ HSSE 0.063 ± 0.002 0.071 ± 0.001 0.136 ± 0.044 0.052 ± 0.007
1390a DHS 1.281 ± 0.626 0.935 ± 0.184 1.063 ± 0.678 5.690 ± 6.896
​ SPME 0.023 ± 0.003 0.041 ± 0.001 0.033 ± 0.001 0.011 ± 0.002

Esters ​ ​ ​ ​ ​ ​

(continued on next page)
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Table 3 (continued )

Compound LRI Technique Mean relative peak areas

CCN_O CR1_O ICS_O TSH_O

2-Heptanol acetate 
(1-Methylhexyl acetate) 
(CAS: 5921–82–4; LRI: 1247)

1247a HSSE 0.086 ± 0.005 0.037 ± 0.006 0.039 ± 0.021 0.154 ± 0.019
​ DHS 0.079 ± 0.006 0.0231 ± 0.0001 0.022 ± 0.007 0.302 ± 0.273
​ SPME 0.085 ± 0.012 0.058 ± 0.001 0.036 ± 0.001 0.146 ± 0.012

Ethyl 2-hydroxypropanoate 
(Ethyl lactate) 
(CAS: 97–64–3; LRI: 1330)

1330a HSSE 0.0147 ± 0.0002 0.195 ± 0.032 0.022 ± 0.009 0.020 ± 0.003
​ DHS 0.030 ± 0.007 0.545 ± 0.054 0.049 ± 0.019 0.079 ± 0.031
​ SPME 0.008 ± 0.003 0.0864 ± 0.0002 0.0110 ± 0.0002 0.0190 ± 0.0001

Ethyl octanoate 
(CAS: 106–32–1; LRI: 1420)

​ HSSE 0.042 ± 0.002 0.081 ± 0.009 0.098 ± 0.061 0.070 ± 0.011
1420a DHS 0.443 ± 0.203 0.492 ± 0.092 0.469 ± 0.296 4.119 ± 5.027
​ SPME 0.025 ± 0.002 0.059 ± 0.002 0.039 ± 0.002 0.031 ± 0.005

2-Nonanol acetate 
(CAS: 14936–66–4; LRI:1446)

​ HSSE 0.040 ± 0.002 0.009 ± 0.001 0.022 ± 0.009 0.065 ± 0.010
1446a DHS 0.424 ± 0.199 0.063 ± 0.012 0.108 ± 0.069 3.953 ± 4.88
​ SPME 0.0471 ± 0.0001 0.016 ± 0.001 0.021 ± 0.001 0.065 ± 0.008

2,3-Butanediol diacetate, isomer 1 (LRI: 1470) ​ HSSE 0.0067 ± 0.0001 0.031 ± 0.005 0.013 ± 0.008 0.0068 ± 0.0001
1470c DHS 0.053 ± 0.020 0.133 ± 0.027 0.091 ± 0.058 0.191 ± 0.196
​ SPME 0.004 ± 0.002 0.030 ± 0.001 0.0079 ± 0.0002 0.0053 ± 0.0001

2,3-Butanediol diacetate, isomer 2 (LRI: 1507) ​ HSSE 0.0039 ± 0.0004 0.027 ± 0.003 0.009 ± 0.003 0.0065 ± 0.0001
1507c DHS 0.021 ± 0.009 0.095 ± 0.018 0.023 ± 0.013 0.127 ± 0.142
​ SPME 0.003 ± 0.001 0.0272 ± 0.0004 0.0041 ± 0.0001 0.0044 ± 0.0001

Benzyl acetate 
(CAS: 140–11–4; LRI: 1737)

​ HSSE 0.0053 ± 0.0001 0.011 ± 0.001 0.009 ± 0.001 0.006 ± 0.001
1737a SPME 0.002 ± 0.001 0.0062 ± 0.0001 0.0029 ± 0.0002 0.0026 ± 0.0001
​ DHS 0.038 ± 0.018 0.051 ± 0.010 0.026 ± 0.017 0.236 ± 0.280

Ethyl phenylacetate 
(CAS: 101–97–3; LRI: 1784)

​ HSSE 0.082 ± 0.001 0.124 ± 0.019 0.101 ± 0.064 0.098 ± 0.012
1784a DHS 1.047 ± 0.498 0.996 ± 0.185 0.683 ± 0.437 7.345 ± 8.662
​ SPME 0.029 ± 0.005 0.0526 ± 0.0002 0.031 ± 0.002 0.034 ± 0.007

2-Phenylethyl acetate 
(CAS: 103–45–7; LRI: 1813)

​ HSSE 0.552 ± 0.005 0.870 ± 0.130 0.916 ± 0.622 0.581 ± 0.072
1813a DHS 5.948 ± 2.881 5.791 ± 1.003 5.567 ± 3.549 36.27 ± 2.641
​ SPME 0.189 ± 0.013 0.348 ± 0.012 0.258 ± 0.006 0.175 ± 0.024

Ketones ​ ​ ​ ​ ​ ​
3-Hydroxy¡2-butanone 

(Acetoin) 
(CAS: 513–86–0; LRI: 1275)

1275a HSSE 0.544 ± 0.039 0.724 ± 0.101 0.794 ± 0.327 0.244 ± 0.068
​ DHS 2.668 ± 0.984 1.563 ± 0.148 4.052 ± 1.200 2.180 ± 0.693
​ SPME 1.284 ± 0.554 1.574 ± 0.086 1.745 ± 0.046 0.921 ± 0.020

1-Hydroxy¡2-propanone (Hydroxyacetone) 
(CAS: 116–09–6; LRI: 1288)

1288a HSSE 0.347 ± 0.023 0.494 ± 0.122 0.535 ± 0.351 0.406 ± 0.037
​ DHS 0.481 ± 0.176 0.390 ± 0.033 0.287 ± 0.075 1.046 ± 0.833
​ SPME 0.118 ± 0.051 0.1726 ± 0.0001 0.062 ± 0.002 0.109 ± 0.003

