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A B S T R A C T

The influence of carbon number of seven hydrocarbons (methane, ethane, propane, n-butane, i-butane, heptane
and toluene) on PAH formation was investigated in a laminar tube reactor. The hydrocarbons underwent
oxygen-free pyrolysis within the temperature range of 1050–1350 °C at a fixed carbon concentration of
10,000 ppm on C1 basis. Particulate and gas phase PAHs were collected at the outlet of the reactor at pyrolysis
temperature intervals of 100 °C. The particulates generated were characterised at sub-micron levels in terms of
size, number and mass using a differential mobility spectrometer (DMS-500). PAHs from both the gas and
particulate samples were extracted using an accelerated solvent extractor (ASE) and the extracts analysed using
gas chromatography coupled to mass spectrometry (GCMS). The PAHs studied were the US EPA 16 priority PAHs
with particular attention given to group B2, which are possible human carcinogens. The experimental results
showed that increase in temperature of the reactor from 1050 to 1350 °C decreased the total PAH concentrations
regardless of the carbon number of the hydrocarbon investigated. Increasing the carbon number of C1–C7 hy-
drocarbons decreased the gas phase (GP) PAH concentrations at a temperature of 1350 °C, while the particulate
phase (PP) PAH concentrations (as well as those of Group B2 PAHs) decreased at a temperature of 1150 °C. There
was increasing and decreasing trends of total PAH concentrations with increasing carbon number of the hy-
drocarbons at temperatures of 1050 °C and 1350 °C respectively. Benzenoid and five-membered ring PAHs of 2–4
rings were detected in roughly similar concentrations irrespective of the carbon number of the hydrocarbon.
Soot propensities, abundance of particle phase PAHs and carcinogenicity of soot particles increased substantially
at a temperature of 1050 °C due to isomerisation in the case of the C4 hydrocarbons and aromatisation in the case
of C7 hydrocarbons. PAHs from toluene and propane had the highest weighted carcinogenicities at a temperature
of 1050 °C per unit volume of gas and per unit soot mass respectively. The weighted carcinogenicity (soot mass
basis) decreased with increasing carbon number at temperature of 1150 °C. Potential implication of these ob-
servations is that hydrocarbons known to produce substantial particulate mass in combustion systems such as an
internal combustion engines, could also have low toxicity.

1. Introduction

Atmospheric air quality is continually degraded by particulate
emissions from different combustion sources, and stringent global
particulate legislation has largely been enacted due to the adverse
health effects of these emissions [1]. Understanding particulate pro-
duction requires detailed knowledge of the formation and growth of
particulate molecular precursors. Such understanding can aid the de-
sign of particulate controls in practical combustion systems [2].

Polycyclic aromatic hydrocarbons (PAHs), known for some time as
major particulate precursors [3], have received substantial attention in
the last few decades due to their toxicity [4]. However, PAH formation
mechanisms and in particular, effects of fuel composition on PAHs, are
yet not fully understood, despite a considerable volume of experi-
mental, theoretical and numerical studies published in the literature

[1,3–5].
Evolution of PAHs often begins with the formation of first aromatic

ring (phenyl or benzene) via several reaction pathways [1,7,8]. Poly-
aromatic growth beyond the first ring was initially known to be
dominated by the hydrogen-abstraction-acetylene-addition (HACA)
mechanism [8], but further studies have established that the HACA
mechanism is too slow to explain the observed rates of PAH formation
[6]. Additional proposed PAH growth pathways include: methyl-addi-
tion and cyclisation [9], phenyl-addition and cyclisation [10], as well as
vinyl -addition and cyclisation [11]. Aromatic radical – radical and
radical – molecule reactions were also reported [12].

Toxicity of particulate is influenced by the molecular structure of
the hydrocarbon [13–16] and the temperature at which the hydro-
carbon is burnt [17,18,16]. Hydrocarbons ranging from C1 to C7 are
used as fuels for such applications as residential heating, gas turbines
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and internal combustion engines [13], while they also form principal
components of other fuels [19–24]. For example, C1 to C2 gases (me-
thane and ethane) are the major components of natural gas. C3 to C4

gases (propane and butane) are the main components of liquefied
petroleum gas (LPG) [24], while C4 to C12 molecules are the principal
components of gasoline [19,23].

Efforts have been made in the literature to study PAH emissions of
some hydrocarbons belonging to the range of C1 to C7 fuels. For ex-
ample, C1 and C2 fuels [16,25,26]; C3 and C4 fuels [16,24,27]; likewise
C7 fuels [13,21,22]. Nevertheless, systematic studies which investigate
the influence of increasing carbon number on PAH formation of a
homologous series of these fuels are rare. In particular, the influence of
carbon number was only investigated in the case of soot formation. For
example, in diffusion flame, Ladommatos et al. [28] reported that soot
propensity of hydrocarbons molecules increased with carbon number.
Crossley et al. [29] proposed a micro-pyrolysis index (MPI) and
threshold sooting index (TSI) for a number of hydrocarbons. They re-
ported increase in soot propensity when the carbon number was in-
creased. McEnally and Pfefferle [30] also reported increase in yield
sooting index (YSI) for several hydrocarbons when the carbon number
was increased.

It is also evident from the foregoing that there are relatively few
experimental PAH studies of the individual hydrocarbons in the
homologous series of C1 to C7 in a tube reactor, and only limited
published information is available on particulate characterisation and
soot formation in a tube reactor for this homologous series. There is also
incomplete information on whether increasing carbon number has an
influence on the carcinogenic Group B2 PAHs when they are adsorbed
onto soot particles or when they are available in the gas phase.

This paper reports the analysis of particulate and gas phase PAHs of
a homologous series of C1–C7 hydrocarbons generated in a homogenous
tube reactor. The hydrocarbons underwent oxygen free pyrolysis in the
temperature range of 1050–1350 °C. The environment and range of
temperatures in the reactor resembled, to a degree, the conditions in the
core of fuel spray of a diesel engine (oxygen limited zone). PAHs from
the particulate and gas phase samples were extracted using an ac-
celerated solvent extraction (ASE) system and the extract was then
analysed using gas chromatography coupled with mass spectrometry
(GCMS). The PAH studied were the US EPA 16 priority PAHs shown in
Table 1, with particular attention being paid to the group B2 PAHs,
which are possible human carcinogens.

