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A B S T R A C T

Soot emission from diesel engines is of serious concern, as it is carcinogenic and remains suspended in air for a
long time to cause adverse effects on human health and the environment. A way to reduce soot emission is by
altering soot nanostructures by introducing fringe curvatures to enhance reactivity and increase oxidation. Such
disorder in soot nanostructure can be initiated by the introduction of 5-membered rings into 6-membered,
graphite-like soot structures. This study investigates the effect of the addition of norbornane, a saturated, 5-
membered bicyclic hydrocarbon additive to diesel on the physicochemical properties, sooting propensity,
structural disorders, and the oxidative reactivity of soot. The physicochemical analysis revealed that the
threshold sooting index (TSI) of the blend is reduced to 29.5 at an optimum blending percentage of 10% nor-
bornane-90% Diesel (NBD) as compared to the TSI of 37 for diesel. The analyses using XRD, Raman, HRTEM, and
EDX indicated that the addition of this additive resulted in an increased soot nanostructural disorder, smaller
PAH size, increased fringe curvature, and significantly greater aliphatic content in soot as compared to an
unsaturated 5-membered bicyclic additive, dicyclopentadiene (DCPD). The reactivity studies confirmed that
NBD soot is easily oxidized in air, since it requires a lower initial activation energy (90 kJ/mol) as compared to
DCPD (120 kJ/mol) and pure diesel soots (170 kJ/mol). Thus, norbornane, a saturated 5-membered bicyclic
compound, which is available as a by-product of polymer industry and in crude oil, can serve as a potential fuel
additive for designing advanced fuels.

1. Introduction

Fossil fuels are the leading energy source worldwide and will re-
main the dominant one for several upcoming years. With the con-
tinuous increase in the consumption of fossil fuels, more and more
pollutants are being generated and released into air. A solid-phase
pollutant that is being released in huge amounts on a daily basis is the
particulate matter (soot). The term soot, refers to fine, black, carbon-
containing particles that are formed due to the incomplete combustion
of an organic material. Soot is produced in the form of agglomerates
that are generated as a result of coagulation of small spherules/parti-
cles, and its size varies from few nanometers to few micrometers [1].
Soot is generated as a result of the partial oxidation of diesel and ga-
soline fuels inside internal combustion engines. This phenomena occurs

as a result of the short timespan available for the fuel to completely
oxidize, in addition to the absence of homogeneity in the fuel–air
mixture and the variation in temperature inside the engine. Soot is
recognized as a mixture of carcinogenic compounds by the Interna-
tional Agency for Research on Cancer, and is one of the leading causes
of death [2]. Soot also has detrimental effects on the environment and is
considered one of the main contributors to air pollution, regional cli-
mate change, and global warming.

The diesel particulate filters (DPFs) in vehicle exhaust system ap-
pear as a good technology to detoxify diesel exhaust, as they trap the
harmful particulate matter to prevent their emission [3]. The DPFs
require frequent regeneration to avoid pressure build up in the exhaust
system. According to a study conducted by Brijesh et al. [4], the delay
in DPF regeneration led to a large increase in backpressure, and hence,
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resulted in a reduction in engine efficiency and an increased emission
levels. Since active regeneration process requires an extra amount of
fuel injection to increase exhaust gas temperature to burn soot collected
in DPF [5], this renders the solution cost ineffective, especially for
developing countries. Therefore, the oxidative reactivity of soot must be
enhanced by: (a) increasing the oxygen and aliphatic content within
soot structure, and (b) producing small PAH layers with high disorder
in the graphitic structure and high tortuosity. Most studies in the lit-
erature that attempted to reduce the negative impacts of fuels or en-
hance the soot oxidative reactivity utilized either oxygenated or metal-
based additives. However, the proposed solutions either involve high
costs due to the use of rare metals as catalysts, or the risk of generating
new pollutants such as aldehydes and dioxins (which are highly toxic
pollutants). Oxygenated fuels lead to the reduction in the energy den-
sity of the blended fuels, and are known to be responsible for corrosion
in fuel pumps and filters. For instance, Dias et al. [6] studied the effect
of ethanol–benzene blends on soot production. Although, they found
that the partial replacement of fuel by ethanol reduced soot precursor
concentrations, it also increased the harmful oxygenated emissions such
as formaldehyde and acetaldehyde, which are among the well-known
volatile organic pollutants in the atmosphere [7–9]. Most of the fuel
alternatives such as oxygenated fuels or bio-fuels usually exhibit low
cetane number (which is an indicator of the quality of diesel and its
ignition properties) [10]. Moreover, oxygenated fuels tend to have less
volatility and high lubricity than diesel [11], although light molecules
such alcohols or ethers, when added to diesel, lead to increased vola-
tility and reduced lubricity, and often have miscibility problems [12].
Thus, there is a need to find low cost novel additives for fuels with the
capabilities to enhance combustion efficiency and reduce particulate
matter emission, with a negligible effect on energy density to diminish
the impact of fossil fuel combustion on human health and the en-
vironment.

