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Abstract

The influence of temperature on the formation of soot from ethylene pyrolysis
has been studied. Pyrolysis experiments were carried out in a quartz reactor in the
1000-1200 ◦C temperature range, for an inlet C2H4 concentration of 50000 ppmv
and a gas residence time of 4552/T(K) seconds. Outlet gases were analyzed by
gas chromatography and the amount of soot produced measured. The reactivity of
the soot samples obtained towards O2 and NO was also studied. Results show that
the higher the formation temperature, the less reactive the soot. The soot samples
were further characterized using elemental analysis, scanning electron microscopy
and Raman spectroscopy, in order to study their structural properties, and relate
them to their reactivity. Additionally, a comparison of the reactivity towards NO
between acetylene and ethylene soot samples obtained under similar conditions
has been carried out. The soot samples obtained from ethylene pyrolysis present
higher reactivity towards NO than the soot samples formed from acetylene.
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1. INTRODUCTION 

Soot formation during the incomplete combustion of fuels poses important potential health risks and climate 
pollution problems (D’Anna et al., 2007; Hays and Vander Wal, 2007; Santamaría et al., 2007). In order to control 
soot emissions into the environment, it is necessary a deep understanding of soot formation and its reactivity 
towards the gases present into the combustion device. The knowledge of this reactivity is important, not only to try 
to eliminate the soot particles, but also to analyze the possible reduction of the NO generated in the system, which 
is other pollutant with stringent regulations (Aarna and Suuberg, 1997; Commandré et al., 2002; Guo and 
Smallwood, 2007; Illán-Gómez et al., 1993; Snag Yoo and Im, 2007). 

It is established that the chemical reactivity and physical properties of soot are dependent on its 
nanostructure and composition. Besides, the differences in soot nanostructure are shown to be mainly dependent 
upon the fuel identity and concentration, and the operation conditions, such as temperature and residence time (Du 
et al., 1998; Hays and Vander Wal, 2007; Vander Wal and Tomasek, 2003; Vander Wal and Tomasek, 2004). 
Therefore, an understanding of these influences is important to control the physical properties of the soot and, 
therefore, its chemical reactivity (Grieco et al., 2000; Murr and Soto, 2005; Werner et al., 1992). 

In a previous work (Ruiz et al., 2007b), the formation of soot was studied from acetylene pyrolysis, which 
is a key compound in soot formation process via acetylene addition-hydrogen abstraction (HACA) mechanism 
(Frenklach, 2002; Frenklach and Wang, 1994). In the present study, it has been selected ethylene as sooting 
hydrocarbon for being also an important soot precursor, since its thermal decomposition mainly produces 
acetylene. The aim of this work is to study the influence of the temperature on ethylene pyrolysis, both on product 
composition (soot and outlet gases) and on further soot reactivity towards O2 and NO. To accomplish this aim, 
experiments of ethylene pyrolysis have been performed in the temperature range of 1000-1200 ºC, with an inlet 
C2H4 concentration of 50000 ppmv and a gas residence time of 4552/T(K) seconds. Subsequently, the reactivity 
towards oxygen and nitrogen monoxide of the soot samples formed has been studied. Moreover, since the soot 
nanostructures and reactivities are influenced by the fuel composition and by the particular combustion process the 
fuel undergo (Hays and Vander Wal, 2007), it has been considered interesting to make a comparison of the soot 
reactivity towards NO between ethylene and acetylene soot samples produced under similar pyrolysis conditions. 
This comparative study contributes to extend the results obtained in a previous work (Ruiz et al., 2007a). 

2. EXPERIMENTAL 

2.1 Soot Formation 

Experiments of C2H4 pyrolysis have been carried out in a facility described in detail in previous works (Ruiz et al., 
2007a; Ruiz et al., 2007b). Reaction takes place in a quartz tube reactor of 45 mm internal diameter and 800 mm in 
length (Figure 1). As can be observed, reactor inlet and outlet can be cooled by an air flow, which allows 
controlling the temperature profile inside the reactor. Additionally, the reactor outlet is mobile and can be adjusted 
to different positions in order to vary the reaction zone volume and thus, the gas residence time inside this reaction 
zone.  

