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Abstract 

Laser-induced fluorescence (LIF) technique has been widely applied in PAH 

measurement in sooting flames, but it is still a big challenge to quantitatively identify 

the specific PAH species due to the complexities of spectral characteristics and 

calibration method. In this study, we aimed at developing a spectral-resolved LIF 

analytic model that can obtain PAH mole fractions in flames. A comprehensive LIF 

spectrum database in the wide temperature and concentration ranges was firstly 

established by the LIF experiments of gas-phase PAHs in an optical cell. Then, a 

spectral-resolved LIF analytic model was presented based on linear superposition 

regulation and an optimization fitting algorithm, and the LIF spectra of PAH 

components can be decomposed from the LIF spectra of the flame using this model. 

Finally, the integral fluorescence intensities of each PAH component were calibrated to 

their mole fractions by the calibration factors at corresponding temperatures. In this 

way, we can measure the mole fractions of several PAHs. Subsequently, the presented 

LIF method was applied to investigate the PAH formation characteristics at different 

flame temperatures. The experimental results showed that the mole fractions of each 

PAH except naphthalene decreased around 60% to 70% when the temperature increased 

from 1186 K to 1483 K, while the mole fraction of naphthalene kept nearly constant. 

The mole fractions simulated by a chemical kinetic model well reproduce the 

experimental results. According to the chemical kinetic analysis, C2H2 oxidation 

reaction was promoted and the C2H2-addition reactions were suppressed by increasing 

temperatures, which suppressed the PAH formation. 

Key words: LIF, PAHs, spectral-resolved analytic model, calibration method, laminar 

premixed flame. 
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1. Introduction 

Emission of soot particles from incomplete combustion process of fossil fuels has 

received long attentions due to their health and environmental hazards [1-3]. It is now 

well agreed that polycyclic aromatic hydrocarbons (PAHs) are the main precursors of 

soot and play an important role in soot formation process [4-8]. Extensive studies have 

focused on the PAH and soot formation mechanisms, but many details of this process 

especially the nucleation process of nascent soot still remain poorly understood [9, 10]. 

In addition, the main source of uncertainty in soot model validation mainly comes from 

the difficulty to measure the PAH concentrations in flames [11]. Hence, reliable and 

precise measurement method for PAHs in flames is necessary for better understanding 

of the PAH formation and soot nucleation [12, 13].  

Laser-induced fluorescence (LIF) technique is a non-intrusive and on-line 

measurement method for PAH information in sooting flames, and has been widely used 

to investigate fuel effects on PAH formation and validate soot model for different 

hydrocarbon fuels [14-19]. The relative sizes of the PAH molecules could be 

approximatively distinguished by different wavelength ranges of LIF signals, because 

the larger PAHs generally tend to emit fluorescence at longer wavelengths. For instance, 

T.A. Litzinger’s group [20, 21] used a detection bandpass of 320 - 380 nm to represent 

small PAHs (1 and 2 rings), and 420 - 480 nm to represent large PAHs (3 or more rings). 

In the work of H. Liu’s group [22, 23], the smaller PAHs such as naphthalene and 

phenanthrene (2 and 3 rings) were detected at 350 - 400 nm, and the larger PAHs such 

as pyrene (4 rings) were detected at 400 - 480 nm. However, the detailed species of 

PAHs cannot be specified using this approximation. What’s more, the currently used 

LIF technique can only measure PAH concentrations in a qualitative manner, and it is 

still a big challenge to calibrate the PAH mole fractions from LIF signals measured in 

flames [24].  

The PAH-LIF spectra have been widely investigated under UV excitation in 

different kinds of sooting flames, including premixed and diffusion configurations, in 

the literature [16, 25, 26]. P. Liu et al. [25] have measured the LIF spectra in an ethylene 

laminar premixed flame under 266 nm excitation, and the results showed that the shape 

of LIF spectra located in the range from 300 to 700 nm centering at 500 nm, and 

remained unchanged in different HABs. S. Bejaoui at al. [16] have investigated a 

methane laminar premixed flame using 266 nm excitation, and the result was accord 
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with that of P. Liu et al. X. Mercier et al. [26] measured a co-flow methane laminar 

diffusion flame under 213.5 nm and 282 nm, indicating that the LIF spectra redshifted 

from UV to visible range with increasing HAB, and in the entire HAB the LIF spectra 

globally located between 300 and 700 nm. PAHs formed in both premixed and diffusion 

flames emitted broadband and unstructured LIF spectra under UV excitation, making a 

difficulty to in interpret the origins of the LIF spectra measured in flames. 

 In order to overcome the difficulty of the currently used LIF method for PAH 

measurement, there are three key reasons need to be discussed. Firstly, the LIF spectra 

of PAHs highly depend on temperature. Although the spectroscopy of PAHs has been 

widely studied in solutions at room temperature [27-29], as well as in an optical cell at 

higher temperatures [30-32], the temperature effects on LIF signals of different PAHs 

are not well understood, and the spectrum data of PAHs at elevated temperatures are 

scarce. Secondly, PAHs formed in flames are multicomponent species with different 

and complex molecular structures, including different aromatic rings, five-membered 

ring structures, and aliphatic branched chains [33-36]. At present, only several typical 

PAHs such as naphthalene, phenanthrene, and pyrene, have been sufficiently studied, 

but the LIF data of more complete PAH is absent. Last but not the least, the LIF spectra 

emitted from different PAHs are broad and overlap with each other, hence, it is 

necessary to understand the spectrum superposition regulation of PAH mixtures. L.R. 