1-Hydroxy¡2-butanone 
(CAS: 5077–67–8; LRI: 1363)

​ HSSE 0.041 ± 0.003 0.063 ± 0.028 0.061 ± 0.054 0.031 ± 0.003
1363b,2 DHS 0.029 ± 0.008 0.076 ± 0.001 0.016 ± 0.004 0.065 ± 0.048
​ SPME 0.008 ± 0.003 0.015 ± 0.004 0.0050 ± 0.0001 0.0084 ± 0.0004

Acetoin acetate 
(2-Acetoxy¡3-butanone) 
(CAS: 4906–24–5; LRI: 1364)

1364b,2 HSSE 0.019 ± 0.001 0.038 ± 0.006 0.028 ± 0.008 0.016 ± 0.002
​ DHS 0.055 ± 0.031 0.031 ± 0.003 0.034 ± 0.020 0.286 ± 0.335
​ SPME 0.019 ± 0.008 0.046 ± 0.001 0.024 ± 0.001 0.0134 ± 0.0001

2-Nonanone 
(CAS: 821–55–6; LRI: 1377)

​ HSSE 0.455 ± 0.024 0.069 ± 0.008 0.449 ± 0.251 0.315 ± 0.038
1377a DHS 2.150 ± 0.844 0.210 ± 0.023 1.065 ± 0.593 7.116 ± 7.881
​ SPME 0.213 ± 0.003 0.047 ± 0.002 0.187 ± 0.006 0.130 ± 0.021

1-Phenylethanone 
(Acetophenone) 
(CAS: 98–86–2; LRI: 1651)

​ HSSE 0.179 ± 0.097 0.463 ± 0.01 1.280 ± 1.507 0.806 ± 0.543
1651a DHS 0.120 ± 0.190 0.362 ± 0.06 0.465 ± 0.274 2.487 ± 2.600
​ SPME 0.035 ± 0.005 0.049 ± 0.005 0.0513 ± 0.0002 0.056 ± 0.005

1-(1H-pyrrol¡2-yl) ethanone 
(2-Acetylpyrrole) 
(CAS: 1072–83–9; LRI: 1991)

1991b,2 HSSE 0.023 ± 0.001 0.095 ± 0.015 0.022 ± 0.011 0.030 ± 0.002
​ SPME 0.027 ± 0.009 0.114 ± 0.023 0.018 ± 0.002 0.041 ± 0.003
​ DHS 0.272 ± 0.117 0.918 ± 0.125 0.135 ± 0.092 1.307 ± 1.265

Monoterpenoids ​ ​ ​ ​ ​ ​
trans-linalyl oxide 

(trans-linalool oxide) (furanoid) (CAS: 34995–77–2; LRI: 
1439)

1439b,3 HSSE 0.0108 ± 0.0003 0.0100 ± 0.0005 0.014 ± 0.005 0.022 ± 0.003
​ SPME 0.0297 ± 0.0073 0.029 ± 0.001 0.0252 ± 0.0002 0.0621 ± 0.0001
​ DHS 0.128 ± 0.056 0.053 ± 0.013 0.071 ± 0.044 1.269 ± 1.521

cis-linalyl oxide 
(cis-linalool oxide) (furanoid) 
(CAS: 5989–33–3; LRI: 1467)

​ HSSE 0.081 ± 0.001 0.063 ± 0.009 0.115 ± 0.066 0.125 ± 0.016
1467b,3 DHS 0.760 ± 0.341 0.274 ± 0.062 0.498 ± 0.316 5.854 ± 7.121
​ SPME 0.083 ± 0.022 0.069 ± 0.003 0.079 ± 0.001 0.131 ± 0.001

Linalool 
(3,7-Dimethylocta¡1,6-dien¡3-ol) 
(CAS: 78–70–6; LRI: 1537)

​ HSSE 0.175 ± 0.011 0.072 ± 0.005 0.092 ± 0.050 0.293 ± 0.034
1537a DHS 1.457 ± 0.791 0.272 ± 0.055 0.274 ± 0.158 12.13 ± 4.779
​ SPME 0.142 ± 0.023 0.073 ± 0.003 0.051 ± 0.001 0.231 ± 0.009

cis-Linalool 3,7-oxide 
(pyranoid) 
(CAS: 24048–52–0; LRI: 1773)

1773c HSSE 0.023 ± 0.001 0.016 ± 0.002 0.033 ± 0.021 0.026 ± 0.003
​ DHS 0.448 ± 0.206 0.203 ± 0.036 0.357 ± 0.217 2.837 ± 3.265
​ SPME 0.037 ± 0.011 0.0260 ± 0.0002 0.034 ± 0.001 0.044 ± 0.001

3,7-Dimethyl¡6-octen¡1-ol 
(beta-Citronellol) 
(CAS: 106–22–9; LRI: 1774)

​ HSSE 0.007 ± 0.001 0.060 ± 0.008 0.051 ± 0.029 0.011 ± 0.002
1774b,2 DHS 0.063 ± 0.037 0.777 ± 0.124 0.486 ± 0.309 0.781 ± 0.910
​ SPME 0.003 ± 0.001 0.067 ± 0.001 0.031 ± 0.003 0.0048 ± 0.0004

Pyrazines ​ ​ ​ ​ ​ ​
2-Methylpyrazine 

(CAS: 109–08–0; LRI: 1261)
1261a HSSE 0.010 ± 0.001 0.013 ± 0.002 0.012 ± 0.001 0.016 ± 0.001
​ DHS 0.007 ± 0.003 0.007 ± 0.001 0.004 ± 0.002 0.029 ± 0.030
​ SPME 0.012 ± 0.003 0.032 ± 0.005 0.0093 ± 0.0002 0.022 ± 0.003

2,5-Dimethylpyrazine/2,6-Dimethylpyrazine (CAS: 
123–32–0/108–50–9; LRI: 1317/1335)

​ HSSE 0.0128 ± 0.0003 0.025 ± 0.003 0.010 ± 0.002 0.015 ± 0.001
1317a/ 
1335a

DHS 0.010 ± 0.002 0.014 ± 0.001 0.003 ± 0.002 0.033 ± 0.030

​ SPME 0.008 ± 0.002 0.021 ± 0.003 0.0044 ± 0.0002 0.012 ± 0.002

(continued on next page)
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isobutyrate), highlighting the influence of the analytical technique on 
the results.