Ideally, for reduced soot emissions from engines, soot produced
from a blended fuel must contain some physiochemical properties that
enhance its oxidative reactivity. Some of these properties are: a) a high
concentration of the oxygenated functional groups [13], b) a high ratio
of aliphatic to aromatic content within soot, as aliphatics are more
reactive and easily oxidized at lower temperature than aromatics,
which makes soot particles more prone to oxidation [14]; c) the ex-
istence of small graphene layers (fringes) with high tortuosity and
random orientations, which deviates the structure from stability and
lowers the activation energies for the oxidation of carbon atoms within
the soot nanostructure [15]; d) the increase in soot surface area re-
sulting from the small size of primary particles, which reduces mass
transfer limitations in accessing reactive site on soot by O2 (moreover,
small primary particles are inherently composed of small aromatic
layers with higher ratio of reactive peripheral carbon atoms to the less-
reactive basal carbon atoms as compared to larger aromatic layers
[16]), and e) the increase in the active surface area of soot that accounts
for the concentration of radicals sites on soot and the structural defects,
which possess high binding energy for oxygen and support soot oxi-
dation process through its chemisorption [17].

Recently, some studies in the literature have emphasized on the
introduction of 5-membered cyclic structures within the soot’s 6-
membered aromatic planes to impose curvature in the soot structure, so
as to make it more disordered and thus prone to oxidation [18–21]. The
formation of five-membered cyclic compounds during combustion de-
pends on the kinetics and thermodynamic factors of high temperature
assisted, complex mechanism of PAH formation and growth in flames. A
flame study [22] using dicyclopentadiene (DCPD), which is an un-
saturated bicyclic additive (see Fig. 1A), showed that Threshold Sooting
Index (TSI) of diesel reduces with increase in DCPD concentration up to
10% (v/v). However, the further increase in DCPD concentration results
in an increase in the sooting tendency. A similar non-linear trend was
shown by the cetane number of the blended fuels. It was also observed
that the disorder in the soot structure is enhanced by the addition of

DCPD. Thus, it appears that, with the aid of 5-membered cyclic ad-
ditives, it is possible to increase soot oxidation inside engines, and
consequently, (a) reduce emission of soot in the exhaust, and (b)
achieve efficient regeneration of particulate filters.

Norbornane, also known as bicyclo [2.2.1] heptane, is a saturated
hydrocarbon and contains, two 5-membered bridged cyclic ring struc-
ture (see Fig. 1A). It is commercially produced by the reaction of di-
cylcopentadiene with ethylene via Diels-Alder reaction. Both norbor-
nane and DCPD are found in the distillation cuts of oil refineries.
Therefore, it is hypothesized that the addition of such a bicyclic, satu-
rated, 5 membered ring structure to diesel fuel can influence the radical
formation kinetics and oxidation chemistry of diesel, and probably
enhance the formation and introduction of 5 membered cyclic structure
into the 6-membered graphitic planes, thus distorting the soot structure
from fringe planarity, leading to increased curvature (tortuosity). More
importantly, in comparison to unsaturated 5 membered cyclic ad-
ditives, the saturated bicyclic additives such as norbornane may result
in a greater aliphatic content of soot, thus exhibiting its increased re-
activity. Such a comparative analysis is not available in the literature to
the best of our knowledge.

The above hypothesis is put to test in the present investigation by
performing systematic studies such as the optimization of norbornane
blending ratio with diesel (termed as NBD), its influence on physico-
chemical properties of the fuel blend, the sooting propensity, and its
influence on the chemical and morphological characteristics of soot
nanostructures and on the oxidative reactivity of soot particles. A
comparative analysis of soot nanostructural properties of NBD and
DCPD is also presented to determine the effect of saturated and un-
saturated 5 membered bicyclic additives on structural disorder, ali-
phatic/aromatic composition, oxidative reactivity of soot, soot emission
tendency of diesel.

