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This study presents the effect of ferrocene ((C5H5)2Fe) on the soot oxidation activity by influencing the

nanostructure and molecular structure of soot. Soot particles were obtained at different heights from

propane/oxygen flames without and with ferrocene added to the fuel, respectively. The fringe properties

of soot were compared using the skeleton images extracted from the high-resolution transmission

electron microscopy images of soot particles. Near-edge X-ray absorption fine structure spectroscopy

was used to characterize the carbon chemistry of soot particles. It was found that ferrocene reduced the

degree of graphitization of soot by changing its fringe length, tortuosity, and separation distance, and

these effects were much more obvious near the flame terminus. These changes may be related to

ferrocene dropping the flame temperature there. Fe from (C5H5)2Fe reacting with OH and O radicals

decreased the oxygen-containing functional groups of soot and affected its aromatic structure after the

addition of (C5H5)2Fe to the flame. The inner cores of soot particles were also much bigger due to partial

oxidation. Thermogravimetric analysis revealed that ferrocene promoted the soot oxidation at low

temperatures.
1. Introduction

Particle matter (PM) is a part of air pollution that consists of
dust, smog components, liquid droplets containing acids, and
soot particles.1 PM usually contributes to serious lung, heart,
and cerebrovascular diseases and causes global warming.2 Soot
particles, from the combustion of fossil fuels, compose
a signicant portion of PM. It is necessary to reduce the harmful
soot emissions from the combustion processes. One of the
promising ways of reducing soot particles is the utilization of
so-called fuel borne catalysts (FBCs).2 Metal-based additives,
including cerium, platinum, iron, manganese, calcium, and
copper, have been studied as FBCs to reduce the soot emissions
for hydrocarbon fuels.3

Among these FBCs, ferrocene is a well-known ame
quencher with soot-suppressing properties and is cheap, heat
stable, relatively non-toxic, and easy to handle.4,5When added to
the diesel fuel, ferrocene facilitates soot oxidation in particle
lters and effectively reduces the overall soot yields through
burnout.6 Soot particles with iron oxide were efficiently oxidized
via reactions such as: C + FexOy / FexOy�1 + CO.7 In Artur
y Engineering, University of Science and
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Braun's study, the emerging soot from diesel with ferrocene
carried aliphatic structures at different engine speeds.8 The
effects of ferrocene on the soot formation and growth were also
studied in ethylene and propene ames.4,7 Compared with an
undoped ethylene diffusion ame, the addition of ferrocene
caused soot surface changes in both primaries and aggregates,
resulting in less compact structures and less smooth surfaces.7

The physical structure is a key factor in inuencing the
oxidative reactivity of the soot particles. For example, the
morphology of soot particles (internal structure, shape, and
size) affects soot oxidation, whereas concentrically oriented and
larger crystallites decrease the soot reactivity.9 However, it
should be noted that different soot nanostructural properties,
particularly its degree of graphitization, have an important
inuence on the oxidative reactivity of soot.

Although carbon nanostructures are usually studied by
Raman spectroscopy and X-ray diffraction, neither of these two
techniques indicate the congurations of the graphene layers of
soot.10 High-resolution transmission electron microscopy
(HRTEM), as a unique tool, can compensate for this limitation
and visualize the carbon lattice fringes.11 These fringes are
usually used to quantify nanostructures with respect to the
orientation of carbon lamellae, fringe length, tortuosity, and
separation.12 The degree of graphitization of soot particles is
characterized by these parameters: with increasing graphitiza-
tion, fringes become longer and more rectilinear, and the fringe
separation is reduced.13 The fringes of graphene are at and
consist of 6-membered rings; however, the 5- and 7-membered
RSC Adv., 2017, 7, 5427–5436 | 5427
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rings in soot particles result in their fringe tortuosity.14 The bent
graphene layers are also characterized in terms of the sp2/sp3

ratio, as a parameter to distinguish between a more or less
graphitic character.15 Near-edge X-ray absorption ne structure
(NEXAFS) spectroscopy is especially suitable for the character-
ization of these complex heterogeneous samples, because
absorption spectra are related to the local bonding environment
of atoms.16

In the meantime, surface functional groups, especially
oxygen-containing groups, also inuence soot oxidation and
should be taken into consideration. The changes in these
groups in soot can be detected by NEXAFS spectroscopy.

