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A B S T R A C T

Kinetic measurements of the catalytic oxidation of iron-containing soot particles were

made for a better understanding of the role of catalytic particles in the initiation of soot

oxidation. Carbon-based iron-containing soot particles were generated by spraying ferro-

cene-mixed with diesel fuel into an oxy-hydrogen flame. A commercial carbon black was

used as a standard. Their oxidative kinetics and physico-chemical characteristics were

measured by thermogravimetric analysis, secondary ion mass spectrometry, X-ray diffrac-

tion, gas-cell Fourier-transform infrared spectroscopy, induced coupled plasma-atomic

emission spectroscopy, and high-resolution transmission electron microscopy. It was

found that a tiny amount of ferrocene led to a significant reduction in both the on-set tem-

perature and the activation energy of soot oxidation. Catalytic oxidation occurred in two

consecutive steps, as temperature increased. The initiation of oxidation, even with an addi-

tion of ferrocene, was controlled mainly by surface oxygen complexes and partly by the

long-range crystalline order of the carbon graphene layer. However, once catalytic oxida-

tion began, the progress of the reaction was mainly determined by the amount of ferrocene

that was added.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The diesel particulate filter (DPF) suggested in response to

strengthened regulation [1–4] experiences a gradual accumu-

lation of particulate matters (PM), leading to increase in the

back pressure of the cylinder, degrading engine performance.

Therefore, there is an urgent need for continuous or intermit-

tent regeneration of the DPF, which has initiated various re-

searches, starting with ‘‘forced regeneration’’ using an

external heating source such as electricity or hydrocarbon

fuel, to the development of efficient catalysts targeting a

reduction in the oxidation temperature of the PM up to ex-

haust gas temperature of the diesel engine [5–8].

Various transition metal oxides have therefore been

tested as less expensive catalysts [5–8]. Setzer et al. [9]

ranked the oxides of Cu, Fe and Co as more active catalysts

compared to Ni and Zn. Neeft et al. [5] investigated five types

of metal oxides and ordered them by catalytic activity as

Co > V > Fe > La > Mn > Ni. As the catalytic performance was

greatly influenced by the degree of physical contact between

the catalysts and the PM [5,6], various fuel additives have

been considered as a source of fuel-borne catalysts that
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maximize this mutual contact [1,10–12]. Excluded are

Cu- and Pb-containing additives, as they emit hazardous

secondary pollutants such as dioxin or lead. On the other

hand, Ce- or Fe-based additives are promising candidates.

Lahaye et al. [1], who used a diesel fuel mixed with 2500–

5000 ppm cerium octoate, reported that the on-set tempera-

ture of PM oxidation was reduced from 500 to 375 �C at

0.3 wt.% of Ce content in the PM. However, further mixing

of the Ce precursor increased the temperature to 450 �C, even

with a reduction of the activation energy for PM oxidation

from 170 to 120 kJ mol�1. Stanmore et al. [11] observed the

highest reaction rate at 3.6–6.9 wt.% of Ce content with an

invariant activation energy of approximately 210 kJ mol�1.

Such a large discrepancy in the data turned our attention to

an iron-based catalyst, as this was expected to show a better

catalytic effect and less adverse health effects compared to

cerium [5] as well as less emission of PM from an engine. This

can offer a prolonged regeneration period for a DPF [4,13,14].

For this reason, ferrocene ((C5H5)2Fe) is employed as an iron

source in this study. Only limited studies have been reported

in this area. Examples include the monitoring of the auto-

thermal regeneration in a DPF-employed diesel vehicle [4], re-

duced generation of PM in the cylinder [14], an investigation

of the oxidation kinetics of carbon-based aerosol using a tan-

dem differential mobility analyzer [13,15], and a formation

mechanism for metal-containing catalytic particles [16].

Here, the physical and chemical properties of iron-con-

taining PM are identified through various characterization

methods. Dynamic and isothermal thermogravimetric analy-

ses were done separately in an effort to examine the reaction

kinetics of iron-containing PM with different doping levels of

ferrocene and surface treatments of the PM samples. It was

found that a tiny amount of ferrocene led to a significant

reduction in both the on-set temperature and the activation

energy of soot oxidation. Attempts were made to correlate

the enhanced kinetic parameters with surface-reactive spe-

cies of the PM such as the surface oxygen complexes (SOC)

and the crystalline order of the carbon graphene layer (CGL).

