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Abstract
This study examined the inﬂuence of an iron-based homogeneous combustion catalyst on the oxidative
behaviour and nanostructural characteristics of soot emitted from a single-cylinder compression ignition
engine. The catalyst was homogeneously added into a commercial diesel as the reference at ultra low dosage ratios. Smoke opacity was measured using a smoke opacimeter in the engine exhaust stream to indicate
the overall soot emission intensity. Soot particles were also sampled while the engine was maintained in
steady-state operations and fuelled with the reference diesel and the catalyst treated fuels, respectively.
The soot samples were subjected to thermogravimetric analysis (TGA) to study their oxidation reactivities
in air, and transmission electron microscopy (TEM) for morphological characterisations. The smoke opacity results showed 7.3–39.5% less soot emissions when the catalyst was applied, depending on the catalyst
dosage ratio. The TGA results revealed that soot from the catalyst treated fuels possessed higher oxidative
reactivity as indicated by ignition at lower temperatures and faster oxidation rates than those of soot from
the reference diesel. This tendency was more remarked as the catalyst dosage ratio increased. Subsequent
TEM imaging analyses observed that the irregularly shaped, aggregated soot particles were made of a number of spherical primary particles. Smaller and more narrowly-distributed primary soot particles with the
catalyst treated fuels than those of the reference diesel were evident. High-resolution TEM imaging
revealed graphitic crystallite structures of the soot samples from both catalyst-treated and -untreated fuels
with no obvious variations in the nuclei core areas, suggesting that the internal structure of the soot was
not aﬀected by the catalyst. It was evident that iron ions from the catalyst were more involved in the soot
oxidation process, rather than in the early soot formation stage, and eventually resulted in smaller and narrowly-distributed primary soot particles.
Ó 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
Keywords: Compression ignition engine; Homogeneous combustion catalyst; Nanostructure; Soot; Oxidation

1. Introduction
Compression ignition (CI) diesel engines are
increasingly favoured for surface transportation,
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heavy machinery and remote power generation
compared to spark-ignition gasoline engines, due
to their inherently higher fuel eﬃciency and durability. However, diesel engines generate signiﬁcant
amounts of particulate matter (PM) emissions,
commonly known as soot, which threaten the air
quality and human health, particularly in urban
environments [1–3]. Typically, the diesel soot
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particles are composed of agglomerated primary
particles with absorbed unburnt hydrocarbons
and inorganic species on their surfaces [1,4]. Many
toxicological and epidemiological investigations
have been reported that PM can accumulate in
the respiratory system and even penetrate the cell
membranes to induce inheritable mutations [4,5].
Therefore, strict diesel PM emission regulations
have been imposed by many governments and will
become far more stringent in the future [6].
Numerous eﬀorts have been devoted to controlling diesel PM emissions by modifying engine
design and fuel injection and by reforming fuel
properties to improve the combustion process
[3,6,7]. Among these, the use of metallic-based
combustion catalyst is an attractive approach
and has shown signiﬁcant beneﬁts in reduced fuel
consumption and lowered diesel exhaust emissions with no need for engine modiﬁcations [8–
12]. On the molecular level, the catalysts consist
of a metallic part as the active material that promotes fuel combustion and an organic part to
make the catalysts soluble in diesel fuels, thus
the term homogeneous combustion catalysts
(HCC).
Various laboratory and modelling studies
have been reported in the literature exploring the
eﬀects of iron-based compounds on PM reductions in premixed [13] or diﬀusion ﬂames [14],
drop tube furnaces [15], boilers [16] and diesel
engines [17,18], in the forms of iron pentacarbonyl
(Fe(CO)5), ferrocene (Fe(C5H5)2), iron naphthenate, iron chloride (FeCl3). Shayeson [19] detected
the smoke reduction in a jet engine using an ironbased catalyst. Braun et al. [20] investigated the
microstructure and molecular structure of soot
samples from ferrocene doped diesel using near
edge X-ray absorption ﬁne structure (NEXAFS)
spectroscopy and X-ray scattering and found that
the addition of ferrocene dramatically aﬀected
soot formation and its graphitic structure. Marsh
et al. [15] proposed four possible ways in which an
iron catalyst may suppress PM emissions: (1) by
inhibiting particle formation; (2) by enhancing
fuel vaporisation and premixing; (3) by increasing
ignition delay which allowed more time for fuel
mixing before the ﬂame is established; and (4)
by catalytically promoting the oxidation of soot
particles. Hahn et al. [14] studied isooctane diﬀusion ﬂames with iron pentacarbonyl addition
and found that rather than aﬀecting soot particle
inception and growth, iron was more eﬀective in
enhancing the rate of soot oxidation during burnout resulting in a two-thirds reduction in the overall soot emissions.
The present work involved a novel Fe-based
HCC, which consisted of ferrous picrate as the
active ingredient in a complex solution of shortchain alkyl benzenes to form a continuous phase
with diesel. Previous ﬁeld trials and our laboratory studies [21–23] have conﬁrmed the signiﬁcant