NEXAFS spectroscopy is a technique that involves the tran-
sitions of electrons excited by an incident X-ray photon from an
occupied molecular orbital to partially lled and empty
molecular orbitals.17,18 In particular, the peak at 285 eV stems
from excitations from the 1s level to empty p* states, while the
peak for higher energy losses around 292 eV results from exci-
tations from the 1s level to empty s* states.19,20 The method
depends on the hypothesis that the intensities of the s* and p*

peaks are proportional to the densities of the s and p states in
the carbon sample.15 The intensity ratio of the p* peak to the s*
peak is frequently used to quantify the degree of graphitization
of carbonaceous materials. The peaks between 286 and 289 eV
are typically attributed to oxygen-containing functional groups.

In our previous work, we studied the effects of ferrocene on
ame temperature and polycyclic aromatic hydrocarbons
(PAHs), and found that the reactions between ferrocene and
oxygen dropped the ame temperature and restrained the
growth of PAHs.21 When the volume fraction of ferrocene in the
fuel was 0.2%, there were about 100 K decreases in temperature
near the ame terminus. Soot particles may possess very
different nanostructures, depending upon the fuel and
temperature of combustion.22 Vander Wal and Tomasek pre-
sented evidence showing that the effect of temperature on soot
nanostructure mainly arises from the rate of increase of
temperature.23 Temperature affects both the gas-phase species
added to the soot surface and the way in which they add.7,23 The
functional groups on soot are also related to the ame
temperature. Cain et al. concluded that increases in ame
temperature result in high contents of non-aromatic function-
alities in soot from ethylene/oxygen ames.24

Aer the addition of ferrocene, primary particle sizes of soot
are almost invariant, the agglomerates become smaller, and the
crystallite size of soot decreases.25,26 The effects of ferrocene on
ame temperature have been studied in our previous work.21

However, the study of the inuence of ferrocene on soot
nanostructure and functional groups, and their relationships
with ame temperature and soot oxidation is limited. The main
aim of the current study is to investigate how ferrocene affects
the oxidative reactivity of soot by changing its nanostructural
properties, particularly its degree of graphitization, and its
surface oxygen-containing functional groups, and to nd out
how these changes relate to the effect of ferrocene on ame
temperature.

Within the framework of this paper, the impact of ferrocene
on the oxidation activity of soot particles was investigated at
5428 | RSC Adv., 2017, 7, 5427–5436
different ame heights in a propane/oxygen diffusion ame. As
a key factor inuencing the soot oxidation, the nanostructure of
soot was characterized by HRTEM with three parameters. The
effect of ferrocene on the functional groups of soot particles was
studied by NEXAFS. It was testied via thermogravimetric
analysis (TGA) that ferrocene affected soot oxidation by
changing its nanostructure and molecular structure.

2. Experimental section
2.1. Experimental apparatus

In this study, soot particles were obtained from a propane/
oxygen diffusion ame with or without ferrocene added to the
fuel. Fig. 1 shows a schematic of the soot generation and
sampling system. A thermophoretic sampling technique was
used to extract soot particles for subsequent analyses. A quartz
tube was placed horizontally in the ame at different heights
above the burner (HAB). By passing cold water through the tube,
soot particles could be trapped on its outer surface. The inner
diameter of the tube was 6 mm and its outer diameter was 10
mm. The residence time of the tube in the ame was less than
1 s. During the experiments, in order to ensure that ames had
the same structure, the equivalent ratio of propane/oxygen in
the ame was kept at 2.52, and the oxygen ow rate (2.18 L
min�1) and the propane ow rate (1.10 L min�1) were held
constant by mass ow controllers. The length of the ames,
with or without ferrocene added to the fuel, was kept at 16 cm,
which was measured by a ruler with a minimum scale of 1 mm
next to the ame. Considering the reactions between oxygen
and ferrocene, we used oxygen instead of air as oxidant in the
study.21

The temperature prole of these ames, with or without
ferrocene, was measured by primary-color pyrometry in our
previous work.21 We found that there was no obvious difference
between ames with and without ferrocene, for ames with
heights under 8 cm. However, when the volume fraction of
ferrocene in the mixture was 0.2%, there were about 80 K
decreases in temperature between 8 and 12 cm ame heights,
and 100 K decreases between 12 and 16 cm ame heights.
Ferrocene was found to reduce the ame temperature signi-
cantly near the ame terminus. So, during the experiments,
samples were collected at heights of 7 and 14 cm from the
ames with and without ferrocene.

