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Abstract: Air pollution in many major cities is endangering public health and is causing deteriora-
tion of the environment. Particulate emissions (PM) contribute to air pollution as they carry toxic
polyaromatic hydrocarbons (PAHSs) on their surface. Abatement of PM requires continuous strict
emission regulation and, in parallel, the development of fuels with reduced formation of PM. Key
processes in the formation of PM are the decomposition of hydrocarbon fuels and the synthesis of
potential precursors that lead to the formation of benzene rings and thereafter growth to PAHs and
eventually PM. Methane, ethane and butane are important components of natural gas and liquefied
petroleum gas, and are also widely used in transportation, industrial processes and power generation.
This paper reports on a quantitative investigation of the intermediate gaseous species present during
pyrolysis of methane, ethane and butane in a laminar flow reactor. The investigation aimed to further
the understanding of the decomposition process of these fuels and the subsequent formation of
aromatic rings. The pyrolysis of methane, ethane and butane were carried out in a tube reactor under
laminar flow conditions and within a temperature range of 869-1213 °C. The fuels were premixed
in nitrogen carrier gas at a fixed carbon atom concentration of 10,000 ppm, and were pyrolysed
under oxygen-free conditions. Intermediate gaseous species were collected from within the tube
reactor at different residence times using a specially designed high-temperature ceramic sampling
probe with arrangements to quench and freeze the reactions at entry to the probe. Identification and
quantification of intermediate species were carried out using a gas chromatography-flame ionization
detector (GC-FID). During methane pyrolysis, it was observed that as the concentration of acetylene
increased, the concentration of benzene also increased, suggesting that the benzene ring is formed
via the cyclo trimerisation of acetylene. With all three fuels, all intermediate species disappeared
at higher temperatures and residence times, suggesting that those species converted into species
higher than benzene, for example naphthalene. It was observed that increasing carbon chain length
lowered the temperature at which fuel breakdown occurred and also affected the relative abundance
of intermediate species.

Keywords: hydrocarbon fuel; pyrolysis; high-temperature sampling; PAH precursors; benzene ring;
soot formation

1. Introduction

The environmentally adverse consequences of continued global reliance on fossil fuels
are becoming increasingly apparent. These include the contribution of fossil-derived CO,
to greenhouse gas emissions and climate change [1] and the reduction of local air quality
and public health. Combustion pollutants including PAHs and soot are believed to be
responsible for large numbers of premature deaths worldwide annually [2]. Given the
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likelihood of reliance on combustion in transport [3,4] and other economic sectors for some
time to come, there is a pressing need to develop fuels from renewable sources and to
reduce the negative impacts on health of combustion-generated pollutants. Therefore, a
greater understanding of the influence of fuel composition on the formation of harmful
pollutants, such as PAH and soot, is necessary to ensure the sustainable use of these fuels,
both with respect to decarbonisation and public health.

There is increasing research effort on developing renewable fuels from various organic
feedstocks for use as single or blended fuels, in internal combustion (IC) engines and other
combustion systems [5]. In considering the fundamentals of PAH and soot formation, the
simplest of all fuel molecules are short-chain alkanes. There are several such molecules
used currently as fuels, such as methane and ethane, which are constituents of natural gas,
while methane is also the main constituent of biogas obtained from anaerobic digestion
of organic matter. Methane has a high hydrogen-to-carbon ratio and is a preferred fuel in
many applied combustion systems [6]. Ethane is the simplest alkane with a C-C bond and is
sometimes considered a model molecule in the combustion of higher alkanes [7]. Butane is
a key component of liquefied petroleum gas, present as both normal and branched isomers.

Methane, ethane and butane have been studied previously in various combustion
systems, including flames [8-16], flow reactors [17-24] and combustion engines [25-27].
These studies reported that the molecular structure of hydrocarbon fuels plays an important
role in the initial decomposition pathways at varying temperatures during combustion
and pyrolysis. In a hydrocarbon molecule, the bond strength of hydrogen atoms attached
to different carbon atoms varies significantly [28,29]. For example, in an alkane, the
weakest hydrogen-carbon bond corresponds to a tertiary carbon atom, while the strongest
corresponds to the primary carbon; the bond between a secondary carbon and hydrogen is
the second weakest [30]. Therefore, the molecular structure of fuels is significant, as it affects
the rate and position of the hydrogen abstraction process, with abstraction commencing
earlier at the weakest available carbon-hydrogen (C-H) bond [30]. Methane has only a
single carbon atom and its C-H bonds require a substantially higher temperature to break
these strong C-H bonds [31]. Ethane has both C-H and C-C bonds, with the initial fuel
breakdown commencing with hydrogen abstraction, resulting in unsaturated hydrocarbons
(e.g., ethylene and acetylene) [32]. In the case of butane, primary and secondary C-H bonds
are present, with the secondary bond breaking first, followed by the primary bonds. The
availability of the secondary C-H bonds therefore increases average rates of hydrogen
abstraction relative to ethane, where only primary bonds are present. Dandajeh et al.
studied the effect of carbon chain length from C; to Cy hydrocarbons on the formation of
PAHs and soot. They found that increasing carbon chain length reduced the gas phase
PAHSs concentration at higher temperatures, while the opposite trend was observed with
particulate phase PAHs, where concentration rose at higher temperatures [23].