2. Experimental systems and methods

2.1. Hydrocarbon molecules investigated

Seven, single component hydrocarbon molecules were investigated.
This included five single gaseous fuels (methane, ethane, propane, n-
butane and i-butane) (BOC UK) and two liquid fuels (heptane and to-
luene) (Sigma Aldrich, UK). The molecular structures and flow rates of
these test fuels are shown in Table 2.

The hydrocarbons listed in Table 2 allowed the following influences
of fuel molecular structure to be assessed:

i) Evaluate and confirm the soot propensities of a homologous series
of C1–C7 hydrocarbons under oxygen free pyrolysis in the tube re-
actor used for this study

ii) Characterize the soot particles produced from the range of C1–C7

hydrocarbons based on size, number and mass using the DMS500
particle size analyser.

iii) Study PAH formation of the C1–C7 hydrocarbons
iv) Correlate the soot propensities in (i) with the DMS data in (ii) and

the PAH formation data in (iii) above
v) Whether increase in carbon number influences the identity of PAHs

formed, and whether they tend to be found in the gas phase (GP) or
particle phase (PP), particularly the B2 sub-group PAHs.

vi) Whether hydrocarbons with the same carbon number but different
molecular configuration result in altered PAH formation and toxi-
city of soot particles under pyrolysis conditions.

2.2. Generation of particulate matter and gas phase PAHs

Particulate and gas phase samples were generated in a tube reactor
at temperatures ranging from 1050 to 1350 °C under oxygen-free pyr-
olysis. Fig. 1 shows a schematic of the experimental facility. Nitrogen
was used as a carrier gas and was measured at STP conditions using a
mass flow controller MFC (1) at a constant flow rate of 20 L/min for all
the tests conducted. The flow rates correspond to laminar flow within
the reactor (Reynolds number ∼200) throughout the temperature
range of 1050–1350 °C. The hydrocarbon molecules were injected into
the pyrolyser at a fixed carbon flow rate of 10,000 ppm on C1 basis.
Therefore, the volumetric flow rate of methane, as shown in Table 2,
was approximately twice as high as that of ethane and three times that
of propane. Gaseous hydrocarbon molecules were supplied into the
nitrogen stream with the aid of software-controlled solenoid valves.
Liquid fuels were first supplied into a vaporiser inlet (2) via a me-
chanically operated syringe pump prior to mixing with the pre-heated
nitrogen.

In order to ensure that the vaporised fuel was mixed homogenously
in the pre-heated nitrogen gas, the vaporiser was packed with bor-
osilicate glass beads of 3mm diameter. The vaporiser was surrounded
and heated by an electrical tape heater (RS Components, UK).

The nitrogen gas and the vaporiser were both maintained at a
temperature of 150 °C by two separate proportional integral derivative
(PID) controllers (RS Components, UK). Another separate PID controller
maintained at 120 °C, the soot sampling stainless steel probe (7) leading
to the filter housing. This ensured that condensation of gas phase PAHs
along the soot sampling probe was avoided.

The combined hydrocarbon/nitrogen stream passed through a he-
ated static mixer (3) which was filled with 8mm stainless steel ball
bearings. The temperature of the static mixer was measured by a type K
thermocouple and controlled at> 180 °C. The mixer ensured homo-
genising of the combined hydrocarbon/nitrogen stream. The alumina
tube (Length= 1.44m, diameter= 0.104m) was located vertically in
an electric furnace. About 0.6 m of the tube length was centrally heated
by the electric furnace. The gas residence time was reported previously
[16] and was expressed as 4470/T (s), where T (°C) is the temperature
of the reactor.

Size and number distributions of soot particles at sub-micron level
were determined by a differential mobility spectrometer (Cambustion
DMS 500) instrument. Analysis of the particle size distribution was
implemented via a sampling probe (6) and a dilution cyclone situated
before the DMS 500.

Soot particles were sampled using a stainless-steel probe (7) con-
nected to a vacuum pump. The soot samples were collected on a 70mm
diameter glass micro-fibre filter (Fisher Scientific UK). The filter mass
was measured on a high precision mass balance (1 µg resolution) before
and after sampling to obtain the mass of soot collected. Gas phase (GP)
PAHs were trapped using XAD-2 resin as recommended by the EPA
1999, since it was found to have high trapping and retention effi-
ciencies of PAHs [33]. A glass cartridge filled with 5 g of XAD-2 resin
was embedded between two pieces of glass wool and held in a custom-
made stainless-steel cartridge. The cartridge was positioned in series
after the particulate filter.

The cumulative gas volume (Vg) that passed through the filter and
the resin was measured by a diaphragm volumetric gas meter (Bell flow
Systems, UK). Soot and gaseous PAH sampling duration was maintained
at 15min for all test conditions. Table 5 shows, at each temperature, the
mass of soot (Ms) collected and calculated soot mass concentrations
(Ms/Vg) for the C1–C7 hydrocarbons. Repeatability checks were con-
ducted during 4 different test periods with ethane as the control hy-
drocarbon. This was done to detect any daily drift in the experimental
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equipment and instrumentation. The 95% confidence intervals reported
in this paper are thus calculated from the standard deviations and mean
of these daily repeat tests with ethane’.

These data therefore provided a measure of daily variability in the
PAH analysis of the hydrocarbons investigated and the results that will
be discussed in Section 3.0 will be subject to these variabilities.

The soot and the gas phase PAH samples were stored in plastic petri
dishes and immediately deep-frozen in the dark before subsequent PAH
extraction and GCMS analysis. Detailed particulate generation in the
tube reactor and sampling procedures have been described previously
by Dandajeh et al. [16].