Regarding their presence in cocoa samples, esters are known to have 
a relevant and positive contributions in the aroma profile of cocoa de
rivatives, mostly related to fruity and floral notes (Bagnulo et al., 2023; 
Colonges et al., 2021; Herrera-Rocha et al., 2023; Marseglia et al., 2020; 
Rodríguez-González et al., 2025; Rottiers et al., 2019; Ullrich et al., 
2022). Their presence in cocoa products derives from multiple sources. 
For example, 2-heptanol acetate (1-methylhexyl acetate) —detected 
when using the three headspace techniques— can be found in the cocoa 
pulp (Hegmann et al., 2020). Other esters are produced by the yeasts 
during fermentation, involving reactions of alcohols with organic acids 

as acetic acid or other medium-chain fatty acids (De Vuyst and Leroy, 
2020; Erazo Solorzano et al., 2023). Some esters can even persist after 
roasting, as shown in the study of Marseglia et al. (2020) and in our 
results, such as ethyl octanoate, ethyl acetate, 2-heptanol acetate, and 
ethyl dodecanoate.

3.1.3. Pyrazines
A total of 9 pyrazines were detected in the samples (Fig. 2, Tables S1, 

S2 and S3), all of them observed with the three techniques, except for 2- 
ethyl− 5(6)-methylpyrazine. When sampled with HSSE, the relative peak 
areas of this compound were too small to allow reliable integration, 
therefore, it was excluded from the HSSE analysis. All of these pyrazines 
have been identified in cocoa mass in previous studies (Bagnulo et al., 
2023; Braga et al., 2018; Magi et al., 2012; Rodríguez-González et al., 
2025).

As was observed for the other chemical groups, relative peak areas 
were influenced by the sampling technique. For example, compared to 
the HS-SPME and HSSE, tetramethylpyrazine showed relative peak areas 
that were 10- to 100-fold higher after DHS extraction (Table 2, Table 3
and Tables S1, S2, and S3).

Regarding their presence in cocoa samples, pyrazines are mainly 
derived from Maillard reactions which occur primarily during cocoa 
drying and roasting of cocoa beans (De Vuyst and Leroy, 2020; Hinneh 
et al., 2018; Llano et al., 2024; Santander et al., 2025; Shakoor et al., 
2022; Toker et al., 2019; Yu et al., 2021). These compounds play a 
fundamental role in shaping the sensory profile by contributing to the 
overall aroma with earthy, roasty, cocoa, chocolate, and nutty notes 
(Crafack et al., 2014; Herrera-Rocha et al., 2023; Owusu et al., 2012; 
Peña-Correa et al., 2022; Rojas et al., 2022; Ullrich et al., 2022); thereby 
influencing consumer acceptance (Cemin et al., 2022). Moreover, pyr
azines have been linked to potential quality indices, for instance the 
ratio of tetramethyl pyrazine (TMP) and trimethyl pyrazine (TrMP) 
provide insights on the fermentation and roasting performance thereby 
in the resulting aroma potential (Van Durme et al., 2016; Ziegleder, 

Table 3 (continued )

Compound LRI Technique Mean relative peak areas

CCN_O CR1_O ICS_O TSH_O

2,3-Dimethylpyrazine 
(CAS: 5910–89–4; LRI: 1348)

​ HSSE 0.032 ± 0.001 0.078 ± 0.01 0.107 ± 0.032 0.057 ± 0.004
1348a DHS 0.035 ± 0.003 0.081 ± 0.001 0.066 ± 0.029 0.140 ± 0.109
​ SPME 0.034 ± 0.007 0.125 ± 0.024 0.109 ± 0.002 0.070 ± 0.008

Trimethylpyrazine 
(CAS: 14667–55–1; LRI: 1410)

​ HSSE 0.0350 ± 0.0003 0.127 ± 0.017 0.072 ± 0.040 0.040 ± 0.004
1410a DHS 0.184 ± 0.056 0.448 ± 0.102 0.220 ± 0.171 0.898 ± 0.997
​ SPME 0.029 ± 0.007 0.134 ± 0.028 0.054 ± 0.001 0.046 ± 0.005

5-Ethyl¡2,3-dimethylpyrazine 
(CAS: 15707–34–3; LRI: 1463)

​ HSSE 0.0168 ± 0.0001 0.100 ± 0.014 0.064 ± 0.039 0.024 ± 0.003
1463b DHS 0.127 ± 0.052 0.435 ± 0.100 0.262 ± 0.182 1.018 ± 1.225
​ SPME 0.013 ± 0.001 0.096 ± 0.007 0.0415 ± 0.0003 0.019 ± 0.002

Tetramethylpyrazine 
(CAS: 1124–11–4; LRI: 1480)

​ HSSE 0.0799 ± 0.0004 0.300 ± 0.043 0.394 ± 0.241 0.069 ± 0.008
1480a DHS 0.625 ± 0.211 1.452 ± 0.336 1.749 ± 1.217 3.425 ± 4.165
​ SPME 0.068 ± 0.010 0.320 ± 0.028 0.264 ± 0.002 0.061 ± 0.005