eﬀects of the ferrous picrate catalyst (FPC) in
improving fuel economy and reducing smoke
emissions. However, its impacts in the characteristics of soot particles from diesel engines remain
unknown.
This contribution reports an experimental
study, as a part of our continuing eﬀorts, to examine the diﬀerences in the oxidation reactivities and
morphological properties of the soot emitted from
a diesel engine fuelled with diesel with and without FPC additions and to understand the mechanisms of FPC catalysts in diesel combustion in
compression ignition engines.
2. Experimental
2.1. Laboratory engine system
Experiments were carried out using a fourstroke, single cylinder, direct injection diesel engine
(AET Ltd.) which was coupled to a Zöllner TypeA100 electric dynamometer for load control. The
engine speciﬁcations are listed in Table 1 and the
details of the engine system can be found elsewhere
[22]. A commercial standard No.2 diesel from a
local service station (Caltex Australia Ltd.) was
employed as the reference diesel and a ferrous
picrate catalyst was obtained from Fuel Technology Pty. Ltd. The catalyst was added in the diesel
at dosage ratio of 1:15,000, 1:10,000, 1:5000 and
1:1000 (catalyst to fuel, vol./vol.), respectively.
Smoke opacity was measured with a Bosch RTM
430 infrared opacimeter to indicate the overall
PM emissions while the engine operated under full
load and various speeds ranging from 2800 rpm to
3600 rpm with a 200 rpm interval. Prior to each
test, the engine was allowed to operate under a
set of speciﬁed conditions for 1 h in order to ensure
steady state was reached. When a diﬀerent fuel was
tested, the engine was run with the new fuel for at

Table 1
Speciﬁcations of the laboratory diesel engine and
instrumentation.
Engine model
Engine type
Cylinder number
Bore (mm)  stroke
(mm)
Total displacement
(L)
Compression ratio
Maximum output
(kW)
Rated speed (rpm)
Injection timing
Injection pressure