2. Experimental methodology

Smoke point measurement is one of the standard lab scale method of
analyzing the tendency of the fuel to generate soot, and it is a good
indicator for actual diesel engine emissions [23]. Smoke point is de-
fined as the flame height at which the sooting wings start to be visible
in the diffusion flame of smoke point apparatus [24]. Also, its inverse,
the threshold sooting index (TSI) correlates very well with the actual
particulate emissions and gives more representative information [25].
The smoke point apparatus was selected for soot study in this paper, as
it produces stable flames with known fuel flow rates that allows the soot
particle collection at various flame heights above the smoke point.
While the study presented in this paper can also be conducted using a
diesel engine, several engine operating parameters such as engine
speed, load, fuel injection, and exhaust gas recirculation along with the
changes in fuel properties such as density, viscosity, and cetane number
upon blending simultaneously influence the soot formation, oxidation,
and its nanostructural characteristics [15,26,27,28]. This makes it
complicated to derive a confirmative evidence that can specifically
highlight the sole effect of the fuel additive and its chemical structure
on the sooting tendency of the fuel blend and on soot nanostructures
and reactivity. Therefore, smoke point apparatus was preferred con-
sidering the objective of this investigation. Smoke point measurements
were performed according to the standard ASTM D1322-08 procedure
[29]. In this test, soot particles were generated in the diffusion flames of
diesel and its blends at atmospheric pressure by means of a smoke point
apparatus (RAP172) installed in a fume hood. A detailed representation
of the smoke point setup is shown in Fig. 1. The smoke point apparatus
consists of: i) a cylindrical fuel reservoir that contains the fuel to be
tested, ii) a cotton wick tube, which remains soaked in the fuel reserve
and is burned at its tip to generate smoke, iii) a lamp body, which
surrounds the flame, and contains a metallic ruler behind the flame and
a glass door in front of the flame, and iv) a burner holder with a long
chimney. The upper end of the chimney contains a perpendicularly
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mounted-borosilicate microfiber filter enclosed assembly (from Sierra
Instruments, USA) that is coupled to a suction pump to allow trapping
of soot particles on the filter. This microfiber filter was chosen because
of its inertness to PAH, and because of the easiness of handling it to
extract soot particles [30]. The lamp body in-houses the burner and
minimizes flame disturbances in the fume cupboard and the curved
glass window prevents the formation of multiple flame images.

The setup also contains a concentric hole inside the fuel reservoir
that provide an opening for the cotton wick height to be adjusted with
the aid of the circular knob. The flame extent is measured from the
bottom of the exposed wick to the flame tip using the metallic ruler
scale behind the flame that ranges from 0 to 50 mm. The flame vertical
height can be altered by increasing or decreasing the length of the wick
exposure with the aid of the circular knob. This act also leads to either
increasing or decreasing the fuel flow rate to the flame accordingly. The
adsorbed water and volatiles from the collected soot samples are re-
moved by heating the samples at a rate of 20 °C/min at 400 °C under N2

flow, and then subjected to morphological and chemical characteriza-
tion.

The transmission electron microscope (Tecnai T20 electron mi-
croprobe) operating at 200 kV accelerating voltage with an ultimate
lattice resolution of 0.24 nm was used to record microstructural details
of soot particles. After ultra-sonicating in ethanol for 10 min, the soot
samples were placed on a lacey carbon-coated, copper grid. The Gatan
Image Filter in the STEM mode with the energy resolution of 1 eV was
used to record the electron energy loss spectra (EELS), which provided
the information about relative distribution of σ and π bonds in the soot
structure.

In order to study the oxidative reactivity of soot in air, thermo-
gravimetric analyzer (TGA, NETZSCH STA 409PC-LUXX) was used. The
dried soot samples were subjected to temperature programmed heating
in air from 200 to 800 °C at different heating rates of 1, 3, and 5 °C/min
to oxidize soot in each experiment [30].

The structural parameters of soot were obtained using the X-ray
diffraction patterns in the range of 10–90° with a step size of 0.02° using
the Panalytical Empyrean X-ray diffractometer (XRD) [30]. The XRD
results were used to calculate La (the length of the PAHs), Lc (the
thickness or the height of the stack), and d002 (the spacing between
graphene layers). The Raman spectra were recorded using the Witech
Alpha 300 RAS equipped with 515 nm laser source and a dual purpose
50x objective lens and the disorder and graphitization in soot samples
were analyzed. The Raman spectra was de-convoluted in the Origin Pro
software to determine the contribution from different peaks to the
overall band, all of which are discussed in detail in the subsequent
sections.

3. Results and discussion

3.1. Fuel physical properties

The commercial diesel fuel (Grade No. 2-D S15, ASTM D975 [31])
was obtained from a local fuel station from Abu Dhabi, UAE. Norbor-
nane was procured from Sigma–Aldrich with a purity of ≥ 95%).
Norbornane-diesel blends were prepared with 5%, 10%, 15% and 20%
norbornane volume fraction in diesel, and were labelled as NBD5,
NBD10, NBD15, and NBD20, respectively. All fuel blends were pre-
pared and stored at 25 °C to ensure phase stability over 1 h, before
testing on smoke point apparatus. A complete miscibility of the additive
in the fuel blend was observed at the above-mentioned compositions
without any phase separation. The physical properties of diesel and the
NBD blends were measured, as displayed in Table 1. The Stabinger
Viscometer (SVM™ 3000, Anton Paar) was used to measure the kine-
matic viscosity and density of the fuel blends following the procedure as
per ASTM D7042 standard [22].