2,3,5-Trimethyl¡6-ethylpyrazine (CAS: 17398–16–2; LRI: 
1514)

​ HSSE 0.0070 ± 0.0001 0.026 ± 0.004 0.013 ± 0.007 0.007 ± 0.001
1514b,2 DHS 0.004 ± 0.001 0.025 ± 0.001 0.0065 ± 0.0002 0.0046 ± 0.0003
​ SPME 0.047 ± 0.020 0.098 ± 0.019 0.042 ± 0.028 0.287 ± 0.357

Others ​ ​ ​ ​ ​ ​
Gamma-Butyrolactone 

(CAS: 96–48–0; LRI: 1636)
1636a HSSE 0.178 ± 0.007 0.311 ± 0.045 0.244 ± 0.106 0.214 ± 0.006
​ SPME 0.149 ± 0.048 0.232 ± 0.015 0.144 ± 0.003 0.181 ± 0.002
​ DHS 1.193 ± 0.006 1.158 ± 0.335 0.596 ± 0.218 1.352 ± 0.803

2(5 H)-Furanone 
(CAS: 497–23–4; LRI: 1769)

​ HSSE 0.032 ± 0.002 0.054 ± 0.019 0.102 ± 0.070 0.070 ± 0.022
1769b,2 DHS 0.014 ± 0.006 0.030 ± 0.005 0.001 ± 0.002 0.076 ± 0.073
​ SPME 0.0032 ± 0.0002 0.008 ± 0.001 0.0047 ± 0.0001 0.0039 ± 0.0001

Unknown 108 (LRI: 1840) ​ HSSE 0.0266 ± 0.0001 0.024 ± 0.002 0.053 ± 0.033 0.029 ± 0.004
1840 SPME 0.013 ± 0.001 0.023 ± 0.002 0.019 ± 0.001 0.013 ± 0.001
​ DHS 0.558 ± 0.273 0.358 ± 0.058 0.552 ± 0.352 3.483 ± 4.123

Unknown 126 (LRI: 2009) ​ HSSE 0.023 ± 0.004 0.043 ± 0.012 0.081 ± 0.013 0.068 ± 0.008
2009 SPME 0.007 ± 0.002 0.010 ± 0.002 0.0065 ± 0.0003 0.0101 ± 0.0002
​ DHS 0.030 ± 0.014 0.026 ± 0.004 0.021 ± 0.015 0.157 ± 0.170

1n = 2; LRI: mean experimental linear retention index. reliability of identification: a) mass spectrum and LRI agreed with standards, b) mass spectrum agreed with mass 
spectral database and LRI agreed with the literature data, c) mass spectrum agreed with mass spectral data base; literature references agreed with LRI data: 2 Kim, et al. 
(2025), 3 Mancini, et al. (2009).

Fig. 1. Comparison of the number of VOCs identified after headspace sampling 
with three techniques and the number of shared compounds be
tween techniques.
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2017).

3.1.4. Ketones
Fifteen ketones were detected in the samples (Tables S1, S2 and S3): 

7 of them were detected in common for the three techniques (Tables 2 
and 3); 13 of them were detected after sampling with HS-SPME; 10 when 
using DHS extraction; and 8 after HSSE (Fig. 2). In addition, sampling 
with HS-SPME differentiated from the other two techniques because it 
enabled the detection of 4 ketones (2,3-butanedione (diacetyl), 2-hepta
none, 3-hepten− 2-one and 3-methyl− 2-cyclohexen− 1-one) that were 
not found or could not be integrated because of markedly low peak 
areas, when sampling with DHS or HSSE. Moreover, the effect of the 
sampling technique in terms of relative peak areas was variable, but 

overall, DHS extraction yielded again higher relative peak areas, 
particularly for 3-hydroxy− 2-butanone (acetoin), 1-phenylethanone 
(acetophenone), 2-nonanone and 1-(1H-pyrrol− 2-yl)ethanone (2-ace
tylpyrrole) (Tables 2 and 3).

With regards to their presence in the samples, 2-heptanone, 2-non
anone, 1-hydroxy− 2-propanone (hydroxyacetone), 1-phenylethanone 
and 3-hydroxy− 2-butanone have been previously found in cacao 
beans and derivatives as nibs, cocoa masses and dark chocolates, 
contributing to the aroma with fruity, creamy, buttery, among other 
notes (Akoa et al., 2023; Bagnulo et al., 2023; Braga et al., 2018; Llano 
et al., 2024; Magi et al., 2012; Marseglia et al., 2020; Otero Rojas et al., 
2022; Rodríguez-González et al., 2025; Rottiers et al., 2019). Moreover, 
2-heptanone and 2-nonanone have also been detected in cacao pulp, 

Fig. 2. Heatmap of the VOCs annotated after sampling with three headspace techniques (numbers outside the boxes refer to the VOCs codes which can be found in 
Supplementary Material, Tables S1, S2 and S3).
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suggesting a possible migration from the pulp to the beans during 
post-harvest processing, which might be influenced by cocoa variety and 
weather variations (Bickel Haase et al., 2021; Hegmann et al., 2020).

3.1.5. Monoterpenoids
Thirteen monoterpenoids were detected in the samples under study 

(Tables S1, S2 and S3) and 5 of them were observed in common after 
sampling with each technique. Moreover, HS-SPME enabled the highest 
number of detected monoterpenoids (Fig. 2) being 5 of them not 
detected when using DHS and HSSE: 1-methyl− 4-prop− 1-en− 2-ylcy
clohexene (D-limonene), 1-methyl− 4-propan− 2-ylbenzene (p-cymene), 
7-methyl− 3-methylene− 1,6-octadiene (beta-myrcene), neo- 
alloocimene ((E,Z)− 2,6-dimethyl− 2,4,6-octatriene), and trans-β-oci
mene ((3E)− 3,7-dimethylocta− 1,3,6-triene). In contrast, regarding the 
relative peak areas extracted, once again, sampling with DHS yielded the 
highest relative peak areas for this VOCs group (Tables 2 and 3).