2.3. Sample extraction and solvent evaporation

PAHs from the particulates and XAD-2 resin samples were extracted
using an accelerated solvent extractor (ASE), which is an automated
process for extracting PAHs rapidly at elevated temperature and pres-
sure. ASE is recommended by the EPA (Method 3545, SW-846, draft
update IVA) [34]. The extraction conditions and specifications for the
ASE are shown in Table 3. Extraction of each sample was carried out
using dichloromethane (DCM) as solvent.

The dichloromethane containing the extracted PAHs was evapo-
rated by bubbling gently a stream of nitrogen through the solvent vial

which was situated in a custom-made PID controlled heating mantle.
The temperature of the heating mantle was maintained at the boiling
point of dichloromethane (∼40 °C). The DCM solvent containing the
PAHs was initially concentrated from 60mL down to about 15mL and
later transferred into a graduated tube centrifuge (0–15mL) (VWR UK),
before finally being concentrated further, down to 1mL.

2.4. GCMS analysis of concentrated PAH extracts

The 1mL PAH extracts were analysed using gas chromatography
coupled to a mass spectrometry (GCMS) (Agilent, UK). The optimised
operating parameters and oven temperature programme used for the
GC–MS are shown in Table 4. Injection was carried out using an au-
tomatic liquid sampler (ALS), injecting 1 µL of the PAH extract in a
split-less mode. The MS was single quadruple run in electron ionization
(EI) mode. The GC–MS was calibrated using certified QTM PAH Mix
Standard as described in Dandajeh et al. [16].

The Standard (Sigma Aldrich, UK) contained all the 16 PAH com-
pounds shown in Table 1. Calibration curves were developed for each of
the 16 PAH compounds and their linearities were ≥98%. The unknown
target PAHs in the particulate and resin extracts were quantified by
selectively monitoring the PAH ions. This was achieved by identifying
the target PAHs based on detection of the ions of each PAH and cor-
relating the retention times of the ions with those of the QTM PAH Mix
calibration Standards.

3. Results and discussion

3.1. Soot propensities of C1–C7 hydrocarbons

Gravimetric filter soot mass concentrations (mg/m3) obtained from
pyrolysis of C1–C7 hydrocarbons are shown in Table 5, with ethane data
having 95% confidence interval. The table shows that soot mass con-
centrations for the various hydrocarbons tested increased when the
pyrolysis temperature was increased from 1050 to 1350 °C. These result

Table 1
List of 16 Priority PAHs and their Carcinogenic groups as classified by US EPA (1993) [31] [32].

Sn PAHs PAH Abbreviation Carcinogenicity Group Toxicity Factor Molecular Weight (g/mole) Number of Rings Structure

1 Naphthalene NPH D 0.001 128 2

2 Acenaphthylene ACY D 0.001 152 3

3 Acenaphthene ACN NA 0.001 154 3

4 Fluorene FLU D 0.001 166 3

5 Phenanthrene PHN D 0.001 178 3

6 Anthracene ATR D 0.01 178 3

7 Fluoranthene FLT D 0.001 202 4

8 Pyrene PYR NA 0.001 202 4

9 Benzo[a]anthracene B[a]A B2 0.1 228 4

10 Chrysene CRY B2 0.01 228 4

11 Benzo[b]Fluoranthene B[b]F B2 0.1 252 5

12 Benzo[k]Fluoranthene B[k]F B2 0.1 252 5

13 Benzo(a)pyrene B[a]P B2 1.0 252 5

14 Indeno[1,2,3-cd]pyrene I[123 cd]P B2 0.1 276 6

15 Dibenzo[a,h]anthracene D[ah]A B2 1.0 278 5

16 Benzo[g,h,i]perylene B[ghi]P D 0.01 276 6

*Group B2 are ‘possibly carcinogenic to humans’ while Group D are ‘unclassifiable as to carcinogenicity’. NA – Not available.

Table 2
Molecular structures and flow rates of the test hydrocarbons.

Sn Fuel
Molecule

Molecular Structure Nomenclature C/H Flow rate
(mL/min)

1 Methane CH4 C1 0.250 206
2 Ethane H3C–CH3 C2 0.333 99.80
3 Propane H3C–CH2–CH3 C3 0.375 69.90
4 n-butane H3C–CH2–CH2–CH3 nC4 0.400 48.99
5 i-butane H3C–CH2–CH2–CH3 iC4 0.400 48.41
6 Heptane H3C–(CH2)5–CH3 nC7 0.4375 0.175
7 Toluene C6H5 CH3 arC7 0.875 0.127
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match those observed in earlier studies [16,18,35,36]. Methane how-
ever stands-out as having zero soot mass concentration at the lowest
temperature of 1050 °C. Similar observation was made by Murphy et al.
[36], who observed carbon film deposition in methane pyrolysis com-
mencing at temperatures> 1000 °C. As the pyrolysis temperature was
raised from 1050 to 1250 °C, the soot mass concentration for methane
became unexpectedly high. The high soot concentration of methane at
1250 °C may be influenced by the fact that methane pyrolysis at tem-
peratures of 1200 °C and 1300 °C is dominated by production of

acetylene and ethylene respectively [37]. Large production rate of
acetylene at the temperature of 1250 °C is a likely reason why methane
shows slightly higher mass concentration of soot at 1250 °C than those
of ethane, propane and n-butane, though considerably lower than the
concentrations for i-butane and toluene.