Allain et al. [32] and R. Sun et al. [37] had measured the LIF spectra of several PAH 

vapors and their mixtures at 300 ℃, and they both found that the spectra of mixtures 

can be calculated by linearly summing the spectra of each component. According to 

above discussion, the fundamental fluorescence characteristics and spectrum data of 

PAHs are essential to analyze the LIF spectra measured in flames, in order to obtain 

reliable quantitative data for the selected PAHs. 

The main purpose of the current paper was to develop a spectral-resolved LIF 

analytic model and calibration method, which can obtain PAH mole fractions from the 

LIF spectra measured in flames, on the basis of a comprehensive LIF spectrum database. 

The LIF spectra of PAHs were measured at gas phase in an optical cell in wide 

temperature and concentration ranges. Some spectrum data of a part of PAH were cited 

from our published papers [30, 33, 38], and some other data of more complete PAH 

species were supplemented in this paper under the same conditions. Then, the analytic 

model and calibration method were established based on this database and 

mathematical model, and applied to an ethylene laminar premixed flame. 
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As mentioned above, the LIF signals of PAHs are pretty sensitive to temperature, 

therefore, the comparisons of PAH LIF signals should be conducted carefully only 

when the flame temperatures are nearly constant [24]. On the other hand, flame 

temperature is one of the most important factors in the PAH formation process, and the 

temperature sensibility is one of the validation criteria for a PAH mechanism. However, 

there will be inevitable errors to investigate the temperature effects on PAH formation 

using the frequently-used LIF techniques, because the temperature effects on LIF 

signals and PAH formation are coupled. In the current paper, the presented LIF method 

is able to consider the temperature dependence of LIF signals in the analytic model and 

calibration process. This method will be applied to investigate the temperature effects 

on PAH formation characteristics in ethylene laminar premixed flames. A chemical 

kinetic model is used to compare with the experimental results and helps analyze the 

temperature effects by chemical kinetic analysis. 

2. Experimental setup and modeling 

2.1 PAH gasification system 

 The LIF experimental setup used in this paper was the same as the one used in our 

previous studies [30, 38] and only described here briefly. The experimental setup 

consisted a PAH gasification system and a LIF diagnostic system. The standard 

substances of the investigated PAHs were purchased from suppliers and used without 

purification. The PAH samples (solid state at room temperature) were first dissolved in 

n-hexane solution, and then were vaporized and transmitted into an optical cell by the 

PAH gasification system. The mole fractions of the gas-phase PAHs can be controlled 

by the flow rate of the diluent argon and the mass flow rate of PAH standard substance 

using a syringe pump (LSP01-1A). In this study, the quenching effects of oxygen on 

PAH fluorescence were not considered, because oxygen drops rapidly to an extremely 

low mole fraction (less than 1 × 10−3) according to the chemical kinetic model used 

in section 3.3, in the fuel-rich premixed flames investigated in this paper. The stainless-

steel optical cell was placed in an tube furnace controlling the test temperatures at the 

range between 673 K and 1373 K. Using this gasification system, the gas-phase PAH 

samples with controllable temperatures and mole fractions can be obtained for LIF 

measurement. 

The PAH pyrolysis in the optical cell at such high temperature (nearly reach to 
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1400 K) is inevitable. In order to minimize the errors caused by PAH pyrolysis, the gas 

residence times in the optical cell were controlled at lower than 0.5 s. Then, the species 

in the outlet of the optical cell were measured by GC-MS, and some small aliphatic and 

aromatic hydrocarbons were observed but their concentrations were relatively low 

compared with PAHs. However, it should be noticed that there still might be brown 

pyrolysis products that cannot be detected by GC-MS, and this kind of species might 

also introduce some inevitable and unmeasurable errors. 

The LIF spectrum data of naphthalene, phenanthrene, pyrene, fluorene and 

fluoranthene were directly cited from our previous studies [30, 38]. The LIF spectrum 

data of other PAHs that is likely to form via HACA (hydrogen abstraction - C2H2 

addition) mechanism [39, 40] in flames were measured under the same conditions, to 

establish a database containing more complete PAH species. The basic information of 

the investigated PAHs in the current paper was listed in Table 1. The LIF spectra in this 

database were used to analyze the LIF spectra measured in flames and calibrate the 

mole fractions of PAHs from their LIF intensities. 

 

Table 1 Basic information of PAHs that considered here 

PAHs Formula Chemical structure 

Ethynyl-naphthalene C12H8 

 

Ethynyl-phenanthrene C16H10 

 

Ethynyl-pyrene C18H10 

 

Benzo[a]pyrene C20H12 

 

Chrysene C18H12 

 

Coronene C24H12 
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Benzo[k]fluoranthene C20H12 

 

Dimer-Pyrene [C16H10]2 

 

Dimer-Benzo[a]pyrene [C20H12]2 

 

 

2.2 LIF diagnostic facility 

The LIF spectra of gas-phase PAH samples were measured in the optical cell. The 

excitation light source was the fourth harmonic (266 nm) of a pulsed Nd:YAG laser 

(Quantel Q-smart 850). 266 nm is the most widely used excitation wavelength for PAH-

LIF measurement in flames, therefore in this study, 266-nm excitation light source was 

used in LIF experiments for both gas-phase PAHs and PAHs formed in flames. 355-nm 

or visible light source can also excite PAHs to fluoresce, but the results would be totally 

different from those by 266-nm excitation [16]. The energy density of incident laser 

was kept at around 15 mJ/cm2, and the laser beam was transmitted through a 4-mm 

aperture slot to the fluorescence probe region. The LIF signals were collected by a 

refractory optical fiber at a right angle with respect to the laser propagation, and 

transmitted to a spectrometer (Princeton SP-2-500i) with a 1200 g/mm 500 nm blazed 

grating. An ICCD (Princeton PI-MAX3) was connected to the exit of the spectrometer 

to record the LIF signals, and its gate width was set at 50 ns without delay. In every 

measurement, LIF signals were averaged over 200 exposures. 