Bunker et al. used Supersonic Expansion Molecular Beam sampling to identify react-
ing species during pyrolysis of hexane and benzene in a high-temperature flow reactor [33].
An in situ mass spectrometry technique was used to identify only gaseous species under
supercritical conditions. A high concentration of biphenyl was reported, which formed via
hydrogen abstraction from benzene and hexane fuels. During hexane pyrolysis, low concen-
trations of several other species were observed, ranging from Cs to C; hydrocarbons which
might have acted as precursors to biphenyl formation. Edwin et al. studied the thermal
decomposition of hydrocarbons under subcritical pressure using a single-pass pyrolysis
flow reactor and, as might be expected, they observed that high temperatures and residence
times increased rates of thermal decomposition [33]. Unlike aromatic fuels, they found
that branched hydrocarbons underwent the greatest amount of thermal decomposition. In
addition, they found that a straight-chain alkane produced the maximum concentration
of C; species. Dryer and Glassman investigated the gaseous species produced from the
oxidation of CO and CHy using a water-cooled stainless steel sampling probe. The major
species detected were carbon dioxide, water and carbon monoxide, while trace amounts of
ethane, acetylene and ethanol were also detected [34].



Sustainability 2023, 15, 6183

30f19

Although previous research on C; to C4 hydrocarbons has contributed to a better
understanding of their pyrolysis and combustion, there persist gaps in the understanding
of how their molecular structure impacts on the initial formation of PAHs and soot. There
remains also a need to develop experimental methodologies that deliver further detailed
insights into the decomposition of sustainable fuels from biomass [35] and the subsequent
formation of PAH. The formation of benzene from short-chain alkanes has been reported
in the literature by several researchers [8,36—42]. The study reported here complements
previous studies through reporting for the first time the quantification of fuel decomposition
products and intermediate species via a new methodology applied in a pyrolysis furnace
facility used for the study of soot and PAH formation at combustion engine relevant
conditions [43]. Although PAHs and soot formation from C; to C4 hydrocarbons has
been reported previously using the same pyrolysis furnace [24], this study extended the
previous research by the addition of a novel high-temperature sampling probe which
allowed identification and quantification of intermediate species during the formation of
PAH precursors, PAHs and soot.

The aim of the research reported here is to elucidate further the effects of carbon
chain length, temperature and residence time on the pyrolytic decomposition pathways
of methane, ethene and butane that lead to benzene ring formation, PAH growth, and,
eventually, soot. Experiments were conducted to detect the intermediate species during
pyrolysis at various residence times by the accurate positioning of the sampling probe
within the furnace tube and freezing reactions at the entry to the sampling probe through
dilution with nitrogen. To the authors’ knowledge, this is the first systemic investigation
of these C; to C4 hydrocarbon test fuels under pyrolytic conditions at a wide range of
temperatures (869 °C to 1213 °C) and residence times (0.65 to 1.51 s) providing directly
comparable results for the decomposition and formation of PAH precursors of each of
the three hydrocarbons studied. The extended test methodology provided concentration
measurements of additional intermediate species (for example C3 and Cy), suggesting
some additional pathways for the formation of the first aromatic ring. The novel high-
temperature sampling method developed allowed for the collection of intermediate gaseous
species at high temperatures by means of the use of ceramic materials for the sampling
probe coupled with using air to cool the probe, and diluting the sample at the entrance of
the sample tube with nitrogen so as to quench and freeze the reactions. In similar research
reported in the literature, residence time is typically controlled by varying the reactants
flow rate [44], while with the current design, the sample is taken at different depths of
the reactor, thus ensuring that the disturbance to the flow conditions and temperature
gradients are minimised. This study contributes to sustainability science by furthering
the understanding of fuel composition effects on the emission of harmful pollutants from
combustion, knowledge vital to the sustainable provision of clean and efficient energy for
power and propulsion applications.

2. Experimental Methodology
2.1. Experimental Setup and Conditions
2.1.1. Sampling Generation

The pyrolysis of methane, ethane and butane were carried out in the absence of oxygen
in a high-temperature tube reactor under laminar flow conditions and within a temperature
range of 869-1213 °C. The external surface of the reactor tube was electrically heated to
the desired temperature with the aid of a PID temperature controller. The tube had a
length of 1440 mm and an inner diameter of 104 mm. The hydrocarbon test fuel was mixed
homogeneously in nitrogen diluent preheated to 200 °C and the mixture entered the reactor
at the bottom of the tube. The reactor temperature profile and its operation were described
in detail previously [23,24,45-47]. The reactants were sampled along a length of the tube
where the longitudinal temperature of the reactants was constant. For the study presented
here, a novel sampling probe assembly was developed, with details of the probe shown in
Figure 1. The probe allowed the collection of a small amount of gas sample along the axis
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of the heated section of the reactor during fuel pyrolysis. Upon collection, the gas sample
was immediately quenched by diluting it with nitrogen. Figure 1 shows the construction of
the probe, which comprised two concentric ceramic tubes with inner diameters of 25 mm
and 18 mm. Four stainless steel capillaries with a 3 mm internal diameter were used to
extract the sample gas, supply nitrogen to dilute and quench the sampled gas, and also for
conveying air to cool the ceramic probe walls.

Thermocouple Exit temperature
Quenched sample Probe temperature

Outer tube

id=25 mm,

0d=31 mm,

length=1000 mm Cooling air
Supply capillary
id=3 mm

length=1000 mm

Inner most tube

id=12 mm,

0d=16 mm, .

Length=1000 mm Sample inlet
temperature

Figure 1. Schematic of the high-temperature reactor sampling probe.

The gas sample temperature was measured at entry to the sampling probe with a
K-type thermocouple, with the measured temperature corrected for the heat gained through
radiation from reactor tube walls. The reactor temperature control system controlled and
displayed the temperature of the reactor tube wall. In order to control the gas sample
real temperature accurately at the entrance to the sampling tube, a relationship was de-
veloped between the display temperature and the gas sample real temperature, which
was corrected for radiative heat transfer. This relationship facilitated the setting of the
controller temperature so that the desired sampling temperature was achieved accurately.
All the sample gas inlet temperatures quoted in this paper are the real values corrected for
radiative heat transfer.

