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Hyper-fast gas chromatography and single-photon ionisation time-
of-flight mass spectrometry with integrated electric modulator-
based sampling for headspace and on-line VOC analysis 

Christian Gehm,a Kevin Schnepel,a Hendryk Czech,*a,b Toni Miersch,a Sven Ehlertc  
and Ralf Zimmermanna,b 

We developed a novel fast gas chromatography (fastGC) instrument with integrated sampling of volatile organic compounds  

(VOCs) and detection by single-photon ionisation (SPI) time-of-flight mass spectrometry (TOFMS). A consumable-free 

electric modulator rapidly cools down to -55°C to trap VOCs and inject them on a short chromatographic column by prompt 

heating to 300°C, followed by a carrier gas exchange from air to helium. Due to the low thermal mass and optical heating,  

the fastGC is operated with in total runtimes incl. cooling of 30 s and 15 s, referring to hyper-fast GC, and a constantly  

increasing temperature ramp from 30°C to 280°C. The application of soft SPI-TOFMS allows detecting of co-eluting VOCs of  

different molecular composition, which cannot be resolved be conventional GC (cGC) with electron ionisation (EI). Among 

other analytical figures of merit, we achieved limits of detection for toluene and p-xylene of 2 ppb and 0.5 ppb, respectively,  

at a signal-to-noise ratio of 3 and linear response over a range of more than five orders of magnitude. Furthermore, we 

demonstrate the performance of the instrument on samples from the fields of environmental research and food science by 

headspace analysis of roasted coffee beans and needles from coniferous trees as well as by quasi-real-time analysis of  

biomass burning emissions and coffee roast gas.  

Introduction 

Direct inlet mass spectrometry (DI-MS) is a powerful method for  

on-line analyses of volatile organic compounds (VOCs) whe n 

high time resolution is required or in headspace analysis. In  

particular soft ionisation techniques, such as single-photon  

ionisation (SPI) and resonance-enhanced-multiphot on  

ionisation (REMPI)1, proton-transfer reaction (PTR), secondary 

ion flowtube ionisation (SIFT) as well as chemical ionisation  

under vacuum (CI) or atmospheric pressure (APCI)2, generat e  

predominantly molecular and quasi -molecular ions, showing 

advantages compared with fragmenting “hard” elect ron  

ionisation (EI) as it increases the interpretability of mass 

spectra. However, despite the possibility of using mass 

analysers with high resolution, isomers cannot be individually  

detected. Thermal desorption or liquid injection gas 

chromatography (GC) is able to separate isomeric compounds ,  

but with the cost of losing time resolution of the measurement .  

Additionally, it requires labour-intensive offline sampling, e.g.  

on adsorbent tubes, passivated stainless steel canisters  or in gas 

sampling bags, which may be supported by cryogenic trapping,  

and subsequent sample preparation, such as solid phase  

microextraction3. Moreover, VOCs may undergo significant  

degradation when adsorbed and exposed to atmospheri c  

oxidants during sampling4. For the on-line analysis of VOCs in 

tobacco smoke, a heated sample loop was successfully used,  

however, because of limitations in GC operation, the method 

had an upper limit in analyte volatility equal to that of  toluene5.  

A portable GC instrument with sensor array detection was 

reported deploying a multi-stage adsorbent consisting of 

Carbopack B, Carbopack X and Carboxen 1000 for  

preconcentration with integrated injection module with  

resistively heating, but with limitations to compounds having 

vapour pressures above 0.4 torr6. 

GC analysis can be divided based on its runtime and separates 

to conventional GC (cGC; runtime >20 min) from fast GC (3-20  

min), very-fast GC (1-3 min), hyper-fast GC (1-60 s) and ultra-

fast GC (<1 s)7. Starting from cGC, reduced GC runtimes may be  

achieved by different strategies, for example by simply 

shortening column length or increasing the capillary inner  

diameter7 leading to lower peak capacity, plate number and  

height. Additionally, the GC run is often limited to isothermal  

conditions or less dynamic temperature programmes because  

of the time limitations. A unique fastGC approach was recently 

described with the extension of fast GC to two-dimensional fast 

GC, substantially increasing separation performance while  

keeping the total GC runtime below 20 min8. 

The addition of fast gas chromatography with runtimes below 

20 min (fastGC) to different mass analysers offers a compromi s e  
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between chemical specificity and time resolution. Often a 

baseline separation of two analytes is not necessary that the  

benefit from shorter time of analysis prevails. Such fastGC 

methods have been described for the analysis of samples from 

various fields, for example tobacco smoke by SPI5,  

monoterpenes from plants  by SIFT9, doping control by GC 

combustion isotope ratio MS10, flame retardants by 

atmospheric pressure photoionisation (APPI)11 or whole-body,  

dermal and breath VOC emission from humans by PTR12. 

The setup of this study comprises of individual devices to  

perform convenient VOC sampling and a rapid temperature  

programme to increase the chemical space of VOC detection  

compared to DI-MS in targeted and untargeted headspace and  

on-line analysis of complex mixtures and dynamic processes. An  

electric consumable-free modulator with two stages rapidly 

cools down to -55°C and heats up to 300°C in order to trap and  

release VOCs on a GC column13. Additionally, an optically  

heated GC enables fast temperature programmes within GC 

runtimes of 30 s with maximum heating rates and cooling rates 

of 10.0 K s-1 and 50 K s-1, respectively14. After successful 

application of the optically heated GC with cryogenic sampling 

of VOCs evolving from the simulation of nut roasting in thermal  

gravimetric analysis15, we present headspace and on-line  

measurements of environmental and food samples with carrier  

gas exchange to helium for rapid analysis with advance d  

chemical speciation of VOCs by hyper-fast GC-SPI time of-flight 

mass spectrometry (TOFMS) for quasi-real-time monitoring. 