Ferrocene was added to the ame by passing the stream of
propane through a reservoir containing ferrocene powder,
according to ref. 7. The reservoir was placed in a hot-water bath
at a temperature of 363.2 K to heat the ferrocene and increase
its vapor pressure. Ferrocene was sublimed when
heated, and its vapor pressure is given as follo-

ws: ln Psv ¼ 1
R

�
15:186þ 74 290

�
1
q
� 1

T

�
� 71

�
q

T
� 1þ ln

T
q

��
,

where R ¼ 8.314 J mol�1 K�1, q ¼ 317.20 K, Psv is the vapor
pressure, and T is the temperature.7 At 363.2 K, the evaluated
vapor pressure is 204 Pa, and the percentage volume fraction of
ferrocene in the mixture is 0.2%. The diameters of the inner
tube and outer tube are 2 mm and 12 mm, respectively, and the
diameters of the 12 array tubes are 1.5 mm.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of soot particle generation and sampling system.
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2.2. Analysis methods

2.2.1. HRTEM analyses of soot particles. Before the anal-
yses of soot particles with HRTEM, the soot was dissolved in
acetone with the assistance of ultrasound for 10 min. High-
resolution transmission electron microscopy of soot particles
was carried out on an electron microscope (JEM-2100F) with
a eld emission source at a 200 kV accelerating voltage. Images
were obtained at 500 000� magnication. The post-processing
of these images was conducted using custom algorithms
interfacing with Matlab soware, as described in ref. 10 and 27.
All these images were processed by a procedure involving the
separate steps of conducting negative transformations, select-
ing the regions of interest (ROIs), improving contrast, applying
a Gaussian low-pass lter, top-hat transformation and binar-
ization, skeletonizing elements, breaking triple or quadruple
joints, and ruling out small artifacts. Aer application of the
image processing, three parameters, including fringe length,
fringe tortuosity, and fringe separation were quantied to
describe the nanostructures of soot particles using processing
soware Image-Pro Plus 6.0 (Media Cybernetics), from these
skeleton images.

2.2.2. NEXAFS analyses of soot particles. The aforemen-
tioned samples, pressed in pellets, were subjected to carbon K-
edge NEXAFS at Beamline BL10B at the National Synchrotron
Radiation Laboratory, Anhui, China. A bending magnet is
connected to the beamline, which is equipped with three grat-
ings covering photon energies from 100 to 1000 eV. In this
experiment, the samples were kept in an ultrahigh vacuum at 2
� 10�10 mbar. The resolving power of the grating was typically
E/DE ¼ 1000, and the photon ux was 1 � 1010 photons per s.
Spectra were collected at energies from 275 to 320 eV in 0.2 eV
energy steps. The angle between the sample and the beam axis
was 45 degrees.

A multi-step procedure was used to normalize the NEXAFS
raw data. First, the spectra recorded for samples were corrected
to the photon ux by division through a spectrum of a freshly
sputtered gold wafer. Then, a line was used to set the pre-edge to
be zero. Finally, the spectra were adjusted to normalize the
edge-jump to one.
This journal is © The Royal Society of Chemistry 2017
2.2.3. Soot oxidation activity experiments. The oxidation
reactivity of soot was studied by thermogravimetric analysis
(TGA-Q5000 V3.15 Build 263). The samples were heated in
alumina from 25 to 800 �C at a ramp rate of 10 �C min�1. The
sample gas was nitrogen at 75.0 ml min�1, and the balance gas
was nitrogen at 75.0 ml min�1.