As the carbon number of the hydrocarbons was increased from C1 to
C7, it can be observed from Table 5 that the soot mass concentrations
also tended to increase especially at the initial temperature of 1050 °C
and it becomes much less apparent as the temperature of the reactor
was raised from 1050 to 1350 °C. The correlation coefficient (r) of
carbon number as a function of soot mass concentration was only rea-
sonable (r∼ 0.6) at the initial temperature of 1050 °C, suggesting a
fairly statistical relationship at this temperature. At the temperature of
1150 °C for example, the soot mass concentration of methane (C1) was
282mg/m3, which then increased by factors of 1.5, 2.6, 3.0, 3.9, 1.3
and 4.6 when C2, C3, nC4, iC4, nC7 and arC7, respectively, were pyr-
olysed. There was a slight departure from this trend in the mass con-
centration of heptane (nC7) for reasons which are not clear, since the
pyrolysis of all the fuels was carried out at a fixed carbon concentration.
Prior studies in the literature also reported increase in soot propensity
of hydrocarbons with increasing carbon number of the fuel [28,31,38],
although under flame environments and not always at fixed fuel C1

supply rates. For example, Ladommatos et al. [28] employed variable
flow rates of hydrocarbons in diffusion flames in order to achieve cri-
tical sooting heights, from which a similar trend was deduced, that is,
an increase in sooting tendency as the carbon number of the fuel was
increased.

Fig. 1. Schematics of the experimental set-up: 1) mass flow controller (MFC) 2) fuel vaporiser 3) static mixer 4) circulating cooling water 5) tube furnace 6) DMS 500
sampling probe 7) soot sampling probe.

Table 3
Optimised conditions for sample extraction.

Accelerated Solvent Extraction (ASE)
ASE (Dionex-150, Thermo-Scientific)
Solvent=Dichloromethane (20mL)
Duration for single extraction= 15min

Temperature 125 °C
Pressure 1500 bar
Static Cycle 1 (at 5min)
Extraction Cell 10mL
Purge Time 60 s
Rinse Volume 40%
Extraction Repeats 3
Final Volume of Extracts 60mL

Table 4
Optimised conditions for GCMS analysis.

Gas Chromatography Mass Spectrometry (GCMS)
GC (7890B GC), MSD(5977A)
Column (HP-5; 30m×250 µm×0.25 µm)
Total Sample Run Time=33min

Ramp rate (°C/min) Temperature (°C) Hold Time (min)

– 50 1
25 150 1
25 200 1
3 230 1
8 310 3

Carrier Gas=Helium at 1.2 L/min, Inlet temperature=300 °C.
MS Source=230 °C, MS quad= 150 °C, Transfer line= 290 °C.

Table 5
Gravimetric filter soot mass concentration of the C1-C7 hydrocarbons.

Soot Concentration (mg/m3)

Temperature(°C) 1050 °C 1150 °C 1250 °C 1350 °C
Methane (C1) – 282 1253 1002
Ethane (C2) 16.0 ± 2.0 434 ± 31.1 956 ± 109 793 ± 77.7
Propane (C3) 88.2 774 122 966
n-butane (nC4) 74.6 837 1187 969
i-butane (iC4) 304 1113 1396 1114
Heptane (nC7) 20.3 362 727 658
Toluene (arC7) 745 1300 1379 1286
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However, as the pyrolysis temperature of the reactor was increased
from 1150 to 1350 °C, there appeared to be less statistical relationship
(r < 0.4) between the carbon number and soot mass concentration at
higher temperatures. Considering now the homologous series of C1–C4

hydrocarbons in Table 5, the carbon number and soot mass con-
centrations at the temperature range of 1050 to 1250 °C are strongly
positively correlated (r > 0.9), and this correlation appeared to be less
(r= 0.4) at the highest temperature of 1350 °C. This was evident from
the test conditions used in this study, where the flow rate of carbon was
kept constant between fuels and there was relatively long residence
time (1.1≤ t≤ 1.4) in the absence of oxygen within the reactor. It can
also be observed from Table 5 that as the rate of fuel pyrolysis and PAH
formation reactions increase with temperature rise, the large difference
in soot mass concentration attributable to carbon number between the
C1 to C7 hydrocarbons was seen to decrease (except heptane).

Comparing the soot propensities of the two C4 hydrocarbons,
Table 5 shows that iC4 produced a significantly higher soot con-
centration at the temperature of 1050 °C, by a factor of at least 3 times
relative to nC4, and remained higher at all temperatures. This result is
consistent with the studies of Zhang et al. [19], where they reported
pyrolysis iC4 producing more soot mass concentration and higher mass
spectrometric signals values of benzene, propargyl and other radicals
than the nC4 over a wide temperature range (550–1550 °C) in a heated
flow reactor. The relative difference in soot concentrations for nC4 and
iC4 decreased when the temperature was increased to 1350 °C. The
reason for the increased soot concentration for iC4 compared with nC4

is that pyrolysis of iC4 produces intermediate radicals such as propargyl
and C4 species [39] which are key to the formation of the first aromatic
ring, and subsequent growth of PAHs and soot.

Table 5 also shows that the soot concentration of arC7 at the tem-
perature of 1050 °C is approximately 37 times greater than that for nC7.
This result is in line with those of previous studies [28,38]. The ex-
ceptionally high soot concentration of toluene, as an aromatic molecule
was expected, since its decomposition produces phenyl and benzyl ra-
dicals via self-de-methylation and hydrogen-abstraction respectively
[21]. Phenyl radicals are PAH growth species in the phenyl addition
and cyclization (PAC) mechanism [10]. Abundance of acetylene in to-
luene pyrolysis [21] could also accelerate the growth of PAHs and soot
surface growth via the HACA mechanism [8].

3.2. Particulate characteristics of C1–C7 hydrocarbons

Soot particles produced by pyrolysis of the seven hydrocarbons were
characterised in terms of particle mass, size and number concentrations
using a differential mobility spectrometer (Cambustion DMS500). The
DMS data are summarised in Table 6, with ethane data having 95%
confidence interval. The Table presents the influence of temperature on
soot particle mean diameter (nm) and total soot particle number con-
centration (particle number per unit volume of N2 carrier gas at N2 inlet
conditions). At the temperature of 1050 °C for example, soot particle
mean diameter (Dpm) of the hydrocarbons increased as their carbon
number was increased from C1 to C3 and iC4 to arC7. However, nC4 and
nC7 departed to a degree, from this trend. Table 6 shows that there is a