Experimental 

Materials, chemicals and samples 

Analytical figures of merit were obtained from the analysis of a 

gas standard consisting of toluene and p-xylene in a pressure  

vessel filled with nitrogen. The true concentration was obtained  

from comparing the measured intensities with the intensities 

from a calibration gas standard (BTXT) of either 10 ppm or  

1 ppm of in nitrogen 5.0 (benzene, toluene, p-xylene and 1,2,4-

trimethylbenzene (TMB); Linde AG, Munich, Germany ).  

Additionally, a standard solution of eight monoterpene s  

containing α-pinene, β-pinene (99% purity, Sigma Aldrich,  

Merck KGaA, Darmstadt, Germany), ∆-3-carene (90% purity,  

TCI-Tokyo Chemical Industry Co., LTD., Tokyo, Japan), α-

terpinene, camphene (95% purity, Sigma Aldrich, Merck KGaA,  

Darmstadt, Germany), limonene, γ-terpinene (95% purity, TCI-

Tokyo Chemical Industry Co., LTD., Tokyo, Japan), and myrcene  

(technical grade, Sigma Aldrich, Merck KGaA, Darmstadt ,  

Germany) was prepared in methanol (99.9% purity, ROTISOLV ®  

HPLC Gradient, Carl Roth GmbH + Co. KG, Germany). 

Pine needles on small twigs of black pine (Pinus nigra) and  

Serbian spruce (Picea omorika) were collected at suburban sites 

of Rostock, Germany. Branches and twigs of Scots pine (Pinu s 

sylvestris) and common oak (Quercus robur) from freshly cut  

branches were stored for two weeks in a dry place at room 

temperature and burned with a batch size of approximatel y 

2.0 kg in an open fireplace. 

Green coffee beans of Arabica coffee from Brazil (Santos) and  

Colombia (Excelsior) and one Robusta coffee from Vietnam 

(Grade 3) were roasted in a drum roaster (Probatino, PROBAT-

Werke von Gimborn Maschinenfabrik GmbH, Emmerich am  

Rhein, Germany; batch size of 1.5 kg) to a medium-dark roast 

degrees, determined by a reflectance measurement  

Fig. 1 Schematic setup of the fastGC-SPI-TOFMS system in “sampling” mode for headspace analysis of needles with sampling unit, 6-port-2-way valve for changing to helium as 

GC carrier gas, electric  modulator, optically heated fastGC, VUV-lamp for SPI and orthogonal-acceleration TOFMS.
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(Colorette 3b, PROBAT-Werke von Gimborn Maschinenfabrik,  

Emmerich am Rhein, Germany). 

Instrumentation 

The instrumental setup consists of an electrical 2-stage 

modulator13, an optically heated fastGC14, an orthogona l  

acceleration time-of-flight mass spectrometer (oa-TOFM S; 

Tofwerk AG, Thun, Switzerland; 1,300 time-of-flight resolution  

at m/z 92), a deuterium VUV-lamp for ionisation (L2D2 lamp 

L7293, Hamamatsu Photonics K. K., Japan; spectral distribution  

from 115 nm to 400 nm, VUV peak emission at 126 nm and  

122 nm) and a heated 2-way-6-port valve (Valco Instrument s  

Inc., Houston, TX) (Fig. 1). VOCs were sampled, either directly or  

from a headspace container (volume of 20 ml, clear glass),  

through a heated deactivated transfer capillary (Restek MXT  

Gurad Column, ID of 530 µm, 2 m length, BGB Analytik Vertrieb  

GmbH; heated to 205°C) and trapped on a GC-column (HT-5,  

SGE Analytical Science Ltd.; ID 250 µm, film thickness 0.1 µm) 

inside the modulator, which is cooled to -55 °C in sampling 

mode. Subsequently, the sample was transferred from the  

modulator stage into the optically heated fastGC unit with 3 m 

GC column length by rapid temperature increase. At the same 

time, the 2-way-6-port valve changed its position from 

“sampling” to “GC”, providing helium as carrier  gas. Eluents  

from fastGC separation over the GC column with a temperature  

ramp from 30°C to 280°C (equal to a temperature ramp of 

10 K s-1) were ionised by SPI with VUV-photons from the  

deuterium lamp. The mode of photon energies from the  

deuterium lamp appears in the range of common ionisation  

energies for organic molecules  and principally all compounds  

with ionisation energies below 10.78 eV, equal to the lower  

emission wavelength limit of 115 nm, may be ionised, but with  

different ion yields. Consequently, the low amount of excess 

energy received by a molecule cause only minor  

fragmentation1. Finally, the ions were detected by the oa-

TOFMS with an ion extraction frequency of 70,000 Hz and a data 

acquisition rate of 20 Hz. Thus, 3500 individual spectra were  

accumulated to generate one mass spectrum with a  resulting 

time resolution of 50 ms. After the chromatographic run of 25 s, 

the fastGC column is cooled by blowing room air for 5 s 

becoming enabled to repeat the procedure. Hence, we sort our  

fastGC analysis to the class of hyper-fast GC. 

Sampling and settings in headspace and on-line analysis 

Headspace analysis needles and coffee beans was conducted in 

a glass container with a volume of 20 cm3, which was provide d  

with a hole of 0.5 mm for equilibrium to avoid under pressure  

caused by the sampling flow of  approximately 4 ml min-1 with 2-

way-6-port-valve in position “sampling” (20 ml min-1 in valve  

position “GC” during desorption) . On-line analyses of hot gases 

from coffee roasting or biomass burning were performed from 

a heated sampling line with 4 mm inner diameter, consisting of 

stainless steel, which was heated to 180°C.  