Monoterpenoids are widely known for their correlation with floral, 
herbal and fruity fine aroma notes, among others, thereby their presence 
in these samples contributes to their sensory complexity. They can be 
present in cacao pulp, as linalool and linalool oxides —which in this 
study were detected in common after sampling with the three 
techniques—, and may migrate into cocoa beans during processing, 
remaining even in cocoa derivatives such as cocoa mass (Besançon et al., 
2024; Collin et al., 2023; Colonges et al., 2021; Deuscher et al., 2020; 
Hegmann et al., 2020; Quelal et al., 2023; Rottiers et al., 2019; Ullrich 
et al., 2022).

3.1.6. Aldehydes
Nine aldehydes were detected in the cocoa masses (Tables S1, S2 and 

S3), among which benzaldehyde and benzeneacetaldehyde (phenyl
acetaldehyde) were the only ones observed in common after sampling 
with the three techniques (Tables 2 and 3). The higher number of al
dehydes was obtained after sampling with HS-SPME (7), followed by 
DHS (6) and HSSE (5) (Fig. 2).

In general, aldehydes are recognized to be key contributors in the 
aromatic profile of cocoa and cocoa derivatives (Herrera-Rocha et al., 
2023). They can be present in the fresh cocoa pulp as hexanal, nona
nal, octanal (Bickel Haase et al., 2021; Hegmann et al., 2020) or be 
formed during fermentation as product of the metabolism of lactic acid 
bacteria, as 3-methylbutanal (isovaleraldehyde) and benzaldehyde (De 
Vuyst and Leroy, 2020). Moreover, roasting cocoa beans also yield 
Strecker aldehydes as for example, 3-methylbutanal, benzaldehyde, and 
benzeneacetaldehyde (Escobar et al., 2021; Frauendorfer and Schie
berle, 2019; Ullrich et al., 2022).

3.1.7. Acids
Eight acids with carbon chains ranging from C2 to C8 were detected 

in the samples (Tables S1, S2 and S3), 5 of which were observed in 
common after sampling with the three techniques (Tables 2 and 3). DHS 
yielded a higher number (7) of detected acids compared to HS-SPME and 
HSSE, that accounted for 6 each one (Fig. 2). Noteworthy, hexanoic and 
pentanoic acids (valeric acid) were observed only after sampling with 
DHS.

As occurs with other chemical groups, again DHS enabled substan
tially higher values in relative peak areas of acids when compared to HS- 
SPME and HSSE. Acetic acid, 3-methylbutanoic acid (isovaleric acid), 
and 2-methylbutanoic acid clearly evidenced this. For example, relative 
peak areas of acetic acid in some samples were over 5-fold higher when 
using DHS compared to HS-SPME, and more than 100-fold compared to 
HSSE (Tables 2 and 3).

With regards to their presence in the studied samples, some of them 
could arise from microbial metabolism, for instance production of acetic 
acid is one of the most notable changes during cacao fermentation (De 
Vuyst and Leroy, 2020; Dias et al., 2025). This VOC imparts sour taste 
and vinegar aroma notes that although its levels decrease through 
volatilization when drying, roasting, and conching, it may persist in final 

products such as cocoa mass and chocolates (De Vuyst and Leroy, 2020; 
Guckenbiehl et al., 2022; Rottiers et al., 2019; Toker et al., 2019; Wexler 
et al., 2025). Other acids can act as precursors of aroma-active VOCs 
such as esters, for instance ethyl dodecanoate and 3-methyl− 1-butanol 
acetate (isoamyl acetate), contributing with fruity notes. In contrast, 
others exhibit undesirable off-flavors, as propanoic (propionic), butyric, 
2-methylpropanoic (isobutyric), and 3-methylbutanoic acids (Colonges 
et al., 2022; De Vuyst and Leroy, 2020; Gutiérrez-Ríos et al., 2022; 
Mota-Gutierrez et al., 2019; Rottiers et al., 2019).

3.1.8. Others
The volatile complexity of the samples was further characterized by 

16 annotated VOCs belonging to various chemical families, including 
alkanes, alkenes, furans, furanones, and lactones (Tables S1, S2 and S3), 
while 22 additional VOCs grouped in this category remained with un
known nature.

As observed with most of the chemical groups discussed above, the 
choice of sampling technique significantly influenced the detection of 
VOCs. In this case, gamma-butyrolactone and 2(5 H)-furanone were the 
only two annotated compounds in this group observed in common after 
sampling with DHS, HS-SPME, and HSSE. The latter is a furanone, a class 
of compounds that, together with furans, act as key intermediate prod
ucts of the Maillard reaction, with particular interest due to their posi
tive contribution to the roasted and sweet notes of cocoa (Cui et al., 
2021; Rojas et al., 2022; Santander et al., 2025). Another detected 
compound, grouped in this chemical family, was 3-phenylfuran, which 
was in this case exclusively captured via DHS, highlighting again the 
influence of the analytical technique used on the results obtained.