The C2H4 pyrolysis experiments have been performed for an inlet ethylene concentration of 50000 ppmv, 
in the temperature range of 1000-1200 ºC. The total flow rate (C2H4 and N2) in all experiments is 1000 ml/min 
(STP). As has been mentioned, the gas residence time into the reactor, defined as the reaction zone volume divided 
by the total gas flow rate introduced, can be varied changing the position of the reactor cooled outlet. In this study, 
the reactor outlet is held on the same position, resulting a gas residence time of 4552/T(K) seconds. In each 
experiment, the outlet gas composition has been analyzed by gas chromatography and the obtained soot has been 
measured. For further soot reactivity study and characterization analyses, and in order to eliminate the adsorbed 
compounds on the formed soot samples, the raw samples are annealed during one hour in a N2 atmosphere at 1100 
ºC, except the soot samples produced at lower temperatures, which are annealed at their formation temperature to 
avoid possible structural changes. 
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Figure 1. Reactor employed in the C2H4 pyrolysis experiments 

2.2 Soot Reactivity 

In order to study the reactivity of the soot samples formed, soot/O2 and soot/NO interaction experiments have been 
carried out at a temperature of 1000 ºC, with a total flow rate of 1000 ml/min (STP). In soot/O2 tests, an inlet O2
concentration of 500 ppmv is employed, while in soot/NO experiments, an inlet NO concentration of 2000 ppmv 
is used. 
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The experimental set-up used for the soot reactivity experiments has been described in detail in previous 
works (Ruiz et al., 2007a; Ruiz et al., 2007b). The reactor employed is shown in Figure 2. It follows the design of 
Jensen (1996). It is a quartz reactor of 575 mm in length and 15 mm internal diameter. For each experiment, the 
amount of soot introduced into the reactor is approximately 10 mg and it is always previously mixed with 350 mg 
of silica sand (150 μm particle diameter). The mixture is located on a quartz wool plug placed in a bottleneck in 
the middle of the reactor, resulting in a thin layer. An inert flow of N2 is fed while the sample is heated up to the 
reaction temperature (1000 ºC). Once this set point is reached, the reactant gas mixture is fed. The reaction 
temperature is measured by a thermocouple placed 0.5 cm just below the quartz wool plug where the reaction 
takes place. The reaction products are continuously measured by Uras14/IR NO and CO/CO2 analyzers.  

Figure 2. Reactor employed in the soot/O2 and soot/NO interaction tests 
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concentrations in ppmv (CCO and CCO2 respectively) of the exhaust gas. In this way, the total initial amount of 
carbon (in moles) in the reactor,

oCN , is calculated as: 

∫
∞

− +=
0

COCO
6

TC dt)CC(10·FN
2o

      (1) 

where FT is the outing flow expressed in mol per unit time and is expressed by Equation (2). 

T·R
P·QF

g
T =  (2) 

  
where Q is the feeding flow rate, P is the reactor pressure, Rg is the universal gas constant in appropriate units and 
T is the reactor temperature. 

The amount of carbon (in moles) in the reactor at any time is calculated as: 

∫ +−= −
t

0
COCO

6
TCC dt)CC(10·FNN

2o

 (3) 

Therefore, the carbon weight in the reactor at any time, WC, is determined as: 

CCC MNW ⋅=  (4) 

where Mc is the atomic weight of carbon. 

In this way, the evolution of carbon conversion (Xc) as a function of time can be calculated for every 
experiment. The carbon conversion is defined as the amount of carbon reacted in the experiment at any time, 
related to the amount of carbon fed into the reactor. The Xc values have been considered as representative values 
of the soot reactivities.  

2.3 Soot Characterization 

Some characterization techniques are used to contribute to the knowledge of the structure and composition of the 
soot samples formed. These techniques are: elemental analysis, scanning electron microscopy (SEM) and Raman 
spectroscopy. The elemental analyses have been carried out in a Carlo Erba CHNS-O EA1108 analyzer. SEM 
images have been obtained using a JEOL JSM 6400 microscope, and in Raman analyses, a Jobyn Yvon Horiba 
LabRam spectrometer has been used. 

3. RESULTS AND DISCUSSION 

3.1 Soot Formation 

The ethylene pyrolysis experiments have been carried out at five different temperatures, in the 1000-1200 ºC 
temperature range, for an inlet ethylene concentration of 50000 ppmv. The results of soot and gas yields obtained 
in these experiments are shown in Figure 3. They are defined as the percentage of the amount of carbon in the soot 
and gases, respectively, related to the amount of carbon (C2H4) fed into the reactor. As can be observed, the soot 
yield increases with increasing the temperature, varying from 22.8 % at 1000 ºC to 62.7 % at 1200 ºC. 
Consequently, the gas yield decreases with increasing temperature. The increase of soot yield with temperature has 
been previously reported in the literature (Alexiou and Williams, 1995; Alexiou and Williams, 1996; Fletcher et 
al., 1997; Ruiz et al., 2007a; Ruiz et al., 2007b). In a previous work (Ruiz et al. 2007a) ethylene pyrolysis 
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experiments were carried out using the same experimental facility and methodology. A direct comparison between 
those results and the results obtained in the present work has not been made because two operation conditions 
(inlet ethylene concentration and gas residence time) are different in both works. In all experiments, apart from the 
soot formed, a layer of pyrolytic carbon adhered to the reactor walls is also observed.  
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Figure 3. Soot and gas yields obtained in the C2H4 pyrolysis experiments 

