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Abstract  

Online multidimensional evolved gases analysis was conducted during the roasting of nuts using fast-cycling 

optical heating gas chromatography (OHGC) coupled to mass spectrometry with electron ionization and soft 

single photon ionization (OHGC-EI/SPI-MS). SPI is a semi-selective soft ionization method for organic 
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compounds that produces mainly molecular ions, whereas EI is a hard ionization method that results in 

fragmentation. Ionization was either exclusively by one of these methods, or both were used alternately. 

Roasting of the nuts (almonds, Brazil nuts, cashews, peanuts, hazelnuts, pecans, pine nuts, and walnuts) was 

simulated in a thermal analysis (TA) device at a roasting temperature of 170 °C. The TA device was directly 

coupled to the OHGC-EI/SPI-MS for quasi-real-time analysis. Multidimensional analysis was possible with a 

temporal resolution of 1 min. Good chromatographic separation, constant repetition rates, and constant retention 

times (RTs) were obtained. Peak assignment was performed using the molecular mass information obtained from 

SPI-MS, the characteristic fragmentation patterns from EI-MS, and the OHGC RTs. The gases that evolved 

during roasting of each type of nut were monitored online using the TA-OHGC-MS setup. Aldehydes, furans 

and pyrazines were detected as flavor compounds. Changes in the compositions of the evolved gases during the 

roasting process were evaluated. The TA-OHGC-MS method could separate isobaric and isomeric compounds. 
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INTRODUCTION  

Thermal analysis (TA) is widely used in both research and industry to study the chemical and physical properties 

of materials. Modern TA systems combine thermogravimetry (TG) and differential scanning calorimetry. 

Detailed information on the chemical signature of a thermal process can be obtained by evolved gas analysis 

(EGA) (Raemakers and Bart 1997). EGA can be performed offline by sequential coupling of TA to gas 

chromatography mass spectrometry (Chiu 1968; He et al. 2015; Hof et al. 2014). Although coupling to 

chromatography provides high separation power, it sacrifices the temporal resolution of the thermal process. 

Coupling of TA with online methods, such as Fourier-transform infrared spectroscopy and mass spectrometry 

(TA-MS), allows for highly resolved real-time analysis of thermal reactions (Materazzi and Risoluti 2014; 

Materazzi and Vecchio 2013). TA-MS can be realized via capillary coupling or skimmed supersonic expansion 

(Celiz and Arii 2014; Kaisersberger and Post 1997; Kaisersberger and Post 1998; Saraji-Bozorgzad et al. 2011; 

Várhegyi et al. 2009). Standard TA-MS approaches using electron ionization (EI) cannot be used for samples 

with very complex matrices as the selectivity is low. To overcome this problem, some studies have reported the 

use of soft and selective ionization methods for natural samples (Fischer et al. 2013; Fischer et al. 2014). 

Recently, an additional fast gas chromatography (GC) separation step has been used between the TA and MS 
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with modulation of the evolved gases for quasi online TA-GC-MS (Saraji-Bozorgzad et al. 2010; Wohlfahrt et 

al. 2013). 

The most common ionization technique for gases and vapors is EI, which is usually performed with an electron 

energy of 70 eV. EI has high ionization efficiency but causes high fragmentation of molecules. The fragments 

produced are characteristic for specific classes of molecules or functional groups, and identification of 

compounds is commonly conducted by comparison of data with spectral databases (e.g., NIST). However, 

fragmentation of co-existing compounds results in complex mass spectra that are difficult to interpret. This is 

common for complex matrices such as petroleum or other natural samples. In these cases, identification of 

individual compounds in online EGA without molecular ion information is often not possible. Consequently, soft 

ionization techniques such as chemical ionization, atmospheric pressure chemical ionization, and photo 

ionization (PI) have become preferred methods for direct fast detection of organic gaseous compounds (Cao et 

al. 2003; Hanley and Zimmermann 2009; Lindinger et al. 1993; Rüger et al. 2015). Single photon ionization 

(SPI) is performed at a lower energy (8–12 eV) than EI, and this has a number of advantages. First, because of 

the energetic threshold of vacuum ultraviolet (VUV) photons, only molecules with ionization potentials (IP) 

lower than the photon energy are ionized. Carrier gases like nitrogen (IP = 15.58 eV) and bulk gases like oxygen 

(IP = 12.06 eV), carbon dioxide (IP = 13.77 eV), and water (IP = 12.62 eV) are not ionized (Streibel et al. 2007). 

Second, soft ionization causes less fragmentation of the compounds and produces molecular ions. A number of 

studies have used PI for MS of complex organic matrices (Diab et al. 2014; Fischer et al. 2013; Hölzer et al. 

2014; Isaacman et al. 2012; Jia et al. 2015; Schmid et al. 2013; Wu et al. 2010; Yang et al. 2009; Zimmermann et 

al. 2015). 

The gases that evolve from natural products contain an enormous variety of compounds, including isobaric and 

isomeric compounds. To distinguish isobaric compounds, enhanced mass resolution of the MS might be 

sufficient. By contrast, for isomers, other methods such as chromatographic separation are necessary. Saraji et al. 

(2010) performed quasi real-time, online, multidimensional analysis by TA-GC-MS. Similarly to comprehensive 

two-dimensional gas chromatography, they used a cryogenic modulator to dissect a continuous stream of 

evolved gas into discrete samples, which were injected into a short GC column for isothermal fast-GC 

separation. This resulted in an additional separation dimension, and the cryogenic focusing effect decreased the 

limit of detection. If fast chromatographic separation is used in online analysis, EI could be applied without co-

elution fragmentation problems because interferences will be reduced. Eschner et al. (2011) reported using EI 

and SPI in an alternating (or switching) mode, with the SPI producing molecular ions and EI producing 
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characteristic fragmentation patterns. Switching between the ionization methods enabled comprehensive peak 

assignment because the EI fragmentation patterns could be compared with spectral databases and the molecular 

ion information from SPI could be used to identify any co-eluted compounds or compounds not obvious in the 

spectral databases. There were some problems with Saraji’s setup, including retention time (RT) shifting, but 

these problems could be overcome using an ultrafast-cycling optical heated GC (OHGC) (Fischer et al. 2015). 