Yanmar L48AE-DG
Four stoke, direct injection,
single cylinder
1
70  55
0.211
19.9
3.5
3600
14 ± 1 BTDC (before top dead
centre)
19.6 MPa
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least 30 min to eliminate the eﬀect of the fuel in the
previous test.
2.2. Thermogravimetric analysis (TGA)
Soot samples were directly collected from the
exhaust pipe when the engine reached a steadystate engine condition at the speed of 3200 rpm
and 5.5 N m load. A 90 mm diameter glass ﬁbre
ﬁlter paper (Whatman GF/A, 1.6 lm pore size
diameter) was located in the exhaust path for
3 h during each collection. A schematic diagram
of the soot collection arrangements is illustrated
in Fig. 1. The soot sample was scratched oﬀ from
the ﬁlter paper and stored in a desiccator for further analysis.
Non-isothermal TGA tests were performed
using a TGA analyser (SDT-Q600, TA instrument) which allowed simultaneous measurements
of weight loss and heat ﬂow as a function of time
or temperature. 5.5–6.0 mg of a soot sample was
loaded in the alumina crucible and heated in ultra
high purity air (ﬂow rate of 15 ml min1) from 25
to 700 °C at a heating rate of 10 °C min1. Each
analysis was repeated three times to ensure the
reproducibility. The TG-DSC (the mass loss and
diﬀerential scanning calorimetry or heat ﬂow)
and TG-DTG (the diﬀerential mass loss) curves
were obtained to reveal the key thermal behaviour, and the oxidation kinetic parameters were
calculated from TGA data following the method
described in Ref. [24], as also detailed in Section
3.2.2.
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the exhaust pipe. A 3 mm TEM copper grid (200
mesh, holey carbon ﬁlm) was attached to a grid
holder which was inserted parallel to the exhaust
ﬂow for direct collection of soot particles. The
grid holder was connected to a step motor which
moved the grid holder in and out of the exhaust
pipe through the stop-valve to allow the hot soot
particles to be deposited on the copper grid. The
overall exposure time of the grid for each soot collection was controlled and set to 1 s by the step
motor.
Soot samples were collected when the engine
operated under a ﬁxed condition (3200 rpm and
5.5 N m load) and fuelled with the reference diesel
and diesel dosed with FPC at 1:10,000 and 1:1000
ratios, respectively. Three parallel sample grids
were taken for each fuel to ensure repeatability.
After sample collection, the grids were detached
from the grid holder and examined using a highresolution JEOL 2100 transmission electron
microscopy (TEM) at the accelerating voltage of
120 kV to obtain TEM images for further analysis
and interpretation. To reveal the soot morphological features such as primary particle diameters
and distributions, magniﬁcations in the range of
5000–50,000 were used and the TEM images
were analysed using the DigitalMicrograph software [26,27]. High-resolution TEM images with
a 250,000 magniﬁcation were obtained to identify the interfacial structure and lattice spacing
within the soot particles.
3. Results and discussion

2.3. Thermophoretic sampling technique and TEM
analysis
A thermophoretic sampling technique, following Dobbins and Megaridis [25], was employed
to collect soot particles from the hot exhaust
stream, as also shown in Fig. 1. A sampling probe
with a stainless steel stop-valve was installed along

Data Acquisition System
Dynamometer

Engine

Thermophoretic sampling

Exhaust

TEM copper grid
Filter paper

Fig. 1. A schematic of the arrangements for soot
sampling and collection.

3.1. Particulate emissions
Diesel PM is generated primarily due to incomplete combustion of fuel inside the diesel engines,
following very complex mechanisms [1,28,29] and
is responsible for the smoke opacity [1]. Smoke
opacimeter measures the relative intensity of light
that passes through the exhaust stream as an
approximate indication of the PM emission levels.
Figure 2 illustrates the smoke levels under various
engine speed conditions from the reference diesel
and the FPC catalyst treated fuels with diﬀerent
dosing ratios, respectively. It is noticed that the
smoke emissions were drastically suppressed by
the addition of the FPC catalyst and the reduction
increased with increasing catalyst dosage ratio,
however, levelled oﬀ when the catalyst dosage
ratio was greater than 1:5000. The reductions in
the smoke emissions ranged from 7.3% to 39.5%
for the four catalyst treated fuels as compared
against the reference diesel.
It is interesting to note that the catalyst was
more eﬀective when the engine operated at relatively lower (e.g. 2800 rpm) or higher speeds (e.g.
3400–3600 rpm). At the low engine speed, the incylinder temperature was relatively lower, leading
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3.2. TGA analysis and kinetic study of soot
oxidation
3.2.1. TGA analysis
Figure 3 presents the TGA data showing the
thermal behaviour of the three soot samples collected from the engine operating with the reference diesel and diesel dosed with FPC at ratios
of 1:10000 (abbreviated as D + FPC 1:104) and
1:1000 (abbreviated as D + FPC 1:103),
respectively.
The TG-DSC curves in Fig. 3(a) demonstrate
that the three soot samples generally exhibited
three characteristic mass loss events within the
experimental temperature range. The ﬁrst signiﬁcant mass loss event occurred at around 150–
290 °C with about 50% mass loss, which was
related to the evaporation of volatile organic compounds (VOC) adsorbed on the soot particles [24].
The second major mass loss event was observed at
approximately 300–500 °C, accompanied by an
exothermic heat eﬀect, which accounted for about
30% mass loss and may be attributed to the oxidation of heavy hydrocarbon compounds attached
to the surface of the soot particles such as VOC,
unburned hydrocarbon and PAH [30]. During this
period, the mass loss was similar between the soot
samples from the reference diesel and the FPC
treated fuels until 500 °C when the major heat
release was identiﬁed from the oxidation of
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to incomplete combustion of the fuel and thus the
smoke emission increased. At the high speeds,
more fuel was injected and expected to burn with
short residence times in the engine with a ﬁxed volume (displacement), which also resulted in incomplete combustion and high smoke intensities.
However, comparing the smoke opacities of the
exhausts of the engine operating with the FPC catalyst treated fuels against that with the reference
diesel, it was more obvious when the engine was
running under the more ineﬃcient conditions, the
FPC catalyst was more eﬀective in reducing the
engine smoke emissions.
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Fig. 2. Variation of the smoke emissions as a function of
engine speed for the ﬁve fuels tested under the full load
conditions.
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Fig. 3. Comparison of the (a) TG-DSC and (b) TGDTG curves of the soot samples from the engine
operating at 3200 rpm and 5.5 Nm load, and fuelled
with diesel with or without FPC catalyst in air.