The pyrolysis of methane, ethane and butane fuels was carried out at a fixed concen-
tration of 10,000 ppm on a carbon atom basis in the heated nitrogen carrier stream flowing
through the reactor tube and at gas sample inlet temperatures ranging from 869 to 1213 °C
at atmospheric pressure. Oxygen-free nitrogen, metered through a mass flow controller,
was used as the carrier gas with a fixed flow rate of 20 L /min (STP conditions).

2.1.2. Sample Collection

Figure 2 shows a schematic diagram of the tube reactor with its gaseous and liquid fuel
supply lines (only gaseous fuels were used for this study). The figure also shows the system
set up for gaseous species sampling. Figure 2 also shows thermocouples for monitoring
and recording the sample temperatures at the inlet and exit from the sampling probe. The
sampling probe was connected to a vacuum pump which drew out the mixture of gaseous
sample and quenching nitrogen. Upstream of the vacuum pump, a 6 mm stainless steel tee
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was installed with a septum for gaseous sample collection and injection into the GC-FID
(see Figure 2). The flow rate of the sample and quenching nitrogen mixture was measured
continuously by means of a rotameter and the rate was used to calculate the ratio of sample
dilution with nitrogen from the known flow rate of quenching nitrogen measured with a
metering mass flow rate controller.

—
Rotameter
[sample flow
rate)
t = - -
-
t t
2. | A
Syringe | aseous| |Pure "
pump fuel b fuel N, Ir TEm]:fe'rature GCFID
{for liquid [ amplifier hox
fuels) 1
- B
_— =

[~]

PID

Figure 2. Schematic diagram of the tube reactor with gaseous and liquid fuel lines for gaseous species
sampling. (1) N2 heater Fuel, (2) Vaporiser (liquid fuels), (3) Heated line, (4) Mixer temp, (5) N2/fuel
Mixer, (6) Reactor tube, (7) Sampling probe, (8) Heating elements, (9) Sample extraction Septum
for GC-FID, (10) Vacuum pump, PID: Temperature controller, MFC: Mass flow controller, NI DAQ:
National Instrument data acquisition.

The sampling probe, which was used for the collection of intermediate fuel pyrolysis
species, was inserted into the reactor and held at a specific depth which could be varied
so as to control the residence time of the reactants. The gaseous reactants residence time
was calculated using the tube reactor total gaseous volume flow rate at the measured real
sample temperature, the cross-sectional area of the tube, and the depth of the sampling
probe within the tube. Samples were collected at real sample gas temperatures (T) within
the range of 869 °C to 1213 °C and at five different probe depths within the reactor tube:
(81 cm, 76 cm, 71 cm, 66 cm, and 61 cm from the reactor top). For each reactor temperature
(T), the residence times corresponding to these depths were calculated from the following
relationships: 747 /(T + 273) (s) (e.g., residence time of 0.65 s corresponding to depth of
81 cm at 869 °C); 1120/ (T + 273) (s); 1493 /(T + 273) (s); 1866/ (T + 273) (s); and 2240/(T + 273)
(s), respectively. This temperature range was selected for this study because preliminary
experiments showed that the fuel molecules initiated decomposition and formed the final
products (e.g., soot) within this temperature range. The selected residence times listed
above were also informed by the preliminary experiments. These times was seen to
encompass initial fuel decomposition, the formation of intermediate species smaller than
benzene, and the formation of benzene. The K-type thermocouples used for measuring
diluted quenched sample gas temperatures had 2 °C uncertainty.
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As mentioned above, in order to freeze the reactions immediately after the sample
had been withdrawn from the reactor, a flow of nitrogen was used to quench and dilute
the gas sample. Referring to Figure 1, the quenching nitrogen was supplied just inside the
sampling probe tip and metered with a mass flow controller. The quenching nitrogen flow
rate for reaction freezing was adjusted during the experiments to ensure that the sample
exit temperature was always below 50 °C at location 9 in Figure 2. Gaseous samples were
collected from the septum (see Figure 2) using a glass syringe. After collection, an internal
standard (dichloroethane) was immediately added to the gas sample and the mixture was
injected into the GC-FID shortly after the addition of the internal standard.

2.1.3. Gas Sample Analysis

The samples were analysed using GC-FID with an Agilent RT-Q-BOND (fused silica
PLOT, 30 m x 320 pm X 10 pm) column. Pure helium was used as the carrier gas with a
flowrate of 2 mL/min. A GC valve/immediate start was used with an injection volume of
1 pL in a split mode (2.5:1, 5 mL/min). The GC oven was heated initially to a temperature
of 30 °C and then immediately ramped up with no hold period during the ramp as follows:
to 40 °C at a rate of 5 °C/min; to 200 °C at a rate of 5 °C/min; and post-run at 200 °C for
1 min. The total run time for each sample was 34 min. The FID temperature was 250 °C and
the flow rates of hydrogen, air, and makeup N, were 40, 400, and 20 mL/min, respectively.

For the identification of gaseous species using the GC-FID, an external standard
mixture was used containing 11 selected species detailed in Figure 3. The selected species
(up to Cg) were potential intermediates that contribute to the formation of benzene rings
and PAHs growth. The species in the external standard mixture were at a 1000 ppm
concentration diluted in nitrogen.
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Figure 3. Sample GC-FID chromatogram of the 500 ppm external calibration standard with inter-

nal standard.