The objective of the present study is therefore to provide data

pertaining to the physico-chemical characteristics of cata-

lyzed PM in comparison with the oxidation kinetics and then

to identify the significant factors of the catalytic oxidation

process as well as a possible mechanism.

2. Experiment

2.1. Synthesis and sampling of iron-containing PM

In this study, an oxy-hydrogen diffusion flame was employed

as a heat source to pyrolyze a ferrocene-mixed diesel fuel.

Fig. 1 shows a schematic of the flame burner, which consists

of five concentric tubes. Hydrogen (1.5 l min�1) and oxygen

(5.0 l min�1) are supplied through the second and fourth

tubes, respectively. The initial concentration of ferrocene in

the diesel fuel was adjusted to 0, 50, 500, and 1500 ppm. The

concentration will be referred as mixing level hereafter. The

fuel mixture is nebulized to 1–5 lm droplets by compressed

argon gas (2.5 · 106 Pa) and then fed into the center tube with

an argon flow of 0.68 l min�1. The tube is heated at 100 �C to

prevent recondensation of the vaporized fuel. Argon is used

as carrier gas to pyrolyze fuel vapors in the low-oxygen envi-

ronment. Nitrogen gas flows through the third tube at a flow

rate of 0.5 l min�1 to control flame temperature and the local

fuel–air ratio. The flame is stabilized by flowing 40 l min�1 of

argon through the outermost tube in which a honeycomb, a

fine metal mesh and glass bead are incorporated. As shown

in Fig. 1, a quartz tube cooled by tap water is placed horizon-

tally above the flame for thermophoretic sampling of the PM.

It moves back and forth by a pneumatic cylinder.

The aforementioned flow rates of the gases were deter-

mined for the maximum generation of PM from many tests

involving a variety of combinations of gas flow rates and

gas injection positions. Additional details of the burner and

the sampling apparatus are available in the literature [17].

Diesel fuel used in this study was provided by Hyundai Oil-

bank in Korea, the composition of which is similar to EPA

No. 2 on-road diesel fuel except of its much lower sulfur con-

tent (refer to Table 1 for physico-chemical properties of the

diesel fuel). Acetylene was initially tested as a carbon source

by injecting acetylene into a hydrogen–air diffusion flame.

However, only fraction of the flame soot particles was covered

with Fe-containing catalysts, suggesting that acetylene flame

generates continuously carbon particles even after ferrocene

decomposition ends. Direct spraying of diesel fuels blended

with ferrocene is therefore considered for coincident forma-

tion of soot and iron species, and easy control of the iron con-

tent in soot particles as well. This will be confirmed later.

2.2. Characterizations and kinetic measurements of iron-
catalyzed PM

Thermogravimetric analysis (TGA; Q50, TA Instrument) was

used to measure the on-set temperature, reaction rates, and

activation energies of oxidation of PM produced with four dif-

ferent content levels of ferrocene. A commercial carbon black

(CB) powder (Printex-U, Degussa) was also used as a standard

for comparison of the oxidation characteristics because the

physico-chemical properties of CB are well known as a result

of extensive studies since 1990; C: 97.23, H: 0.73, O: 1.16, N:

0.19, S: 0.45 wt.%; specific surface area of 96 m2 g�1 and a

mean size of 80–250 nm [2,5,6,8,12,18–22]. It was found that

the TGA profiles were reproducible for several tests with dif-

ferent initial sample masses ranging from 2 to 8 mg, suggest-

ing that heat/mass transfer-related artifacts are negligible

[23]. A further discussion on the transport related artifacts

is made from the following simple estimation. A Pt sample

pan with 7 mm in diameter (D) and 3 mm in depth (h) was

used for TGA measurements. A few milligram of sample

was apparently spread as a single layer with a thickness of

less than 0.5 mm (t) on the bottom of the pan. Two thermo-

couples were installed on the sample pan and right above

the sample in Q50 TGA machine, in an effort to reduce the

heat transfer artifact. The closest distance (L) between the

second thermocouple and pan is ca. 2 mm. The characteristic

time for heat transfer can be estimated by the time of heat

conduction from sample pan, through the powder layer, to

the thermocouple: L2/alayer. The thermal diffusivity of porous

sample layer alayer is estimated to 1.01 · 10�4 m2 s�1 by

alayer = (1 � f) · aair + f · agraphite provided a solid volume
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fraction (f) of 4.6%. The characteristic time for heat conduc-

tion is then calculated to less than 0.04 s and the characteris-

tic time for mass transfer is similarly calculated to �0.1 s by

h2/DCO2 where DCO2 is a diffusion coefficient of product gas

CO2 at 400 �C (�8.9 · 10�5 m2 s�1). As the two times are both

much shorter than the time for heating the sample by 1 �C
(15 s = 1/4 �C min�1), any artifacts for heat and mass transfer

are believed to be negligible.