shift toward larger soot particles with increasing pyrolysis temperature
from 1050 to 1350 °C regardless of the carbon number of the hydro-
carbon tested. For example, Dandajeh et al. [40] reported ethane pyr-
olysis at a temperature of 1050 °C producing particles in the size range
of 13–86 nm, whereas at the higher temperature of 1350 °C, particles
were broadly distributed in the size range of 86–562 nm. It can also be
deduced from Table 6 that particles ranging from 3 to 30 nm, com-
posing of volatile organic compounds, are assumed to be formed from
nucleation mechanisms and these particles contain most of the particle
number concentrations shown in Table 6. Larger particles were be-
lieved to be formed via agglomeration of smaller particles (carbonac-
eous agglomerates) and condensation of heavy hydrocarbons and these
accumulation mode particles contribute to most of the particle mass
[41]. It is likely therefore that the soot particle sizes reported in Table 6
were produced during accumulation mode. This can be explained by
the fact at the temperature of 1000 °C, for example, the gas residence in
the pyrolyser as measured by Eveleigh et al. [42] at nitrogen flow rate
of 20 L/min was long (1.4 s) and it shortened to 1.13 s at higher tem-
perature of 1300 °C. It can also be noticeable from Table 6 that at higher
temperatures of 1250 and 1350 °C, all the hydrocarbons tested ap-
peared to make particles of roughly the same, suggesting that the soot
particle size is independent on temperature.

It can also be observed from Table 6 that, at a temperature of
1050 °C, taking into cognisance the 95% confidence interval, the soot
particle sizes produced from pyrolysis of i-butane and toluene are
bigger, but the remaining hydrocarbon fuels produced particles that are
approximately of the same size. The results at the temperature of
1050 °C suggest a correlation between particle mass and particle dia-
meter, which might make good sense for accumulation mode particles,
even if more particles are formed then there is more opportunity for
agglomeration. It is also evident from Table 6 that the soot mass con-
centration is determined by the bigger soot particle sizes of smaller
number, than the many smaller particles of smaller sizes. Considering
now Table 6 as a whole, it is apparent that as the pyrolysis temperature
was increased from 1050 to 1350 °C, the particles became bigger and
also the total number of particles become fewer, irrespective of the
carbon number of the fuels. It can be concluded therefore that as the
temperature rose, the particles agglomerated into fewer larger particles,
but with the larger particles still growing, with the result that the total
mass of the particles increases. So, while agglomeration produced fewer
larger particles, the fewer particles continued to grow through ag-
glomeration but also new soot deposition on them.

As the temperature was increased to 1150 °C, Dpm appeared to in-
crease with increasing carbon number of the hydrocarbons, but became
almost independent of carbon number at temperature of 1350 °C. This is
believed to be due to agglomeration of soot particles which could have
resulted in increase in soot particle sizes [43].

Table 6 shows that the soot particle number concentration of all the
hydrocarbons decreased when the temperature was increased from
1050 to 1350 °C. It can also be observed from the Table that both iC4

and nC4 had nearly the same soot particle number concentration at all
the temperatures. Soot particle agglomeration for the C4 fuels increased
with temperature increase at apparently similar rates. These results

Table 6
Soot particle size and number concentration measurements using DMS500.

Mean Particle Size, Dpm (nm) Number Concentrations (dN/dDp) (1/cm3)

Temperature (°C) 1050 1150 1250 1350 1050 1150 1250 1350
Methane (C1) 38.7 191 381 356 1.8E+7 1.1E+9 2.6E+8 2.2E+8
Ethane (C2) 40.3 ± 15 223 ± 41 323 ± 55 306 ± 56 2.3E+9±2.6E8 2.8E+8±1.2E8 2.4E+8±6.3E7 3.9E+8±2.6E7
Propane (C3) 58.0 251 332 362 2.9E+9 8.2E+8 2.9E+8 2.8E++8
n-butane (nC4) 55.0 247 353 287 2.8E+9 2.5E+8 2.4E+8 5.9E+8
i-butane (iC4) 90.0 287 379 312 2.8E+9 2.3E+8 2.3E+8 5.2E+8
Heptane (nC7) 31.0 246 256 304 2.3E+9 2.6E+8 4.2E+8 3.1E+8
Toluene (arC7) 308 356 410 375 2.3E+8 2.6E+8 2.8E+8 3.4E+8
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would seem to suggest that branching a straight chain nC4 to iC4 still
produces similar number of soot particles, but with considerably larger
mean particle size. The variation of soot particle number for nC7 and
arC7 suggests that the soot particle number for toluene at the four test
temperatures are of the same order of magnitude, therefore almost in-
dependent of temperature. The mean diameter for toluene at 1050 °C
can be seen to be roughly similar to the mean diameter for heptane at
1350 °C. The implication of this observation is that toluene soot parti-
cles also appear to grow through agglomeration and by means of

deposition of gaseous species on the particles already formed. It is
imperative to note that the trends of soot mass concentrations measured
using the DMS500 (see Table A1 in Appendix A) agree with those from
the gravimetric filter measurements shown in Table 5.

In conclusion, soot formation for the C1–C7 hydrocarbons has sev-
eral common features, with methane and toluene departing somewhat
from these common characteristics. Methane had the smallest number
of primary particles at 1050 °C, suggesting that reactions were too slow
at this temperature for soot formation, compared with most of the other

Fig. 2. Normalised Total PAH Concentrations: a) Gas Phase (μg of PAH/m3 of gas) b) Particle Phase (μg of PAH/m3 of gas) c) PP and GP at four different temperature
points: 1050 °C, 1150 °C, 1250 °C and 1350 °C.

Fig. 3. Normalised Total PAH Concentrations: a) Particle Phase (ng of PAH/mg of soot) b) Particle Phase (μg of PAH/soot particle number).
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C2–C7 fuels. Toluene on the other hand had a relatively large mean
particle size (308 nm) even at the low temperature of 1050 °C. The
particle size for toluene at the lowest temperature of 1050 °C was si-
milar to that for most of the other aliphatic C1–C7 hydrocarbons but at
the higher temperature of 1350 °C. This implies that of the molecules
tested, methane and toluene are at the two extreme ends in terms of
soot formation rate, with methane the least and toluene the most pro-
lific soot producer.