We found that compounds  at the upper limit of the VOC 

range sampled from hot exhaust gas of coffee roasting and  

biomass burning were inefficiently released from the modulator  

and did not appear as peaks in the chromatogram. Therefore,  

we increased the time for injecting trapped compounds from 

the modulator into the GC to 15 s. However, this benefit of 

increased volatility range for analytes was achieved by the cost  

of missing sampling time. In headspace analyses at room 

temperature and calibration gas measurements, the analyte  

volatility range has a lower ceiling, so the effect of longe r  

injection time was small. However, for comparison purposes, all 

measurements were done with the same modulator settings  

except on-line measurements at the coffee roaster because of 

high concentrations and higher required time resolution . To  

gain the necessary time resolution for coffee roast gas analysis , 

we shortened the GC cycle to 15 s with 3 s of modulator  

sampling and a GC runtime of 12 s with the same start and end  

temperature, thus increasing the temperature ramp by a factor  

of 2 compared to the other measurements.  

Data analysis 

Data processing and analysis was performed in MATLAB 

(version 2018; The MathWorks Inc., Natick, MA) by self -

developed processing routines and Matlab’s Statistics Toolbox  

for non-negative matrix factorisation (NMF). For deconvoluti on  

purposes, NMF was applied with a combined multiplicative  

update algorithm for initial value optimisation followed by 

alternating least-square algorithm16 with a maximum numbe r  

of 20 iterations in each of the 100 performed replicates. 

Results and discussion 

Analytical figures of merit 

The following figures of merits were determined with the  

calibration gas standard and comprises the trapping efficiency 

of the modulator, limit of detection (LOD), linearity and dynami c  

range related to the mass spectrometric detection, and  

reproducibility of the chromatographic separation (Fig. 2). 

Trapping efficiency. We assessed the trapping efficiency of 

the four standard gas constituents by relating the analyte  

intensities of 36 consecutive chromatograms to the cumulative  

intensities for each analyte after direct inlet of the standard gas 

into the oa-TOFMS for 15 s. For BTXT we obtained trapping 

efficiencies of 10%, 22%, 74% and 78%, respectively. These 

results are specific for the applied GC column and time  of the  

sampling mode. Different polarity and film thickness of the GC 

column material may alter the trapping efficiency and may be  

adjusted for targeted analysis of analytes. M oreover, after 

injection of the trapped VOCs at 300°C, the second stage of the  

modulator requires about 11 s to asymptotically reach the final 

sampling temperature of -55°C, however, only 3.7 s to reach -   

40°C13. Hence, moderately longer times in sampling mode will 

likely increase the trapping efficiency. 

LOD, precision, linearity and dynamic range. The LOD was 

determined with two common approaches. First, we calculated  

baseline mean intensity and the standard deviation (σ) of the  

noise at the molecular masses of toluene and p-xylene. The  

critical peak height related to the LOD is obtained from 

𝐼𝑛𝑡𝑐𝑟𝑖𝑡 = 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅ + 3𝜎 (1) 
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which is set in relation to the standard gas of 1 ppm. From 10  

consecutive chromatograms, we obtain 2  ppb for toluene and  

0.5 ppb for p-xylene, which is competitive with LODs from 

previously published fastGC setups with soft ionization mass 

spectrometry9,17,18 or fast GC with sensor array detection6 for  

analytes of similar volatility. 

It has been found that the photoionisation cross section  at 

126 nm of p-xylene differs by less than 25% of the one of 

toluene19, we attribute the lower LOD of p-xylene to the highe r  

trapping efficiency. 

In the second approach, we created a calibration function  

starting with six calibration standards of one order of 

magnitude higher concentrations than the LOD determine d  

based on blank values  (LODblank). Similarly, each data point was 

generated from 10 consecutive chromatograms and the  

resulting linear regression had a coef ficient of determination  

>0.98 for both calibration functions  (Fig. 2a). We obtain LODs  

from the calibration functions (LODcfun) of 7.1 ppb and 3.0 ppb  

for toluene and p-xylene, respectively, which are about a factor  

of 4 higher than LODblank. The LODcfun is directly related to the  

goodness of the calibration function and the selected 

parameters, such as distance between the concentrations .  

From the repeated analyses of 1 ppm of BTXT, we assessed a 

mean relative measurement uncertainty of 15% (3σ of 36  

chromatograms) (Fig. 2c), which is close to the distance  

between the concentrations causing larger confidence bands  

and consequently higher LODcfun.  

The linearity and dynamic range of the fastGC setup was 

evaluated with six concentrations standards of 1  ppb to  

100 ppm of BTXT prepared in methanol, which was injected  

using a nebuliser system20. From the log-log-presentation of the  

data, we obtained coefficients of determination of 0.97 for  

benzene and >0.99 for toluene, p-xylene and TMB.  

Furthermore, the peak intensity at 100 ppm approaches the  

upper limit of the measurement channel. The dynamic range of 

an instrument is defined as  the ratio of this upper measurement  

limit and the LOD21. Hence, the fastGC setup gives a linear 

response with increasing concentrations over more than five 

orders of magnitude (Fig. 2b). 

Retention time precision and peak shape. The precision  

and repeatability of the retention time is crucial for the  

identification of chromatographic peaks, e.g. by the retention  

index by Kovats22 for isothermal GC or van den Dool and Kratz 

for temperature-programmed GC runs23. From 36 consecutive  

chromatograms, we obtain a standard deviation of the  

retention times from 43 ms to 59 ms, which is equal to a relative 

precision of 1% (for benzene) to 0.6% (for p-xylene and TMB) 

(Fig. 2c) and competitive with a previously reported fastGC 

setup17. 