remaining dry soot particles (primarily graphitic
carbon). It was noticed that the heat release peak
was shifted towards a lower temperature with
increasing the catalyst dosage ratio. The third
mass loss event accounting for ca. 15% mass loss
occurred at 550–620 °C was caused by the oxidation of the residual carbon. Finally, there were
small quantities of ash residues remaining at the
conclusion of the TGA tests, accounting for less
than 3% of the original sample masses [2].
The respective TG-DTG curves are shown in
Fig. 3(b). The three peaks are clearly observable,
corresponding to the three mass loss events,
respectively, as discussed above. The ﬁrst sharp
peaks related to the light hydrocarbon evaporation and desorption and are similar in shape and
peak temperatures at 200–220 °C, except the
peaks for the (D + FPC 1:104) and (D + FPC
1:103) soot samples were higher than that for the
reference diesel soot. This suggests that rate of
the light hydrocarbon evaporation and desorption
from the soot from the FPC treated fuels was faster. The second broad, although less obvious,
peaks spread over 450–520 °C are thought to be
associated with oxidation of heavier hydrocarbon
compounds attached to the soot particles, and
thus slower rates and broader peaks. It is interesting to note that the three DTG curves were indistinguishable in the temperature region from 400 to
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500 °C until the oxidation of the dry soot began at
above 500 °C. This suggests that the iron ions
present in the soot had no or little eﬀect in the
stage of the oxidation of the adsorbed hydrocarbons. The third sharp peaks at 580–610 °C, however, show two interesting features, that is, the
peak increased height and thus the rate of oxidation and shifted towards a lower temperature as
the FPC catalyst dosing ratio increased. This suggests once again that the iron ion deposited on the
soot from catalyst treated fuel catalysed the soot
oxidation causing the soot to react at lower temperatures and at faster rates than the reference
diesel soot without iron ions in it.
Further analyses of the DTG curves in the dry
soot oxidation region revealed two characteristic
temperatures [31], namely, the peak temperature
(Tpeak) and the burnout temperature (Tburnout).
Tpeak represents the temperature at which the
maximum rate of mass loss due to soot oxidation
occurs and a lower Tpeak indicates an easy ignition. Tburnout refers to the temperature at which
the oxidation is completed. The corresponding
Tpeak and Tburnout values of the soot samples from
the reference diesel and the two FPC treated fuels
are given in Table 2. Note that Tpeak and Tburnout
of the soot samples from the two catalyst treated
fuels shifted to lower temperatures by ca 10 and
30 °C, respectively, relative to that of the soot
from the reference diesel. These results suggest
that when the catalyst was added to diesel, the
soot became to ignite at a lower temperature
and the combustion completed sooner, in other
words, the oxidation reactivity of the soot had
increased due to the presence of the iron ions. It
has been reported that a tiny amount of a transitional metal or metal oxide can drastically
increase the oxidation rate of diesel soot [24,32–
34]. Miyamoto et al. [34] reported that soot from
an iron-doped fuel displayed a rapid mass loss
when subjected to combustion in air. Similarly,
Bonnefoy et al. [33] attributed an observed
increase in the oxidation reactivity of soot from
a ferrocene dosed diesel to iron present in the
soot. The ﬁndings of the present experiments are
consistent with these literature reports, albeit, different catalysts were used.