As the gaseous species produced during fuel pyrolysis can vary widely in concentra-
tions, the external standard mixture of 11 species was serially diluted to create a further
four concentrations of calibration standards (500 ppm, 300 ppm, 100 ppm and 25 ppm)
using high purity nitrogen. The internal standard was dichloroethane (100 ppm) diluted
in Np. The internal standard was added to all the samples as well as to the calibration
standards. For each of the 11 species in the calibration standards, a calibration curve was
created by plotting the ratio of areas on the x-axis and the concentration ratio on the y-axis.
For each of the resulting curves, a linear equation of best fit was generated. The regression
coefficient R? was calculated for each of the linear calibration curves and all R? values were
higher than 98%. Please note that two of the 11 species in the external standard mixture
were oxygenates, that is ethanol and acetaldehyde, which were not expected to be present
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during the pyrolysis of hydrocarbon fuels. These were included in the external standard
because the same calibration mixture was also utilised for other projects taking place in the
laboratory and involving oxygenated compounds.

2.2. Test Fuels

Three chemically high-purity alkane fuels (99.9%) were obtained from a specialist
supplier of industrial gases (BOC). The properties for these alkane gaseous fuels (methane,
ethane, butane) are shown in Table 1. These fuels were chosen because they allowed for the
observation of effects on the formation of benzine (a PAH precursor), such as increasing
carbon chain length and varying C:H ratio.

Table 1. Molecular structure and properties of selected alkane fuels [24,48,49].

Alkane Molecular C:H Ratio Molecular Mass Boiling Density

Fuel Structure (g/mole) Point (°C) (kg/m?3)
Methane CHy 0.25 16.04 —161.6 0.68
Ethane CyHg 0.33 30.07 —88.6 1.28
Butane C4Hyp 0.37 58.12 —-0.5 2.48

During the experimental programme, the aim was to obtain the following observations
and potential insights in the case of methane, ethane and butane:

e  The initial temperature at which pyrolysis products were detected and the rate at
which decomposition of the alkanes proceeded;
The formation and conversion pathways of species contributing to benzene production;
The influence of increasing carbon chain length on the quantities and distribution of
potential PAH precursors.

3. Results and Discussion

In this section of the paper, experimental results will be presented, while the discussion
of these results is left until Section 4, as this allows an overview of all the results to be
maintained during the discussion.

3.1. Pyrolysis of Methane, Ethane, and Butane at a Constant Temperature of 869 °C

Figure 4 shows the concentration of species that were detected during ethane and
butane pyrolysis at a constant temperature of 869 °C, and increasing residence time from
0.64 to 1.96 s. In Figure 4, and in subsequent figures, the error bars represent plus and
minus one standard deviation from the mean value, where the mean value and standard
deviation were obtained from three repeats at each residence time. Figure 4 shows the
detected intermediate species only for ethane and butane fuels, with intermediate species
for methane fuel not being shown in Figure 4. This is because at this relatively low
temperature of 869 °C, no intermediate species were detected in the case of methane fuel,
implying that pyrolysis of this fuel did not occur at any of the residence times considered.

It is interesting to note that at this temperature of 869 °C, C3 and Cy4 species were also
detected along with C; and C, species in the case of butane fuels. Figure 4 also shows that
as the residence time increased there was a general reduction in species concentration, with
species larger than acetylene (C;H;) decreasing more rapidly.
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Figure 4. Concentration of detected species during ethane and butane pyrolysis at constant tempera-
ture of 869 °C and increasing residence time of (a) 0.65 s, (b) 0.98 s (c) 1.31 s, (d) 1.63 s, and (e) 1.96 s.
Error bars denote one standard deviation. Note that no intermediate species were detected in the
case of methane fuel at this temperature.

3.2. Pyrolysis of Methane, Ethane, and Butane at a Constant Temperature of 1018 °C

Figure 5 shows the concentration of species that were detected during ethane and
butane pyrolysis at a higher constant temperature of 1018 °C, and increasing residence time
from 0.58 to 1.74 s.

As in the case of the lower temperature of 869 °C (Figure 4), Figure 5 shows the
detected intermediate species only for ethane and butane fuels, as apparently, pyrolysis of
methane did not occur even at this somewhat higher temperature of 1018 °C. Figure 5 shows
that the concentration of all detected species progressively reduced substantially as the
residence time increased. In addition, only methane, ethylene and acetylene were detected
in appreciable concentrations. Benzene was detected only at very small concentrations, and
none was detectable at the longest residence time of 1.74 s.
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Figure 5. Concentration of detected species during ethane and butane pyrolysis at constant tempera-
ture of 1018 °C and increasing residence time of (a) 0.58 s, (b) 0.87 s, (c) 1.16 s, (d) 1.45s, and (e) 1.74 s.
Error bars denote one standard deviation. Note: the y-axis is significantly magnified for (c-e). Note
that no intermediate species were detected in the case of methane fuel at this temperature.

3.3. Pyrolysis of Methane, Ethane, and Butane at a Constant Temperature of 1120 °C

Figure 6 shows the concentration of species that were detected during methane, ethane
and butane pyrolysis at a constant temperature of 1120 °C and increasing residence time
from 0.54 to 1.61 s. At this higher temperature of 1120 °C, Figure 6 shows that pyrolysis of
methane had now occurred, forming mainly C, species once the residence time increased
beyond 0.54 s. Nevertheless, the pyrolysis rate of methane remained slow compared to that
for ethane and butane, with 4900 ppm of methane still remaining at the longest residence
time of 1.61 s.
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(e) 1.61 s. Error bars denote one standard deviation. Note: the y-axis value is significantly magnified
in (e). Note the appearance of intermediate species from methane fuel at this higher temperature of
1120 °C.