3.3. Influence of carbon number on GP and PP PAHs

Fig. 2 presents PAH concentrations of C1–C7 hydrocarbons which
resulted from summing up, for each hydrocarbon, all the 16 EPA PAHs
shown in Table 1. Fig. 2a shows gas phase (GP) PAH mass extracted
from the XAD-2 resin and normalised with the volume of gas (Vg)
passed through the resin in series with the particulate filter. Fig. 2b
shows particulate phase (PP) PAH mass, extracted from the particulates
collected on the filter, also normalised with Vg. Fig. 2c shows normal-
ised PP PAH plotted against normalised GP PAHs. Error bars in Fig. 2
denote standard deviations while detailed error bars on the PAH spe-
ciation can be found in Dandajeh et al. [7].

It can be seen from Fig. 2a that increasing the temperature of the
reactor from 1050 to 1350 °C resulted in lower GP PAH concentrations
for all the fuels. This effect of temperature is consistent with other
published works [44,16]. Methane was an exception though, with a
near zero GP PAH mass at the temperature of 1050 °C. This is likely due
to slower formation rates of intermediate precursors (such as acetylene)
during methane pyrolysis at 1050 °C. It can also be observed from
Fig. 2a, at the temperature of 1350 °C that the GP PAH concentrations
decreased with increasing carbon number of the hydrocarbons, but the
trend is unclear at other temperatures.

The PP PAH mass concentration shown in Fig. 2b increase within
the temperature range of 1050–1150 °C for all the fuels except toluene,
but as the temperature was raised further from 1150 to 1350 °C, the
PAH concentration subsequently decreased. This decreasing trend of PP
PAH concentrations above 1150 °C is believed to be due to incorpora-
tion of PP PAHs (particularly Group B2) into soot; and has been re-
ported previously by Aracil et al. [45] in pyrolysis of polyvinyl-
chloride. Comparing Fig. 2a and b at the temperature of 1050 °C shows
that both the GP and PP PAHs on volume of gas basis increase with
increasing carbon number of the hydrocarbons examined. Although this
does not seem to apply in the case of propane and heptane pyrolyses.

Fig. 2c shows the GP and PP PAHs concentrations of the seven hy-
drocarbons plotted against each other at four different temperatures
(1050 °C, 1150 °C, 1250 °C and 1350 °C) and the curves suggest that the
abundance of both GP and PP PAHs is influenced by temperature. That
is, the abundance of both reduces with temperature and this is possibly
due to more rapid conversion of GP to soot (see Table 5). More detailed
observation of Fig. 2c shows that the PP PAH concentration increased
while GP PAHs increased and this relation held up to the temperature of
1150 °C; as the temperature rose further to 1350 °C, both GP and PP
PAH concentration reduced together (methane and toluene are excep-
tions to this trend). Considering now Fig. 2a, 2b and 2c together, con-
centration of higher GP and PP PAHs can be observed at the tempera-
ture of 1050 °C for iC4 over nC4 as well as for arC7 over nC7. This
observation suggests that isomerisation and aromatisation of the re-
spective C4 and C7 fuels at 1050 °C, both promote formation of mole-
cular precursors of soot as well as higher soot concentration and larger
soot particle sizes (see Table 5).

PP PAH mass was normalised in two ways, in Fig. 3a by the soot
mass (see Table 5) and in Fig. 3b by the soot particle number (see
Table 6). Fig. 3a shows that the concentration of PP PAHs per unit mass
of soot decreased substantially with increasing temperature of the re-
actor from 1050 to 1350 °C for all the fuels. That is, a relatively smaller
amount of PAHs was deposited on soot particles, per unit mass of soot,
while the amount of soot increased as the temperature rose. Fig. 3aTa
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shows that at the temperature of 1150 °C, the PP PAH concentrations
(as well as the Group B2 PAH concentration) at a temperature of
1150 °C decreased with increasing carbon number. It can also be seen in
Fig. 3a that the PP PAH concentration at a temperature of 1050 °C

during methane pyrolysis was zero due to absence of soot at such
temperature (see Table 5).

What stands out in Fig. 3b and Fig. 2b is the PP PAH concentration
of toluene at a temperature of 1050 °C. Toluene is a source of large

Fig. 4. Distributions of total PAHs produced during the pyrolysis of C1–C7 hydrocarbons a) Phenanthrene b) Pyrene c) Benzo(k)fluoranthene d) Indeno(1,2,3-cd)
pyrene.

Fig. 5. Total PAH concentrations with respect to their number rings for the C1–C7 hydrocarbons at four different temperature points: a) 1050 °C b) 1150 °C c) 1250 °C
d) 1350 °C. The legend on the graphs denotes number of PAH rings.
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number of intermediates (phenyl and benzyl radicals) at lower tem-
peratures [10], which can contribute to PAH and soot particle growth.
This is reflected by the appreciable soot mass concentrations of toluene
at the temperature of 1050 °C relative to the other hydrocarbons ex-
amined. It is expected that at temperatures< 1050 °C (see Fig. 3b and
Fig. 2b) toluene will exhibit an increasing trend in the PP PAH con-
centrations with rising temperatures to 1050 °C.

The above extrapolation of toluene PAH mass for temperatures
lower than 1050 °C is supported by the findings of other published
studies. For example, Sanchez et. al. [44,18] reported increasing trend
in PAH concentrations of C2 fuels within the temperature range of
700–950 °C and a corresponding decrease in PAH mass at tempera-
tures> 950 °C.

Fig. 3a suggests that different structures of hydrocarbons with the
same carbon number (nC4 & iC4 and nC7 & arC7) produced roughly
similar PP PAH concentrations per unit mass (Ms) of soot at all tem-
peratures. The PP PAHs normalised with the number of soot particles
are shown in Fig. 3b. The concentrations of PAHs per soot particle in-
creased when the pyrolysis temperature was increased from 1050 to
1150 °C and drastically decreased when the temperature was raised to
1350 °C (toluene is still an exception). Fig. 3b shows that hydrocarbons
with the same carbon number (nC4 & iC4 and nC7 & arC7), yielded
identical PAH mass within the temperature range of 1250–1350 °C.

