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 Naturally occurring flame ions can only be detected if 

the sampling probe is properly grounded and the 

instrument is optimized for the transfer of charged 

species and particles. 

 Ions formed mostly through chemi-ionization reactions. 

 Stretched flame front under low-pressure conditions: 

high spatial resolution.   

 One-dimensional temperature and species profiles. Figure 3. Laminar low-pressure flames [2]. 

Overview 
 
 A specially designed high-temperature atmospheric-pressure interface (Fasmatech) is coupled to an 

orthogonal time-of flight mass spectrometer (Kaesdorf) to measure ionic flame species. 

 Naturally occurring ions are sampled by electrical fields directly from the flames and guided into the 

mass analyzer. Ions up to 500 atomic mass units were observed. 

 PAH ions can be detected with excellent signal-to-noise ratios and quantification is achieved by 

measuring total ion current using a Faraday cup. 

Introduction 
 
 Fossil fuels continue to supply almost 80% of world 

energy through 2040. 

 Conventional combustion processes lead to 

formation of soot and NOx emissions.  

 Biofuels (e.g. ethanol) are important as fuel 

substitute or additive and lead to a diminution of 

soot production. 

Figure 1. World energy consumption [1]. 

 The species C2H2, C3H3, C4H3, C4H5, and C6H6 are 

of particular importance for the formation of 

polycyclic aromatic hydrocarbons (PAHs). 

 Acetylene is in the exhaust gas of fuel-rich flames 

the dominant hydrocarbon and therefore the most 

likely growth component. 

 Polyynes (C2nH2), which are linear-chain carbon 

molecules, have a high reactivity in polymerization 

reactions and are associated with soot. Figure 2. Formation of the first aromatic ring [2]. 

Figure 5. Sampling probe. 

Figure 6. Ion funnel. Figure 8. Quadrupole. 

Figure 7. Octapole. 

Methods: Quantification 
 
 Quantification by measurement of total ion current on a 

Faraday cup behind the skimmer (I+) [4]. 
 Calculation of total flow of                                                 

molecules through the                                                              

skimmer (N). 

 Calculation of total ion density (n+). 

Methods: Investigated flames 
 
 Flames were stabilized at 130 Torr on a home-built 

McKenna-type burner with 60 mm in diameter. 

 Stoichiometry of 1.8 with total gas flow of 4 slm. 

 50% of ethylene is replaced by ethanol. 

 Flame sampling by Hastelloy skimmer. 

C2H4 
[slm] 

EtOH 
[slm] 

O2 
[slm] 

Ar 
[slm] 

C/O 
ratio 

0.750 - 1.25 2 0.60 

0.375 0.375 1.25 2 0.52 

Table 1. Flame conditions. 
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Figure 9. Experimental chamber. Figure 10. Scheme of main reaction pathways of combustion [3]. 

Ethylene 

Ethanol 

Figure 11. Total ion current in ethylene flame.  
Figure 12. Schematic of 
ion current measurement.  
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Figure 4. Schematic of the instrumental setup. 

Methods: Instrument 
 
 +300 V potential on burner and skimmer (for detection of positive ions). 

 Low capacitance ion funnel with a DC potential gradient to transport ions in the direction of the gas flow. 

 Phase shifted high-frequency RF voltage waveform applied to adjacent pcb electrodes facilitates radial 

confinement and reduces low-mass cut-off.  

 DC lens system for effective focusing of ions into the subsequent vacuum region. 

 High frequency RF octapole ion guide combining octapolar and quadrupolar field distributions to enhance 

trapping efficiency at the entrance and radial focusing at the exit of the device, respectively.  

 High frequency quadrupole device for guiding ions from intermediate pressure to the high vacuum region of the 

orthogonal time-of-flight mass spectrometer. 
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Results: Comparison of mass spectra at different positions and effect of ethanol on the combustion 
 
 Signal intensity changes with burner position                                                                                        

and fuel mix. 

 PAH+ ions, polyynes, oxygenated species,                                                                                                                        

and water clusters are observed. 

 Good agreement of the observed species with                                                                                                                                    

other studies [4,5]. 

 Ethanol reduces abundance of PAH and polyyne                                                                                                  

ions. 

 (H2O)3H+ is the dominant water cluster indicating                                                                                                                                                                                                                                                           

sampling conditions of ∼ 0.4 mbar pH2O                                               

and 450 K gas temperature. 

Conclusions 
 
 The sampling conditions of the ion 

interface differ substantially from typical 

molecular-beam sampling conditions (large 

pressure in the ion funnel compared to the 

first pumping stage of molecular-beam 

setup). 

 Quantification is possible by measuring the 

total ion current in different flame positions. 

 There is need to correct the mole fraction 

profiles due the presence of some major 

ions (e.g. H3O+) on each position in the 

flame to correlate them with neutral 

profiles.  

 The most abundant ions detected in the 

flames agree well with ionic species 

observed in prior work by other groups. 
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Most abundant PAH in fuel-rich 
flames 

Results: Major species and intermediates 
 
 Determination of major species by EI at 22 eV (symbols). 

 Good agreement with modeling results (lines). 

Figure 13. Mass spectra at different positions in C2H4 flame.  Figure 14. Effect of ethanol on species formation.  Figure 15. Comparison of species profiles.  

 
 Chemical kinetic model by J.A. Miller (Argonne 

National Laboratory) [6]. 

Figure 16. Mole fraction profiles of major species and intermediates in neat C2H4 flame.  

Results: Ion formation and correlation of ion and neutral mole fraction profiles 
 
 Formation of primary ions by chemi-ionization [7]: 1. CH + O ⇌ CHO+ + e- 

 Proton transfer from primary ions to particles with high proton affinity: CO < H2O < CH3OH < CH2CO 

     2. CHO+ + H2O ⇌ H3O+ + CO 

     3. H3O+ + CH3OH/CH2CO ⇌ CH5O+/C2H3O+ 

         CH5O+ + CH2CO ⇌ C2H3O+ + CH3OH 

 Electrons diffuse to cold side of the flame                                                                                                                                                                                        

(burner) and H3O+ has to follow [8]:  

     4. H3O+ + e- ⇌ neutrals (e.g. H2O + H) 

 Species with highest signals in the flame                                                                                                                                                                                                                             

and with mass smaller than PAH ions used                                                                                                                                                                                                                           

as correction function to calculate mole                                                                                                                                                                                                                  

fraction profiles of ions independent of the                                                                                                                                                                                                                                                                                                                                                                                  

number of photon donors. 
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Figure 17. Ion formation in flames.  

Results: Mole fraction profiles of ions in C2H4 flame 
 
 The shapes of mole fraction profiles of ions are similar to the corresponding neutral species which can be 

shown for different species. 

 The ratio of the mole fractions of benzene to toluene is approximately the same for ions and neutral species 

but there are discrepancies for naphthalene (mass discrimination effect?). 

 Good mole fraction profiles for many PAH ions. 

 Instrument has very high detection efficiency.        

Figure 18. Correction function for neat C2H4 flame. Figure 21. Mole fraction profiles of some measured PAH ions in this 
work (neat C2H4 flame) and typical structures mentioned in [5]. 

Figure 20. Comparison of C4H2 profiles in neat C2H4 flame. 

Figure 19. Comparison of ion profile shapes in neat C2H4 
flame with modeling results for neutral species. 
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