Coupling of OHGC to TA-MS (TA-OHGC-MS) is beneficial because it provides improved chromatographic 

separation of isomeric and isobaric compounds with constant RTs, allows for easy peak assignment with the 

alternating EI/SPI-mode, and has a low limit of detection because of accumulation of compounds during 

modulation (cryofocusing effect).  

Nuts are consumed worldwide both raw and after undergoing processing such as roasting. Many volatile 

compounds, which lead to unique flavors, are formed during roasting. Some flavor compounds, including 

aldehydes, furans, and pyrazines, are formed by Maillard and Strecker reactions, which lead to thermal 

degradation of sugars and lipid oxidation (Mottram 2007; Neta et al. 2010). Nut flavor is usually characterized 

after extraction of the volatile phase by steam distillation, high vacuum distillation, solvent extraction, 

simultaneous distillation–extraction, solvent-assisted flavor evaporation, or solid-phase micro extraction. 

Analysis of the volatile phase is generally performed by GC or GC-olfactometry (Krist et al. 2004; Neta et al. 

2010; Schirack et al. 2006). Roasting of coffee beans has been investigated by online mass spectrometry 

(Dorfner et al. 2004; Gloess et al. 2014; Yeretzian et al. 2003), and roasting experiments with single beans have 

been performed with a microprobe sampling setup for PI mass spectrometry (Hertz-Schunemann et al. 2013b) 

and in a TA device (Fischer et al. 2014).  

The aim of the current study was to apply TA-OHGC-MS to monitoring and online analysis of the evolved gases 

from nut roasting. The alternating (EI/SPI) ionization technique was used to support the assignment of m/z 

signals and aid identification of co-eluted compounds. The results can be used for characterization of various 

nuts according to their evolved gas composition.  

MATERIALS AND METHODS 

Experiments were carried out using a modification of an established setup (Eschner et al. 2011; Saraji-

Bozorgzad et al. 2010; Wohlfahrt et al. 2013), which is discussed below and shown in Fig. 1. Evolved gases 

from the TA-cell were continuously modulated in a cryogenic modulator, chromatographically separated on a 

GC column, ionized in the ion-source, and detected by a time-of-flight MS. 
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Fig. 1 Experimental setup: A) Schematic representation (top) and photograph of the TA-OHGC-MS setup, which include a 

TA-cell (a), cryogenic modulator (b), OHGC (c), ion-source (d), and time-of-flight MS (e). B) Theoretical (red line) and 

experimental (black line) heating (40 °C to 260 °C) and cooling cycles (60 s) of the fast-OHGC. C) The roasting program in 

the TA-cell. 

TA and Evolved Gases 

A simultaneous TA device (STA 449 F3 Jupiter, Netzsch-Geraetebau GmbH, Selb, Germany) was connected to 

a two-dimensional gas chromatograph (Trace, Thermo Fisher Scientific, Waltham, MA) via a heated (250 °C) 

deactivated fused silica capillary (3 m × 180 µm i.d.), which was used as an interstage oven. Gases that evolved 

in the TA, which was at ambient pressure, were transported by a pressure gradient through the interstage oven 

into the ion source of the MS. To avoid cold spots and condensation of the evolved gases, the coupling points 

were heated to 250 °C. 

Cryogenic Modulator 

Modulation of the evolved gases was conducted in cycles of 60 s using a cryogenic dual-jet CO2 modulator in 

the interstage oven. In the CO2 stream, the effluent was trapped on a column (BPX35, 0.2 m  250 µm, 0.25 µm 

film thickness, SGE Analytical Science, Melbourne, Australia) and remobilized by the interstage oven heated to 

250 °C. 
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Ultrafast-cycling Gas Chromatography Module 

The fast-OHGC module developed by Fischer et al. (2015) was added to the door side of the GC oven. The 

column was a BPX35 (3 m  250 µm, 0.25 µm film thickness, SGE Analytical Science). The modulation time 

was set to 60 s and the temperature program involved heating from 40 °C to 260 °C. Figure 1B shows theoretical 

temperature curves and the experimental temperature curves, which were constructed using data from an 

integrated temperature sensor (0.25 mm, type K) acquired at a rate of 50 Hz. The number of theoretical plates 

(N) and the height equivalent to the theoretical plates (H) were calculated using a test gas of benzene, toluene, 

and xylene and the half-height method. The calculated N were 9451, 23652, and 56994 for benzene, toluene, and 

xylene, respectively, and the corresponding H were 0.32, 0.13, and 0.05 mm. A resolution (R) of 1.97 was 

obtained for the isomers (E,Z)-2,4-decadienal and (E,E)-2,4-decadienal in a Brazil nut. 