2.3 Burner and flames 

After obtaining the LIF spectrum data of various PAHs, the PAH gasification 

system was replaced by a burner while the LIF system remained unchanged. In this 

study, the laminar premixed flame was selected as an example for investigation because 

it has quasi-one-dimensional stable flame structure and controllable boundary 

conditions, and can be easily simulated using chemical kinetic model. A water-cooled 

porous plug burner, which was the same with the one used in our previous paper [38], 

was used to generate laminar premixed ethylene flames. Premixed ethylene, oxygen 
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and dilute argon flowed from a 5-cm-diameter porous plug, in addition, a shield argon 

flowed from another outer coaxial annulus porous plug to isolate the flame from the 

ambient air. A water-cooled stagnation plate was placed above the burner surface at 25 

mm height to stabilize the flame. The lower and upper boundary temperatures can be 

controlled by adjusting the cooling water in the burner and stagnation plate. The flames 

were at atmospheric pressure. 

To investigate the influence of flame temperatures on PAH formation, three flames 

were measured using the spectral-resolved LIF method, and their experimental 

conditions were listed in Table 2. The flame temperatures increase at higher flow rates, 

while the equivalence ratios and dilution ratios were kept at 2.1 and 60%, respectively. 

The flame temperatures were measured using an S-type fine wire thermocouple coated 

with the YCl3/BeO mixture. The diameters of the thermocouple and coated bead were 

0.13 mm and 0.38 mm, respectively. The measurement method has been introduced in 

detail in our previous papers [14, 15, 41, 42]. The upper boundary temperature was 

approximately represented by the temperature of the stagnation plate undersurface that 

was measured by a inserted K-type thermocouple. Radiative correction was carried out 

using the Shaddix procedure with a modified OPPDIF code [43, 44] . The corrected 

temperatures were the average value corrected by upper (0.3) and lower (0.6) limits of 

emissivity of the coating, and the error bands were calculated from the upper and lower 

emissivity limits in the radiation correction process [44, 45]. 

 

Table 2 Experimental conditions of the flames with different flame temperatures. 

Flame 
Flow rate (L/min) Maximum flame temperature 

Tmax (K) C2H4 O2 Ar Total 

Flame 1 0.873 1.247 3.180 5.30 1700 (±76) 

Flame 2 1.300 1.857 4.736 7.89 1799 (±85) 

Flame 3 1.700 2.429 6.193 10.32 1889(±98) 

 

2.4 Chemical kinetic model 

 The investigated flames were simulated by a premixed burner stagnation flame 

model in Chemkin-Pro Software package, to analyze the details about the temperature 

effects on PAH formation. Three PAH formation mechanisms were selected: ABF 

mechanism [46], KM2 mechanism [47], and V. Chernov’s mechanism [48], then, the 
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best mechanism was used to conduct chemical kinetic analysis for the temperature 

influence. In simulation, the maximum number of grid points, maximum gradient, and 

curvature between grid points were 500, 0.2, and 0.5 respectively, and other solver 

parameters of this model were set as their default values. The measured temperature 

profiles were set as the input parameters without solving the energy equation. 

3. Results and discussion 

3.1 Spectral-resolved LIF analytic model 

 A spectral-resolved analytic model was presented in this paper based on the 

fluorescence characteristics of gas-phase PAHs measured in the optical cell. The LIF 

spectra of several typical PAHs, which have been published in our previous paper [30], 

were rearranged and shown here in Fig. 1 to interpret the broadband and unstructured 

LIF spectra measured in flames. The mole fractions of these PAHs were all 2 × 10−5 

that were close to the PAH concentrations in flame conditions. The results at 673 K 

indicated that the LIF signals of naphthalene, phenanthrene, pyrene, fluorene, and 

fluoranthene ranged from UV to visible region and overlapped with each other, as 

shown in the solid lines in Fig. 1. When the temperature raised to 1073 K, the LIF 

spectra of all these PAHs slightly shifted to the red and the fluorescence intensities 

decreased significantly, as shown in the dashed lines in Fig. 1. At higher temperature, 

the LIF signals of fluorene and fluoranthene were extremely weak (spectrum of 

fluorene was too weak to be detected). It is notable that at elevated temperatures the 

LIF spectra of these PAHs were characterized by the wavelength bands between 300 

and 450 nm, while the strong visible LIF signals measured in flames could not be 

interpreted only by these PAH species. The tendencies of PAH LIF spectra with 

increasing temperatures were in accordance with the results of off-line LIF experiments 

in spray flames [49, 50] and laminar premixed flames [51], confirming the reliability 

of this experiment. 