As evident from Table 1, as the concentration of norbornane in the
NBD blend increases, the density of the fuel blend increases; while the
viscosity and the molecular weight of the fuel blend decreases. This
trend is expected as the norbornane additive originally has a higher
density and a lower viscosity than pure diesel. Both density and visc-
osity play a crucial role in engine performance, as they determine the
fuel atomization rate during spray injection [32]. Moreover, the im-
proved combustion of the fuel blend also results in suppression of soot
production in engines.

3.2. Measurement of smoke point and the threshold sooting index (TSI)

The smoke points of pure diesel and norbornane blends were mea-
sured using the ASTM D1322 apparatus and procedure. An increase in
the smoke point serves as an indicator that the fuel needs a higher flame
height or fuel flow rate to generate soot particles [29]. Thus, a fuel with
higher smoke point is considered cleaner with less tendency to produce
soot. As observed in Fig. 2, with the addition of small blending per-
centage of norbornane (up to 10%) to diesel, the smoke point of the
NBD blends increases to 22 (± 1) mm from 19 (±1) mm for pure
diesel. The smoke point values undergo a steady decease as the con-
centration of the additive is further increased. The saturation of fuel

Fig. 1. A) Molecular structure of NBD and DCPD; B) experimental setup for smoke point tests.

Table 1
Physicochemical properties of diesel and norbornane-diesel blends.

Fuel properties Diesel NBD5 NBD10 NBD15 NBD20

Molecular weight (g/mol) 206.00 200.51 195.29 190.34 185.63
Density at 25 °C (g/ml) 0.829 0.831 0.8326 0.834 0.8355
Dynamic viscosity (kg/m.s) 0.00289 0.00276 0.00256 0.00245 0.00235
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blend occurs at around 40%, as no further additive can be dissolved in
diesel. However, since the smoke point values are apparatus dependent,
the threshold sooting index (TSI), which is an instrument independent
quantity, is calculated for more realistic and practical comparison of the
sooting tendencies of fuel blends. The TSI was initially introduced by
Calcote and Manos [33], who utilized it instead of the smoke point to
analyze the experimental results. The authors defined the TSI as a
sooting index in which “0″ represent the minimum sooting ability and
“100” represents the maximum sooting tendency. TSI is a linear func-
tion of the molecular weight (MW) of the fuel and the reciprocal of the
smoke point (SP), and is represented as: TSI = a (MW/SP) + b. The two
constants, a and b, are apparatus dependent that are found by cali-
brating the apparatus with known chemical compounds. For our ap-
paratus, their values were calculated as a = 3.7623 and b = -3.7539 in
a previous study [23]. From the TSI curve in Fig. 2, it is evident that the
lowest TSI values are obtained at an optimum bending percentage of
10%.

Since the average smoke points of pure diesel and 10% NBD blend
were in the range of 18–23 mm, the soot from the two fuels was col-
lected at a fixed flame height of 25 mm (i.e., above the smoke points of
the two), and were labelled as diesel soot (D) and 10% NBD blend soot
(NBD10). The collected soot samples were subjected to detailed char-
acterization tests in order to understand the effect of norbornane ad-
ditive on the physiochemical structure of soot and its oxidative re-
activity.

3.3. Thermogravimetric analysis (TGA)

The soot oxidation tendency in air is a crucial parameter in de-
termining the soot reactivity especially in the DPF. Lower the activation
energy, higher is the DPF regeneration efficiency. Therefore, in order to
measure the soot’s oxidative reactivity, thermogravimetric analyses
were performed on the soot samples. The variation in oxidative soot
conversion (α) versus temperature as a function of the heating rates for
pure diesel soot and NBD10 were measured and plotted in Fig. 3. Soot
conversion (α) is defined as α= −

−
Mo M
Mo M

( )
( )

T
L
, with MO being the initial mass

of dry soot, MT is the mass of partially oxidized soot at oxidation
temperature T, and ML is the leftover mass (mainly ash). ML in this case
was zero, as there was no left-over ash after the complete oxidation of
soot. With increasing heating rate, the soot conversion curve shifts to-
wards higher temperature. This phenomenon occurs mainly due to two
reasons [34]: (a) There always exists a temperature gradient between
the heated air and the carbon sample due to heat transfer limitations
and delay. This gradient increases with increasing heating rate, and the
resulting heat transfer delay causes the shifting of the thermogravi-
metric curves towards higher temperature. (b) As the heating rate is

increased, the time available for a sample to reach a given temperature
and react with O2 at that temperature is shortened. This reaction delay
causes the same soot conversion level to be achieved at a higher tem-
perature with a higher heating rate.