Mass Analyzer and Ionization Method 

Fast data acquisition was performed using a modified compact time-of-flight MS (TOFMS; CTOF, Tofwerk AG, 

Thun, Switzerland). The pressure in the ion source was dependent on the temperature in the fast-OHGC, and 

alternated between 3.3 and 4.8 10
−5

 mbar. The pressure in the TOFMS was 3.3 10
−6

 mbar. Ionization was by 

hard EI with an electron energy of 70 eV, and soft SPI with a photon energy of about 10.2 eV (at the Lyman-

alpha line, 121.6 nm). Both ionization methods could be performed in an alternating mode (EI/SPI-mode), as 

detailed by Eschner et al. (Eschner et al. 2011). In the alternating mode, a quadrupole-mass-filter, which was 

placed in the ion source in front of the TOFMS, was used to eliminate signals as low m/z, including the carrier 

gas N2. The switching frequencies at acquisition rates of 10 and 100 Hz were 5 and 50 Hz, respectively. For SPI, 

a water-cooled deuterium lamp (L 1835, Hamamatsu Photonics Deutschland GmbH, Herrsching, Germany) was 

used as the VUV source. The light beam was focused in the ionization chamber using a double parabolic mirror 

module equipped with 6 and 8 inch MgF2-coated parabolic mirrors. VUV light sources are susceptible to loss of 

intensity in the VUV region over time, and the MgF2-coating of the mirror was used to minimize this (Wilbrandt 

et al. 2012). The measurements were carried out with a deuterium lamp with a running time of 120–170 h.  

TA settings for nut roasting 

For the roasting experiments, a single nut sample (approximately 1 g) was placed in a large Al2O3 beaker in the 

TA cell (Figure S-1). To reach a sample mass of 1 g, a single whole seed (peanut, almond), more than one seed 

(e.g., three pine nuts) or seed pieces (brazil nut, cashew, hazelnut, pecan, walnut) were placed in the beaker. The 

samples were not pre-treated before analysis. After closing the furnace, the protective and purge gas flows were 
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set to 20 and 55 mL/min, respectively. To ensure that all ambient air (O2) was removed from the system to 

protect the capillary column of the OHGC, heating was not started until 5 min after the gas flows were initiated. 

Then, the TA was conducted isothermally for 5 min at 40 °C to stabilize the temperature in the fast-OHGC 

module and the CO2 modulator. For post-processing of the data, this 5 min was subtracted from the data set as no 

mass loss occurred during this time. The sample was then heated to 170 °C with a heating rate of 10 C/min and 

held at 170 °C for 25 min (Figure 1C). After 25 min, the sample was removed from the TA cell to protect the 

system from the gases that were evolving from the roasted sample. Finally, the furnace was heated to 500 °C to 

clean the system and avoid carryover. During this cleaning step, the fast-OHGC module was operated. Similar to 

the method of Smith et al. (2014), the roasting temperature was set to 170 °C, but the roasting duration was 

increased from 15 min to 25 min so that it could be applied to all nut types in this study. 

For comparison purposes, the data for all nut samples were normalized to a sample weight of 1 g in post-

processing. Data processing and graphing were performed using Tofware and TofDaqViewer (Tofwerk AG, 

Thun, Switzerland), Microsoft Excel and Powerpoint (Microsoft Corporation, Redmond, USA), Matlab (The 

MathWorks Inc., Natick, USA), MarvinSketch (ChemAxon, Budapest, Hungary), and OrignPro (OriginLab 

Corporation, Northampton, USA). 

Samples 

The following raw nuts were obtained for use in this study: almonds (Prunus dulcis), Brazil nuts (Bertholletia 

excelsa), cashews (Anacardium occidentale), peanuts (Arachis hypogaea), hazelnuts (Corylus avellana), pecans 

(Carya illinoinensis), pine nuts (Pinus pinea), and walnuts (Juglans regia). All nuts were untreated and 

commercially available. Although peanuts are actually legumes, we refer to them as nuts in this study for 

simplicity. 

RESULTS AND DISCUSSION 

During the simulated roasting process at 170 °C, a major mass loss occurred in the TG analysis, and this was 

attributed to water. This mass loss was influenced by the size, surface area, and water content of the nuts. 

Consequently, different types of nuts showed different TG profiles for the water loss. However, because the 

contents of volatile and flavor components were low compared with the water content, the TG results did not 

show characteristic signals for the different types of nuts (Figure S-2) and could not be used to evaluate the 

roasting process. Consequently, the TG data are not discussed further in this work. As an example, results for 

four replicates of the TG analysis of peanut roasting are shown in Figure S-3.  
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Instead of using TG data, an initial evaluation of the roasting process for the different nuts was conducted using 

time-resolved EI and SPI MS three-dimensional plots (Fig. 2). In earlier studies, such as monitoring of gases 

produced during roasting in laboratory experiments (Dorfner et al. 2004) or in industrial roasters (Hertz-

Schunemann et al. 2013a), these types of plots have been used. 

 

Fig. 2 Three-dimensional plots of the results obtained by TA-MS with hard (EI, left column) and soft (SPI, right column) 

ionization for A) pine nuts, B) hazelnuts, C) pecans, D) cashews, E) walnuts, F) peanuts, G) almonds, and H) Brazil nuts 

during 25 min of gentle roasting.  

Although GC separation was performed in this study, the GC results are not displayed in these plots. Therefore, 

these plots are representative of the results that would be obtained using TG-MS without GC separation. The 

plots clearly show the differences between the two ionization methods. Whereas SPI (right column) mainly 

produces molecular ions with large molecular masses, EI predominately generates fragments with small 
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molecular masses. Therefore, EGA using SPI will be more powerful than that using EI because molecular 

masses will be rather interpretable than overlaying fragments from EI. The EI-MS plots (left column) showed 

some fragment signals in the low m/z region that were present for all types of nuts, and some signals for what 

were assumed to be molecular ions. By comparison, the signals for the eight types of nuts (Fig. 2A–H) obtained 

using SPI-MS were more characteristic as the molecular masses and the signal intensities of the evolved gases 

varied considerably among the different nuts. The general trend was a decrease in the signal intensities from the 

pine nuts (Fig. 2A) to the Brazil nuts (Fig. 2H). Many of the components detected in the almonds (Fig. 2G) and 

Brazil nuts (Fig. 2H) were also present in the other nuts, but their signals were difficult to detect because their 

intensities were very low compared with those of other components. Consequently, for better visualization, the 

intensities in the plots were converted to relative signal intensities by normalizing to the highest signal for each 

nut.  