3. Experimental results and
discussion
3.1. Impact of ferrocene on the nanostructure of soot
particles

Fig. 2 shows HRTEM images of soot particles obtained at
heights of 7 and 14 cm from the ames, without and with
ferrocene added to the fuel. We can see that all the samples have
obvious bending, approaching a fullerene-like structure, and
some of them show an amorphous core with graphene lamellae.
Skeletons extracted from the ROIs in Fig. 2 are shown in Fig. 3
by an image-processing procedure. From there, soot particles
obtained from the ame with ferrocene added to the fuel
(Fig. 3c and d) show an obvious amorphous core, and it is clear
that the inner core presents short graphene lamellae with
random orientations. Amorphous inner cores usually account
for a relatively small part of the volume of soot. Moreover, for
the soot particles sampled from the ame without added
ferrocene (Fig. 3a), the inner cores are less distinct and smaller
compared with those shown in Fig. 3c. In some cases, soot
particles without amorphous cores can also be observed, as
shown in Fig. 3b, where soot particles were obtained at a height
of 14 cm from the ame without ferrocene.

As we can see, aer the addition of ferrocene, soot particles
show distinct changes; their inner cores are more obvious and
much bigger than the others. The inner core is usually made up
of irregularly oriented graphene layers, also with disordered
atomic arrangements.28 Su et al. described the soot core as
a highly reactive area functionalized with volatile groups.29 In
the soot core, localized olenic electronic structures produced
by defective non-6-membered rings are prone to oxidation.9,29

The core is far more reactive than the graphitic shell, and partial
RSC Adv., 2017, 7, 5427–5436 | 5429
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Fig. 2 The original images with the selected regions of interest (ROIs). Soot particles were sampled at heights of 7 (a) and 14 cm (b) from the
flame without ferrocene, and at heights of 7 (c) and 14 cm (d) from the flame with added ferrocene.

Fig. 3 Skeleton images from Fig. 2. Soot particles were sampled at heights of 7 (a) and 14 cm (b) from the flamewithout ferrocene, and at heights
of 7 (c) and 14 cm (d) from the flame with added ferrocene.
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oxidation leads to the development of hollow shells.30,31 The
iron from ferrocene reacts with oxygen to form iron oxide
particles, which may nucleate prior to the soot inception in the
ame.4,7 Soot was subsequently oxidized by reactions with iron
oxide7 and formed bigger inner cores.

In order to quantify the nanostructural variations in soot
particles, the fringe length, separation, and tortuosity were
investigated from the skeleton images. For all our analyses, �4
5430 | RSC Adv., 2017, 7, 5427–5436
images of each sample were analyzed to test statistical simi-
larity, and the parameters were measured individually on more
than 280 fringes for each image. The fringe length is a measure
of the physical dimensions of the atomic carbon layer planes.32

Fig. 4 shows the fringe length histograms and mean values
derived from the skeleton images. As seen in Fig. 4, the fringe
length histogram for the soot particles obtained at a height of
14 cm from the ame with ferrocene shows much shorter fringe
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26096a


Fig. 4 Fringe length histograms and mean values derived from the skeleton images. Soot particles were sampled at heights of 7 (a) and 14 cm (b)
from the flame without ferrocene, and at heights of 7 (c) and 14 cm (d) from the flame with added ferrocene.
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lengths, indicating smaller graphene layer dimensions and
more edge sites. The exposure of more edge sites leads to more
reactive soot particles.33 The fringe length histogram for the
soot particles obtained at a height of 14 cm from the ame
without ferrocene has 70% of the fringes shorter than 1 nm. In
contrast, for those sampled at the same height of the ame with
ferrocene, as much as 81% of the fringes of soot particles are
less than 1 nm. The soot particles obtained at a height of 7 cm
from the ames with and without ferrocene have 74% and 66%
of the fringes less than 1 nm in length, respectively. The mean
value of the fringe lengths shows a ranking of 7 cm without
ferrocene (0.984 nm) > 14 cm without ferrocene (0.972 nm) >
7 cm with ferrocene (0.915 nm) > 14 cm with ferrocene (0.831
nm). Ferrocene in the ame resulted in a decrease in the fringe
lengths of soot particles, especially those obtained near the
ame terminus.