3.1.9. Overall findings
HS-SPME, DHS, and HSSE sampling techniques enabled the detec

tion of a broad range of volatile compounds in cocoa masses. To further 
compare the three sampling techniques, a Principal Component Analysis 
(PCA) was performed considering only the VOCs detected in common 
(Figure S1. Supplementary Material). As was observed, the integrated 
PCA considering VOCs detected by all three techniques further high
lighted the distinct extraction behavior of DHS compared to HS-SPME 
and HSSE. Thus, each technique exhibited distinct performance char
acteristics in terms of number of observed VOCs, relative peak areas and 
variability between replicates. These results are consistent with several 
studies that compared different sampling techniques for VOCs analysis 
in other food matrices (Dias et al., 2023; Diez-Simon et al., 2020; Li 
et al., 2020; Liu et al., 2022; Petretto et al., 2017; Ríos-Reina et al., 
2018). It should be noted that these differences arise from a combination 
of factors, including physicochemical properties and geometry of the 
sorptive materials (coating versus bulk adsorbent), the amount of 
extracting phase and adsorption capacity, and the underlying extraction 
mechanisms (static versus dynamic sampling). While a fully controlled 
comparison isolating individual variables would be valuable from a 
mechanistic perspective, the present study intentionally adopts a 
configuration that reflects the practical implementation of these tech
niques in routine VOCs analysis. Therefore, the individual contribution 
of each factor cannot be fully disentangled, which represents an inherent 
limitation of this type of comparative approach. Accordingly, the sorp
tive material was considered an intrinsic component of each extraction 
methodology rather than an experimental variable to be independently 
optimized. Therefore, the observed differences among techniques 
should be interpreted as the combined effect of both the extraction 
approach and the physicochemical properties of the corresponding 
sorptive material.

As discussed previously, HS-SPME enabled the detection of the 
highest number of VOCs compared to DHS and HSSE (Figs. 1 and 2). This 
could be partially attributed to the fiber composition, which combines 
three different adsorbing phases —divinylbenzene (DVB), carboxen 
(CAR), and polydimethylsiloxane (PDMS)— thereby enhancing its ca
pacity to adsorb compounds with diverse polarities and molecular 
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weights. This broader sorption spectrum likely contributed to the wider 
VOC coverage observed for HS-SPME compared to the other evaluated 
techniques. The effect of the adsorbent nature in HS-SPME was inves
tigated in the study of Otero Rojas et al. (2022) who reported superior 
performance when using a DVB/CAR/PDMS fiber compared to 
CAR/PDMS and DVB/PDMS fibers for the analysis of cocoa masses. 
Moreover, DHS yielded in general the highest values of relative peak 
areas, which eased integration and identification, compared to the re
sults of the other two techniques, nonetheless, in general, a higher 
variability between replicates was observed in terms of standard de
viations (Tables S1, S2 and S3). This higher variability observed for DHS 

may be attributed to several factors inherent to the technique. Firstly, 
the dynamic nature of the extraction involves continuous purging with 
nitrogen, where slight fluctuations in flow rate may influence the 
transfer efficiency of VOCs from the headspace to the adsorbent. Sec
ondly, the trapping efficiency of Tenax TA™ can vary depending on 
compound volatility. Thirdly, the additional steps involved in thermal 
desorption may introduce further variability compared to more 
straightforward techniques such as HS-SPME. Furthermore, DHS 
sampler in general implies higher operational costs.

In contrast, HSSE yielded the lower number of detected compounds, 
likely due to the PDMS adsorbent, which has major affinity for non-polar 

Fig. 3. Principal Component Analysis based on HS-SPME data: A) score plot of the samples labeled according to their origin (‘C’ and ‘O’); B) loading plot of VOCs 
labeled by chemical groups (numbers refer to the VOCs codes which can be found in Supplementary Material, Tables S1, S2 and S3).
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or medium-polar compounds (Gerstel, 2015), and was more laborious as 
the extraction step was non-automatized. This selectivity may have 
limited the extraction of certain VOC families present in cocoa masses, 
thereby contributing to the lower number of detected compounds 
observed for HSSE.

In addition, the extraction techniques differ fundamentally in their 
retention mechanisms based on the phase state; solid sorbents like 
TenaxTA or SPME coatings (DVD/CAR/PDMS) exhibit adsorption 
behavior, while polymeric liquids like PDMS rely on absorption. 
Consequently, this governs their susceptibility to competitive displace
ment effects during volatile extraction, being this phenomenon higher in 
the case of the adsorption type coatings (Jeleń and Wieczorek, 2025).

To facilitate method selection depending on analytical priorities, a 
comparative decision matrix of the three extraction techniques is pre
sented as Supplementary Material (Table S4). It should be noted that the 
comparative assessment presented in this table is based on harmonized 
experimental conditions. Therefore, the relative performance of each 
technique may vary if technique-specific optimization is applied. The 
present comparison is intended to provide a consistent and controlled 
framework rather than to reflect the maximum achievable performance 
of each method.

Although HS-SPME demonstrated a favorable balance between VOCs 
coverage, variability, and operational simplicity, the results also high
light that HSSE and DHS may provide complementary analytical 

Fig. 4. Principal Component Analysis based on HSSE data: A) score plot of the samples labeled according to their origin (‘C’ and ‘O’); B) loading plot of VOCs labeled 
by chemical groups (numbers refer to the VOCs codes which can be found in Supplementary Material, Tables S1, S2 and S3).
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information. In particular, DHS showed enhanced peak areas, facili
tating the detection and integration of certain compounds, while HSSE 
and DHS enabled the detection of specific VOCs not captured by HS- 
SPME. Therefore, the selection of the sampling technique should not 
rely solely on general performance, but rather on the specific analytical 
objective, such as sensitivity requirements or target compound families.

3.2. VOCs sampling techniques as tools for distinguishing provenance

One of the aims of this study was to determine whether the VOCs 
profiles obtained from each sampling technique could be used to 
differentiate the provenance of the cocoa masses, which were elaborated 

from eight varieties of cacao from two different estates (Table 1). 
Notably, three of these varieties were cultivated in both origins, allow
ing a partial assessment of the relative influence of varietal and 
provenance-related factors. To further explore this, a principal compo
nent analysis (PCA) was performed with data acquired from each 
technique (Figs. 3, 4 and 5). In all cases, successful distinction was 
achieved, with samples clustering primarily according to their origin 
rather than their varietal background, as varieties shared between ori
gins did not group together.