The signals obtained by TA-OHGC-MS with alternating ionization methods were assigned according to 

molecular ions (SPI) and fragmentation patterns (EI). For the TA-SPI-MS results, the assignments for the signals 

were made with reference to literature data, and confirmed using the OHGC results. For the pine nuts (Fig. 2A) 

signals from SPI at m/z 96 (furfural), m/z 98 (2-furanmethanol), m/z 126 (4H-pyran-4-one 5-

hydroxymethylfurfural) and m/z 144 (3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one) were dominant. 

During the roasting process, the intensities of the signals at m/z 126 and 144 increased rapidly at the beginning of 

the process, and then decreased after a few minutes. By contrast, the intensity of the signal for 2-furanmethanol 

(m/z 98) increased from the beginning of the process until 15 min, and then stayed constant until the end of the 

process. The evolved gases from the hazelnuts (Fig. 2B) showed many signals, with the signal at m/z 98 being 

dominant. The changes in the signal intensity for 2-furanmethanol during roasting of hazelnuts and pine nuts 

were similar, but the signal intensity started increasing at a later point in the process for pine nuts compared with 

hazelnuts. In addition, the signal intensity increased throughout the process for hazelnuts but stayed constant 

after a certain point for pine nuts. Pecans (Fig. 2C) showed high signal intensities for furfural, which was the 

dominant component, 2-furanmethanol, and 4H-pyran-4-one, 5-hydroxymethylfurfural. These signal intensities 

were also high for the cashews (Fig. 2D). Other high intensity signals for the cashews included m/z 108 (2,5-

dimethylpyrazine), m/z 128 (2,5-dimethyl-4-hydroxy-3(2H)-furanone) and m/z 144 (3,5-dihydroxy-6-methyl-2,3-

dihydro-4H-pyran-4-one). The roasting profile for the walnuts (Fig. 2E) was very similar to that for the pecans 

(Fig. 2C), which is not surprising because they belong to the same botanical family (Juglandaceae). The 

composition of the evolved gas from the peanuts (Fig. 2F) was different from the other nuts. Initially, signals at 
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m/z 34 (hydrogen sulfide), m/z 44 (acetaldehyde), and m/z 74 (1-hydroxy-2-propanone) were observed. The 

higher mass region was dominated by m/z 94 (methylpyrazine), m/z 108 (2,5-dimethylpyrazine), and m/z 120 

(benzeneacetaldehyde and 2,3-dihydrobenzofuran, double peak as shown in Fig. 3), which was not observed for 

the other nuts. For the almonds (Fig. 2G), there were few dominant signals and many low intensity signals. The 

most abundant signals were at m/z 34 (hydrogen sulfide), 44 (acetaldehyde), 67 (pyrrole), 72 (2-methyl-

propanal), 94 (methylpyrazine), 96 (furfural), 98 (2-furanmethanol), 108 (2,5-dimethylpyrazine) and 128 (2,5-

dimethyl-4-hydroxy-3(2H)-furanone). Prominent signals in the roasting profile of the Brazil nuts were at m/z 67 

(pyrrole), 96 (furfural), 98 (2-furanmethanol), 126, (4H-pyran-4-one) and 152 ((E,Z)-2,4-decadienal and (E,E)-

2,4-decadienal). These results show that the three-dimensional plots present an overview of the roasting 

processing and can be used to establish fingerprint mass spectra according to the components detected in the 

evolved gases for the nuts.  

Fig. 3 shows the total ion current (TIC) chromatograms for peanuts and hazelnuts after roasting. The selected 

signals for selected ion monitoring mode (SIM) were m/z 81 (peanuts, Fig. 3A), 86 (hazelnuts, Fig. 3B), and 120 

(peanuts, Fig. 3C). These figures are used to show how chromatographic separation of isobaric compounds was 

achieved and the signals for these compounds were assigned. The samples were ionized with either EI (blue 

figures and marker on left hand side) or SPI (red figures and marker on left hand side). Initially, during 

temperature stabilization and heating, the signal intensities were low in all the TICs. After 18 min, when the 

roasting temperature of 170 °C was reached, the signal intensities started to increase. During roasting, individual 

modulation/fast-GC separation cycles were visible in the TICs, and were even more obvious in SIM. For each 

nut and ionization method, one modulation/fast GC-separation cycle (labeled as Cycle on the figure) of 60 s was 

magnified. For EI, this revealed several separate peaks at the selected m/z, which were characteristic of high 

fragmentation. For SPI, this showed a few separate peaks for SPI, which were characteristic of molecular ion 

production. The EI fragmentation patterns were compared with data in the NIST library for peak assignment.  

When evaluating the signal at m/z 81 for peanuts, co-elution hindered the assignment of the peaks. In this case, 

the alternating mode of ionization was useful because SPI provided molecular ion information that could be used 

for peak assignment. By comparison, EI did not provide any molecular ions as the dominant peaks were for 

fragments of 2,5-dimethylpyrazine and 2-pentylfuran. A signal appeared at m/z 94 (methylpyrazine) in both the 

EI and SPI results (labeled MS2 on the figure), and information from SPI (labeled D) on the figure) indicated 

that this signal was actually for co-eluted compounds (3-methyl-1H-pyrrole and methylpyrazine). This 

information enabled signal assignment for the EI fragmentation pattern. Finally, comparison of NIST data 
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(labeled NIST 1 and NIST 2 on the figure) with peaks 1 and 2 (labeled as MS1 and MS2 on the figure) was used 

to assign these as 1-methyl-1H-pyrrole and 3-methyl-1H-pyrrole, respectively.  