 The LIF spectra of other PAHs, including species with aliphatic branched chains, 

larger molecular sizes, and five-membered ring structures, should be considered to 

analyze the LIF spectra measured in flames. Firstly, ethenyl branched chains cause 

remarkable redshifts on LIF spectra, meanwhile, PAHs with ethenyl branched chains 

are abundant in sooting flames and played important role in the generation of new 

aromatic ring [35, 52]. The LIF spectra of ethynyl-naphthalene, ethynyl-phenanthrene, 
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and ethynyl-pyrene at 673 K, which were cited from our published paper [33] were 

compared with the spectra of naphthalene, phenanthrene, and pyrene, as shown in Fig. 

2. The mole fractions of these PAHs were also at 2 × 10−5 in Fig. 2. The LIF spectra 

of these three PAHs with ethenyl chains would be added to the LIF spectrum database. 

The origin of the visible LIF signals measured in flames might be assigned to large 

PAHs because of the hypothesis that the larger PAHs tend to emit fluorescence at longer 

wavelengths. Therefore, the LIF spectra of PAHs containing more than four rings were 

measured in the optical cell at 673 K and compared with the spectra of naphthalene, 

phenanthrene, pyrene and fluoranthene, as shown in Fig. 3. The mole fractions of all 

these PAHs were fixed at 2 × 10−5. It should be noted that the LIF signals of chrysene, 

coronene, and benzo[k]fluoranthene were at least five times weaker than the LIF signals 

shown in Fig. 1 under the same conditions. The results indicated that their fluorescence 

emission all located in the range shorter than 500 nm, and the signal intensities of 

chrysene, coronene, and benzo[k]fluoranthene are too weak to contribute to the LIF 

signals in flames. Besides, the LIF spectra of benzo[a]pyrene that fluoresces strongly 

would be added in to the LIF spectrum database. 

 In literature [16, 26, 53], PAHs with five-membered ring structures such as fluorene, 

fluoranthene, and acenaphthylene were supposed to contribute to the visible LIF 

emission. However, in this paper, we have proved that this hypothesis may be not 

correct. The LIF spectra of fluorene and fluoranthene at 673 K was strong enough, and 

fluoranthene emitted in the visible range, but when the temperature went up their 

fluorescence intensities decreased significantly, as shown in Fig. 1. When 

acenaphthylene was measured under the same conditions in Fig. 1, its fluorescence 

emission was too weak to be detected, probably due to its quite low fluorescence 

quantum yield under UV excitation [54, 55]. Therefore, we can see that the visible range 

of LIF spectrum measured in flames cannot emitted from the PAHs with larger 

molecular sizes or PAHs with five-membered ring structures.  

In addition, some unidentified heavier part of condensed species with molecular 

weight higher than 300u might contribute to the visible LIF signals measured in flames, 

as Ciajolo et al. suggested in the literature [49-51]. However, the LIF spectra of this 

kind of condensed species cannot be found in literature, and cannot be obtained 

experimentally using the PAH gasification system presented in Section 2.1 due to their 

high boiling points. This might be one possibility to explain the visible LIF spectrum 

in flames if their LIF spectra could be known and added to the LIF spectrum database 
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in future works. 

 Recently, a new idea have been presented in literature that the visible LIF signals 

might be emitted from the dimers of moderate-sized PAHs [26, 56, 57]. However, the 

LIF spectra of PAH dimers cannot be measured in the optical cell due to the absence of 

standard substances and their short lifetimes. X. Mercier et al. [26] fitted the LIF spectra 

of PAH dimers by a Gaussian function centered at the excimer energy and extend by a 

full width at half-maximum equal to half of the binding energy. The excimer energy 

and binding energy were cited from literature [58]. In the current paper, the LIF spectra 

of dimer of pyrene and dimer of benzo[a]pyrene were cited from Mercier’s results and 

would be added to our LIF spectrum database. Their LIF spectra, as shown in Fig. 4, 

located in the wavelength range between 400 and 700 nm, and were likely to contribute 

to the visible LIF signals measured in flames. To simplify the analytic model, these two 

dimers were selected to represent the visible LIF spectra of PAH dimers, although there 

are many PAH dimers potentially form in flames. The LIF data of PAH dimers were 

obtained from theoretical calculation rather than experiments, so the temperature 

dependence of these PAH dimers cannot be considered in this study. But this hypothesis 

would be used in the spectral-resolved analytic model and verified in the application. 

Based on above analysis, we have established a LIF spectrum database containing 

nine PAH species, e. g., naphthalene, phenanthrene, pyrene, benzo[a]pyrene, ethynyl-

naphthalene, ethynyl-phenanthrene, ethynyl-pyrene, dimer of pyrene, and dimer of 

benzo[a]pyrene. The spectrum data at different temperatures and mole fractions of these 

PAHs were included in this database. Temperature is a significant influence factor that 

must be considered when we use the LIF spectrum database obtain at gas phase to 

analyze the LIF spectrum measured at flame conditions. The temperature effects on 

spectral shape and intensities of PAH monomers were considered based on the method 

presented in our previous paper [30], and the LIF spectra at 1186 K (temperature of the 

measuring position in Flame 1) are shown in Fig. 5.  