To compare the oxidative conversion profiles of diesel and NDB10
soots, the temperatures corresponding to oxidation at an initial stage
(i.e. 10% conversion), at 50% conversion, and at 95% conversion stages
are given in Table 2. For 10% conversion, NBD10 soot required sig-
nificantly lower oxidation temperature (around 15–20 °C less) than the
diesel soot at heating rates of 1, 3, and 5 °C/min. A similar trend con-
tinued as the oxidation of soot progressed to 50% conversion level.
Thus, the NBD10 soot had higher reactivity towards oxygen than the
diesel soot especially at low conversion levels. With further increase in
the soot oxidation from 50 to 95%, the relative difference in required
oxidation temperature between NBD10 and diesel soot started to de-
crease, and as the oxidation reached near completion (at 95% conver-
sion), the oxidation temperatures were almost similar for both the
soots.

The further analysis of the thermal stability of soot at different
conversion levels were performed by calculating the activation energy
of soot oxidation using Friedman method [35], where the rate of soot
conversion rate, dα

dt
is related to soot conversion (α) by the following

equation:

=dα
dt

k T f α( ) ( )
(1)

Fig. 2. Variation in smoke point and TSI values of NBD blend.

Fig. 3. Soot conversion vs temperature at various heating rates for a) diesel soot
b) NBD10 soot.
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Here, k(T) is the rate constant (s−1) of soot oxidation, obeying Ar-
rhenius equation, k = Ae-(Ea/RT), with A being the pre-exponential
factor, Ea being the activation energy of soot oxidation, and T is the
temperature [36]. The reaction model or conversion function is denoted
by f(α). More details about the procedure for activation energy calcu-
lation using the soot conversion profiles at different heating rates can be
found in [36,37].

A plot of activation energy at different conversion levels as a
function of temperature is presented in Fig. 4 for diesel and NBD10
soots. Significant differences in the initial activation energy at low
conversion levels were observed, with lowest activation energy of
90 kJ/mol for NBD10 soot and 180 kJ/mol for diesel soot. As the oxi-
dation progressed to higher conversion levels, the activation energy did
not change significantly in the case of diesel soot (± 20 kJ/mol), but,
in the case of NBD10 a gradual increase in activation energy was ob-
served reaching a value almost similar to that of diesel soot at near
complete conversion. The average activation energies were calculated
to be around 170 ± 10 kJ/mol for pure diesel and 110 ± 00 kJ/mol

for NBD soot for the entire oxidation process. The measured activation
energies are within the expected range of 100–200 for carbon soots in
the literature [38]. The significantly high reactivity of NBD soot at low
conversion levels could be due to the presence of higher magnitude of
crystal disorder such as shorter fringes with increased fringe tortuosity,
leading to a greater percentage of reactive edge carbon atoms as com-
pared to those in diesel soot. Furthermore, the observed increase in
activation energy at higher conversion levels in the case of NBD10 soot
indicates the presence of higher aliphatic content in NBD soot, which is
easily oxidised at temperatures less than 500 °C leaving behind long
range PAH molecules in soot, which needs higher temperature and has
greater activation energy for reactivity with O2 [39–41]. Therefore, all
the soot samples were subjected to HRTEM, Raman, EDX, XRD, and
EELS analyses to obtain more information about C/O content, micro-
structural disorder, PAH stack size, shape, and σ/ π bonding char-
acteristics of the soot surface, which will be discussed in the subsequent
sections.

3.4. High resolution transmission electron microscopy (HRTEM)

Fig. 5 represents the HRTEM images recorded at the resolutions of
20 and 50 nm for diesel (D) and NBD10 soot samples. It is clear from the
micrographs that all the soot samples are composed of agglomerated,
near spherical particles that are known as primary soot particles. The
adjacent particles appear to be fused together due to sintering effect.
The primary particle consist of a core–shell like structure, wherein the
core is formed due to curved short fringes, whereas long range fringes
are concentrically arranged along the periphery to form a shell-like
structure [42,43]. The excessive internal oxidation of soot is the reason
for the formation of short core fringes with high structural disorder as
the soot particles travel through the flame length, which is in agreement
with the literature reported studies [42,43]. Comparative analysis of
the average diameter of the primary particles of the soot samples was
performed using the ImageJ software, wherein around 50 particles were
analysed and the corresponding histogram distribution is presented in
Fig. 5C, F.