For the signal at m/z 86 from hazelnut roasting (Fig. 3B), peaks 3 and 4 were present in both the EI and SPI 

results. In the EI results, different fragmentation behavior was observed for these components. Peak 3, which 

was assigned to 2,3-butanedione (ketone), had a high signal intensity for the fragment at m/z 43 and a low 

intensity for the molecular ion peak m/z 86 (labeled as MS 3 on the figure). By contrast, peak 4, which was 

assigned to 2-methylbutanal (aldehyde), was highly fragmented with dominant signals at m/z 41, 57, 58 and a 

low intensity signal at m/z 86 (MS 4).  

For the signal at m/z 120 from peanut roasting (Fig. 3C), peak 5 and 6 were observed in both the EI and SPI 

results and were well separated and intense. The components of peak 5 and peak 6 showed different 

fragmentation patterns in the EI-MS (labeled as MS 5 and MS 6 on the figure). Comparison with spectra from 

the NIST database (labeled as NIST 5 and NIST 6 on the figure) was used to assign peak 5 as 

benzeneacetaldehyde and peak 6 as 2,3-dihydrobenzofuran.  

Using the process described above, the molecular ion information from SPI, EI fragmentation patterns, and 

characteristic RTs were used to assign peaks for all the nuts tested in this study (Table 1). All m/z values listed in 

Table 1 were selected using only SPI, and then assigned using the alternating mode. Further details from the EI 

and SPI mass spectra and the corresponding NIST EI mass spectra are given in Table S-1. 
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Fig. 3 Separation of isobaric compounds by fast-cycling optical heating gas chromatography for selected signals from 

peanuts (A = m/z 81 and C = m/z 120) and hazelnuts (B = m/z 86) after roasting. The figures are for EI (blue) and SPI (red) 

and show total ion current (TIC) chromatograms, selected ion monitoring (SIM) chromatograms for the entire TA process, 

SIM chromatograms for one OHGC 60 s cycle (Cycle) in the TA process, selection of two distinct peaks (MS 1 and MS 2; 

MS 3 and MS 4; MS 5 and MS 6) in these cycles and their fragmentation pattern from EI and molecular ions from SPI.  

The RT is dependent on the OHGC program, the type of column used for separation, and the column length. If 

these parameters are stable, the RT can be used in combination with the molecular ions for peak assignment of 

compounds in the evolved gases from roasting of the nuts. However, there are exceptions concerning constant 



13 
 

RTs. This behavior will be explained in the following. Although water was not detected directly using either SPI 

or EI because of the ionization threshold (SPI) and the activated mass filter (EI), it is a major component in the 

roasting gases and causes RT shifts, especially for highly polar components such as acetic acid and 1-hydroxy-2-

propanone. Interaction of these components with the stationary phase of the GC column is affected by the 

presence of water, and their RTs decrease from cycle to cycle. This behavior was reproducible within various 

experiments. In addition, for components with longer RTs, some overlapping may occur because of insufficient 

chromatographic separation. In these cases, assignment according to EI fragmentation patterns is not possible 

with the described approach. 

Table 1 List of compounds in the evolved gases from the roasting of various nuts.  
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1 •  • • •    8.8 ±0.13 34 Hydrogen sulfide 

2 •  • • • •  • 9.1 ±0.10 44 Acetaldehyde (Mason et al. 1967; Walradt et 

al. 1971) 

3 •  • • •    9.8 ±0.10 58 Propanal (Acetone)(Smith and Barringer 

2014; Su et al. 2011; Walradt et al. 1971) 

4 • • • • • • • • 
a
 60 Acetic acid 

5 • • • • • • • • 19.8 ±0.24 67 Pyrrole 

6 •  • • •    10.8 ±0.21 72 2-Methylpropanal 

7 •  • •  • • • 
a
 74 1-Hydroxy-2-propanone 

8  • • • •    18.8 ±0.16 81 1-Methyl-1H-pyrrole 

9 • • • • • •   23.6 ±0.25 81 3-Methyl-1H-pyrrole 

10 •   • •  •  11.7 ±0.19 86 2,3-Butanedione 

11 •   • •    13.6 ±0.30 86 2-Methylbutanal 

12 • • • • • • • • 23.5 ±0.16 94 Methylpyrazine 

13   •   • •  31.5 ±0.24 95 2-Carboxaldehyde-1H-pyrrole- 

14 • • • • • • • • 24.2 ±0.19 96 Furfural 

15   •   •  • 26.6 ±0.11 96 4-Cyclopentene-1,3-dione 

16 • • • • • • • • 24.4 ±0.24 98 2-Furanmethanol 
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17   • •   •  22.7 ±0.15 100 Dihydro-2-methyl-3(2H)-furanone 

18  •     •  27.2 ±0.01 104 Methional 

19 • • • • • • • • 26.3 ±0.17 108 2,5-Dimethylpyrazine 

20 •  • • • • • • 28.6 ±0.17 110 5-Methyl-2-furancarboxaldehyde 

21   •   • • • 32.4 ±0.20 114 2-Furfurylthiol, 2-heptanone, heptanal(Chung 

et al. 1993; Diab et al. 2014; Neta et al. 2010) 