 In this study, Flame 1 (listed in Table 2) were taken as an example to establish the 

spectral-resolved analytic model. The LIF spectrum of this flame was measured at 16-

mm HAB where the flame temperature was 1186 K, because at this position the 

concentrations of PAHs have reached a stable value in this 25-mm-height laminar 

premixed flame [14, 15]. The fluorescence intensity can be expressed by the following 

equation for weak excitation,  
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S = ηopt

Elaser

hc λ⁄
dVc

𝑋𝑃

𝑘𝑇
σ(λ, T)ϕfl(λ, P, T, ni)                                  (1) 

where ηopt is the overall efficiency of the optical system, Elaser the laser fluence, 

hc λ⁄  the energy of a photon at the excitation wavelength λ, dVc the measurement 

volume, P the total pressure, T the temperature, X the mole fraction of excited species, 

k Boltzmann constant, 𝜎 is the absorption cross section, and 𝜙𝑓𝑙 is the fluorescence 

quantum yield. The LIF diagnostic system was kept constant when the experiments 

were conducted at the optical cell and the flame. However, ηopt between the optical 

cell and the flame was different mainly because the transmittance of the quartz window 

at the optical cell was lower than one. Considering this, the LIF spectrum measured in 

the flame need to be corrected by a factor based on the difference of ηopt. The corrected 

LIF spectrum of Flame 1 at 16-mm HAB was shown in Fig. 6 (the thick solid line). 

 In the next step, the LIF spectrum of Flame 1 will be fitted by the LIF spectra of 

PAHs from the database based on the linear superposition regulation. The measured 

LIF spectrum of flame, 𝐹𝑓𝑙𝑎𝑚𝑒 , were supposed to equal to the superposed spectrum, 

𝐹𝑠𝑢𝑝𝑒𝑟𝑝𝑜𝑠𝑒𝑑 , and can be calculated by the following equation, 

𝐹𝑓𝑙𝑎𝑚𝑒 ≈ 𝐹𝑠𝑢𝑝𝑒𝑟𝑝𝑜𝑠𝑒𝑑 = ∑ 𝑅𝑖𝑓𝑖

𝑖

                                                    (2) 

In this equation, 𝑓𝑖  represented the LIF spectra of each PAH component at 

corresponding flame temperature. The superposition coefficients 𝑅𝑖 can be fitted from 

𝐹𝑓𝑙𝑎𝑚𝑒 and 𝑓𝑖 according to a global optimization algorithm. Here, it should be noted 

that a nonlinear optimization method based on sequential quadratic programming was 

used to fit the values of 𝑅𝑖, and this method was conducted in Matlab software. To 

guarantee the stability of the fitting results of so many coefficients 𝑅𝑖, some constraint 

conditions were considered based on the relative amount of PAH concentrations. For 

example, the concentration of naphthalene is higher than that of ethynyl-naphthalene, 

because ethynyl-naphthalene is formed from naphthalene, and similarly to 

phenanthrene and pyrene. Then, 𝐹𝑓𝑙𝑎𝑚𝑒  can be decomposed into the contribution of 

each PAH component, e. g. 𝑅𝑖𝑓𝑖, as shown in the thin dashed lines of Fig. 6. To verify 

the reliability of this analytic model, the superposed spectrum was calculated by 

equation (2) and shown in the thick dashed line in Fig. 6. The comparison indicated that 

the superposed spectrum well accorded with the measured spectrum at most of the 

wavelength range, except around 430 - 480 nm, and the global fitting result was 
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satisfactory.  

3.2 Calibration method 

 Using the spectral-resolved analytic model, the LIF spectrum of the flame was 

successfully decomposed into the LIF spectra of each PAH component, and their 

respective integral fluorescence intensities can be calculated by the integration along 

emission wavelength. According to equation (1), the integral fluorescence intensity S 

is in direct proportion to mole fraction X when the temperature, pressure and LIF 

system are kept constant. In our previous study [38], this directly proportional 

relationship had been experimentally verified in the optical cell, and the quantitative 

calibration factors between integral fluorescence intensity (S) and mole fraction (X) 

have been obtained. The calibration factors were obtained at the mole fraction range 

between around 2 × 10−6 and 2 × 10−5. Based on this, the mole fractions of PAHs 

can be calibrated from the analyzed LIF spectra. However, there is a considerable issue 

that temperature will influence the calibration factors between S and X according to 

equation (1), and it is impossible to measure the calibration factors at all the various 

temperatures. Hence, the temperature dependence of the calibration factors must be 

understood. In the paper [38], the calibration factors of naphthalene, phenanthrene, 

pyrene, and fluoranthene were measured in the optical cell at 673 K and 1073 K, as 

listed in Table 3. The quantitative temperature dependences of fluorescence quantum 

yield ϕfl and absorption cross section σ have been quantitatively investigated in our 

paper [30], then, based on these and equation (1), the calibration factors at 1073 K can 

be predicted from the experimental values at 673 K using the temperature dependences, 

also as listed in Table 3. The relative errors between experimental and predicted values 

at 1073 K were all lower than 20%, indicating that this prediction method was reliable.  

 

Table 3 Calibration factors between integral fluorescence intensities and mole 

fractions of PAHs measured at 673 K and 1073 K and the predicted values at 1073 K 

PAHs 
Experimental values 

at 673 K 

Experimental values 

at 1073 K 

Predicted values 

at 1073 K 

Relative 

errors 

Naphthalene 4.372 × 1010 1.123 × 1010 9.372 × 109 19.78% 

Phenanthrene 4.200 × 1010 1.948 × 1010 2.362 × 1010 17.56% 

Pyrene 1.195 × 1011 6.455 × 1010 7.821 × 1010 17.46% 

Fluoranthene 1.174 × 1011 8,922 × 109 1.092 × 1010 18.30% 
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 The linearities of the LIF signal with different mole fractions from around 

2 × 10−6  to 2 × 10−5  of benzo[a]pyrene, ethynyl-naphthalene, ethynyl-

phenanthrene, and ethynyl-pyrene were checked and their calibration factors were 

obtain using the same method in [38]. Based on aforesaid prediction method, the 

calibration factors at 1186 K of each PAH monomer were calculated from the values 

that were measured at 673 K, and listed in Table 4. Then, the integral LIF intensities of 

each PAH monomer were calculated from the analyzed LIF spectra shown in Fig. 6, 

and also listed in Table 4. Finally, the mole fractions of these PAHs can be calibrated, 

as shown in Table 4.  