Iron-containing PM from a flame was deposited onto a

transmission electron microscopy (TEM) grid using a local

thermophoretic sampler [17] for 0.2 s. The sampling position

of the grid was adjusted by a precision X–Y stage. The mor-

phology and size of the as-prepared PM samples were ob-

served with TEM (H-7600, Hitachi) running at an

acceleration voltage of 200 kV. Energy dispersive spectroscopy

(EDS; attached to the TEM machine) was used in conjunction

with TEM to investigate the composition of iron-containing

species over the PM. The microstructure and crystalline phase

of the iron-containing PM agglomerates were also observed

with high-resolution TEM (HR-TEM; JEM-2100F, Jeol).

A gas-cell Fourier-transform infrared spectroscopy (GC-

FTIR, Nicolet 380, Thermo Electron) was employed to analyze

composition of the various gases that evolved from the oxida-

tion of PM in real time. A weighed PM sample was put into a

small alumina boat in a tubular furnace set at 300 �C. The

gases that evolved from the sample, under flowing dry air at

1 l min�1, were introduced to the GC-FTIR. The GC-FTIR spec-

trum of each sample was scanned 32 times with a resolution

of 4 cm�1 in the range of 1000–4000 cm�1 and these values

were then averaged. A calibration experiment was performed

for a quantitative assignment of the major evolving gas CO2. It

was confirmed that the CO2 peaks at �2360 cm�1 and 3700–

3800 cm�1 increased quite linearly with the increase in the

flow rate of CO2 from 2.5% to 15% at the constant air flow rate.

An X-ray diffraction (XRD; D/Max-2499, Rigaku) analysis

was conducted to observe any changes in the crystallite size

of the carbon particles as the mixing level of ferrocene in-

creased. XRD patterns were obtained by scanning the PM

sample in the 2h range of 10–90� at 4� min�1 using a Cu Ka

X-ray source (30 kV, 40 mA, 1.5418 Å). In addition, a Micro-Ra-

man spectrometer (inVia Raman Microscope, Renishaw) was

used to identify defect structures of carbon spherules in the

catalyzed- and un-catalyzed-PM agglomerates. A tiny PM

sample of �10 lm in diameter was scanned in the Raman-

shift range of 1000–1900 cm�1 at a resolution of 2 cm�1.

Metallic elements in the PM were analyzed quantitatively

using induced coupled plasma-atomic emission spectros-

copy (ICP-AES; JY-ULTIMA 2CHR, Horiba JY) operating at a

radio-frequency of 40.68 MHz and 1000 W of power. Surface

species of PM agglomerates were analyzed by secondary

Fig. 1 – A schematic of hydrogen–air diffusion flame burner employed in the present research and particle capturing tube.

Table 1 – Physicochemical properties of diesel fuel used in
this study.

Properties HDO-Diesel

Pour point (�C) <0.0
Flash point (�C) >40
Kinematic viscosity
(at 40 �C, mm2 s�1)

1.9–5.5

Distillation (90 vol.%, �C) <360
Sulfur (ppm) <30
Ash (wt.%) <0.02
Cetane index >45
Density at 15 �C (kg m�3) 815–855

Metal contents from ICP-AES
(100 · ppm)

Fe 5.819
Na 41.118
Ca 23.356
K 12.195
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ion mass spectroscopy (SIMS; PHI-7200, Perkin–Elmer) with

irradiation of energetic Cs ion of 8 keV.