The average particle diameter for diesel soot was recorded as 32 nm,
while that of NBD10 soot was around 22 nm. This suggests that the
addition of norbornane to diesel could lead to a greater degree of in-
ternal oxidation resulting in the reduction in the size of primary soot
particles. Such small primary particles are known to have greater de-
gree of surface carbon atoms which can be easily oxidised by air or NO2

in DPF or via exhaust gas recirculation (EGR) to further reduce soot
emission. The possibility of such reductions in soot emission can be
further confirmed by analysing the internal fringe structure of soot
particles by estimating the degree of fringe tortuosity and fringe length
distribution in the primary soot particles.

A quantitative analysis of fringe length and tortuosity was per-
formed using a Matlab code based on the algorithms reported in [44],
wherein, the HRTEM image was subjected to negative transformation
and grayscale. The negative transformation is defined as Inegetive = L-1-
Ioriginal, where L is the discrete intensity levels (256 per image), and
Ioriginal is the image pixel value before transformation. On selected
multiple regions of interest (ROI), operations like Gaussian filter, his-
togram equalization, and Tophat transformation were performed in
order to eliminate errors due to non-homogeneous illumination across
the image as well as to improve the fringe contrast. The branches from
fringes were removed by a processes called skeletonization using built-
in functions in Matlab that uses parallel thinning algorithm [45]. The
lattice fringes in the image after skeletonization are reduced to 8-con-
nected strokes or rings. With reference to these branch points, fringe
length was determined in all directions. The smallest branch was
identified, and the branch connections were broken by setting the first
pixel to this branch as zero. The detailed procedure, equations, and
algorithms used are already listed in detail in reference [44] and
therefore shall not be repeated here. For each sample, an HRTEM image

Table 2
Characterization results on diesel and NBD10 soots using different techniques.
In the TGA results, T represents temperature, α represents soot conversion, and
HR represents heating rate.

Sample properties Diesel soot NBD10 soot

TGA results
T at α = 10% (HR = 1 °C/min) 468 °C 452 °C
T at α = 10% (HR = 3 °C/min) 493 °C 475 °C
T at α = 10% (HR = 5 °C/min) 514 °C 489 °C
T at α = 50% (HR = 1 °C/min) 521 °C 509 °C
T at α = 50% (HR = 3 °C/min) 555 °C 542 °C
T at α = 50% (HR = 5 °C/min) 570 °C 562 °C
T at α = 95% (HR = 1 °C/min) 556 °C 572 °C
T at α = 95% (HR = 3 °C/min) 602 °C 601 °C
T at α = 95% (HR = 5 °C/min) 640 °C 636 °C
HRTEM results
Mean fringe length 3.57 mm 1.8 nm
Mean fringe tortuosity 1.46 1.54
Primary particle diameter 32 nm 21.7 nm
XRD results
Interlayer spacing, d002 0.369 nm 0.373 nm
Nano-crystallite height, Lc 1.07 nm 0.96 nm
Nano-crystallite width, La 3.01 ± 0.5 nm 2.71 ± 0.5 nm
Lc/d002 (no. of layers, N) 2.90 2.58
Raman results
D1 peak intensity, ID1 4.6 6.4
G peak intensity, IG 4.1 5
ID1/IG ratio 1.1 1.3
Lattice width, La 3.8 ± 0.5 nm 3.3 ± 0.5 nm

Fig. 4. Variation in activation energy of soot oxidation at different conversion
levels for diesel and NBD10 soot.
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Fig. 5. HRTEM images and particle size distribution of Diesel soot (A, B, C) and NBD soot (D, E, F) at 20 nm and 50 nm resolutions, respectively.

Fig. 6. Matlab processed images, fringe length and tortuosity index distribution of A) diesel soot and B) NBD10 soot.
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consisting of 50–100 particles is chosen for homogeneity of primary
particle structure, of which 5 high resolution microstructural images of
each primary particle are randomly chosen, each consisting of > 100
fringe microstructures and is subjected to Matlab image processing as
discussed above. The mean values of the fringe length and fringe tor-
tuosity are then calculated using the Matlab code. The processed fringe
structures and images for pure diesel and NBD soots are shown in Fig. 6.
The quantitative data on the mean fringe length and Mean fringe cur-
vature (i.e. tortuosity index) distribution is presented in Fig. 6, and the
estimated values are listed in Table 2. From this table, one can conclude
that diesel soot particles had a large mean fringe length of 3.57 nm
which drastically decreases to 1.8 nm in the case of NBD10 soot.
Moreover, the analysis of the tortuosity index also suggests that the
short fringes in NBD10 soot have higher curvature (1.54) as compared
to diesel soot (1.46). The tortuosity index measures the curvature of
graphene layers (fringes), which usually develops from the formation of
5- and 7-membered ring structures within the planar aromatic frame-
work of graphene layers. Such curvatures in aromatic layers prevent the
development of long range graphitic stacks, resulting in the reduction in
PAH stack size and overall primary particle size of the NBD10 soot [15].
Therefore, it is very clear that shorter fringe length and largely curved
fringes together make the NBD10 soot highly disordered or amorphous,
and hence, these soot samples are prone to easy oxidation as desired for
the fast regeneration of DPF filters. The disorder in the crystal structure
of these soot samples is further analysed using XRD and Raman spec-
troscopy.