3.2.1. HS-SPME
HS-SPME data analysis led to a PCA model in which the first two 

Fig. 5. Principal Component Analysis based on DHS data: A) score plot of the samples labeled according to their origin (‘C’ and ‘O’); B) loading plot of VOCs labeled 
by chemical groups (numbers refer to the VOCs codes which can be found in Supplementary Material, Tables S1, S2 and S3).
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principal components explained more than half of the variability of the 
dataset (Fig. 3), being the second principal component (PC2), the one 
that mainly explained the variations regarding the provenance of the 
samples. In contrast, the first principal component (PC1) mainly high
lighted the differentiated profile of sample CCN_C compared to the 
others. This could be explained by the fact that this sample had notably 
higher values of relative peak areas of some pyrazines such as for 
example trimethylpyrazine, tetramethylpyrazine and 2,3,5- 
trimethyl− 6-ethylpyrazine, esters as for example 2,3-butanediol diac
etate isomers, as well as ketone 3-hydroxy− 2-butanone and acetic acid 
(Tables S1, S2 and S3). These findings might be related to the fermen
tation step, where the intrinsic characteristics of cacao together with 
microbial metabolism produce a variety of compounds as 3-hydroxy− 2- 
butanone, acetic acid and derived acetate esters, and other compounds 
(Aprotosoaie et al., 2016; De Vuyst and Leroy, 2020; Dias et al., 2025; 
Erazo Solorzano et al., 2023). Differences in diversity, abundance and 
activity of the fermentation microbiota can be linked to origin charac
teristics (González-Orozco et al., 2024; Velásquez-Reyes et al., 2025).

Regarding the chemical markers responsible for geographical dif
ferentiation according to the PCA results, in general, samples from estate 
‘O’ were characterized by higher relative peak areas of some VOCs, such 
as specific ketones (2-heptanone and 2-nonanone), acids (3-methyl
butanoic acid, 2-methylbutanoic acid, and 2-methylpropanoic acid), and 
alcohols such as 2-heptanol and phenylethyl alcohol. In contrast, sam
ples from estate ‘C’ generally exhibited higher levels of 2-pentanol and 
3-ethoxy− 1-propanol, along with other compounds such as gamma- 
butyrolactone and 1-hydroxy− 2-propanone (Tables S1, S2 and S3).

These findings align with recent literature suggesting that the cocoa 
volatile profile is highly dependent on provenance, encompassing ge
netics, climate, and postharvest processing (Liberto et al., 2025). For 
instance, a variety of key markers have been previously identified for 
distinguishing cocoa origins across America and Africa, according to 
Liberto et al. (2025) who studied the VOCs composition of cocoa beans 
and cocoa masses from different origins (Colombia, Cameroon and West 
Africa countries) and varieties (Forastero, Arriba and CCN− 51), and 
Marseglia et al. (2020), who analyzed the volatilome of cacao beans 
from countries across different continents (America, Africa and Asia). In 
fact, this last study unveiled that samples from American countries were 
differentially characterized by diverse VOCs including 2-heptanone and 
2-heptanol, also relevant in the differentiation by origin of the samples 
under study. Similarly, the higher abundance of 2-pentanol observed in 
estate ‘C’ is consistent with studies correlating specific alcohol profiles 
with environmental factors like altitude and precipitation 
(Velásquez-Reyes et al., 2025), in which a higher abundance of 2-penta
nol was obtained in samples of cocoa beans from localities of a region of 
Mexico with higher altitude and annual precipitations.

3.2.2. HSSE
HSSE results were consistent with the findings of the HS-SPME 

technique despite the differences in the chemistry of the adsorbent, as 
was previously discussed. Thus, PC1, accounting close to a third of the 
explained variability of the experimental data, highlighted the differ
entiated chemical profile of CCN_C sample compared to the others, 
meanwhile PC2 explained variations related to the origin of the samples 
(Fig. 4), as was observed in the PCA model obtained from HS-SPME data. 
By looking at the loadings and relative peak areas, tetramethyl and 
trimethylpyrazines, 3-hydroxy− 2-butanone, 2,3-butanediol diacetate 
isomers, and acetic acid exhibited much higher values in CCN_C sample, 
as seen after sampling with HS-SPME, as expected. Propanoic acid was 
also a characteristic of CCN_C sample, showing higher values compared 
to other samples (Table S3).

In contrast, the differentiation of samples regarding the origin of the 
cacao was influenced by several acids such as 2-methylbutanoic acid, 3- 
methylbutanoic acid and 2-methylpropanoic acid, as well as 2-heptanol. 
All of them, in general, showed markedly elevated values of relative 
peak areas in samples from estate ‘O’. Despite the differences in the 

chemical profiles obtained when using different sampling techniques, 
these VOCs were also relevant contributors of origin differentiation in 
the HS-SPME model previously described.

As aforementioned, this is in agreement with the findings of 
Marseglia et al. (2020), as 2-heptanol played a role in the differentiation 
of cacao beans from different countries, moreover Calva-Estrada (2020) 
identified 2-methylpropanoic acid as a potential dark-chocolate marker 
made from South-American cocoa beans. In another study, Tuenter et al. 
(2020) reported that 3-methyl butanoic acid was detected in a com
mercial cocoa mass made from a blend of cocoa beans originating from 
West Africa, but not in one produced from cocoa beans of an Ecuadorian 
province. All these VOCs are relevant in terms of flavor as they 
contribute to a diversity of aromas as fruity notes, which is the case of 
2-heptanol, or rancid, sweaty or buttery notes associated with 3-methyl
butanoic acid and 2-methylpropanoic acid (Herrera-Rocha et al., 2023).