3. Results and discussion

3.1. Effect of ferrocene on soot formation in a flame

Fig. 2(a1–a3) show the evolution of soot particles in the flame

in the absence of ferrocene, starting from the large cloud-like

condensed phase likely corresponding to polycyclic aromatic

hydrocarbon (PAH) in Fig. 2(a1), followed by the formation of

dark spots representing the inception of carbonaceous soot

in Fig. 2(a2) and subsequent growth to mature soot aggregates

in Fig. 2(a3). Similar behavior was observed in the sooting re-

gion of an ethane inverse diffusion flame [24]. In comparison

to Fig. 2(a1–a3) and (b1–b3) show that even a tiny amount of

ferrocene, such as 50 ppm, if added to diesel fuel, apparently

accelerates the fuel-to-soot conversion process. Comparing

Fig. 2(b3–a3), the agglomerates clearly become smaller in the

presence of ferrocene, though their primary particle sizes

are almost invariant; the mean size of agglomerates de-

creases from 367 to 179 nm while the standard deviation rep-

resenting the polydispersity is hardly varied (from 84 to

76 nm), respectively. Therefore, ferrocene manifestly

Fig. 2 – Evolution of soot particles in the flame: the left-side and right-side figures correspond to 0 and 50 ppm of ferrocene

doping, respectively, while the numbers of 1, 2, and 3 represent flame heights at which particles are deposited such as 66, 76,

and 86 mm, respectively. The bar represents 500 nm.
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promotes the entire process of the combustion of vaporized

liquid fuel, soot inception, and final oxidation of the soot

particles.

Fig. 3(a) shows a TEM image of iron-containing carbon

agglomerates captured at a height of 86 mm and at a dose

of 50 ppm ferrocene. The vicinity of a dark spot in the image

is magnified in Fig. 3(b), showing that the dark spot is a crys-

talline material. The dark spot, B, and its surrounding area, A,

in Fig. 3(b) were analyzed by EDS. These results are shown in

Fig. 3(d and c), respectively, revealing that the dark spot B is

likely composed of iron compounds or metallic iron, presum-

ably generated from the pyrolysis and/or oxidation of ferro-

cene. Si and Cu peaks come from the SiO2-coated Cu TEM

grid. Comparing the inter-planar distances measured for the

crystalline lattices with those values from JCPDS, it was found

that these particles are mainly composed of Fe2O3, while iron

carbide was rarely found. The coexistence of FeC suggests

that some of the ferrocene was pyrolyzed in the oxygen-defi-

cient region in the flame where the soot particles are nor-

mally generated. A co-injection of ferrocene and diesel fuel

is likely expected to maximize the contact between catalysts

and carbonaceous PM, resulting in an enhancement of the

catalytic oxidation of PM.

3.2. Effect of ferrocene on the kinetics of PM oxidation

Fig. 4 shows dynamic TGA profiles of all samples at a heating

rate of 4 �C min�1. When 50 ppm of ferrocene was added, the

on-set temperature of PM oxidation decreased by 100 �C. As

the mixing level was increased, the oxidation is initiated at

the lower temperature, which is consistent with the findings

of Neeft et al.’s [6] but inconsistent with those of Lahaye et al.

[1]. Particularly at 1500 ppm, the on-set temperature de-

creases to 320 �C, which is close to the exhaust gas tempera-

ture of a conventional diesel engine running at a high load.

This demonstrates a potential for the natural regeneration

of DPF. In addition, the termination of the oxidation process

is also advanced to a lower temperature to the extent that

the reaction initiation was enhanced. Moreover, the catalytic

effect appears to be far more dramatic than ever reported in

previous cases of physical mixings [5,6].

The ash content in the PM samples was estimated by the

mass fraction of residue after the oxidation reaction ended.
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Fig. 4 shows that the ash content increases from very close to

zero to ca. 20% as the content of ferrocene increases to

1500 ppm. The iron content of these catalyzed PM samples

were analyzed by ICP-AES and compared with the ash content

(see Fig. 5). As the ash content is linearly proportional to the

iron content, the ash is likely to be iron compound that are

mainly composed of iron oxide coming from the ferrocene.

Calculations of oxidation kinetics of individual sample

were made from the following mathematical formation of

the dynamic TGA profiles. For a variety of solid-state reac-

tions, the reaction rate of da/dt is expressed as a function of

the temperature, T, and the degree of reaction, a, by [23].

da
dt
¼ kðTÞfðaÞ; ð1Þ

where t is the time, k(T) is the rate constant, and f(a) is a math-

ematical function describing the reaction mechanism [23,25].

The value of a is defined by the relative mass loss of (w0�w)/

(w0�wf), in which w0 and wf are the initial and final mass of

the sample, respectively. The present TGA experiments were

conducted at a constant heating rate (b = dT/dt) of 4 �C min�1.