3.4. Pyrolysis of Methane, Ethane, and Butane at a Constant Temperature of 1213 °C

Figure 7 shows the concentration of intermediate species that were detected during
methane, ethane and butane pyrolysis at a constant temperature of 1213 °C and increas-
ing residence time from 0.50 to 1.51 s. Figure 7 shows that the concentrations of all
detected gaseous species decreased drastically relative to those at lower temperatures
(Figures 4-6). This includes the intermediate species from methane fuel, which also
now occur at substantial concentrations (see Figure 7), implying accelerated rates of
pyrolytic reactions.
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Figure 7. Concentration of detected species during methane, ethane and butane pyrolysis at constant
temperature of 1213 °C and increasing residence time of (a) 0.50 s, (b) 0.75 s, (c) 1.00 s, (d) 1.26 s, and
(e) 1.51 s. Error bars denote one standard deviation. Note: the y-axis is significantly less magnified
in (a).

4. Discussion
4.1. Methane Fuel

This section discusses the results for methane fuel which was supplied to the reactor
at a concentration of 10,000 ppmC in nitrogen. Gaseous samples were withdrawn from
the reactor for analysis at sample probe inlet temperatures of 869 °C, 1018 °C, 1120 °C
and 1213 °C, and a range of residence times (see Figures 4-7). It was found that at 869 °C
and 1018 °C, almost all the supplied methane remained unreacted at all residence times
considered; this was apparent from the detection of methane by means of GC-FID in the
gaseous samples at approximately the supplied concentration (hence, data for methane fuel
are not shown in Figures 4 and 5, corresponding to temperatures of 869 °C and 1018 °C, for
the reasons explained here and previously). Therefore, for methane fuel, only results from
temperatures above 1018 °C are discussed. Once the temperature was raised to 1120 °C,
the concentration of methane in the sample reduced to approximately 5000 ppm at the
longest residence time of 1.61 s (Figure 6e), indicating that significant methane pyrolysis
was taking place. The pyrolysis rate increased further and substantially at the highest
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temperature considered of 1213 °C and only 500 ppm of methane was detected in the sample
extracted from the reactor at the longest residence time of 1.51 s (Figure 7e); that is, a tenfold
reduction compared with the inflow methane concentration, when the reactor temperature
was increased by 93 °C from 1120 °C to 1213 °C. Apparent from Figures 4-7 is that species
other than unreacted methane were detected once the reactor temperature reached 1120 °C.
These observations suggest that methane pyrolytic decomposition requires a temperature
above 1018 °C and results in methane conversion to gaseous species including ethylene,
acetylene, ethane and benzene. This observation is in agreement with thermodynamic
studies of methane pyrolysis reported in the literature [31].

Figure 6a shows that at the shortest residence time of 0.54 s and a temperature of
1120 °C, none of the ten intermediate species investigated were found, with the methane
fuel remaining the only compound detected at a concentration of 9800 ppm, which is close
to the methane fuel inflow concentration of 10,000 ppm, suggesting that fuel breakdown
had not yet started. As residence time increased, it is apparent from Figure 6 that the
concentration of intermediate species present was initially dominated by ethylene and
acetylene, with the addition of ethane appearing when residence times were increased to
1.34 s (Figure 6d) and then 1.61 s (Figure 6). This suggests that as residence times increased,
ethane was initially a readily available and reasonably simple source of free radicals
(H™), hastening the consumption of methane fuel [49]. Once residence times became longer
(>1.34 s) additional pyrolytic decomposition of methane took place, increasing the formation
of methyl radicals and thereby the formation of ethane. As reported in the literature [49],
the decomposition of methane is initiated by the loss of a hydrogen atom from the molecule
to form methyl radicals, which subsequently combine to form ethane. It will be seen in a
later section of this discussion that at higher reactor temperatures, ethane was present in
the sample at considerably shorter residence times, suggesting that sufficient energy was
available at higher temperatures to generate an abundance of free radicals from methane.
Returning to Figure 6, at 1120 °C it can be seen that the ratio of ethylene to acetylene
diminished with increasing residence time, suggesting dehydrogenation of ethylene to
acetylene. For example, at the shorter residence time of 0.80 s (Figure 6b) more ethylene
was present than acetylene, but as the residence time increased to 1.34 s (Figure 6d), the
level of acetylene exceeded that of ethylene, with the concentration of acetylene becoming
almost twice that of ethylene. It is interesting to note that as the concentration of acetylene
increased, so did the concentration of benzene, suggestive of equilibrium. This apparent
correlation between acetylene and benzene might also support the hypothesis that the
formation of benzene from methane is via the cyclo-trimerisation of acetylene, as reported
in the literature [50].

Figure 7 shows that at the highest tested temperature of 1213 °C, the pyrolytic break-
down of methane commenced at the shortest residence time of 0.50 s. It can be seen
from Figure 7a that at this shortest time of 0.50 s, the concentrations of the intermediate
species detected were at their highest levels. As the residence time increased, Figure 7
shows that the concentration of all species except acetylene decreased. This suggests the
possibility that at longer residence times, these species converted into benzene rings and
larger PAH species, and finally soot. Conversely, at short residence times, intermediate
species concentrations are seen to be highest (Figure 7), suggesting that conversion of these
species to benzene, PAHs and soot had yet to take place—especially at lower temperatures
(Figures 5 and 6).

Figure 7 shows that at the highest temperature of 1213 °C and long residence times of
1.26 and 1.51 s, the acetylene concentration is at its lowest and there is an absence of any C3
or Cy4 species. These observations suggest that acetylene plays a role in the formation of
benzene and in PAHs growth, mainly via the HACA mechanism. They also suggest that at
this highest temperature, ethylene C-H bonds may have cleaved and formed triple-bonded
acetylene, as ethylene was not detected at this high temperature and long residence times.