3.4. Influence of carbon number on individual total PAHs

This section examines the PAH distribution for individual C1–C7

hydrocarbons. Table 7 presents the distributions of the 16 EPA priority
PAHs for each hydrocarbon fuel, while Fig. 4a, b, c and d show the PAH
concentrations of PHN, PYR, B(k)F and I(1,2,3-cd)P respectively. These
four PAHs were selected from Table 7 as examples for further discus-
sion. It can be seen from Fig. 4a and b that lighter benzenoid PAHs
(PHN and PYR) were detected in roughly similar concentrations, at all
temperatures, regardless of the carbon number of the hydrocarbon. A
similar observation can be seen in Table 7 for lighter five-membered
ring PAHs (ACY and FLT). Formation of lighter PAHs at low tempera-
tures of 1050 °C was reported to be dominated either by aromatic ra-
dical-radical or radical-molecule reactions [12]. For example, kinked
PAHs, such as phenanthrene, with one arm chair feature (site X in
Fig. 4) could grow to pyrene via reaction of phenanthrene radical and
acetylene molecule. However, the growth of pyrene to heavier PAHs
was reported to be inefficient through the HACA mechanism [12] due
to its multiple double fusing sites (site Y in Fig. 4).

Fig. 4c and d were plotted for the temperature of 1050 °C and show
an increasing trend of heavier five membered ring PAHs, B(k)F and I

(1,2,3-cd)P, with increasing carbon number of the hydrocarbon. This
observation however, does not seem to apply in the case of heptane
pyrolysis in Fig. 4c and heptane and toluene pyrolyses in Fig. 4d. On the
contrary, Table 7 shows no such clear trend for heavier benzenoid PAHs
(B(a)P, D(a,h) and B[ghi]P) at temperature of 1050 °C. It should be
noted that five-membered ring PAHs have a common feature of mul-
tiple triple fusing sites/arm-chairs, making it easier for PAH growth via
the HACA mechanism [10].

One striking characteristic of the heavier PAHs (together with few of
the lighter PAHs) shown in Table 7, is their disappearance at the higher
temperature of 1350 °C. Smith [46] and Shukla et al. [12] both also
reported this observation in the case of toluene pyrolysis. The dis-
appearance of these PAHs at high temperatures has been ascribed to
insufficient soot surface area/number of soot particles available for
PAH condensation [16].

The soot particle number concentrations of the hydrocarbons shown
in Table 6 showed remarkable decrease with temperature increase to
1350 °C. For example, when the pyrolysis temperature was increase
from 1050 to 1350 °C, the soot particle number concentrations de-
creased by factors of ∼6, 10, 5, 5 and 7 in the case of the C2, C3, nC4,
iC4 and nC7 hydrocarbons, respectively. Shukla et al. [12] reported that
the kinetics for the formation of heavier PAHs at high temperatures of
1350 °C is dominated by the HACA mechanism.

It is interesting to note that most of the PAHs detected in this paper
at high concentrations in the pyrolysis of the individual C1–C7 hydro-
carbons (see Table 7), were also reported in high concentrations in
previous published works [12,21,22,25,26,24,27].

3.5. Effects of carbon number on PAH rings

Fig. 5 shows the concentrations of PAHs in terms of number of rings
(size of PAHs) for the seven hydrocarbon fuels. Fig. 5a, b, c and d show
the total PAH concentrations at temperatures of 1050 °C, 1150 °C,
1250 °C and 1350 °C respectively. It can be seen from Fig. 5a that
concentrations of the total number of PAH rings at a temperature of
1050 °C, particularly those of 3, 4 and 5 rings, increased with increase
in carbon number of the hydrocarbons from C1–C7, but surprisingly this
does not seem to apply in the case of heptane pyrolysis.

It can also be seen from Fig. 5a that pyrolysis of iC4 produced higher
number of 2, 5 and 6 rings compared to the corresponding nC4. Simi-
larly, Fig. 5a shows that pyrolysis of aromatic toluene (arC7) produced
substantially higher number of 2–6 ring PAHs compared to the aliphatic
heptane molecule (nC7). As the temperature of the reactor was in-
creased from 1150 to 1350 °C, the concentrations of the PAHs de-
creased, but especially so in the case of the hydrocarbons with larger

Fig. 6. Normalised Weighted Carcinogenicity: a) weighted carcinogenicity of PP PAHs (μg of PAH/m3 of gas) b) weighted carcinogenicity of PP PAHs (ng of PAH/ mg
of soot).
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carbon numbers (iC4 and arC7). This trend is particularly notable at the
temperature of 1350 °C (see Fig. 5d), suggesting rapid consumption of
2, 3 and 4 ring PAHs in soot particle growth at higher temperatures. The
heptane tested, once again, departed from this general behaviour.

Considering Fig. 5 in its entirety, it can be seen that the con-
centrations of 4, 5 and 6 ring PAHs (especially Group B2 members)
decreased when the temperature of the reactor was raised to from 1050
to 1350 °C. Finally, Fig. 5a and d show increasing and decreasing trends
in total PAH concentrations with carbon number at 1050 and 1350 °C,
respectively; however, Fig. 5b and c show no clear trend of influence of
carbon number on the total PAH concentrations at the intermediate
temperatures of 1150 °C and 1250 °C respectively.

One possible explanation for the increase in total PAH concentra-
tions with increasing carbon number at 1050 °C is that the kinetics for
the growth of PAHs to soot was slow, hence, PAHs continuously accu-
mulate in comparatively high concentrations. This result is supported
by the lower soot concentrations shown in Table 5 for all the hydro-
carbons tested. At higher temperature of 1350 °C, the total PAH con-
centrations decreased with increasing carbon number since the rate of
growth of PAHs to soot accelerated, exceeding the rate at which the
PAHs were formed [16].