Fig. 2 Analytical figures of merit comprising a) calibration functions of toluene (T) and p-xylene (X) with coefficient of determination r2 and residual standard deviation 

s int, b1-b4) linearity over five orders of magnitude, c) peak shape and precision (3σ) of intensity and retention time from repeated BTXT analysis, and d) comparison of LRI 

obtained from fastGC with LRI obtained from cGC for BTXT and 8 monoterpenes.
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The peak shapes were evaluated by the symmetry coefficient S.  

For this purpose, we drop a perpendicular from the maximum 

peak height and consider the distances of this perpendicular to  

the peak on the left (B) and right hand side (A) at 10% peak 

height: 

𝑆 =  
𝐵10%

𝐴10%

 (2) 

Therefore, S>1 denotes peak tailing and S<1 denotes peak 

fronting. For the aromatic compounds of BTXT, there is a 

tendency towards tailing eluents confirmed by S values from 5.5  

(benzene) to 2.4 (TMB) at concentrations in the centre of the  

dynamic range (Fig. 2c). We attribute this behaviour to  

relatively strong interactions between the GC column material 

inside the modulator  and the p-orbitals of the aromatic π-

systems since the symmetry coefficient S of aliphatic 

compounds, such as monoterpenes, approaches unity (Fig. 3 

bottom). 

Applicability of the linear retention index (LRI). The linear 

retention index (LRI) of van den Dool and Kratz 23 enables 

identification of analytes based on their retention times relative 

to the homologous series of n-alkanes. In contrast to the  

original index by Kovats 22, LRI is appropriate for GC runs with a 

temperature-gradient and calculated as following 

𝐿𝑅𝐼 = 100 ∙  [𝑛 +  
𝑅𝑇𝑢 − 𝑅𝑇𝑛

𝑅𝑇𝑛 +1 −𝑅𝑇𝑛

] (3) 

with RT being the retention times of the unknown species u, the  

n-alkane with n carbons atoms eluting before the unknown 

species and the n-alkane n+1 eluting after the unknown species. 

Our n-alkane standard ranged from n-octane to n-tridecane,  

covering retention times from 5.66 s to 18.13 s. In order to  

calculate LRI for benzene and toluene, the RT was extrapolate d  

to n-hexane (Fig. S1). 

For BTXT, we obtained a limited agreement between LRI  

from Lai et al. (1995)24 and our measurements  (Fig. 2d). In  

particular for benzene having the highest volatility of all 

analytes, LRI from our measurements  exceeds the LRI from cGC 

of 656 by 99, which is distinctly higher than the suggeste d  

maximum different of 1%25. Other constituents of BTXT have  

also higher LRI than reported in the literature , but with an 

almost constant positive bias of 4.4% and consequently high  

correlation (without benzene r2 = 0.999; including benzene :  

r2 = 0.910). In the data of Lai et al. (1995)24, it is evident that  

increasing the temperature ramp of the GC run increases the  

LRI, so substantially higher LRIs at a temperature ramp of 

600 °C min-1 in our measurements are reasonable. For the case 

of benzene, the LRI additionally suffers from increased  

uncertainty because of extrapolated and very low retention  

time with associated high uncertainty of RT n-hexane. In order to  

further explore this issue, we investigated the behaviour of the  

compound class of monoterpenes , which cover boiling points  

within the range of BTXT, regarding their LRIs and compare d  

them to previously reported LRI26. In fact, the agreement for  

this compound class was substantially better than for BTXT with  

differences in LRI of less than 1 % for all monoterpenes except  

α-pinene, β-pinene and Δ-3-carene (Fig. 2d). Therefore, the  

suitability of LRIs from different temperature programmes for  

compound identification in fastGC analysis may differ betwee n 

compound classes and volatilities. However, the order of eluting 

monoterpenes followed according to the LRI  determined by 

cGC. Moreover, we run a Monte Carlo simulation of 1000  

repetitions for limonene, eluting between n-decane and n-

undecane, to estimate the uncertainty of its LRI in fastGC based  

on the uncertainty in retention time we obtained from 36  

chromatograms. The resulting root mean squared error (RMSE ) 

of ±2.7 is distinct  

higher than the general uncertainty in LRI for cGC of ±2 or 1% of 

LRIcGC 24,25, but may still be useful for compound identification if 

a database for typical temperature-programme d fastGC is 

available.  

Headspace analysis 

Measurements with the fastGC setup was conducted for two 

common applications from the field of environmental chemistry  

and food science. Rapid measurements in headspace analysis 

with fastGC may open the possibility of high-throughput  

screening of multiple samples  and enables to analyse dynami c  

VOC composition in case of a static experiment setup with  

changing experimental conditions. 

Monoterpenes in conifer needles. On a global scale, VOC 

emissions from plants are the most relevant precursors for the  

formation of secondary organic aerosol (SOA) in the  

atmosphere with effects on climate and human health 27.  

Monoterpenes constitute one of the most abundant plant  

emissions and give an indication of poor health condition of an 

individual tree or an entire forest caused by insect infestation 

or draught stress28. Moreover, SOA from the photooxidation of 

α-pinene has been shown to contain signifi cant amounts of 

reactive oxygen species, inducing oxidative stress and a reduce  

viability in cell exposure29. 

We started our targeted analysis with a  mixture of eight  

individual monoterpenes to obtain their retention times and  

mass spectra (Fig. 3). The chromatogram was built-up from two 

monoterpene standards with alternating retention times in 

order to attain information on the pure substances, but also to  

illustrate the situation in a measurement of a real sample.  