An alternative form is more often used:

da
dT
¼ 1

b
kðTÞ � fðaÞ ð2Þ

Here, the term of da/dT is obtained by directly differentiat-

ing a with respect to T in the TGA profiles in Fig. 4.

A contracting sphere model (see Table 1 of Vyazovkin and

Wight [26]; f(a) = 3(1 � a)2/3) is employed to produce k(T) as a

function of T from Eq. (2). In order to validate the contracting

sphere model, a single catalyzed aggregate deposited on a

SiO2-coated TEM grid was tracked before and after the partial

oxidation process, as shown inFig. 6(a and b), respectively. Un-

like the un-catalyzed biodiesel PM of Song et al. [27], the cat-

alyzed aggregates at a ferrocene dose of 50 ppm appear to be

oxidized from the surface to the inside, with no obvious sig-

nature of a hollow structure. This is fairly consistent with

the observation of Jung et al. [28] for flame soot oxidation.

Hence, the contracting sphere model is more suitable for

obtaining the oxidative kinetics at least in the present

conditions.

The value of k(T) is approximated to the Arrhenius form of

k(T) = A exp (�EA/RT), where A is the pre-exponential factor,

EA is the activation energy, and R is the gas constant. Substi-

tuting this into Eq. (2), an explicit relationship to obtain EA is

given by

b
fðaÞ

da
dT
¼ kðTÞ ¼ A exp � EA

RT

� �
: ð3Þ

The equation can be restated as

ln
b

fðaÞ
da
dT

� �
¼ lnðAÞ � EA

RT
ð4Þ

Thus, the Arrhenius plot shown in Fig. 7 can be con-

structed by plotting the left term in Eq. (4) against the recipro-

cal temperature (1/T); the slope indicates the apparent
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Fig. 6 – Morphological change of a 50 ppm-doped flame soot
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oxidation.
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activation energy of the reaction (actually �EA/R) while the y

intercept gives ln(A). The term of da/dT is considerably fluctu-

ated at a very low-temperature; hence, the data in Fig. 7 is

presented only in the range of 0.1 6 a 6 0.9, where most of

the reaction takes place. Another effort to reduce the uncer-

tainty of low-temperature data is that the temperature-ramp-

ing rate was set as low as 4 �C min�1 in TGA experiment,

which provides more data for fitting in a way to improve the

reliability of data.

In a low-temperature range (i.e., 250 �C < T < 450 �C), the

flame soot shows somewhat higher reactivity with lower acti-

vation energy (110.9 kJ mol�1) compared to the CB. In a higher

temperature range (i.e., 450 �C < T < 600 �C), however, the

flame soot shows reaction behavior that is similar to that of

the CB in terms of k(T) and EA. Unlike the CB, the overall oxi-

dation of all flame soot samples seemingly takes place in two

steps, i.e., low-temperature and high-temperature reactions

with different activation energies. Upon an increase of the

content of ferrocene from 0 to 50, 500, and 1500 ppm, the oxi-

dation kinetics is promoted with a continuous decrease in the

high-temperature activation energy (EA,high) from 160 to 121.6,

64.2 and 45.8 kJ mol�1, respectively. However, the low-temper-

ature activation energy (EA,low) shows a different behavior; the

value of EA,low is minimized to 74.9 kJ mol�1 with 50 ppm of

ferrocene, and a further dose of ferrocene begins to increase

the value of EA,low to 94.7 kJ mol�1. This suggests that the

fuel-borne catalyst mainly enhances the high-temperature

oxidation by lowering the activation barrier. In contrast, the

low-temperature oxidation is likely affected by other factors.

The rest of this article will be devoted to determining these

other factors if they exist.

Table 2 summarizes the activation energies of carbona-

ceous PM that have been reported to date. The value of EA

for the present CB (169 kJ mol�1) agrees fairly well with the

values of the literature of 140–170 kJ mol�1. Even in the ab-

sence of catalysts, the value of EA for diesel PM were widely

scattered in the range of 64–210 kJ mol�1, depending on the

engine operation parameters and the pretreatment of the
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Fig. 7 – Arrhenius plot of CB and flame soot samples

generated at different ferrocene additions. The activation

energies corresponding to the arrowed slopes are (a)

169.1 kJ mol�1 for the CB, (b) 110.9 kJ mol�1 for 0 ppm-doped

sample, (c1) 74.9 kJ mol�1 for 50 ppm-doped sample, (c2)

121.6 kJ mol�1 for 50 ppm-doped sample, (d1) 87.0 kJ mol�1

for 500 ppm-doped sample, (d2) 64.2 kJ mol�1 for 500 ppm-

doped sample, (e1) 94.7 kJ mol�1 for 1500 ppm-doped

sample, and (e2) 45.8 kJ mol�1 for 1500 ppm-doped sample.