3.6. Toxicity of soot particles produced by C1-C7 hydrocarbons

This section examines the toxicity of soot particles generated from
pyrolysis of the seven hydrocarbons. The weighted carcinogenicity of
PAHs (WC-PAHs), was defined in [16] (see Eq.1) as the summation of
the product of individual EPA16 priority PAH concentrations (Ci) and
their corresponding toxicity equivalent factors (TEF). The TEFs selected
are shown in Table 1 as proposed by Nisbet and Lagoy [32] and are
widely used for assessing PAH toxicity.

∑− = ∗
=

TEF CiWC PAHs ( )
i

i
1

16

(1)

Fig. 6a and b show the WC-PAHs on volume of gas and soot mass
bases respectively. It is apparent from Fig. 6a that soot particles pro-
duced from toluene (arC7) pyrolysis produced the highest WC-PAHs at a
temperature of 1050 °C. The WC-PAH of arC7 on volume of gas basis at
a temperature of 1050 °C was 3.5 times that of C3, 4 times that of iC4, 16
times that of nC4 and 49 times that of the C2 and nC7 hydrocarbons.
This result is not due to the high soot mass produced by toluene pyr-
olysis at 1050 °C, but due to the substantial concentrations of Group B2
PAHs (particularly B(a)P, D(a,h)A and B(k)F) generated from toluene
soot particles. PAHs contributing to the toxicity of soot particles from
the seven hydrocarbons are shown in Tables 7 and 8.

Fig. 6b shows that propane soot particles produced the highest WC –
PAHs on soot mass basis at a temperature of 1050 °C, and there was a
clear decreasing trend of carcinogenicity with temperature increase.
The weighted carcinogenicity of propane soot particles (soot mass
basis) at 1050 °C was 2.4 times that of arC7, 3.3 times that of nC7, 3.9
times that of n-C4, 5.3 times that of C2 and 13.2 times that of the iC4

hydrocarbon. It is also apparent from Fig. 6b that the WC – PAHs de-
creased with increasing carbon number of the hydrocarbon at the
temperature of 1150 °C.

It is interesting to note that the trend of the WC-PAHs in Fig. 6b,
reflects that of soot particle number concentrations in Table 6. This
analogy could mean that the carcinogenicity of soot particles is not only
dependent on the mass of soot particles, but also on their number. In-
dividual PAHs contributing to the WC – PAHs on soot mass basis are
shown in Table 8. In Table 8, the contribution of Group D PAHs (low
ring number and relatively low carcinogenicity factors) to the WC-PAHs
stands out as being relatively small, either because those PAHs were not
detected (nd) on the soot extracts or their concentrations on the soot
particle was low. Group D PAHs have higher vapour pressure
(0.0006–10.4 Pa at 25 °C) and lower boiling points (218–404 °C)Ta
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relative to Group B2, which may have reduced their condensation rates
on the soot particles [16].

Closer inspection of Fig. 6a and b shows that aromatisation in the C7

hydrocarbons increased the toxicity of soot particles at a temperature of
1050 °C, but the converse can be observed at the temperature range of
1150–1350 °C. Fig. 6a shows that the WC-PAH of iC4 soot particles
within temperatures of 1050–1150 °C is higher than those for nC4,
suggesting that isomerisation of the C4 hydrocarbon is significant in
contributing to the abundance of Group B2 PAHs. Again, as in the case
of aromatisation of the C7 hydrocarbons, the opposite is true for the C4

isomerised hydrocarbon when the temperature was increased from
1250 to 1350 °C. A potential implication of these observations is that
hydrocarbons with higher carbon number, which are known to have
higher cetane numbers and shorter ignition delays in compression ig-
nition engines [47], produce substantial particulate mass, but the PAHs
on the particulates are generally of lower toxicity. However, where
diesel fuel ignition delays decrease, this can also reduce in-cylinder
temperatures, which might be expected to increase the WC-PAHs in
Fig. 6b.

4. Conclusions

The conclusions from the results reported can be summarised as
follows:

1) Increasing carbon number of C1–C7 hydrocarbons was observed to
increase their propensities to form soot particles in the effluent gas
(nitrogen) especially at the initial temperature of 1050 °C (except for
heptane which was observed to be outside this trend), and this effect
of carbon number on soot concentration becomes much less ap-
parent as the temperature of the reactor was raised from 1050 to
1350 °C.

2) Methane pyrolysis was observed to have the smallest number of
primary soot particles at the temperature of 1050 °C when compared

with most of the C2–C7 hydrocarbons. At the lowest temperature of
1050 °C, the particle average size for toluene (308 nm) was roughly
similar to that produced at the highest temperature of 1350 °C by
the C1–C7 aliphatic hydrocarbons.

3) Increasing the temperature of the reactor from 1050 to 1350 °C,
decreased the total PAH concentrations regardless of the carbon
number of the hydrocarbons investigated.

4) Increasing carbon number from C1 to C7 decreased the gas phase
PAH concentration at the temperature of 1350 °C. Similarly, the
particulate phase PAH concentration (including those of the Group
B2 PAHs) decreased at a temperature of 1150 °C when the carbon
number was increased from C1 to C7. No clear trends were observed
at temperatures of 1050 and 1250 °C.

5) The total PAH concentrations tended to increase with increasing
carbon number (excluding heptane) at the temperature of 1050 °C
but an opposite (decreasing) trend was observed at 1350 °C.

6) Isomerisation in the C4 hydrocarbons and aromatisation in the C7

hydrocarbons increased substantially, the soot propensities, the
abundance of particle phase PAHs and carcinogenicity on volume of
gas basis at the temperature of 1050 °C.

7) Toluene and propane soot particles had the highest weighted car-
cinogenicities at the temperature of 1050 °C on gas volume and soot
mass bases respectively. At the temperature of 1150 °C, the
weighted carcinogenicity (soot mass basis) was observed to decrease
with increasing carbon number of the hydrocarbon.
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