In conclusion, initiation of methane decomposition via pyrolysis required a reactor
temperature greater than 1018 °C. The major gaseous species detected during methane
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pyrolysis were C; (ethane, ethylene and acetylene) and C¢ (benzene), while C3 and Cy4
hydrocarbon species were not detected. Temperature and residence time had a considerable
impact on the initial decomposition of methane, for example, on the relative abundance of
C, species, and it is suggested that the formation of benzene is via acetylene through the
cyclo-trimerisation of acetylene. The disappearance of the investigated species at higher
temperature and longer residence times could be attributed to the faster formation rates of
benzene and the growth of PAHs, as reported in the literature [24].

4.2. Ethane Fuel

This section discusses the results for ethane fuel supplied to the reactor at a concen-
tration of 10,000 ppmC in nitrogen. Results are shown in Figures 4-7, which display the
detected species at sample probe inlet temperatures of 869 °C, 1018 °C, 1120 °C and 1213 °C,
and a range of residence times. Figure 4 shows that at the lowest temperature of 869 °C, the
main products of ethane pyrolysis in order of decreasing concentration were ethylene and
acetylene followed by methane, with very little benzene detected at any of the residence
times considered. The presence of methane suggests an initial breakdown of the ethane
fuel C-C bond to form methyl radicals, followed by hydrogenation to form methane [51]. It
is also interesting to note that the level of methane remained approximately constant at
all residence times at this low temperature of 869 °C. This observation suggests that once
methane was formed, there was an absence of subsequent methane dehydrogenation; this
suggestion is supported by an observation made above for methane pyrolysis (Section 4.1),
where no conversion of methane was observed until 1120 °C.

Looking across Figures 4-7, it can be observed that there was a strong tendency for
ethylene to be considerably more abundant at the two lowest temperatures of 869 and
1018 °C, and especially at shorter residence times, suggesting that ethane dehydrogenation
is a dominant pathway to ethylene formation at these two lower temperatures.

Figure 4, corresponding to the lowest temperature of 869 °C, shows that there was
a strong tendency for the concentration of acetylene to increase with increased residence
time, while no benzene was detected, suggesting that any benzene formed quickly con-
verted into higher PAH species via the addition of acetylene, for example through the
HACA mechanism.

Figure 5, corresponding to the temperature of 1018 °C, shows that methane, ethane,
ethylene and acetylene were all present at the shorter residence time of 0.5 s, which implies
that the activation energy for a range of decomposition reactions had been reached at this
temperature. The abundance of intermediate species at the shortest residence time and their
relative scarcity at the longer residence times sampled, suggests a significant sensitivity of
fuel decomposition and chemical kinetics to residence time at this temperature of 1018 °C.

It is interesting to note from Figure 4 that at the temperature of 869 °C, the concen-
tration of ethylene was substantially greater than that of acetylene (more than twice as
high at long and intermediate residence times), while Figure 5 shows that at the higher
temperature of 1018 °C, there was greater parity, with the concentrations of the two species
being considerably closer, suggesting a shift in the equilibrium between the two species.
For example, at the temperature of 869 °C and a residence time of 1.31 s (Figure 4c) the
concentration of ethylene was approximately two times that of acetylene, while at the
higher temperature of 1018 °C and similar residence time the reverse was true, with the
concentration of ethylene falling to 0.5 that of acetylene. The observation of higher levels of
ethylene dehydrogenation to form acetylene with increasing residence time implies that at
lower residence times, this reaction is rate limited, given that before 1.44 s there is a near
complete absence of ethane (Figure 5d) from which ethylene was produced. Generally, it
can be seen from Figure 5 that at the longest residence times of 1.44 s (Figure 5d) and 1.74 s
(Figure 5e), the concentrations of intermediate species formed from the pyrolysis of ethane
reduced significantly, suggesting their conversion to benzene and larger species, with the
larger species being outside the detectable GC-FID range used and the scope of this study.
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It is interesting to note that, as with methane pyrolysis, Cz and C4 species were not detected
during ethane pyrolysis.

Figure 6 shows that at a pyrolysis temperature of 1120 °C the major products detected
were acetylene followed by ethylene and methane. It can be observed from Figure 6 that
substantial concentrations of acetylene were detected at all residence times, while at these
residence times the concentration of ethane was barely detectable, possible due to its early
rapid conversion to ethylene and other species. A more detailed examination of Figure 6
shows that at 0.80 s (Figure 6b), levels of methane, ethylene and acetylene all exceeded
those at the earlier residence time of 0.54 s (Figure 6a), suggesting their formation from
species other than ethane, given the very near absence of ethane at both these residence
times. For example, an interesting possibility might be that acetylene was being formed
not only via dehydrogenation of ethylene but also via the breakdown of species heavier
than C¢ molecules (benzene), which would have been higher than the detectable GC-FID
range used.

Figure 7 shows that at the highest temperature of 1213 °C and all residence times, all
the intermediate species were found at only very low concentrations, suggesting rapid
conversion to species heavier than benzene, including PAHs and soot (plus hydrogen).

It is apparent from Figures 4a, 5a, 6a and 7a (short residence times) that as the reactor
temperature rises, the concentrations of ethylene tend to decrease, while those of acetylene
increase. This observation suggests that the dehydrogenation of ethylene to acetylene
becomes the primary reaction (note also the absence of substantial concentrations of ethane
at higher temperatures). This observation suggests that the following reaction sequence
reported in the literature [32] was prevailing during ethane pyrolysis:

C2H6 — C2H4 — C2H2

In conclusion, the decomposition pathways of ethane were affected by both temper-
ature and residence time. Lower temperature and shorter residence times favoured the
formation and accumulation of acetylene while higher temperatures and longer residence
times favoured faster reaction rates and formation of species heavier than C4 (benzene) not
detectable within the GC-FID range considered (e.g., PAHs and soot). Ethane pyrolysis
formed a significant amount of acetylene, which implies that the pathway for benzene
formation and subsequent PAH growth could be via hydrogen abstraction and acetylene
addition (HACA mechanism). Results show a relatively high abundance of the intermediate
C; and C; species, with virtually no Cs, and Cy4 species detected.