The fringe separation is the average distance between adja-
cent parallel fringes, which is also known as the interlayer
spacing (d002).34 Fig. 5 shows the fringe separation distance
histograms and mean values obtained from the skeleton
images. The fringe separation distance histogram for the soot
obtained at a height of 14 cm from the ame with ferrocene has
43% of fringes greater than 0.4 nm. However, for those at the
This journal is © The Royal Society of Chemistry 2017
same height of the ame without ferrocene, only 26% of fringes
of soot particles were greater than 0.4 nm. The soot particles
obtained at a height of 7 cm from the ames with and without
ferrocene have 28% and 24% of the fringes greater than 0.4 nm
with respect to the fringe separation distance, respectively. The
mean of the fringe separation distance histograms shows
a ranking of 7 cm without ferrocene (0.375 nm) < 14 cm without
ferrocene (0.376 nm)z 7 cm with ferrocene (0.376 nm) < 14 cm
with ferrocene (0.391 nm). Ferrocene in the ame resulted in an
increase in the fringe separation distance of soot particles, in
particular those obtained at a height of 14 cm from the ame.

The tortuosity is a measure of the fringe curvature, obtained
by calculating the ratio of the length of a fringe and the straight
distance between two endpoints of the fringe.34 The tortuosity
can reect disorder within the carbon materials, and higher
tortuosity usually means higher reactivity.34 Fig. 6 shows the
fringe tortuosity histograms and mean values extracted from
the skeleton images. As seen in Fig. 6, soot particles obtained at
a height of 14 cm from the ame with ferrocene contain a high
degree of curvature and have 75% of the fringes with a tortuosity
greater than 1.1. However, for those obtained at the same height
from the ame without ferrocene, about 68% of the fringe
tortuosity histogram of soot particles is greater than 1.1. The
RSC Adv., 2017, 7, 5427–5436 | 5431
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Fig. 5 Fringe separation distance histograms and mean values derived from the skeleton images. Soot particles were sampled at heights of 7 (a)
and 14 cm (b) from the flame without ferrocene, and at heights of 7 (c) and 14 cm (d) from the flame with added ferrocene.
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soot particles obtained at a height of 7 cm from the ames with
and without ferrocene have 70% and 65% of the fringes with
a tortuosity greater than 1 nm, respectively. The mean value of
the fringe tortuosity histograms shows a ranking of 7 cm
without ferrocene (1.112) < 14 cm without ferrocene (1.113) <
7 cm with ferrocene (1.116) < 14 cm with ferrocene (1.144).
Ferrocene in the ame resulted in an increase in the fringe
tortuosity of soot particles, particularly those obtained near the
ame terminus.

In summary, aer the addition of ferrocene to the fuel, the
nanostructures of soot particles obtained from the propane/
oxygen ame changed. For example, the fringe length of soot
particles decreased, and the fringe tortuosity and fringe sepa-
ration distance of soot particles increased, especially for the
soot obtained at the end of the ame. These changes in the
nanostructures of soot particles are in fair agreement with the
results showing that ferrocene reduced the ame temperature,
both of these changes happening at the terminus of the ame.
Moreover, the decreases in ame temperature result in soot
particles with less graphitization, because a higher temperature
facilitates graphitization. The nanostructural characteristics of
soot particles obtained from ames with and without ferrocene
added to propane are summarized in Table 1. The shorter and
5432 | RSC Adv., 2017, 7, 5427–5436
more bent fringes meant that the soot was more reactive,
because more edge sites were exposed. The bent fringes usually
distorted the nanostructure of soot by preventing oriented
stacking of parallel fringes, thereby increasing fringe separa-
tion.12 The higher separation distances also indicated higher
reactivity of soot particles. Ferrocene was found to inuence the
nanostructure of soot particles, whichmay affect their oxidation
activity, and this will be discussed in Section 3.3.

3.2. Impact of ferrocene on functional groups of soot
particles

Functional groups, especially oxygen-containing functional
groups, affect the activity of soot particles. Soot particles with
chemisorbed oxygen in the form of e.g. carbonyl or carboxyl
groups are more active, because the energy needed to remove
the oxygen is lower than if only elemental carbon is present in
the soot.33 NEXAFS is able to detect these carboxyl and carbonyl
groups in soot particles. The atomic or molecular environment
of carbon determines its absorption peaks in a NEXAFS spec-
trum. The spectrum may serve as a chemical ngerprint of the
soot irradiated by the X-rays.35

Fig. 7 shows the carbon C(1s) NEXAFS spectra of soot parti-
cles obtained at heights of 7 and 14 cm from the ames with
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Fringe tortuosity histograms andmean values derived from the skeleton images. Soot particles were sampled at heights of 7 (a) and 14 cm
(b) from the flame without ferrocene, and at heights of 7 (c) and 14 cm (d) from the flame with added ferrocene.