3.5. X-ray diffraction

The X-ray diffraction analysis were performed on the NBD10 soot
alongside the pure diesel soot, and the results are shown in Fig. 7. Two
peaks at 2θ scale values of around 25° and 44° were observed. The peak
at 2θ value of 25° is assigned to the (0 0 2) plane, and it contains the
information about PAH interlayer spacing and thickness of the PAH
stack. The peak at 2θ value of 44° is assigned to the (1 0 0) plane, and is
an indicator of the average size of the PAH in the soot sample. The
quantitative analysis of these two peaks provides information about the
nanostructures of soot. These parameters manifest in the PAH interlayer
spacing (d002) as per Bragg’s law (see equation E2), the nano-crystallite
height (Lc), which gives the thickness of the PAH stack using Scherrer
formula (see Equation E3), and the nano-crystallite width (La), which
provides the average size of the PAH stack using Equation E4.

=d λ
sinθ2002

002 (2) =L λ
B cosθ

0.9
c

002 002 (3)

=L λ
B cosθ

1.84
a

100 100 (4)

In these equations, λ = wavelength of X-ray (0.154 nm for Cu Kα),
θ002 and θ001 are the Braggs angles, and B002 and B100 are the full width
at half maximum (FWHM) for the two peaks. The Braggs angles and the
FWHM were obtained via Gaussian fitting of the respective peaks using
Matlab software. The obtained values are listed in Table 2.

As evident from Table 2, the interlayer separation between the PAH
stacks is increased slightly in the case of NBD soot, which indicates a
greater degree of disorder in the soot structure due to the addition of
norbornane to diesel, although the difference is minimal. The La and Lc
values confirm that the nano crystallites present in NBD10 soot sample
contain smaller PAH stacks with reduced number of graphene layers per
stack as compared to diesel soot, which is in agreement with the
HRTEM analysis.

3.6. Raman spectroscopy

The Raman bands observed in the region of 900–2000 cm−1 for theFig. 7. XRD pattern of soot samples derived from Diesel and NBD10.

Fig. 8. Raman spectra for A) Diesel soot and B) NBD10 soot.
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two soot samples are presented in Fig. 8. The first peak, observed at
around 1350 cm−1, is known as the D band, and it is associated with
the disordered or aliphatic content of soot particles. The second peak at
around 1590 cm−1 is known as the G band, and it is associated with the
ordered or the graphitic structure of soot [46,47]. In order to analyse
the Raman spectra, the 5-curve deconvolution model was used, wherein
the raw experimental data were fitted using Voigt function, as sug-
gested in [48]. The 5 fitted peaks were labelled as D1 = 1345 cm−1,
D2 = 1560 cm−1, D3 = 1445 cm−1, D4 = 1220 cm−1, and
G = 1590 cm−1. The D2 and D3 bands represent the lattice vibrations
and the existence of highly amorphous carbon in the soot samples, re-
spectively. The intensity ratio of the D to G band is used as an indicator
of the magnitude of discontinuity and randomness of graphene layers
present in soot [48,49]. The ratio of D band intensity over the G band
intensity (ID/IG) is related to the lattice width (La) through Knight and
White equation (E5) [50]. The intensity of the D1 peak is used here
instead of D along with a proportionality constant of 4.4 for the ex-
citation wavelength of 515 nm, as suggested in references [50,51]. The
calculated values of La and ID1/IG are listed in Table 2.

⎜ ⎟= ⎛
⎝

⎞
⎠

−

L I
I

4.4a
D

G

1
1

(5)

As evident from the obtained values, the ID1/IG ratio of NBD10 soot
is higher than that of diesel soot. The calculated values of La using
Raman data have the same trend as those obtained from XRD studies,
although the La values calculated using the former method are rela-
tively higher. The higher intensity of ID1 peak is a clear indicator of
greater disorder in the soot structure leading to smaller PAH stacks in
NBD10 soot as compared to diesel soot. Therefore, both the XRD and
the Raman studies very well complement each other and are in ex-
cellent agreement with the HRTEM results presented earlier, which
concluded the existence of shorter graphene fringes with increased
tortuosity that lead to greater disorder in NBD10 soot. The smaller size
of the PAH stack with increased disorder results in the increased ex-
posure of edge carbon atoms to the reactive species such as radicals and
O2 to augment the oxidation kinetics of NBD10 soot. The greater degree
of curvature also reduces the stability of the PAH stack, thus reducing
the activation energy for the oxidation of soot particles, as observed in
the TGA studies.