3.2.3. DHS
Differentiation between samples according to cacao origin was also 

observed in the PCA obtained from DHS data, mostly explained by PC1 
and PC2 (Fig. 5). CCN_C sample was again notably different from the 
others, as was observed in the PCA model obtained from the other 
techniques. By looking at the loadings and relative peak areas, tetra
methyl and trimethylpyrazines, 3-hydroxy− 2-butanone, and acetic acid 
exhibited much higher values in CCN_C sample, as seen after sampling 
with the other two techniques (Table S3).

According to the loadings plot (Fig. 5), regarding sample prove
nance, samples from estate ‘O’ were generally characterized by higher 
relative peak areas of monoterpenoids such as 3,7-dimethyl− 6-octen− 1- 
ol (beta-citronellol), together with phenethyl isobutyrate and 2-methyl
butanoic acid. In contrast, samples of estate ‘C’ were associated with 
higher values for alcohols such as 1-hexanol, 2,3-butanediol isomers, 
and benzyl alcohol, together with ketones such as 1-phenylethanone and 
1-(1H-pyrrol− 2-yl)-ethanone. Notably, sample PMC_C (estate ‘C’), stood 
out from the others, due to its high relative peak areas of 1-hexanol and 
1-phenylethanone, among others (Table S3).

The PCA results showed that DHS also enabled the detection of VOCs 
that contributed to differentiating samples by their origin. Nonetheless, 
the compounds that were more influential in this differentiation were 
not the same as the ones obtained after HS-SPME and HSSE sampling, 
likely due to differences in adsorbent amount and nature, and in the 
dynamic sampling principle, as discussed previously. Despite these dif
ferences, all the three techniques proved to find VOCs that were char
acteristic of the provenance of the samples studied.

In the study of Marseglia et al. (2020), in which roasted cocoa beans 
of 22 different origins from America, Africa and Southeast Asia were 
analyzed, the findings point out that 1-(1H-pyrrol− 2-yl)-ethanone had a 
high presence in these samples, which might be related to fermentation 
degree or cacao variety. In addition, authors indicated that 1-phenyle
thanone was characteristic of samples from Africa, although high vari
ation was observed. Similarly, Bagnulo et al. (2023) highlighted that 
1-phenylethanone had higher abundances in the samples of West 
African-origin blends. Calva-Estrada et al., (2020) observed that certain 
compounds contributed more significantly to the VOCs profile of five 
chocolates of different origins. For example, 3-hydroxy− 2-butanone was 
detected only in the chocolate or cocoa mass produced from Criollo 
cacao of the Amazons, and not in the chocolates made from cacao 
originating in Mexico, Venezuela and Ecuador.

As observed across all the PCA models, despite the differences in the 
VOCs profiles resulting from the sampling technique applied (HS-SPME, 
HSSE and DHS), each method successfully extracted VOCs that 
contributed to the differentiation of cocoa masses according to their 
origin in Costa Rica: estate ‘C’ in South Caribbean region and estate ‘O’ 
in Northen region (Table 1). For instance, 3-methylbutanoic acid, 2- 
methylpropanoic acid, and 2-pentanol were influential when sampling 
with HS-SPME and HSSE, and ketones such as 3-hydroxy− 2-butanone, 
1-(1H-pyrrol− 2-yl)-ethanone and 1-phenylethanone when sampling 
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with DHS. Although these results suggest that VOC profiling may cap
ture differences associated with cacao origin, the present findings should 
be considered preliminary due to the limited number of cacao varieties 
and geographical regions included in this study. Therefore, further in
vestigations involving a larger and more representative sample set will 
be necessary to confirm the robustness and general applicability of the 
observed geographical patterns.

4. Conclusions

This study demonstrates that the choice of headspace sampling 
technique (HS-SPME, HSSE, or DHS) significantly influences the volatile 
profile characterization of cocoa masses. Although the three methods 
differed in number of detected VOCs, relative peak area values, and 
variation between replicates, each provided valuable perspectives. 
These findings highlight the importance of selecting the most appro
priate technique according to the specific research question, as it may 
provide different insights.

Among the assessed techniques, HS-SPME was considered to have 
more advantages as it enabled the detection of a higher number of VOCs 
of all the three techniques, has lower costs and less operational demand 
than DHS and HSSE. However, the results also highlight the comple
mentary nature of the evaluated techniques. In particular, DHS provided 
enhanced higher detection capacity, while HSSE and DHS enabled the 
detection of specific VOCs not captured by HS-SPME. Rather than 
identifying a universally superior technique, these findings show that 
each method exhibits a distinct balance between the different perfor
mance parameters. Therefore, the selection of the extraction technique 
should depend on the specific analytical objective, reinforcing the 
importance of a fit-for-purpose approach when applying headspace 
sampling techniques to complex matrices.

The VOC profiles obtained after sampling with the three techniques 
were proved effective for distinguishing samples regarding their origin 
(estate ‘C’ in South Caribbean region and estate ‘O’ in Northen region, 
both located in Costa Rica). Despite these differences observed by each 
technique, key markers such as 2-heptanol, 2-heptanone, 3-methylbuta
noic acid, 2-methylpropanoic acid, 1-(1H-pyrrol− 2-yl)-ethanone, and 1- 
phenylethanone, among others, were consistently identified as influen
tial for origin-based differentiation, aligning with international litera
ture on cocoa traceability. Moreover, the complexity of the chemical 
profile in cocoa beans is product of an interplay among the agronomical 
varieties, geographical factors and postharvest practices linked to the 
origin, and this study suggests that these factors can also be expressed in 
cocoa derivatives as cocoa masses. However, the observations related to 
geographical differentiation should be regarded as preliminary and 
require confirmation through studies including a larger number of 
samples, varieties, and production regions.

To conclude, this study provides new insights regarding the use of 
three headspace techniques for the analysis of cacao masses. Results 
demonstrate the relevance and usefulness of the assessed sampling 
techniques in the analysis of VOCs, encouraging new research focused 
on traceability strategies for cocoa derivatives as cocoa masses.
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