22 •  •  • •   31.0 ±0.93 120 Benzeneacetaldehyde 

23     •    38.9 120 2,3-Dihydrobenzofuran 

24 •  • • •  •  28.9 ±0.20 122 2-Ethyl-5-methylpyrazine 

25    •  • • • 34.5 ±0.79 126 4H-Pyran-4-one 

26 • • • •  • • • 41.2 ±0.26 126 5-Hydroxymethylfurfural 

27 • • • • • • • • 32.1 ±0.19 128 2,5-Dimethyl-4-hydroxy-3(2H)-furanone 

28   •  •    31.0 ±0.21 136 3-Ethyl-2,5-dimethylpyrazine  

29   • •  • • • 28.2 ±0.22 144 2,4-Dihydroxy-2,5-dimethyl-3(2H)-furan-3-

one 

30 • • • •  • • • 35.8 ±0.25 144 2,3-Dihydro-3,5-dihydroxy-6-methyl-4H-

pyran-4-one 

31     •    41.8 150 2-Methoxy-4-vinylphenol 

32  •       39.2 152 (E,Z)-2,4-Decadienal 

33  •       40.4 152 (E,E)-2,4-Decadienal 

 

a
: The reaction time (RT) of the component was greatly influenced by the water content of the sample. Thus, a 

fixed RT was not defined in this study. The GC RTs were taken from the 8th or the 16th modulation cycle of 

roasting, depending on the analyte’s occurrence. 

b
: The standard deviation was calculated using the number of nut samples that the component was present in 

(number of black dots in a row). 

The RTs for the detected compounds of a peanut roasting experiment are shown in three-dimensional plots in 

Fig. 4. The three-dimensional plots were constructed with the RT on the z-axis, the roasting duration on the y-

axis, and m/z on the x-axis for both EI (Fig. 4A) and SPI (Fig. 4B) results for peanuts. Signals with constant RTs 

appear as straight lines that are parallel to the roasting duration. These plots highlight areas where one ionization 
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method is better than the other. Lipid components in the high RT region (50–60 s) are ionized relatively 

efficiently by EI but this method results in high fragmentation. By contrast, SPI is relatively inefficient in this 

RT region, but results in less fragmentation. Because of the high EI fragmentation and inefficiency of SPI in this 

region, it was not possible to assign these signals. 

 

Fig. 4 Three-dimensional TIC plots for analysis of a single peanut with EI (A) and SPI (B).  

The peanut roasting results revealed that the signal at m/z 120 was characteristic for this type of nut (Fig. 3). This 

could be attributed to the fact that peanuts are legumes not tree nuts like the other nuts used in this study. 

Changes in the signal at m/z 120 were monitored during the roasting process for four individual peanuts (Fig. 

5A a–d). The masses of the samples were different (a = 1180 mg, b = 1178 mg, c = 958 mg, d = 924 mg), and for 

comparison purposes, the ion signals were normalized to a mass of 1 g. The SIM chromatograms of the signal at 

m/z 120 showed two independent peaks (Fig. 3), which were identified as benzeneacetaldehyde (dotted blue line) 

and 2,3-dihydrobenzofuran. The level of benzeneacetaldehyde, which has a flavor described as floral, sweet and 

green, increased initially during roasting and reached a maximum after 4–5 min. The level of 

benzeneacetaldehyde then decreased until after 12–15 min. The aroma of 2,3-dihydrobenzofuran is described as 

rubbery and harsh. During the roasting process, its level increased until it reached a maximum at 10–15 min, and 

then decreased slightly but was still present after 25 min of roasting (Neta et al. 2010; Schirack et al. 2006). The 

optimum roasting duration will depend on the mass of the nut. In previous experiments, it was determined that 
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roasting for 10–15 min at 170 °C gave an optimal grade of peanut roasting (optically rated). This roasting 

duration compares well with that in an earlier study (Smith and Barringer 2014). The benzeneacetaldehyde 

profiles (Fig. 5) combined with visual analysis of the roasting result indicate that the decrease in 

benzeneacetaldehyde could be used as an indicator of the optimum roasting duration for peanuts. Even though 

different peanuts will naturally have differences in composition, the signals at m/z 120 for the four individual 

peanut roasting experiments were relatively constant (as shown by the error bars in Fig. 5B). This shows that this 

method is reproducible.  

 

Fig. 5 A) Changes in the signal at m/z 120 during gentle roasting of four individual peanuts (a–d), showing two isobaric 

compounds with different temporal behavior. The blue dotted line highlights the peaks for benzeneacetaldehyde, while the 

remainder of the peaks are for 2,3-dihydrobenzofuran. B) Roasting profiles for m/z 120 over 25 modulation cycles with the 

standard derivation (n = 4). 

Flavor Compounds 

We then investigated specific classes of flavor compounds that were detected in the evolved gases from the 

roasted nuts. 

Aldehydes 

The signal at m/z 152 could be attributed to two isomers of 2,4-decadienal, and we evaluated the EI (blue) and 

SPI (red) results obtained over 19 min of roasting of a Brazil nut to study these isomers (Fig. 6). Both (E,Z)-2,4-

decadienal, which has a fatty, green odor, and (E,E)-2,4-decadienal, which has a fatty, deep fried odor, were 

released during the roasting process (Matsui et al. 1998). The EI and SPI signals showed the same trends for 

these compounds. The ion signal was weaker in SPI than EI, and these traces were noisier. Decadienal formation 

increased until 12 min, and then decreased until the end of the roasting process. Separation of the isomers was 
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evaluated using a magnification of the results for modulation cycle 12. Two major peaks were detected and were 

assigned to (E,Z)-2,4-decadienal (A) and (E,E)-2,4-decadienal (B). These two compounds were unique to the 

Brazil nut profile among the roasting experiments in this study, and could be considered as markers for Brazil 

nuts. These results show that TA-OHGC-MS can be used for separation of isomers.  