Table 2 – Comparisons of activation energies for oxidation reaction of various carbon-based particles in the absence or
presence of catalysts from literatures.

References Origin of the samples Catalyst EA (kJ mol�1)

Absence of catalyst Presence of catalyst

Lahaye et al. [1] Soot CeO2 170 120
Stanmore et al. [11] Diesel PM CeO2 210 210
Ciambelli et al. [8] CB Cu–V–K 151 100
Du et al. [29] Soot Ca 145 120
Bokova et al. [21] CB CeO2 + Al2O3 163 63
Kim et al. [13] Soot Fe2O3 162 116
Jung et al. [30] Diesel PM CeO2 110 102
Yezerets et al. [31] Diesel PM – 64–126 –
Smith [32] Soot – 142 –
Neeft et al. [2] CB – 168 –
Higgins et al. [15] Diesel PM – 108–114 –
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Fig. 8 – GC-FTIR spectra of evolving gases during oxidation

of CB, 0 and 50 ppm-doped flame soot particles.
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PM. For un-catalyzed flame soot particles, the EA value has

been reported to range from 140 to 170 kJ mol�1. This is con-

sistent with EA,high rather than with EA,low in Fig. 6. Moreover,

Table 2 shows that EA is decreased by 10–100 kJ mol�1 in the

presence of catalysts. Consistently, Fig. 6 shows that EA,high

is decreased by 45–115 kJ mol�1 when ferrocene is added in

the broad range of 50–1500 ppm.

Particularly at the early stage of oxidation in Fig. 4, the

mass loss can be induced by either evaporation of any volatile

matter such as the soluble organic fraction (SOF) and mois-

ture or oxidation of the more reactive species. To rule out

the contribution of the volatile matter [33], the chemical com-

positions of the gases that evolved from the samples while

they are heated at 300 �C in air were measured with GC-FTIR.

Fig. 8 shows a distinct CO2 peak in the GC-FTIR spectra, the

intensity of which increases in the sample order of

50 ppm > 0 ppm > CB. At that time, the intensity of the peak

at 3500–4000 cm�1, corresponding to the OH stretching mode

of H2O, is nearly invariant, together with no apparent evi-

dence of the evaporated SOF. A very similar spectrum, but

with a significant decrease of peak intensity, was observed

from the 50 ppm sample while being heated at 200 �C. Be-

sides, a group of very little peaks appeared at 2750–

3100 cm�1 representing aromatic and aliphatic C–H vibration.

This suggests that the SOF, even if exists, was in quite a low

level. It is also noted that the SOF most likely evaporates

0

500

1000

1500

2000

2500

0 20 40 60 80 100

C
ou

nt
s

m/z

aPositive
Ions

H
+

C
2H

2+

C
2H

3+

C
2H

5+

C
3H

3+

C
H

3+

C
3H

7+
C

3H
5+

0

500

1000

1500

2000

2500

0 20 40 60 80 100

C
ou

nt
s

H
+

C
+

C
2H

2+

C
2H

3+

N
a+

C
2H

5+

C
3H

3+

C
3H

5+

Fe
+

C
H

3+

m/z

b

C
a+

C
3H

7+

Positive
Ions

0

500

1000

1500

2000

2500

0 20 40 60 80 100

C
ou

nt
s

m/z

cPositive
Ions

H
+

C
2H

2+

C
2H

3+

C
2H

5+

C
3H

3+

C
H

3+

C
3H

7+
C

3H
5+

N
a+

Fe
+

C
a+

Fig. 9 – Positive SIMS spectra for (a) CB, (b) 0 ppm-doped, and (c) 50 ppm-doped flame soot particles.

C A R B O N 4 8 ( 2 0 1 0 ) 2 0 7 2 – 2 0 8 4 2079



Author's personal copy

rather than oxidizes at such a low-temperature [11] and the

temperature range of interest here is higher than 300 �C where

the contribution of SOF is negligible. Thus, the low-tempera-

ture mass loss is attributed to the oxidation of more reactive

species. Of particular interest is to determine whether or not

the amount of the more reactive species varies with the doping

level and whether it is correlated with the behavior of EA,low.