Table 1 Summary of the nanostructural characteristics of the soot particles

Sample
HAB
(cm)

Fringe length
(l/nm)

Fringe separation
distance (d/nm)

Fringe
tortuosity (t)

Percentage of l-values
<1 nm (%)

Percentage of d-values
>0.4 nm (%)

Percentage of t-values
>1.1 (%)

Soot without
ferrocene

7 0.984 0.375 1.112 66 24 65
14 0.972 0.376 1.113 70 26 68

Soot with
ferrocene

7 0.915 0.376 1.116 74 28 70
14 0.831 0.391 1.144 81 43 75
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ferrocene added to the fuel and without ferrocene (reference
soot). All spectra in Fig. 7 are typical of graphite-like materials.
The peak at around 285 eV (usually known as a ‘graphitic peak’)
is associated with the 1s to p* transition of sp2 bonded carbon.
The broad peak at around 292 eV is attributed to the 1s to s*

transition of unsaturated and saturated carbon.36 The accu-
mulation of peaks ranging from 286 to 289 eV is due to phenol,
carboxyl, and carbonyl groups, as well as C–H bonds.34

The ratio of peak heights for the p-peak at 285 eV to the s-
peak at 292 eV is commonly used as a measure of the degree of
graphitization in carbonaceous materials, oen in connection
with electron energy loss spectroscopy.8 The ferrocene soot
particles have a weaker peak at 285 eV than the reference ones,
as shown in Fig. 7. Peak height ratios Ip/Is of soot particles are
This journal is © The Royal Society of Chemistry 2017
summarized in Table 2, where the ratios are 0.75 and 0.69 for
ferrocene soot at ame heights of 7 and 14 cm, respectively.
However, the ratios are much bigger for the reference soot
particles, being 0.96 and 0.84 for those at ame heights of 7 and
14 cm, respectively. According to the peak height ratios, soot
sampled at a height of 14 cm from the ame with added
ferrocene seems to be the least graphitized sample among all
the soot samples.

For peak assignments between 283 and 290 eV, a list pub-
lished by G. D. Cody is helpful.37 These correspond to the 1s to
p* transitions in species containing aliphatic groups, such as
ketones/phenolic (286.5 eV), aliphatic side chains (287.5 eV),
and carboxyls/acids at 288.3 eV.37,38 To quantify this observa-
tion, we have deconvoluted the spectra into Lorentzian peaks,
RSC Adv., 2017, 7, 5427–5436 | 5433
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Fig. 7 C(1s) NEXAFS spectra of soot particles obtained at heights of 7
and 14 cm from the flame with ferrocene added to the fuel and the
flame without ferrocene (reference soot).

Table 2 Peak height ratios Ip/Is of the soot particles

Sample
Soot
without ferrocene Soot with ferrocene

HAB
(cm)

7 14 7 14

Ip/Is 0.96 0.84 0.75 0.69
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as shown in Fig. 8, according to ref. 8. The rst peak at 284 eV,
due to the benzoquinone group, shows no obvious difference
between the two samples with and without added ferrocene.
Fig. 8 C(1s) NEXAFS spectra of soot particles obtained at a height of 7 cm
(b) after deconvolution.

5434 | RSC Adv., 2017, 7, 5427–5436
However, the reference soot spectrum has a higher peak at
285 eV than the ferrocene soot spectrum. The peak at 285 eV is
usually assigned to the genuine aromatic C]C bonds of carbon
in a graphite arrangement. Therefore, the reference soot has
a higher degree of graphitization compared to the ferrocene
soot. Moreover, aer the addition of ferrocene, the soot shows
weak peaks at 286.5 and 288.3 eV. These peaks correspond to
phenol and carboxyl groups, which are oxygen-containing
functional groups. This means that ferrocene decreases the
content of these oxygen-containing surface functional groups,
which can accelerate soot oxidation. This could be related to the
reactions between Fe decomposed from (C5H5)2Fe and O, H,
and OH radicals.39 These reactions dropped the ame temper-
ature and caused a decrease in oxygen-containing functional
groups on the soot surfaces, which led to a negative effect on
soot oxidation.