 

Fig. 6 EI (blue) and SPI (red) SIM traces of the signal at m/z 152 (circles = (E,Z)-2,4-decadienal, squares = (E,E)-2,4-

decadienal) for Brazil nuts during gentle roasting, and a magnification of SIM trace in the 12th SPI modulation cycle (A = 

(E,Z)-2,4-decadienal, B = (E,E)-2,4-decadienal).  

Pyrazines 

Pyrazines are considered key flavor compounds in roasted peanuts, with studies showing their concentrations are 

highly correlated with roasted flavor and aroma, especially for 2,5-dimethylpyrazine (Baker et al. 2003; Neta et 

al. 2010). To compare these earlier results with the present TA-OHGC-MS results, the modulation cycle after 

15 min of peanut roasting was examined for pyrazines. Four pyrazines were detected, including 2-

methylpyrazine (m/z 94), 2,5-dimethylpyrazine (m/z 108), 2-ethyl-5-methylpyrazine (m/z 122) and 3-ethyl-2,5-

dimethylpyrazine (m/z 136) (Fig. 7). Similar to the results of Baker et al. (2003), 2,5-dimethylpyrazine (m/z 108) 

was the most abundant pyrazine followed by 2-methylpyrazine (m/z 94). 
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Fig. 7 Pyrazines detected in the evolved gas from peanut roasting in the 16th modulation cycle (16 min of roasting) with SPI-

MS. The peaks are assigned as follows: 2-methylpyrazine (m/z 94), 2,5-dimethylpyrazine (m/z 108), 2-ethyl-5-

methylpyrazine (m/z 122), and 3-ethyl-2,5-dimethylpyrazine (m/z 136). 

We then looked at the levels of these two pyrazines (2-methylpyrazine and 2,5-dimethylpyrazine) in all the types 

of nuts for the whole roasting duration with SPI-MS (Fig. 8). The most obvious finding was that the pecans and 

walnuts, which belong to the same family, showed the lowest signal intensities for the two pyrazines. When 

looking at the ratio of the signal intensity for m/z 94 to that at m/z 108, this ratio was very different for Brazil 

nuts compared with the other types of nuts. For Brazil nuts, 2-methylpyrazine was the dominant species. For the 

other types of nuts, both pyrazines were present with 2,5-dimethylpyrazine (m/z 108) dominating for the first 

half of the roasting process and equal contribution from the two pyrazines for the remainder of the roasting 

process. Although the signal intensities varied, the trends and the ratios of m/z 94 to m/z 108 were relatively 

consistent for measurements within the same family (Fig. S-4). 
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Fig. 8 SIM traces showing the formation of key flavor compounds, 2-methylpyrazine (m/z 94) and 2,5-dimethylpyrazine 

(m/z 108), for various nuts during roasting at 170 °C. 

Furans and furan derivatives 

Example results from the almonds, pine nuts, pecans, and walnuts for furans and furan derivatives are discussed 

in this section. After 15 min of roasting and during the 16
th

 modulation cycle, five different compounds were 

detected for these nuts (Fig. 9). These compounds were furfural at m/z 96 (1, black), 2-furanmethanol at m/z 98 

(2, red), 5-methyl-2-furancarboxaldehyde at m/z 110 (3, blue), 5-hydroxymethylfurfural at m/z 126 (4, green), 

and 2,5-dimethyl-4-hydroxy-3(2H)-furanone at m/z 128 (5, pink). It should be noted that the signal at m/z 126 

observed for the pine nuts (dashed green line) was not a furan. The signal at m/z 128 (2,5-dimethyl-4-hydroxy-

3(2H)-furanone) was dominant in the almonds. All nuts showed high signal intensities for furfural (m/z 96), 2-

furanmethanol (m/z 98), and 5-hydroxymethylfurfural (m/z 126). These results show that the specific furans 

detected in the evolved gases from roasted nuts depends on the type of nut type, and the furan composition 

allows for a quick evaluation to distinguish between types of nuts.  
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Fig. 9 Furans and furan derivatives detected for almonds (A), pine nuts (B), pecans (C) and walnuts (D). Magnifications of 

the OHGC separation are shown after 15 min of roasting at 170 °C, with the detected compounds labeled as (1) furfural, (2) 

furfuryl alcohol, (3) 5-methyl-2-furancarboxaldehyde, (4) 5-hydroxymethylfurfural, and (6) 2,5-dimethyl-4-hydroxy-3(2H)-

furanone. 

CONCLUSIONS 

Multidimensional analysis of evolved gases from roasting of different types of nuts was carried out by TA 

coupled to modulated ultrafast-cycling OHGC using both SPI and EI. The OHGC separation gave high 

chromatographic resolution and constant RTs, and could be used for separation and identification of isobaric and 

isomeric compounds. Modulation steps resulted in concentration of the analytes and sharp chromatographic 

peaks enabled the detection of low compound concentrations in the roast gases. This enabled detection of 

compounds present at low concentrations in the roasting gases. Use of both SPI and EI combined the advantages 

of soft and hard ionization, and these methods could be used either exclusively or in an alternating mode. The 

characteristic RTs and results obtained with the different ionization methods allowed for rapid peak assignment 

for specific components in the roasting gases. The ideal roasting durations for peanuts could be determined by 

monitoring the composition of the roasting gas. 
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Modulation cycles of 60 s were sufficient for quasi-online analysis in nut roasting. Many of the components 

were separated on the GC column, but with the short column length, some components co-eluted and gave 

overlapping fragmentation patterns with EI. The molecular ions produced by soft ionization technique with SPI 

were used to overcome this problem with co-elution.  