3.3. Characterization of iron-containing flame soot

Several factors, including the SOC [22,29,30], SOF, and crystal-

line order of the CGL [27], are thought to affect the oxidation

kinetics of un-catalyzed diesel PM. Song et al. [27] reported

that the reaction rate constant was correlated with the SOC

but scattered with the other factors of un-catalyzed diesel

PM. In their corresponding research [34], however, they sug-

gested that the physical locations of fuel-borne catalysts,

i.e., whether remaining at the surface or becoming embedded

in graphene layer, were likely the most dominant factor in the

catalytic initiation of oxidation. Though they showed that the

CGL was mostly invariant irrespective of the existence of the

catalyst, the possible effects of the SOC and the SOF were not

reported. Therefore, this section of the present study aims to

report variations of the SOC, the SOF and the CGL at different
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doses of ferrocene and to confirm the impacts of these factors

on the reactivity.

SIMS spectra has been used for a qualitative assessment of

ionic species concentration [13,35] due to its species-depen-

dent quantum efficiency. However, a peak intensity of a single

ion can be used to determine a relative abundancy of the ion

(or species) content between samples. Fig. 9 shows the posi-

tive-ion SIMS spectra of CB, 0 and 50 ppm. The overall charac-

teristics of the spectra are similar to those of diesel PM as

observed by Kirchner et al. [35]. Unlike Fig. 9(a) of the CB,

Fig. 9(b) shows that the un-catalyzed flame soot contains

metallic Na, Ca, and Fe as well as a high level of organics,

SOF. At a dose of 50 ppm ferrocene, the iron peak is greatly in-

creased in Fig. 9(c) as compared to Fig. 9(b), as expected. On

the other hand, the SOF decreases slightly, which is likely

due to the catalytic oxidation of the SOF enhanced by the iron

oxide catalyst [7] (also see Fig. 2). It is notable that the alkali

metal peaks found only with flame soot samples are mostly

invariant regardless of the doping level of ferrocene. This sug-

gests that the alkali metals originate from the diesel fuel it-

self. Additionally, the alkali metal, known as a catalyst for

carbon oxidation [6,29], may partially explain why the un-cat-

alyzed flame soot has a lower activation barrier than the CB in

the low-temperature range shown in Fig. 7.

In Fig. 10, the negative-ion SIMS spectra of the same sam-

ples are mostly composed of carbon fragments with trace lev-

els of the SOC and fuel-borne sulfur compounds, as

highlighted in the inset figure. As compared to the CB in

Fig. 10(a), the un-catalyzed flame soot contains a higher level

of SOC in Fig. 10(b). Major peaks at m/z = 59 and 73, which are

assigned as C2H4O2
� and C3H5O2

�, correspond to two sorts of

lactones, such as b-propiolactone and c-butyrolactone,

respectively. In addition, the peak at m/z = 72 can be assigned

as carbonate. Among a variety of SOCs, the lactone is most

unstable. Hence, it can readily decompose into CO2 at low-

temperatures [22]. Interestingly, the lactone intensity in-

creases in the sample order of CB < 0 ppm < 50 ppm. A further

dose of ferrocene did, however, reduce the lactone again (see

Fig. 11). Such a characteristic of a lactone peak is completely

consistent with that of the EA,low characteristics shown in

Fig. 7.

Raman spectroscopy can characterize fine structure and

short-range order of the carbon framework or defects in a car-

bon nanotube (CNT) [36]. Three major peaks in the Raman

spectra for CNT have been reported: a radial breathing mode
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at 6400 cm�1, a D band (a stretching mode for C@C bond) at

1300–1350 cm�1, and a G band (a tangential mode) at

1588 cm�1. As CNT oxidation proceeds and the ordered struc-

ture of the CNT wall begins to collapse, the G band broadens

due to appearance of a new peak at 1520 cm�1 and/or the D

band peak likewise increases. The result shows in Fig. 12 that

there is no remarkable difference in the peak profiles between

the cases of 0 and 50 ppm doping, suggesting that the addi-

tion of ferrocene hardly affects the short-range order of the

carbon structure.