As has been mentioned, the composition of the outlet gases is analyzed by means of a gas chromatograph. 
The main gases analyzed are H2, CH4, C2H2, C2H4 and C6H6. The results of gas composition obtained in the 
ethylene pyrolysis at different temperatures are shown in Figure 4. The main gas product obtained from ethylene 
pyrolysis is hydrogen, reaching values of 86000 ppmv at 1200 ºC. The ethylene conversion is high in all the 
temperature range, reaching values higher than 90 % in all the experiments. The concentration of the rest of gases 
analyzed (methane, acetylene and benzene) decreases with increasing temperature. 
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Figure 4. Evolution of the outlet gases analyzed in the C2H4 pyrolysis experiments: top) H2; and bottom) CH4, 
C2H2, C2H4 and C6H6 

3.2 Soot Reactivity 

Experiments of the interaction soot/O2 and soot/NO have been carried out in order to study the influence of the 
formation temperature on the further reactivity of the different ethylene soot samples.  

3.2.1 Soot/O2 interaction 

With the soot samples produced at different temperatures, oxidation experiments have been performed at 1000 ºC 
with an oxygen concentration of 500 ppmv. The results of carbon conversion evolution as function of time are 
shown in Figure 5. In order to gain clarity on the graphic, only the results corresponding to three soot samples are 
shown. As can be observed, the soot samples formed at lower temperatures exhibit higher reactivities towards O2. 

6 International Journal of Chemical Reactor Engineering Vol. 5 [2007], Article A50



                                        

                                        

                                        

                                        

                                        

                                        

0 2000 4000 6000 8000 10000
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1,0

 Soot1000 ºC
 Soot1100 ºC
 Soot1200 ºC

Xc

Time (s)

Figure 5. Evolution of carbon conversion as a function of time in the sootC2H4/O2 interaction experiments 

The particle model that is used for describing this non catalytic gas-solid reaction is the “Shrinking Core 
Model” (Levenspiel, 1999; Ruiz et al., 2007b; Szekely et al., 1976). Its simplicity makes it adequate for the 
description of many heterogeneous, non catalytic reactions. Taking into account the experimental conditions used, 
a constant gas concentration on the soot particle surface can be assumed. From the carbon conversion values at 
any time, using the equation of the shrinking core model assuming a decreasing particle size and chemical reaction 
control (Equation (5)), it is possible to calculate the so-called in the model, carbon complete conversion time, τ. 

( ) 3/1
CX11t

−−=
τ

(5) 

The τ values are inversely related to the solid reactivity. The τ values obtained for the soot oxidation 
experiments are summarized in Table 1. As can be deduced from the correlation values obtained, it has been 
achieved a good fitting of the experimental data to the Equation (5). As can be observed, in general, the soot 
samples formed at higher temperatures have higher carbon complete conversion times, and thus, are less reactive 
towards O2. This trend with temperature was also observed in a previous work with acetylene soot samples (Ruiz 
et al., 2007b).  

Table 1. τ values for the sootC2H4/O2 and sootC2H4/NO interaction experiments 

Soot/O2 Soot/NO 
SootC2H4 samples 

τO2 (s) R2 τNO (s) R2 

Soot1000 ºC 6548 0.9973 15326 0.9999 
Soot1050 ºC 5888 0.9989 14552 0.9967 
Soot1100 ºC 6784 0.9965 23386 0.9911 
Soot1150 ºC 8621 0.9968 20246 0.9984 
Soot1200 ºC 11259 0.9975 26624 0.9937 

3.2.2 Soot/NO interaction 

Experiments of soot/NO interaction have been carried out at 1000 ºC with a NO concentration of 2000 ppmv. The 
results of carbon conversion evolution are shown in Figure 6. As in oxidation experiments, for a clearer graphic, 
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only the results obtained in three experiments are shown. As can be seen, the soot samples obtained at higher 
temperatures are less reactive towards NO. Respect to NO reduction, Figure 7 shows the evolution of NO 
reduction with carbon weight. As can be expected, the NO reduction decreases with decreasing the carbon weight. 
The soot samples obtained at higher temperatures reach lower NO reduction values. 
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Figure 6. Evolution of carbon conversion as a function of time in the sootC2H4/NO interaction experiments 
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Figure 7. Evolution of NO reduction as a function of carbon weight in the sootC2H4/NO interaction experiments 