Despite generally fragment-poor ionisation, the base peaks 

in mass spectra of rather labile α-pinene, β-pinene and myrcene  

did not appear as molecular ions at m/z  136. The main  

fragments we observed were m/z  80, m/z 92, m/z 93, m/z 94,  

m/z 107 and m/z 121, which exceeded the intensity of the  

molecular ion for all monoterpenes except for α -terpinene, γ-

terpinene and limonene. With the applied temperature  

settings, all monoterpenes eluted between retention times of 

8 s and 13 s (Fig. 3). In order to keep the analysis time short, we  

approve the poor separation of myrcene and ∆-3-carene as well 

as α-terpinene and limonene with a chromatographic resolution  

of 0.52 and less than 0.05, respectively. Although not baseline-

resolved, myrcene and ∆ -3-carene may be distinguished by 

their characteristic fragmentation patterns. For the separation  

problem of α-terpinene and limonene, we exploited those  

differences by 100 runs of the NMF procedure described in the  

section on data analysis with a two-factor solution in order to  
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deconvolve the unresolved chromatographic peak.  The mean 

result of NMF outputs gave two distinct peaks having uncentre d  

correlation coefficients of >0.97 with the mass spectra of pure 

α-terpinene and limonene, respectively (Fig. 3 bottom). 

Needles of black pine and Serbian spruce from the pine  

family Pinaceae  were selected as real samples for headspace 

analysis of natural monoterpene emissions. All monoterpene s  

were identified based on their retention time at peak height  

within a tolerance of 0.1 s and uncentred correlation coefficient 

of the mass spectrum with the pure monoterpene of >0.9. In  

particular for black pine, monoterpene emissions were strongl y 

dominated by α-pinene30, accounting for 88% of the total peak 

height associated with m/z from monoterpenes  (Fig. 4a).  

Furthermore, β-pinene, myrcene, limonene, ∆-3-carene and,  

despite high interfering peak of α -pinene, also camphene were  

detected together with two unknown peaks with retention  

times at 11.05 s and 12.05 s. Peaks of retention times beyond 

the eight targeted monoterpenes showed highest correlations  

with the fragment-poor mass spectra of α -terpinene, γ-terpene  

and limonene. Thus, the mass spectral signature point s toward  

a monocyclic monoterpene with a menthane backbone, whic h  

is likely β-phellandrene when additionally considering its LRI  

between limonene and γ-terpinene as well as its general  

abundance in black pine needles 30.The peak at retention time  

12.05 s shows a clear contribution from the molecular  

monoterpene ion at m/z 136, but more substantial 

fragmentation, giving indication for an aliphatic or bicyclic  

monoterpene species.  

We could detect almost the same monoterpenes for 

needles of Serbian spruce (Fig. 4b) as for black pine, but with  

more equally distributed concentrations. The highest peaks  

eluting at 10.65 s and 8.35 s can be attributed to limonene and  

α-pinene, followed by minor contributions of camphene ,  

myrcene and ∆-3-carene. 

Considering fastGC-SPI-TOFMS as an untargeted analysis , 

also other emissions from conifer needles could be detected,  

such as VOCs of higher or similar volatility as monoterpene s  

indicated by the difference between monoterpene -related and  

total peak intensity, which is in particular pronounced for short  

Fig. 4 SPI mass spectra of eight individual monoterpenes (top) and chromatogram of the monoterpene mixture (bottom). The overlapping peaks of α-terpinene (4) and limonene 

(6) are deconvolved by non-negative matrix factorization (NMF) due to slight differences in fragmentation with monoterpene-related fragments highlighted in colours.

Fig. 3 Chromatogram of headspace analysis of needles from a) black pine and b) 

Serbian spruce. The black line denotes the total ion intensity, while the green area 

represents monoterpene-related ion intensities m/z 80, 92, 93, 94, 107, 121, and the 

molecular ion at m/z 136.
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retention times of the Serbian spruce needles (Fig. 4b). At later 

retention times, terpinoids (m/z  196), such as bornyl acetate, 

and sesquiterpenes (m/z 204), such as farnesene or  

caryophyllene become visible (Fig S2). 

Roasted coffee beans. Headspace analysis of coffee beans 

or brewed coffee is conducted for e.g. quality control and  

revealing mispresentation of the coffee origin. Furthermore ,  

the profile of VOCs released from coffee is directly link to the  

roast degree of the coffee and also its flavour, so attempts have 

been made to model e.g. roast degree and sensory attributes  

based on headspace analysis of coffee beans or brewe d 

coffee31,32. Since different coffee cultivars re lease different VOC 

profiles during the same roast procedure 33, it offers potential  

for generate discrimination models in order to distinguish  

between different geographical origins34. 

For the mentioned applications of coffee headspace  

analysis, it is not entirely important to identify or even quantify 

the compounds of each individual peak rather than to increase 

the chemical space to a level enabling differentiation betwee n 

coffee cultivars, origins or treatments while keeping cost and  

benefit balanced. For example, even not resolving isobaric 

compounds, DI-SPI-TOFMS has been demonstrated as a rapid  

analyser suitable to track rapid changes during coffee roasting 

with interpretable mass spectra due to its softness in 

ionisation35,36. 

Three different green coffees from Vietnam, Brazil and  

Colombia were roasted in a drum roaster receiving the same 

roast profile (Fig. S3), which resulted in different medium roast 

degrees. After degassing overnight, the roasted coffee beans  

were ground and analysed by fastGC-SPI-TOFMS. In the mass 

spectra without exploiting the chromatographic resolution, the  

three coffees exhibit differences in their mas s spectrometri c  

patterns (Fig. 5, left column). In particular in the lower mass 

range, some peaks may be unambiguously assigned to  

molecular structures based on knowledge from previous GC-M S 

studies, the ionisation threshold determined by the photon  

energy, the limited number of possible isomers or the strong 

dominance of an individual compound to a specific m/z. Suc h  

unambiguously assignments include methanethiol (m/z  48),  

ethanethiol (m/z 62), pyrrole (m/z 67), or pyridine (m/z 79),  

which are directly associated with the coffee flavour 37 or  

indirectly connection to other coffee properties such as 

antioxidant capacity or roast degree 31,38, but also caffeine 

(m/z 194) in the higher m/z range.  