Table 2
Peak and burnout temperatures of the soot samples
from diesel with or without the FPC catalyst.
RD soot
D + FPC (1:104) soot
D + FPC (1:103) soot

Tpeak (°C)

Tburnout (°C)

615
606
590

645
635
624

Tpeak – peak temperature from DTG curve of soot
oxidation.
Tburnout – burnout temperature from DTG curve of soot
oxidation.
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Table 3
Calculated oxidation kinetic parameters of the soot
collected from diesel with or without the FPC catalyst.
Parameters

Ea (kJ mol1)

A (s1)

RD soot
D + FPC (1:104) soot
D + FPC (1:103) soot

199 ± 3
240 ± 2
242 ± 2

3.12  109
1.50  1012
3.37  1012

3.2.2. Estimation of oxidation kinetic parameters
The kinetics of oxidation of the dry soot in the
temperature range of 500–600 °C was further
studied using the standard kinetic rate equation
according to the Arrhenius law:


dm
Ea
¼ k  mn ¼ AeRT mn
dt

ð1Þ

where m is the instantaneous mass of a soot sample; t is the reaction time; k is the rate constant of
the soot oxidative reaction; A and Ea are the
Arrhenius pre-exponential factor and activation
energy; T is the absolute temperature of the soot;
n is the reaction order and an assumption of n = 1
was applied for soot oxidation [35].
A and Ea were calculated from the intercept
1
and the slope of the plot of ln  dm
vs. 1/T,
dt m
respectively. Knowing A and Ea, the rate constant
k at a speciﬁc temperature T can
 be calculated

Ea
using the Arrhenius equation k ¼ AeRT . The
calculated kinetic parameters are tabulated in
Table 3 and the Arrhenius plots of ln k vs (1000/
T) for the three soot samples are compared in
Fig. 4. The activation energy Ea for soot from
the FPC treated fuels was 240–242 kJ mol1,
slightly higher than that of the reference diesel
soot at 199 kJ mol1, while the pre-exponential
factor A was in the order of 3 times higher at
1.50  1012 s1 or 3.37  1012 s1, higher than
that of the reference diesel soot at 3.12  109 s1.
The rate constant k increased with increasing temperature, and more importantly, during the dry
soot oxidation, k was higher for the soot from
the catalyst treated fuels.
3.3. TEM image analysis of the soot particles
Figure 5 displays typical TEM images (at
5000 magniﬁcation) of the soot particles from
the present experimentation when the engine
operated at speed of 3200 rpm and load of 5.5
N m. The irregularly shaped soot aggregates were
composed of a number of very spherical primary
particles. Comparing the three TEM images of
the soot samples from the reference diesel and
from the FPC treated fuels, a general trend can
be seen that less particles were deposited on the
TEM grids for the FPC treated fuels than for
the reference diesel under the same sampling
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conditions, suggesting less soot was formed when
the FPC catalyst was used. This is consistent with
the observation of reduced smoke emissions as
discussed in Section 3.1.
The primary particle sizes (Dp) were determined by imposing circular outlines over the primary particles isolated on the TEM image. For
soot particles from each type of the fuels burnt,
about 1000 particles were randomly selected in
total from diﬀerent soot aggregates to acquire an
average diameter of the primary particles ðDp Þ.
This number of particles was considered to be sufﬁcient enough to provide a statistical result
because of the large data sets from diﬀerent parts
of the TEM grids for each particular soot sample
[26,36,37]. As shown in Fig. 6, the soot primary
particle sizes displayed a typical Gaussian distribution. The ðDp Þ of the reference diesel soot was
determined to be 23.9 nm, which is comparable
with published data ranging from 20 to 35 nm
[26,37,38]. Compared with the reference diesel
soot, the soot from the two FPC treated fuels
appeared to be slightly smaller with ðDp Þ at
22.9 nm (diesel + FPC 1:104) and 21.2 nm (diesel + FPC 1:103), respectively. It is also worth noting that the primary particle size distributions
were relatively narrower and more centred around
the middle regions for the soot from FPC treated
fuels than that for the reference diesel soot.
The soot formation mechanisms in a typical compression ignition engine can be described as:
condensation polymerisation of small molecules
(acetylene or its higher analogues and PAH) during hydrocarbon combustion form the early stage
soot precursors (nuclei); the precursors undergo
several stages including surface growth, coagulation and aggregation; particle oxidation may
occur at each stage in the process [1]. The eventual
size of the soot primary particles depend largely
on the balance between the soot formation and
burnout processes [1]. The slightly smaller and
narrowly-distributed primary particles for the
FPC treated fuels as identiﬁed in the present study
are believed to be due to the addition of FPC acts
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Fig. 4. Arrhenius plots for the oxidation of the soot
samples from diesel with or without the FPC catalyst.