In the same way as in oxidation experiments, from the results of Xc with time obtained in soot/NO tests, it 
is also possible to calculate carbon complete conversion times (τ), using Equation (5). The τ values obtained for 
the soot/NO experiments are shown in Table 1. The correlation values obtained show a good fitting of 
experimental data to the equation. The trend observed is the same as in soot oxidation tests: the soot samples 
formed at higher temperatures have higher carbon complete conversion times, and thereby, are less reactive 
towards NO. 
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Comparing the τ values for soot/O2 and soot/NO experiments, it can be observed that the soot samples are 
always more reactive towards O2 than with NO. In all cases, the reaction with NO is slower than with O2, despite 
of the inlet NO concentration (2000 ppmv), which is higher than the O2 one (500 ppmv). 

3.2.3 Soot characterization 

Some characterization techniques are employed to contribute to the analysis of the resultant behaviours observed 
in soot reactivity experiments. Three different techniques have been used to characterize the soot samples: 
elemental analysis, scanning electron microscopy and Raman spectroscopy. 

The elemental analyses and the C/H ratios of the samples are summarized in Table 2. It can be observed 
that the soot samples are mainly composed by carbon (more than 90 % in all cases). The hydrogen percentage in 
the soot decreases with increasing its formation temperature. Therefore, the C/H ratio increases with increasing 
temperature. The hydrogen content is directly related to the availability of active sites of the solid and therefore, to 
its reactivity (Chan et al., 1999; Guerrero et al., 2005; Rockne et al., 2000). This is in agreement with the results 
obtained in soot reactivity (Figures 5 and 6), because the soot samples formed at lower temperatures have 
exhibited higher reactivities towards O2 and NO.  

Table 2. Elemental analysis, C/H ratio (molar basis), and intensity ratio from Raman spectra of the ethylene soot 
samples formed under different temperatures 

Elemental analysis wt (%) (dry basis) SootC2H4 samples C H 
C/H  

(molar basis) Ig/Id 

Soot1000 ºC 94.13 23.77 1.069 
Soot1050 ºC 95.51 34.61 1.062 
Soot1100 ºC 97.88 40.78 1.076 
Soot1150 ºC 94.61 41.50 1.103 
Soot1200 ºC 90.52 

0.33 
0.23 
0.20 
0.19 
0.16 47.15 1.126 

Electron microscopy techniques have been relied upon as the primary diagnostic for soot structure and 
morphology (Barone et al., 2003; Di Stasio, 2001; Escribano et al., 2001; Mathis et al., 2004; Müller et al., 2005; 
Vander Wal and Tomasek, 2004; Zhu et al., 2004). Scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) techniques have been used to characterize the ethylene soot samples obtained in this 
work. SEM analyses have been employed to observe the macro-morphology of the different soot samples formed 
and have an overall view of the soot particles. As an example, the SEM images of a soot are shown in Figure 8. It 
can be observed in the SEM micrographs that soot is composed by spherical particles, known as monomers or 
spherules, heavily aggregated into aciniform masses, with numerous mesopores and macropores within the 
aggregates. TEM images of the soot samples have not been shown in this work since they are very similar to the 
TEM micrographs shown in a previous work (Ruiz et al., 2007b). 

9Ruiz et al.: Reactivity Towards O2 and NO of Soot



Figure 8. SEM micrographs of the ethylene soot formed under the following conditions: [C2H4] = 50000 ppmv,    
T = 1100 ºC 

The soot samples are also analyzed by Raman spectroscopy. This technique has been widely used with 
carbon materials in order to analyze internal physical characteristics of the solids, such as the degree of the 
structural disorder (Escribano et al., 2001; Guzmán de Villoria et al., 2006; Roubin et al., 2005; Tian et al., 2006). 
As an example, the Raman spectrum obtained for one of the soot samples produced is shown in Figure 9. Two 
peaks are observed: the D peak, centred about 1350 cm-1, and the G peak, centred about 1590 cm-1. The D peak 
corresponds to the disordered carbon, and the G peak to graphite. From this spectrum, by mean of mathematical 
calculations and models, it is possible to obtain an intensity ratio between the two peaks (IG/ID), which is directly 
related to the graphitic order of the material (Ruiz et al., 2007b). In this way, the intensity ratios for the different 
soot samples can be calculated. The results obtained are shown in Table 2. As can be noted, an increase in 
formation temperature leads to an increase in the graphitic order of the soot. This graphitization process that 
occurs at higher temperatures has been previously reported in literature (Fernandes et al., 2003; Stanmore et al., 
2001). This agrees with the results obtained in reactivity experiments. The soot samples formed at higher 
temperature are less reactive, which can be attributed to more graphitic structures. 