4.3. Butane Fuel

This section discusses the results for butane fuel supplied to the reactor at a concentra-
tion of 10,000 ppmC in nitrogen. Figures 4—7 show the measured concentration of detected
gaseous species during butane pyrolysis at four sample probe inlet temperatures of 869 °C,
1018 °C, 1120 °C and 1213 °C, and a range of residence times.

Figure 4 shows that at the lowest temperature of 869 °C and all residence times sam-
pled, ethylene was the most abundant stable species of butane pyrolysis; other abundant
species detected in the gas sample withdrawn from the reactor at 869 °C were methane
and acetylene. Ethane and propene were also detected in significant concentrations but
only at the lowest residence times of 0.65 s and 0.98 s; as the residence time increased
further to 1.31 s and 1.63 s and finally to 1.96 s, the concentrations of both species gradually
decreased to very small levels. Atjust detectable concentrations, propyne, 1,3 butadiene,
vinyl acetylene and benzene were also found.

As the concentration of ethylene was consistently an order of magnitude greater than
that of ethane, this suggests that the formation of ethylene via ethane dehydrogenation
was not a dominant pathway; more likely, ethylene was produced directly from dehydro-
genation and C-C bond cleavage of butane as represented by the following reaction [52,53].

C4H10 — 2C2H4 + Hz
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It can also be seen that the yield of methane remained relatively constant at this
lowest temperature of 869 °C, regardless of residence time. This further reaffirms that
methane was stable at this low temperature (discussed previously in Section 4.1, on methane
pyrolysis) and suggests that methane is a terminal product not participating in further
reactions during butane pyrolysis at 869 °C. It can be observed from Figure 4 that butane
pyrolysis, in addition to C; and C; hydrocarbons, also produced small concentrations of
Cj and Cy species. The presence of C3 and Cy species suggests the possibility of a greater
number of reaction pathways for benzene formation and growth relative to those available
during pyrolysis of methane and ethane at 869 °C, when C3 and Cy4 species were absent.
For example, the C3 hydrocarbons propene and propyne could convert into a propargyl
radical, which, along with 1,3 butadiene and vinyl acetylene, are important precursors for
formations of the first aromatic ring [54,55].

At the higher temperature of 1018 °C (Figure 5), similar trends to those observed at
869 °C can be seen (Figure 4), with the concentrations of ethylene, ethane, propyne and
benzene decreasing with an increase in residence time, while the concentration of acetylene
increased. The concentration of methane again remained constant at all residence times at
this somewhat higher temperature of 1018 °C. It is also interesting to note that the relative
proportions of various detected species were the same as those at the lower temperature
of 869 °C, although the absolute concentrations were significantly smaller. It can be seen
from Figure 5 that at 1018 °C, propyne and 1,3 butadiene were not detected at any of
the residence times sampled. The relatively lower concentration of all species at 1018 °C
(Figure 5) as compared to 869 °C (Figure 4) suggests increased reaction rates at the higher
temperature, resulting in accelerated conversion to benzene, formed from smaller species,
and simultaneously rapid conversion of benzene into PAHs [24,47].

At the next highest temperature of 1120 °C, Figure 6 shows that vinyl acetylene was
no longer detected, while Figure 7 shows that at the highest temperature of 1213 °C, ethane
and propene were also not found at any of the residence times sampled. The complete
disappearance of ethane suggests that the equilibrium between C, species shifted to a
greater level of dehydrogenation, and thus a greater relative abundance of the unsaturated
species ethylene and acetylene. At the highest temperature of 1213 °C and the longest
residence time of 1.51 s, methane, ethane and ethylene were all absent (Figure 7), indicating
rapid dehydrogenation of these saturated and partially saturated species.

If the species concentrations at the lower temperatures of 869 °C and 1018 °C (Figures 4
and 5) are compared with concentrations at the higher temperatures of 1120 °C and 1213 °C
(Figures 6 and 7), the major species found at the lower temperatures were ethylene, methane,
ethane, acetylene and propene, with the addition of small concentrations of 1,3 butadiene,
vinyl acetylene and benzene; in contrast, at the higher temperatures of 1120 °C and 1213 °C,
the concentrations of detected species were drastically reduced. It is possible that this
drastic reduction in species concentrations at the higher temperatures was the result of an
accelerated conversion of benzene (itself formed rapidly from smaller species) into larger
PAH molecules, as previously reported at these temperatures [24].

The presence of Cy4 species at only very low concentrations at the lowest temperature
of 869 °C, and the absence of significant concentrations of C4 species at the higher tem-
peratures, suggests that only a minor portion of butane fuel decomposed through H-loss
pathways to form C4 products [52], and that the relative importance of this route was
unlikely to have been overly influenced by pyrolysis temperature.

It is interesting to note from Figures 4 and 5 that in the case of butane, the increase
in temperature from 869 to 1018 °C caused a substantial reduction in concentrations of
various species at all residence times, and that the effect of residence time is only secondary
in the case of both temperatures.