Likewise, an XRD measurement was taken to note any

changes in the long-range order of CB and the 50-ppm and

1500-ppm ferrocene-added samples. Fig. 13 shows that the

most prominent peak at 2h = 24�, corresponding to the (0 0 2)

Bragg reflection of graphite, decreases as the mixing level of

ferrocene increases. This is accompanied by significant peak

broadening. The inset figure shows that the full width at half

maximum (FWHM) of the peak increases noticeably, suggest-

ing a decrease in the crystallite size. The Scherrer equation

confirms that the crystallite size decreases with an increase

in the mixing level of ferrocene: 1.21 nm of CB, 1.16 nm of

50 ppm, and 0.97 nm of 1500 ppm. This suggests that the

long-range order of the carbon structure gradually collapses

due to the iron-containing catalysts. This also suggests that

the degraded crystalline order of the CGL with the addition

of ferrocene partly contributes to the enhancement of the

low-temperature reactivity of PM.

3.4. Oxidative characteristics of partially oxidized PMs

A subsequent step clarified whether or not the aforemen-

tioned more reactive surface species can affect the apparent

reactivity as well as the initiation of the reaction. Initially,

each PM sample was partially oxidized up to 50% or 75% with

air using a TGA instrument. The samples were then rapidly

cooled to room temperature with nitrogen, in an effort to re-

move the more reactive species from the surface of the PM.

The oxidation kinetics of such specifically treated samples

was again measured in air with the TGA. It should be noted

that only three samples containing higher SOC values, in this

case the CB, 0 and 50 ppm-doped samples, were utilized in

this stripping-off experiment because the samples with high-

er doping levels contained a considerably low level of SOC.

Figs. 14–16 show the TGA profiles and the corresponding

Arrhenius plots of these three samples, respectively.

Fig. 14(b) reveals that the CB undergoes no remarkable

changes in its reactivity and EA values before and after the

partial oxidation. All Arrhenius data fall fairly well on a single

straight line, indicating that the value of EA is slightly

scattered around 160 kJ mol�1. The un-catalyzed flame soot,

however, shows a noticeable increase of EA as partial oxida-

tion progresses, as clearly shown in Fig. 15(b). Interestingly,

the value of EA approaches the value of CB as the surface-

reactive species is gradually peeled off. This suggests that

the SOC is first consumed at the early stage of oxidation while
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the remaining PM shows oxidative behavior similar to that of

the CB.

For the 50 ppm-doped sample, Fig. 16(b) shows that the

low-temperature reactive species having an EA,low value of

74.9 kJ mol�1 is removed at 50% oxidation; the remaining PM

shows a single-step oxidation process in the form of a straight

line. In this case, the EA value of the pre-oxidized sample is

nearly identical to the high-temperature activation energy

EA,high (120 kJ mol�1) before the surface treatment. This im-

plies that the surface-reactive species mainly enhance the

initiation of the reaction at a low-temperature but scarcely af-

fect the high-temperature oxidation. Therefore, the decreased

value of EA,high as the dose of ferrocene increases is presum-

ably due to the catalytic effect of the lattice oxygen of the iron

oxide [34], implying that it is mainly responsible for the

enhancement in the oxidation shown in Fig. 4. Within 95%

confidence level, maximum uncertainty of the activation en-

ergy is estimated to less than ±10 kJ mol�1. Further evaluation

of the two-step approximation is made by simulating TGA

curves seen in Fig. 4 with the above Arrhenius parameters.

Fig. 17 shows the simulated curves are in good agreements

with experimental data for 0, 50, and 500 ppm samples, par-

ticularly in most of the reaction zone.

4. Conclusions

The findings of this study are summarized as follows. The as-

generated catalyzed flame soot particles were characterized

in terms of their oxidative reactivity, content of metal oxide,

SOC and short-range/long-range order of their CGL. Upon

exposing the samples to partial oxidation, catalytic oxidation

was noted to take place in two consecutive steps as the tem-

perature increased. In the first step, the initiation of oxidation

was affected mainly by the SOC and partly by the long-range

crystalline order of the CGL. However, once the catalytic oxi-

dation commenced, the progress of the reaction, as the sec-

ond step, was mainly determined by the added amount of

ferrocene, which was accompanied by a remarkable change

in the activation energy. Finally, by tracking the morphology

of a single soot agglomerate before and after partial oxidation

by TEM, it was verified that contracting sphere model was

suitable for the present study.
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