However, the two Arabica coffees from Brazil and Colombi a  

have a high uncentred correlation coefficient of 0.98, while  

even between the Arabica coffees and the Robusta coffee from 

Vietnam we obtain good uncentred correlation coefficients of 

0.86 (Brazil) and 0.89 (Colombia), respectively. The addition of 

fastGC gives rapid insights into the contribution of isomeric  

compounds to each peak (Fig. 5, centre column), which can also 

not be resolved at higher mass resolution. For each nominal  

m/z, the fastGC detects up to four individual contributions in 

the case of m/z 86 for Brazilian Arabica coffee, which have been 

linked to several carbonyl compounds, such as pentanal,  

butadiones, butyrolactone, methylbutanones and  

Fig. 5 Average SPI mass spectra (left column), chromatogram with peak heights highlighted as bubbles (centre column) and SPI mass spectra with stacked intensities from 

individual peak picking (right column) for Vietnam Robusta, Brazil Arabica and Colombia Arabica ground coffee from the same roast profile. The numbers in the mass spectra refer 

to the m/z and the number in brackets to the number of individual peaks detected at a nominal m/z.
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methylbutanols35 (and references therein). Moreover, at 

m/z 94 we detect three peaks belonging to vinylfuran, 2-

methylpyrazine and phenol (Fig. 6), which were assigned using 

their relative LRI and previous studies on coffee-related 

VOC39,40. 2-methylpyrazine is known for its nutty, roasted, and  

chocolate aroma41 and appears with high relative abundanc e  

already in light roasts40, whereas phenol increase toward darker  

roasts caused by high activation energy degradation pathway of 

chlorogenic acids42. All three coffee cultivars received the same 

roast profile, but ended up with different roast degrees.  

Therefore, the fastGC setup may be capable for offline quality 

control of roasted coffee. 

In total, we raised the number of detected peaks from 31 

(Vietnam), 47 (Brazil) and 46 (Colombia) at nominal m/z in DI-

SPI-TOFMS to 53 (Vietnam), 129 (Brazil) and 106 (Colombi a ) 

individual contributions for the three coffee samples , pointing 

toward a higher potential in performance of fastGC-SPI-TOFM S 

data in chemometric prediction or discrimination models.  

On-line analysis 

As our fastGC setup allows rapid headspace analysis and  

increased confident of the result from frequently repeated  

measurements, its potentia l is even more exploited in processes  

with dynamic changes in VOC as shown by Fischer et al. for the  

case of nut roasting simulation15. In the following, on-line  

analyses with quasi-real-time resolution below 30 s are 

demonstrated for monitoring of the evolution of coffee roast 

gases and VOC emissions from the combustion of biomass.  

Coffee roasting. We showcase the benefits from the 

addition of fastGC to SPI-TOFMS by an on-line roast gas analysis 

of Colombian Arabica coffee Excelsior. Since flavour and off-

flavour formation happen fast, particularly toward the end of 

the roast, we shortened the GC cycle to 15 s. During the first 

3 min 30 s (roasting time -2 min to 1 min 45 s) of the  

measurement, the sampling line was flushed with nitrogen to  

acquire the baseline including chemical noise and to remove  

possible residues of a previous roast experiment (Fig. 7). After 

1 min 45 s of the start of the roast, hot roast gas was directly  

analysed from the drum roaster and m/z of typical product s  

from Maillard reaction, Strecker reactions, caramelisation and  

thermal decomposition (pyrolysis) could be observed36. The  

most abundant compounds we observed were the furan  

derivatives furfuryl alcohol (m/z  98) and furfural (m/z 96) 

followed by two peaks for m/z  110, which likely belong to  

isomers of benzenediol on the one hand and methylate d  

derivatives of furfural (methylfurfural, acetylfuran) on the  

other39. Also markers for dark roasts and also overroasts, such  

as pyridine (m/z 79), sharply increases toward the end of the  

roast, which agrees well with previous on-line analyses of coffee 

roast gas33,36. Shortly after the drop of the coffee beans,  

intensities generally declines and m/z below 80 reaches their  

baseline level within 2 min while larger VOCs are removed by 

purging with nitrogen. 

Many attempts have been made to correlate and finally 

predict sensorial properties of coffee from its VOC composition  

by chemometric models 32,43. Some of them were simplified to  

only few compounds, such as the Flavour Quality index (FQI)3 7 ,  

which is was obtained from a multiple regression model and  

calculated by 

𝐹𝑄𝐼 = 6.53 + 0.027 [ℎ𝑒𝑥𝑎𝑛𝑎𝑙] − 0.08[𝑣𝑖𝑛𝑦𝑙𝑝𝑦𝑟𝑎𝑧𝑖𝑛𝑒 ] −

0.04 [𝑝𝑦𝑟𝑟𝑜𝑙𝑒 ] − 0.022[𝑓𝑢𝑟𝑓𝑢𝑟𝑦𝑙𝑚𝑒𝑡ℎ𝑦𝑙𝑘𝑒𝑡𝑜𝑛𝑒 ] −
0.001[𝑝𝑦𝑟𝑖𝑑𝑖𝑛𝑒]   (4) 

We modified the FQI to FQImod by removing the intercept  

and replace concentrations by measured peak heights, so the  

absolute FQImod differs from FQI, but adopt its trend. Regardi ng 

included VOC of the regression model, we note that pyrrol e  

(m/z 67) and pyridine (m/z 79) fill unique nominal m/z with  

negligible interference by other compounds. At m/z 100,  

several isomers of the sum formula C6H12O or C5H8O2 are 

known, such as 2,3-pentadione, 4-methyl-2-pentanone and the  

so-called “coffee furanone” 2-Methyldihydro-3(2H)-fura no ne  
39, which all may interfere with hexanal. We observe t wo 

distinct peaks in the chromatogram and recognised that  

hexanal and 2-methyldihydro-3(2H)-fura none have higher LRI  

than other carbonyl compounds at m/z  10044. However, the  

peak in the mass spectrum at m/z 101, originating from heavier  

isotopes, varies and appears between the theoretical values of 

5.6% for C5H8O2 and 6.7% for C6H12O of the peak height at 

m/z 100, indicating contributions from different isomers.  