In conclusion, during butane pyrolysis, ethylene was the most abundant species
detected, which suggests that C-C bond cleavage was significant. It also suggests that
along with acetylene, ethylene contributes to molecular mass growth. However, the
presence of some C3 and Cy4 species implies that more reaction pathways were available for
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benzene formation and further growth to PAHs. This suggestion is reinforced somewhat by
visual observations made during the pyrolysis experiments of increased soot concentration
emerging from the top of the reactor, and by results reported previously [24]. The more
rapid depletion of C3 species relative to C, also suggests the preferential formation of
benzene via the propargyl pathways.

4.4. Effect of Carbon Chain Length on the Intermediate Species Formation

The discussion in Section 4.1, Section 4.2 and Section 4.3 shows that there are signifi-
cant differences in the response of the fuels to increasing reactor temperature and pyrolysis
residence time. The different responses in initial molecule decomposition, overall distri-
bution of intermediate species, likely pathways for first ring formation, and equilibrium
between different detected species at different temperatures and residence times are likely
to be attributable to differences in molecular structure. A clear difference between the
three fuel molecules was that methane, being the simplest alkane hydrocarbon, needed
much higher initiation temperatures for its decomposition as compared to the two higher
alkane fuels, ethane and butane. Further, during ethane and butane pyrolysis at lower
temperatures, the concentration of methane produced remained constant, confirming its
stable nature at lower temperatures.

It was previously reported in the literature that during methane pyrolysis, the initial
decomposition of methane is by the breaking of the C-H bond via H abstraction, which pro-
duced methyl radicals [49]. Methyl radicals along with acetylene can play an important role
in the formation of the first aromatic ring. Methyl radical concentration was not measured
during the experiments, however, acetylene formed at higher temperatures (Figure 5) was
readily detected. Once acetylene molecules form, they could combine with methyl radicals,
resulting in the fast formation of propargyl radicals, followed by self-recombination of two
propargyl radicals to form the first aromatic ring [56]. C3 intermediate species were not de-
tected during methane pyrolysis, suggesting the possibility that, if formed, they might have
rapidly converted into benzene. In the case of ethane pyrolysis at the lower temperatures
and smaller residence times, the concentration of methane detected was considerably lower
than the concentration of ethylene, suggesting that the initial breakdown of the ethane
molecules was mostly through dehydrogenation, rather than through C-C bond cleavage,
to form ethylene (Figures 4 and 5). However, as the temperature rose, the concentration
of acetylene relative to the concentration of ethylene increased considerably, suggesting
further dehydrogenation of ethylene to form acetylene (Figures 6 and 7 compared with Fig-
ures 4 and 5). Therefore, it is suggested that at lower temperatures, ethylene is accumulated,
while at higher temperatures, the higher concentration of acetylene plays a significant role
in the formation of the first aromatic ring and PAH growth via the HACA mechanism. In
the case of butane pyrolysis, a higher concentration of ethylene was observed at lower
temperatures (Figure 4a), as compared to ethane and methane species, which suggests
that the initial decomposition of butane was via C-C cleavage. The presence of C3 and
C4 species along with C; and C; species during butane pyrolysis at lower temperatures
suggests that in addition to those involving C, species, further reaction pathways were
only available at lower temperatures for first ring formation. The detected C3 species might
readily have converted to propargyl radicals and 1,3 butadiene and vinyl acetylene, which
are important precursors to benzene formation [57,58].

Dehydrogenation reactions appear to be most significant in the formation of acetylene
during the pyrolysis of the small hydrocarbon fuels considered. The dehydrogenation
processes are reversible, and temperature and pressure determine the equilibrium rates [59].
It has been reported that higher temperatures favour dehydrogenation reactions [32]. From
Sections 4.1-4.3, it was observed that the equilibrium between the C, species (especially
ethylene and acetylene) was shifted more toward acetylene formation at higher temper-
atures and longer residence times for all three fuels considered, especially in the case of
methane relative to ethane and butane.
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5. Conclusions

The effectiveness of a novel high-temperature air-cooled ceramic sampling probe and
a new proposed methodology for quantifying fuel decomposition products were tested
during the pyrolysis of methane, ethane and butane in a laminar flow reactor.

The results obtained showed good agreement with previous studies and the following
specific conclusions drawn:

1.  Methane pyrolysis required considerably higher temperature to initiate pyrolytic
decomposition compared to lower temperatures required for ethane and butane
decomposition. The major gaseous intermediate species detected during methane
pyrolysis were C, (ethane, ethylene, and acetylene) and Cg (benzene), implying that
the first ring formation likely occurred via acetylene tricyclomerisation.

2. Temperature and residence time both influenced ethane breakdown routes. Ethane
pyrolysis resulted in a higher concentration of C, intermediate species (ethylene
and acetylene) relative to methane, suggesting that pyrolytic breakdown of ethane
was mainly via dehydrogenation processes. Ethane and methane appear to undergo
identical decomposition pathways, since both fuels primarily resulted in C;, Cp, and
Cg (benzene) intermediate species.

3. During butane pyrolysis, the detection of C; and C, species suggested that, similarly
to methane and ethane, the main pathways to form benzene were via C, species; in
addition, the existence of certain C3 and Cy4 species implied further reaction pathways
for benzene formation are likely to have been available, resulting in additional soot
mass and PAHSs.

4. In the case of butane, increasing the temperature from 869 to 1018 °C resulted in a
significant decrease in concentrations of detected species at all residence times, and
the influence of residence time was only secondary in the case of both temperatures.

5. Acetylene was a common species in the pyrolysis of all three alkane fuels, which
would have served as a precursor to both PAHs formation via cyclisation as well as
PAH surface growth via the HACA mechanism. Dehydrogenation processes appear
to be the most important in the formation of acetylene. At higher temperatures and
longer residence times, the equilibrium between the C; species (particularly ethylene
and acetylene) moved towards acetylene formation for all three fuels studied.
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