(a)

(b)

(c)
Fig. 5. Low magniﬁcation TEM images (5000) of soot
samples from (a) reference diesel, (b) diesel with FPC at
1:104 dosing ratio and (c) diesel with FPC 1:103 dosing
ratio under the engine speed of 3200 rpm and 5.5 Nm
load condition.

as a catalyst either interfering with the formation
of the soot precursors in the early stage or accelerating the soot oxidation and burnout in the later
stages.
A comparison of high-resolution TEM
(HRTEM) images of the soot from the reference
diesel soot and the (Diesel + FPC 1:104) soot in
Fig. 7. No signiﬁcant diﬀerences in the inner structures of the two types of soot samples were
observed. Both soot samples exhibited regularly
spaced concentric graphitic structure with discernable nuclei regions in the core area of the structure. The lattice spacing was estimated to be of
essentially the same averaged value for the two
soot samples, at 0.400 and 0.402 nm, respectively.
This may suggest that the interior structure of the
diesel soot was not aﬀected by the addition of
the FPC catalyst in the diesel. Considering that
the nuclei core arose in the early stage of the soot
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Fig. 7. High-resolution TEM images (250,000) of soot
particles from (a) reference diesel and (b) diesel with
FPC at 1: 104 dosing ratio.
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Fig. 6. The primary particle size distributions of soot
samples from (a) reference diesel, (b) diesel with FPC at
1: 104 dosing ratio and (c) diesel with FPC 1:103 dosing
ratio under the engine speed of 3200 rpm and 5.5 Nm
load condition.

formation [1], it may be conﬁdently concluded
that rather than aﬀecting the soot initiation process, the FPC catalyst primarily interfered the
soot oxidation process which eventually led to
smaller and narrowly-distributed primary particle
sizes. This postulation is consistent with Hahn’s
work on diﬀusion ﬂames [14].
4. Conclusions
A systematic study has been carried out to
investigate the eﬀect of an iron-based homogeneous combustion catalyst on the characteristics

of the soot particles emitted from a diesel engine.
The engine smoke tests yielded a remarkable
reduction in the overall soot emissions, particularly under ineﬃcient engine modes. Depending
on the catalyst dosing ratio, the observed reductions in the soot emissions ranged from 7.3% to
39.5% under the tested conditions. The TGA tests
conﬁrmed that the soot samples from the catalyst
treated fuels had higher oxidation reactivities as
indicated by their lower ignition temperatures
and faster oxidation rates than those from the reference diesel. The increase in soot reactivity is due
to the catalytic eﬀect of iron present in the soot
from the catalyst treated diesel as this tendency
was more obvious with increasing the catalyst
dosage ratio. Further kinetic analysis revealed
an increase in the oxidation rate constant k and
pre-exponential factor A for the soot from the catalyst treated fuels. The soot particles from the catalyst treated fuels were also smaller and consisted
of narrowly-distributed primary particles as identiﬁed using the TEM imaging technique. The
high-resolution TEM revealed similar graphitic
structures in the inner nuclei core areas of the soot
particles from fuels with or without the catalyst.
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This suggests that, rather than aﬀecting the early
soot formation process, the homogeneous combustion catalyst could be more involved in the
soot oxidation process, which was responsible
for the observed variations in the primary particle
sizes and distributions of the soot.
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