Nevertheless, we tentatively assigned the second peak in the  

chromatogram to hexanal. Moreover, we followed this 

approach of elution order, considering an elution order of furan  

< pyrazine < benzene derivatives at the same nominal m/z, also 

for the assignment of furfurylmethylketone and vinylpyrazine  

with interfering compounds guaiacol (2-methoxyphenol) and  

benzaldehyde, respectively, to obtain FQImod. Finally, we  

transferred the model from offline analysis into the time  

domain to investigate flavour formation during the coffee roast.  

During the blank measurement with N2, FQImod remained  

reasonably constant and started to fluctuate after 2 min until  

approximately 5 min 30 s. At this time, more m/z rise in their  

intensities as well as  FQImod until a roast time of 7 min, referring 

to a lighter roast (“Cinnamon roast” to “American roast”) after 

the first crack of the coffee beans  which we heard at 

Fig. 6 Chromatograms at m/z 94 from headspace analysis of ground coffee 

beans f. Three peaks were tentatively assigned to vinylfuran, methylpyrazine and 

phenol according to identified compounds in previous studies and their relative 

order of elution. The Colorette values, describing the roast degree, are 106 

(Vietnam), 93 (Brazil) and 81 (Colombia).
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approximately 6min 45 s. 30 s later, FQImod reincreases to its 

maximum value during the roa st, which still appeared before  

second crack of the coffee beans. Between the first and second 

crack, the coffee beans undergo the most significant changes in 

their physical and chemical properties, which is associated with  

flavour formation and known as “development time” 45. The  

subsequent decline in FQImod may be explained by the distinct  

increase and higher relative contribution of pyridine, which is a 

common indicator for dark or overroast36, to the intensities of 

individual roast gas components included in FQImod (Fig. S4). At 

the drop of the coffee, we obtained in fact a darker roast with a 

Colorette value of 81, corresponding to a medium-roast e d  

(“City roast”) coffee. 

With the FQImod as proxy for the coffee flavour, we  

demonstrate that with shortening of the GC runtime to 15  s the  

fastGC-SPI-TOFMS is capable to gather the rapid the flavour  

formation, occurring within 2 min, from roast gas analysis of a 

commercial drum roaster with a realistic roast profile. Most  

likely, also the on-line prediction of other coffee properties ,  

such as roast degree or antioxidant capacity, which have been  

modelled from photoionisation TOFMS data 38,46, would benefit  

from the enhanced chemical specificity of the fastGC addition.  

Biomass burning. Emissions from biomass burning, either 

from wildfires or residential heating, are of high interest  

because of their direct toxicological relevance 47 and significant  

potential to form ground level ozone and secondary organi c  

aerosol during atmospheric processing48. The combustion of 

biomass is dynamic in both VOC emission concentration and  

pattern49, but may be represented well at a  time resolution of 

30 s. Consequently, we acquired 50 chromatograms during an 

individual open burn of twigs and foliage over 25 min. 

The benefit of the increased chemical space of the analysis 

is demonstrated on two examples  about compound 

identification with high confidence. For m/z 106 in pine burning 

emissions, we obtained varying peak heights and four separated  

peaks between retention times of 7  s and 11 s in each individual 

chromatogram (Fig. 8a-b). From previous analysis of biomass  

burning VOCs, we know that alkylated benzenes (C8H10: o-

xylene, m-xylene, p-xylene, and ethylbenzene) and  

benzaldehyde (C7H6O) are present in the emissions, whereas  

compounds of the sum formula e C4H10O3 were not detected  

and other possible isobars containing heteroatoms different  

from oxygen are unlikely to appear at such high intensities 50. 

Furthermore, we assigned the peaks based on the order of 

elution in non-polar GC columns, which follows approximatel y 

the order of boiling points. Among these five analytes, 

benzaldehyde has the highest boiling point, so we assigned the  

peak eluting at 10.4 s. The four aromatic hydrocarbons have less 

difference in boiling points, which is reflected by close r LRI24; o- 

and m-xylene even co-elute in cGC analysis. Hence, the  

remaining three peaks at 7.2 s, 7.4 and 7.95 s are assigned to  

ethylbenzene, co-eluting o- and m-xylene, and p-xylene. 

The second example of benefits from additional  

chromatographic resolution deals with the quantification of 

individual VOCs in wood combustion emissions by direct SPI -

TOFMS in previous studies49,51, assuming that only a single  

analyte contribute the to the intensity of an individual m/z. We  

revised this assumption for m/z  78 (benzene), 92 (toluene), 104  

(styrene), 116 (indene) and 128 (naphthalene) in open burning 

experiments of pine branches and twigs including needles. For  

m/z 78, 104, 116 and 128, we got 95% contribution of the  

tentatively assigned VOCs. However, for m/z 78 the  

contribution of other compounds, likely from some minor  

fragmentation of methoxyphenols, may account occasionally  

up to 45% of its total intensity. The largest discrepancy we  

observed for m/z 92, to which toluene may account for less than 

20% and 48% on average of the total intensity. In addition t o  

eluting toluene at 5.4 s, further peaks appeared in the retention  

time range between 8 and 11 s (Fig. 8c-d), which is also covere d  

by monoterpenes. Here, α-pinene and ∆-3-carene are the two 

Fig. 7 Imageplot of 45 consecutive chromatograms of 15 s acquired during one 

roast experiment with Colombian Arabica. Peak intensities of the chromatogram are 

illustrated according to the colourbar. White dots represent the modified Flavour 

Quality Index (FQImod) comprising of hexanal (m/z 100), vinylpyrazine (m/z 106), 

pyrrole (m/z 67), furfurylmethylketone (m/z 124) and pyridine (m/z 79). The roast 

profile and Individual contributions to FQImod can be found in Fig. S3 and Fig. S4.
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monoterpenes with high intensity of the fragment ion at m/z  92  

and the most abundant monoterpene species measured in a 

Scots pine forest52. 