                                      

                                      

                                      

                                      

                                      

                                      

0 500 1000 1500 2000 2500
0,0

0,5

1,0

1,5

2,0

2,5

R
el

at
iv

e 
in

te
ns

ity

Wavenumber (cm-1)

Figure 9. Raman spectrum of the ethylene soot formed under the following conditions: [C2H4] = 50000 ppmv, T = 
1100 ºC 

6 μm  1 mm 

10 International Journal of Chemical Reactor Engineering Vol. 5 [2007], Article A50



3.3 Comparison between Ethylene and Acetylene Soot Samples: Soot/NO Interaction 

A comparison of the reactivity towards NO of ethylene and acetylene soot samples has been carried out. Both 
ethylene and acetylene soot samples have been produced under the same pyrolysis conditions: an inlet 
hydrocarbon concentration of 50000 ppmv, a gas residence time of 4552/T(K) seconds, and different temperatures 
(1000, 1050, 1100, 1150 and 1200 ºC). The soot/NO tests have been also performed under the same conditions, 
with a NO concentration of 2000 ppmv at 1000 ºC. The evolution of carbon conversion as function of time in these 
experiments is shown in Figure 10. In all experiments, it can be noted that the ethylene soot samples are more 
reactive towards NO than the acetylene solids. The results of NO reduction as function of carbon weight are 
shown in Figure 11. As can be observed in all cases, at the beginning of the experiment (high Wc values) higher 
NO reductions are reached with the ethylene soot samples. However, at the end of the experiment, the evolution of 
NO reduction with carbon weight is similar for both kinds of soot samples. The NO reduction with ethylene soot 
samples decrease with decreasing carbon weight in all the experiment. Nevertheless, the evolution of NO 
reduction with carbon weight with acetylene soot samples is different, since it presents a maximum.  

In order to explain these differences in reactivity between ethylene and acetylene soot samples, the 
elemental analyses of the acetylene solids were also made. The results of composition and C/H ratio in molar basis 
of these samples are shown in Table 3. By comparison with the corresponding results of ethylene soot samples 
(Table 2), it can be noted that the acetylene solids have slightly lower hydrogen content and thus, higher C/H 
ratios. As has been previously mentioned, the hydrogen content is directly related to the reactivity of a solid. This 
may be the reason why the ethylene soot samples exhibit a higher reactivity towards NO. 
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Figure 10. Comparison of the evolution of carbon conversion as a function of time in the soot/NO interaction 
experiments 
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Figure 11. Comparison of the evolution of NO reduction as a function of carbon weight in the soot/NO interaction 
experiments 
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Table 3. Elemental analysis and C/H ratio (molar basis) of the acetylene soot samples formed under different 
temperatures 

Elemental analysis wt (%) (dry basis) SootC2H2 samples C H 
C/H 

(molar basis) 
Soot1000 ºC 97.35 31.20 
Soot1050 ºC 97.40 45.11 
Soot1100 ºC 97.05 50.55 
Soot1150 ºC 95.95 61.51 
Soot1200 ºC 97.79 

0.26 
0.18 
0.16 
0.13 
0.12 67.91 

4. CONCLUSIONS 

A study of the influence of the temperature on the formation of soot from ethylene pyrolysis has been carried out. 
The pyrolysis temperature has a great influence on the yields to soot and gases, as well as in the composition of the 
outlet gases. It has been seen that an increase in pyrolysis temperature leads to an increase in soot yield and a 
decrease in gas yield. The reactivity behaviour of the soot samples has been also related to their formation 
temperature, resulting that the soot samples obtained at higher temperatures are less reactive towards oxygen and 
NO, mainly because of their more graphitic (more ordered) structure and higher C/H ratio values. 

Furthermore, a comparison of the reactivity towards NO has been performed with ethylene and acetylene 
soot samples formed under similar pyrolysis conditions. The solids produced from ethylene pyrolysis have 
resulted to be more reactive towards NO than the acetylene samples. This difference in reactivity may be attributed 
to a higher hydrogen content of the ethylene soot samples. 
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