 The calibration factors of PAH dimers cannot be obtained due to the difficulty of 

the LIF experiment. Even so, their LIF spectra from the analytic model can reveal 

significant contribution for visible LIF signals in flames, and give an experimental 

evidence that PAH dimers could exist in sooting flames and play a role in the nucleation 

process. 

  

Table 4 Calibration factors at 1186 K, analyzed integral LIF intensities, and calibrated 

mole fractions of each PAH using the modified method 

PAHs 
Calibration factors 

at 1186 K 

Integral LIF 

intensities 

Calibrated mole 

fractions 

Naphthalene 4.730 × 109 1.278 × 105 2.70 × 10−5 

Phenanthrene 2.004 × 1010 1.863 × 105 9.29 × 10−6 

Pyrene 6.335 × 1010 3.857 × 105 6.09 × 10−6 

Benzo[a]pyrene 8.824 × 1010 1.942 × 105 2.20 × 10−6 

Ethynyl-naphthalene 6.244 × 109 5.224 × 104 8.37 × 10−6 

Ethynyl-phenanthrene 2.645 × 1010 7.495 × 104 2.83 × 10−6 

Ethynyl-pyrene 8.363 × 1010 2.414 × 105 2.89 × 10−6 

 

 At the end of this part, the application process of the spectral-resolved LIF analytic 

model and calibration method was summarized in Fig. 7. We firstly established a LIF 

spectrum database containing the LIF spectra of several PAHs measured at different 

temperatures and different mole fractions in an optical cell. Then, the LIF spectrum was 

measured in a flame, and the flame temperature was measured by an thermocouple. 

Next, the LIF spectra of PAHs at corresponding temperatures were cited from the 

database and used in the analytic model, and the decomposed LIF spectra of PAH 
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components were integrated to obtain their LIF intensities. Finally, the calibration 

factors at corresponding temperature were calculated using the fluorescence properties 

cited from the database, and the mole fraction of each PAH component can be calibrated.  

3.3 Temperature effects on PAH formation in flames 

 In this section, the presented spectral-resolved LIF analytic model and calibration 

method were applied to investigate the PAH formation characteristics at different flame 

temperatures. The temperature profiles of three flames listed in Table 1 were measured 

and shown in Fig. 8. The flame temperatures sharply increased to their maximum 

temperatures at around 2.5-mm HAB, and then gradually decreased to the temperature 

of the stagnation plate. The maximum temperatures of three investigated flames were 

1700 K, 1799 K and 1889 K, respectively. The measuring positions of three flames 

were all at 16-mm HAB, as shown by the dashed line in Fig. 8, and the flame 

temperatures there were 1186 K, 1330 K, and 1683 K, respectively. 

 Then, the LIF spectra were measured at 16-mm HAB of three flames and shown in 

Fig. 9. The results showed that the fluorescence intensities decreased significantly as 

increasing flame temperatures. However, it was not precise to say that the PAH 

concentrations decreased as increasing temperatures from this LIF result because the 

LIF signals of PAHs will also decline at higher temperatures. Therefore, the LIF spectra 

measured in flames should be decomposed using our spectral-resolved analytic model 

into the spectra of each PAH component, as shown in Fig. 10. It should be noted that 

the LIF spectra of PAHs in the spectral-resolved analytic model used for Flame 2 and 

Flame 3 were not measured in the optical cell directly, but predicted based on the data 

at the temperature range between 673 K and 1373 K using the method presented in our 

previous paper [30]. The comparison between the measured (thick solid line) and 

superposed spectra (thick dashed line) showed that the analyzed LIF spectra of each 

PAH were reliable. Next, the integral LIF intensities of each PAH were calculated from 

their LIF spectra, and the calibration factors at corresponding temperatures were 

calculated, as listed in Table 5. Finally, the mole fractions of each PAH were calibrated 

from the integral LIF intensities and calibration factors.  
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Table 5 Calibration factors, integral LIF intensities, and calibrated mole fractions of 

each PAH of three flames with increasing temperatures 

PAHs 

Flame 1 (1186 K) 

Calibration 

factors 

Integral LIF 

intensities 

Calibrated mole 

fractions 

Naphthalene 4.73 × 109 1.278 × 105 2.70 × 10−5 

Phenanthrene 2.00 × 1010 1.863 × 105 9.29 × 10−6 

Pyrene 6.34 × 1010 3.857 × 105 6.09 × 10−6 

Benzo[a]pyrene 8.82 × 1010 1.942 × 105 2.20 × 10−6 

Ethynyl-naphthalene 6.24 × 109 5.224 × 104 8.37 × 10−6 

Ethynyl-phenanthrene 2.65 × 1010 7.495 × 104 2.83 × 10−6 

Ethynyl-pyrene 8.36 × 1010 2.414 × 105 2.89 × 10−6 

PAHs 

Flame 2 (1330 K) 