It is of interest to note that ferrocene can make a signicant
difference to the surface functional groups of soot particles
obtained from the propane/oxygen ame. It decreases the peak
height ratio of the p-peak at 285 eV and the s-peak at 292 eV,
and suppresses the graphitization of soot particles, especially
near the ame terminus. This is consistent with the ndings
that ferrocene drops the ame temperature and changes soot
nanostructure at the top of the ame. However, the reduction of
oxygen-containing functional groups is not benecial for the
oxidation of soot, aer adding ferrocene to the fuel.
3.3. Impact of ferrocene on oxidation of soot particles

Fig. 9 shows the dynamic TGA proles of soot particles obtained
at heights of 7 and 14 cm from the ames with and without
ferrocene added to the fuel. The weight loss below 300 �C is
mainly caused by desorption of water adsorbed on soot and
easily decomposable oxygen complexes on the surface.40

However, aer the addition of ferrocene, the thermal stability of
soot decreases sharply when the temperature is higher than
from the flame with ferrocene added to the fuel (a) and reference soot

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Dynamic TGA results for the soot particles sampled at different
flame heights with and without ferrocene added to the fuel.
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300 �C, especially for the soot obtained at a ame height of
14 cm. This could be related to the degree of graphitization of
the soot particles. Ferrocene affects the graphitization of soot by
changing its nanostructure and molecular structure. As for the
soot particles obtained at a height of 7 cm from ames with and
without ferrocene added to the fuel, these show very similar
TGA curves. This is relevant to the effects of ferrocene on ame
temperature and soot nanostructure, which are particularly
prominent near the ame terminus, and less obvious at a ame
height of 7 cm.

The degree of graphitization is related to the length and
orientation of graphene layers, which compose the primary soot
particles. With the increasing graphitization, the fringe lengths
become larger, while the fringe tortuosities and separation
distances decrease. Moreover, the ratio of the p-peak at 285 eV
to the s-peak at 292 eV is also used to investigate the degree of
graphitization. With a higher degree of graphitization, the
spectrum of soot shows a stronger “graphite” peak at 285 eV,
which is assigned to aromatic C]C bonds. The graphitization
of soot inuences its properties, making it more difficult to
oxidize.

For the soot particles obtained from propane/oxygen ames
with added ferrocene, the fringe separation distances and
tortuosity increased, while the fringe length was reduced, and
the ratio of the p-peak to the s-peak also decreased. The addi-
tion of ferrocene results in soot with a lower degree of graphi-
tization and better oxidation activity at low temperature,
especially for the soot obtained at a ame height of 14 cm. The
reduction of the temperature near the ame terminus by
ferrocene affects the soot nanostructure, and these changes
promote soot oxidation.

Ferrocene also inuences soot oxidation activity by changing
the functional groups on its surface. The iron decomposed from
ferrocene reacts with oxygen, and these reactions drop the ame
temperature and reduce the oxygen-containing functional
groups on the soot. Therefore, the reduction of these functional
groups leads to soot particles requiring more energy to be
oxidized.
This journal is © The Royal Society of Chemistry 2017
4. Conclusions

According to the analyses of skeleton images of soot particles by
the image processing procedure, three parameters are used to
quantify the nanostructures of soot obtained from a propane/
oxygen ame with or without ferrocene added to the fuel.
Aer addition of ferrocene to the fuel, the fringe lengths of soot
become shorter, while the fringe tortuosities and fringe sepa-
ration distances increase. These parameters indicate that
ferrocene suppresses graphitization of soot, especially near the
ame terminus. These changes in soot may be relevant to the
decreases in ame temperature at the end of the ame. The
NEXAFS data show that the peaks of oxygen-containing func-
tional groups of soot decrease when ferrocene is added, and this
is related to the reactions between oxygen and iron decomposed
from ferrocene. Soot is partially oxidized by the iron oxide
formed in these reactions, and bigger inner cores appear. The
decrease in the peak height ratio of the p-peak to the s-peak
also suggests that ferrocene lowers the degree of graphitization
of soot. The HRTEM, NEXAFS, and TGA analyses of soot parti-
cles indicate that ferrocene affects the soot oxidation activity by
suppressing its graphitization and changing the functional
groups on its surface.
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