In conclusion, TA-OHGC-MS is a powerful analytical technique for applied and fundamental research in the 

food sciences and food industry. It provides a simple and rapid technique for real-time monitoring of key flavor 

compounds, such as pyrazines and furans, in thermal processing of food (e.g., roasting, toasting, baking). In 

addition to the investigation of thermal processing of food, it could be applied to tests with model substances to 

investigate individual flavor formation reactions (e.g., the Maillard reaction) and processes.  
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Figure S-1. The nut sample is directly placed in the sample carrier (Al2O3 Beaker) of the STA 449 F3 Jupiter. In this configuration only thermogravimetric data generation is 

possible. 

 

 

 



 

 

Figure S-2. TA-Data of almond, brazil nut, cashew, peanut, hazelnut, pecan, pine nut and walnut, recorded during the roasting process. The mass loss and its first derivative show 

differences at the beginning while the various nuts are heated up and continue for a little while. These signals are dedicated to the loss of water. In the ongoing roasting process, 



there are no significant differences. The study shows that the TA signals can’t provide supporting information about the composition of the roast gases. The arising in the DTG-

signal of every measurement is merely the effect when the temperature of 170°C is reached (depending on the nuts’ properties) and is therefore classified to be artificial. 

 

Figure S-3. DTG-data of four peanut samples (a-d) are evaluated and show repeatability and thereby the similarity of one nut species. The artificial signal, as mentioned in Figure 

S-2 appears when the roasting temperature of 170 °C, after 18 min in the TA is reached. 

 



 

 

 

Figure S-4. The SICs of m/z 94 (2-methylpyrazine) and m/z 108 (2,5-dimethylpyrazine) in three peanut samples during roasting at 170 °. Signal intensities vary between the 

single nut samples, but the trend of the ratios is comparable. 2,5-dimethylpyrazine is dominating in the beginning, In the end m/z 94 and m/z 108 contribute equally. 



 

 

Table S-1. List of compounds detected in the roast gases and assigned by comparison of the EI mass spectrum to the NIST EI mass spectrum and compared to the SPI mass 

spectrum with the molecular ion information. Additionally, the information of SPI enables to tackle co-eluting compounds. Please note, in the EI mass spectra m/z 44 is almost 

permanently present (not efficiently modulated CO2) but was not considered during evaluation. M/z < 30 has been eliminated by the applied mass filter. Thus, mass spectra start 

with m/z 30 and the range of the NIST mass spectrum has been adapted. 
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SPI MASS SPECTRUM 

 

 

EI MASS SPECTRUM 

 

 

NIST EI MASS SPECTRUM 

1 34 7783-06-4, 

Hydrogen 

sulfide 

   



2* 44 75-07-0, 

Acetaldehyd 

   
3* 58 123-38-6, 

(123-38-6), 

Propanal 

(Acetone) 

   
4 60 64-19-7, 

Acetic acid 

   



5 67 109-97-7, 

Pyrrole 

   
6 72 78-84-2, 

2-

Methylprop

anal 

 

   
7 74 116-09-6, 

1-Hydroxy-

2-propanone 

   



8 81 96-54-8, 

1-Methyl-

1H-pyrrole 

   
9 81 616-43-3, 

3-Methyl-

1H-pyrrole 

   
10 86 431-03-8, 

2,3-

Butanedione 

   



11 86 96-17-3, 

2-

Methylbuta

nal 

   
12 94 109-08-0, 

Methylpyra

zine 

   
13 95 1003-29-8, 

2-

Carboxalde

hyde-1H-

pyrrole 

   



14 96 98-01-1, 

Furfural 

   
15 96 930-60-9, 

4-

Cyclopenten

e-1,3-dione 

   
16 98 98-00-0, 

2-

Furanmetha

nol 

   



17 100 3188-00-9, 

Dihydro-2-

methyl-

3(2H)-

furanone 

   
18 104 3268-49-3, 

Methional 

   
19 108 123-32-0, 

2,5-

Dimethylpy

razine 

   



20 110 620-02-0, 

5-Methyl-2-

furancarbox

aldehyde 

   
21* 114 98-02-2, 

110-43-0, 

111-71-7, 

2-

Furfurylthio

l, 2-

heptanone, 

heptanal 

  

Tentative assignments according to literature:  

Co-eluting with 2,5-Dimethyl-4-hydroxy-

3(2H)-furanone. 

22 120 122-78-1, 

Benzeneacet

aldehyde 

   



23 120 496-16-2, 

2,3-

Dihydroben

zofuran 

   
24 122 13360-64-0, 

2-Ethyl-5-

methylpyraz

ine 

   
25 126 118-71-8, 

4H-Pyran-4-

one 

   



26 126 67-47-0, 

5-

Hydroxymet

hylfurfural 

   
27 128 3658-77-3, 

2,5-

Dimethyl-4-

hydroxy-

3(2H)-

furanone 

   
28 136 13360-65-1, 

3-Ethyl-2,5-

dimethylpyr

azine 

   



29 144 10230-62-3, 

2,4-

Dihydroxy-

2,5-

dimethyl-

3(2H)-

furan-3-one 

   
30 144 28564-83-2, 

2,3-

Dihydro-

3,5-

dihydroxy-

6-methyl-

4H-pyran-4-

one 

   
31 150 7786-61-0, 

2-Methoxy-

4-

vinylphenol 

   



32 152 25152-83-4, 

(E,Z)-2,4-

Decadienal 

  

Not available at NIST, 

 

Assigned according to reported RT differences 

from E,E to E,Z (NIST) 

33 152 25152-84-5, 

(E,E)-2,4-

Decadienal 

   
 

* No distinct assignment according to the fragment patter possible. Suggestion of possible assignment was done according to literature. 