Calibration 

factors 

Integral LIF 

intensities 

Calibrated mole 

fractions 

Naphthalene 1.89 × 109 5.005 × 104 2.65 × 10−5 

Phenanthrene 1.26 × 1010 5.074 × 104 4.04 × 10−6 

Pyrene 4.35 × 1010 1.865 × 105 4.29 × 10−6 

Benzo[a]pyrene 4.81 × 1010 8.814 × 104 1.83 × 10−6 

Ethynyl-naphthalene 2.49 × 109 1.488 × 104 5.98 × 10−6 

Ethynyl-phenanthrene 1.66 × 1010 3.784 × 104 2.28 × 10−6 

Ethynyl-pyrene 5.74 × 1010 1.141 × 105 1.99 × 10−6 

PAHs 

Flame 3 (1483 K) 

Calibration 

factors 

Integral LIF 

intensities 

Calibrated mole 

fractions 

Naphthalene 6.88 × 108 1.737 × 104 2.52 × 10−5 

Phenanthrene 7.22 × 109 2.316 × 104 3.21 × 10−6 

Pyrene 2.87 × 1010 4.894 × 104 1.71 × 10−6 

Benzo[a]pyrene 2.59 × 1010 2.362 × 104 9.12 × 10−7 

Ethynyl-naphthalene 9.08 × 108 2.538 × 103 2.79 × 10−6 

Ethynyl-phenanthrene 9.53 × 109 9.752 × 103 1.02 × 10−6 

Ethynyl-pyrene 3.78 × 1010 3.043 × 104 8.04 × 10−7 
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 To show the temperature effects clearly, the measured mole fraction of each PAH 

as a function of flame temperature were shown in Fig. 11. The falling ranges of PAH 

mole fraction as increasing temperatures were also labeled near the corresponding data 

in Fig. 11. The experimental results indicated that the mole fractions of each PAH 

except naphthalene decreased around 60% to 70% when the temperature increased from 

1186 K to 1483 K, while the mole fraction of naphthalene kept nearly constant. In order 

to analyze the temperature effects on PAH formation, a chemical kinetic model 

combined with detailed PAH formation mechanism was established, and the reaction 

rate analysis and sensitivity analysis were conducted.  

 In the chemical kinetic model, we selected three PAH formation mechanism, 

including Chernov mechanism [48], KM2 mechanism [47], and ABF mechanism [46], 

from literature to compare with the experimental results. ABF mechanism is a classic 

mechanism containing PAH formation up to pyrene, and it has been widely used in soot 

model and been the basis for many other mechanism [59], even if ethynyl-phenanthrene, 

ethynyl-pyrene, and benzo[a]pyrene are not included in ABF mechanism. Chernov 

mechanism and KM2 mechanism are recently presented mechanisms, containing more 

complete PAH species. The comparisons of the experimental and simulated PAH mole 

fractions were shown in Fig. 12. The error bands labeled in the figure were the values 

one order of magnitude higher and lower than the experimental results. Considering the 

uncertainty and complexity of the experiment and model, the simulated mole fractions 

within one order of magnitude compared with the experimental values can be identified 

as reasonable results. The comparison in Fig. 12 showed that KM2 mechanism had the 

best performance, and all of its simulated PAH mole fractions were within one order of 

magnitude compared with the experimental results. In further steps, KM2 mechanism 

will be used in chemical kinetic analysis to explain the temperature effects.  

 Firstly, we conducted a sensitivity analysis on the mole fractions of several typical 

PAHs, naphthalene, phenanthrene, pyrene, and benzo[a]pyrene, in the three 

investigated flames. The A-factor sensitivity coefficients of these PAHs were shown in 

Fig. 13. The positive values indicated that this reaction will promote the PAH 

concentrations, while the negative values indicated that this reaction will suppress the 

PAH concentrations. For convenient reading, all the elementary reactions were 

numbered according to the order of the original mechanism files in the reference [47]. 

 The sensitivity coefficients in Fig. 13 indicated that the mole fractions of these four 

PAHs were all sensitive to the reactions R1: 𝐻 + 𝑂2 ⇋ 𝑂 + 𝑂𝐻, R158: 𝐶2𝐻2 + 𝑂 ⇋
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𝐻𝐶𝐶𝑂 + 𝐻 , R1224: 𝐴1𝐶2𝐻 + 𝐻 ⟹ 𝐴1𝐶2𝐻∗ + 𝐻2 , and R1225: 𝐴1𝐶2𝐻∗ + 𝐻2 ⟹

𝐴1𝐶2𝐻 + 𝐻, except the inter-conversion reactions between PAHs and their radicals. 

The reaction R1: 𝐻 + 𝑂2 ⇋ 𝑂 + 𝑂𝐻  supplies O and OH radicals. When flame 

temperature increased, O and OH radical would accelerate the formation of radicals 

that were crucial in PAH formation process, but at the same time, they would also 

promote the PAH oxidation process. Therefore, this reaction cannot explain the 

temperature effects on PAH concentrations. The reaction R158: 𝐶2𝐻2 + 𝑂 ⇋ 𝐻𝐶𝐶𝑂 +

𝐻 was the oxidation reaction of acetylene. Based on HACA mechanism, C2H2-addition 

reactions were the main route in PAH formation and growth processes. The reaction 

rates of R158 in three flames were shown in Fig. 14, indicating that the acetylene 

oxidation was promoted by the increasing temperature and thereby suppressed the 

formation of new aromatic ring.  