The hypothesis of monoterpenes in the Scots pine burning 

VOC emissions were supported by burning twigs and foliage of 

common oak as negative control because it contains  

significantly less monoterpenes than coniferous trees and  

consequently show significantly smaller peaks than toluene at 

later retention times for m/z 92 (Fig. e-f). Hence, we may expect  

that toluene quantification by direct SPI-TOFMS was 

overestimated as in Norway spruce logwood combustion  in a 

modern masonry heater49 and softwood pellet combusti on  

under various pellet boiler conditions 51. Howeve r ,  

monoterpenes are more abundant in needles than in bark or  

stem wood53 , turning the overestimation of toluene by a factor  

of two into similar ranges as for other quantified VOCs at m/z  

with assumed contribution of a single VOC.  

We compared the averaged mass spectra from fastGC-SPI-

TOFMS of open burning common oak and direct SPI-TOFM S 

measurements of beech logwood burned in a modern masonry 

heater49 (Fig. S5). As expected from BTXT measurements on the  

trapping efficiency, the mass spectrometric pattern from 

fastGC-SPI-TOFMS has a bell-like shape, whereas the direct SPI-

TOFMS measurement reveal declining intensities toward  

increasing m/z. On the one hand, small VOCs, i.e. very volatile 

organic compounds (VVOC), are less efficiently trapped on the  

modulator, but on the other hand, there is a clear benefit from 

fastGC of VOC speciation in the higher m/z range. For example,  

the fastGC is able to unravel up to 13 different individual  

contributions to m/z 94 (e.g. phenol and fragments from 

monoterpenes), separate the isobars 1-methylnaphthalene and  

2-methylnaphthalene at m/z 142, and exclude significant  

contribution at m/z 124 from ions except the common lignin  

pyrolysis product 2-methoxyphenol (guaiacol)54. These findings  

were obtained only from prior knowledge about VOC emissions  

biomass burning, but may be extended by more systematic  

work on the effect of LRI from rapid temperature ramps and  

investigations on the fragmentation behaviour in SPI.  

Conclusions 

A new fastGC setup with integrated modulator sampli ng and  

detection by SPI-TOFMS was presented with its figures of merit  

and demonstrated in headspace and on-line analysis of samples 

from complementary fields . The total GC cycles of this studies 

last for 30 s and 15 s, thus classifying our fastGC more precisely 

as hyper-fast GC. Regarding LOD and precision, i ts performanc e  

is competitive with previously described instruments consisting 

of fastGC and mass spectrometric detection using soft 

ionisation techniques, but has advantages in chromatographi c  

separation and GC runtime due to a highly flexible optically-

heated GC unit and switch of carrier gas to helium. Additionally,  

the analysis benefits from the soft ionisation as co-eluting 

analytes of different molecular mass are separated by the mass  

spectrometric dimension, which does not hold for hard  

ionisation techniques, such as EI. On the other hand, LRIs in 

fastGC are fraught with higher uncertainty compared to cGC 

and are only usable from LRI databases to a limited extent for  

Fig. 8 Left column: 50 consecutive chromatograms of a) m/z 106 for pine open burning, c) m/z 92 for pine open burning and e) m/z 92 for oak open burning. Right column: 

Individual chromatograms obtained after 5 min 30 s of biomass burning. For b) m/z 106 of pine open burning, four separated peaks can be detected and assigned to 

ethylbenzene, co-eluting o- and m-xylene, p-xylene and benzaldehyde. d) The peak in m/z 92 at retention time 5.5 s belong to toluene, while peaks eluting between 8 and 12 s 

strongly correlate with  fragments of monoterpenes. Since pine needles are rich in monoterpenes, such as ∆-3-carene, α-pinene and β-pinene, f) oak foliage and twigs with 

significantly lower content of monoterpenes were burned as negative control and revealed only toluene at m/z 92. 
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compound identification, for example by considering the  

relative elution order of analytes. However, an implementati on  

of quasi-simultaneous SPI/EI55 and integration of fastGC and MS 

data with both hard and soft ionisation techniques may 

substantially enhance compound identification and  

classification56. 

Headspace analysis of needles from coniferous trees reveal 

a sufficient chromatographic separation of most abundant  

monoterpenes. However, also without identification by 

authentic standards, peaks may be assigned to common 

molecular indicators of the coffee roast degree in the analysis 

of ground roast coffee beans of different origin. As an 

alternative use of the short runtime for high-throughput ,  

repeated measurements within the runtime of cGC increases 

the confidence of an offline measurement result.  

All individual components synergise the performance of the 

fastGC setup in on-line analysis with a resolution of quasi-real-

time. Again, coffee roasting involves complex flavour  

development, which may be appropriately monitored by a 

further total GC cycle duration of 15 s, also offering potential for  

more accurate real-time prediction of coffee propertie s  

relevant for human health or quality assurance. Also for the  

investigation of combustion emissions from solid fuels with  

dynamic changes in VOC emissions, our fastGC setup is capable  

to resolve a multiple isobaric compounds, which may be of 

interest for a toxicological assessment of e.g. flaming and  

smouldering combustion phases or an estimation of formation  

potential of health- and climate-relevant SOA. 
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