The reactions R1224 and R1225 were the inter-conversion of phenylacetylene 

(A1C2H) and its radical. A1C2H is one of the most important precursors of PAHs, and 

its formation from benzene is the start of HACA reaction. The conversion from A1C2H 

to A1C2H* would promote the subsequent PAH formation while the reverse conversion 

would suppress the PAH formation. As increasing temperature, the sensitivity of the 

inter-conversion of A1C2H on phenanthrene, pyrene, and benzo[a]pyrene decreased 

while that of naphthalene changed slightly, which was in accordance with the results of 

PAH mole fractions. In conclusion, according to the sensitivity analysis and reaction 

rate analysis, it can be inferred that increasing temperature decreased the PAH 

concentrations mainly by promoting the C2H2 oxidation reaction and suppressing the 

C2H2-addition reactions. 

4. Conclusion 

The LIF method based on a spectral-resolved analytic model and calibration 

method was presented to measure the mole fractions of PAHs in sooting flames. This 

LIF method was then applied to investigate the PAH formation characteristics at 

ethylene laminar premixed flames with different temperature profiles. The following 

conclusions can be remarked. 

A comprehensive investigation on the LIF spectral characteristics in the wide 

temperature and concentration ranges was conducted in an optical cell, and a LIF 

spectrum database was established. Then, a spectral-resolved analytic model was built 

based on linear superposition regulation and an optimization fitting algorithm, and the 
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LIF spectra of PAH components can be decomposed from the LIF spectra of the flame 

using this model. The integral fluorescence intensities of each PAH component were 

finally calibrated to the mole fractions by the calibration factors at corresponding 

temperatures. Using this method, the mole fractions of naphthalene, phenanthrene, 

pyrene, ethynyl-naphthalene, ethynyl-phenanthrene, ethynyl-pyrene, and 

benzo[a]pyrene can be obtained, and dimer of pyrene and dimer of benzo[a]pyrene were 

proved to contribute to the visible range of in-flame LIF spectra. 

 Subsequently, the presented LIF method was applied to investigate the temperature 

effects on the PAH formation characteristics in ethylene laminar premixed flames. The 

experimental resulted indicated that the mole fractions of PAHs apart from naphthalene 

all went down around 60% to 70% while that of naphthalene was nearly the same, when 

temperatures increased from 1186 K to 1483 K. The simulated mole fractions of each 

PAH using a chemical kinetic model with KM2 mechanism well reproduced the 

experimental results, which also verified the reliability of the presented LIF method to 

some extent. The temperature effects were analyzed according to the sensitivity analysis 

and reaction rate analysis, indicating that increasing temperature decreased the PAH 

concentrations mainly by promoting the C2H2 oxidation reaction and suppressing the 

C2H2-addition reactions. 
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Fig. 1 Normalized fluorescence spectra of naphthalene, phenanthrene, pyrene, 

fluoranthene, and fluorene at 673 K (solid lines) and 1073 K (dashed lines) [30] (For 

interpretation of the color in this figure, the reader is referred to the web version of 

this article, the same for the following figures) 

 

 

Fig. 2 LIF spectra of ethynyl-naphthalene, ethynyl-phenanthrene, and ethynyl-pyrene 

(solid lines) compared with the LIF spectra of naphthalene, phenanthrene, and pyrene 

(dashed lines) at 673 K 
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Fig. 3 LIF spectra of benzo[a]pyrene, chrysene, coronene, and benzo[k]fluoranthene 

(solid lines) compared with the LIF spectra of naphthalene, phenanthrene, and pyrene 

(dashed lines) at 673 K 

 

 

Fig. 4 Normalized theoretical spectra of dimer of pyrene and dimer of benzo[a]pyrene 

from reference [26] (dashed lines) compared with the LIF spectra of naphthalene, 

phenanthrene, pyrene and benzo[a]pyrene (solid lines) at 673 K 
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Fig. 5 LIF spectra of gas-phase PAH monomers at 1186 K (solid lines) and theoretical 

spectra of PAH dimers used in the spectral-resolved analytic model 

 

 

Fig. 6 The LIF spectrum measured in Flame 1 (thick solid line), the analyzed LIF 

spectra of PAHs and dimers of PAHs (thin dashed lines), and the superposed spectrum 

(thick dashed line) using the spectral-revolved analytic model 
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Fig. 7 Diagram of the spectral-resolved LIF analytic model and calibration method 

 

 

Fig. 8 Flame temperature profiles of the flames with different temperatures 
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Fig. 9 LIF spectra measured at 16-mm HAB of flames with different temperatures 

 

 

(a) Flame 1                              (b) Flame 2 

 

(a) Flame 3     

Fig. 10 The analyzed LIF spectra of PAHs and PAH dimers (thin dashed lines) using 

the spectral-revolved analytic model, as well as the measured (thick solid line) and 
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superposed spectra (thick dashed line)  

 

 

Fig. 11 The measured mole fractions of each PAH as a function of flame temperatures 

 

 

(a) Flame 1                              (b) Flame 2 

 

(a) Flame 3     

Fig. 12 Comparison of the experimental and simulated PAH mole fractions in three 
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flames with different temperatures 

 

 

(a) Naphthalene 

 

(b) Phenanthrene 
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(c) Pyrene 

 

(d) Benzo[a]pyrene 

Fig. 13 A-factor sensitivity coefficients of naphthalene (a), phenanthrene (b), pyrene 

(c) and benzo[a]pyrene (d) in three flames with different temperatures 
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Fig. 14 Reaction rate profiles of R158 in three flames with different temperatures 
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