3.7. Elemental analysis (EDX)

Several studies in the literature have indicated that the percentage
of oxygen functionalities in the additive, especially biofuels, induces
greater oxygen content in the soot samples, which ultimately increases
soot oxidation rate [49] and lowers the activation energy of its oxida-
tion. Since norbornane does not contain any oxygenated functional
group in its chemical structure, such a contribution to oxygen content of
the soot may not be expected. However, to verify this hypothesis, it was
important to measure the relative C/O ratio on the blended samples. In
order to qualitatively approximate the distribution of carbon and
oxygen atoms on the surface of soot samples, the samples were coated
with Au/Pd by sputtering method on an aluminium foil and the Energy
Dispersive X-ray Spectra (EDX) are recorded using Ametex EDX PV6500
system. The data was processed using eZAF Smart Quant analyser. The
results of this analysis on both the soots are shown in Fig. 9. The atomic
and weight percentages of carbon and oxygen atoms in three different
regions (A1-A3) of each soot sample were measured [42]. It is evident
from Fig. 9 that NBD10 soot contains approximately 6 (± 1)% more
oxygen content than the diesel soot. The C/O ratio in NBD10 soot is
1.54, while that in diesel soot is 1.94. The greater percentage of oxygen
content in NBD10 soot in spite of the lack of oxygen functionalities in
norbornane structure suggests that there is no direct correlation be-
tween the additive oxygen functionalities and soot oxygen content. The
higher oxygen content in NBD10 soot is, therefore, a result its greater

oxidation in flames due to increased crystal disorder. Its higher oxygen
content also supports its higher oxidative reactivity, as observed in TGA
analysis.

3.8. Electron energy loss spectroscopy (EELS)

Electron Energy Loss Spectroscopy (EELS) is very effective for the
quantitative analysis of the relative distribution of sp3 and sp2 hy-
bridized carbons in soot samples. The qualitative estimation of the peak
positions and the intensity ratio of 1 s to π* and 1 s to σ* K edge
transitions are noted [52]. The aliphatic/aromatic distribution of the
soot samples is further analyzed using the ratio of the two peak in-
tensities, denoted by π*/σ*. A high π*/σ* ratio is an indicator of a
greater amount of aromatic hydrocarbons (π bonding) and a low
amount of aliphatic functionalities in the sample. When the EELS
spectrum of the diesel and the NBD10 soot samples are compared (see
Fig. 10), significant differences in the π* (287 eV) and σ* (295 eV) are
observed. The σ* peak with broad hump like structure in case of soot
collected from NBD confirms that these soots have highly disorder
graphene layers [53] (in agreement with the HRTEM, XRD, and Raman
studies).

The obtained π*/σ* ratios were 0.775 for pure diesel and 0.632 for
the NBD10, which indicates that the NBD10 soot has a higher aliphatic
content as compared to the pure diesel soot. Aliphatic compounds are
known to undergo rapid oxidation as compared to aromatics. At lower
oxidation temperatures, easy oxidation of the aliphatic chains results in
the reduction in the size of soot particles with a greater amount of
aromatic content still intact. As higher conversion levels are reached,
the elimination of smaller PAH and aliphatic chains leaves the soot with
long range PAHs, which require higher activation energy to be over-
come for oxidation, as observed during TGA analysis of NBD10 soot.
Due to the existence of a greater extent of graphitic character in diesel
soot, the increase in activation energy for soot oxidation at higher
conversion levels was insignificant in this case. Therefore, EELS studies
compliment the observations made on the reactivity of soot samples in
the TGA [52].

3.9. Structural comparison between NBD10 and Dicyclopentadiene-diesel
soot nanostructures

All the above investigations confirmed that the introduction of a
saturated 5-membered bicyclic additive, norbornane significantly alters
the soot nanostructure of diesel and induces greater fringe curvature/
disorders in the soot structure with increased oxidative reactivity. Such
improved oxidative reactivity supresses soot emission rate during diesel
combustion. Since norbornane is a saturated bicyclic additive, it is in-
teresting to qualitatively compare its effect on soot nanostructural
parameters with another 5-membered bicyclic but unsaturated ad-
ditive, DCPD, studied in [22]. Such a comparison is interesting from
industrial point of view because DCPD serves as a precursor for the
manufacturing of norbornane. Moreover, both are also found in crude
oil distillates in refineries. Such a comparison could provide some im-
portant information, useful for deciding distillation methodologies. In
order to compare the two soots, the normalized nanostructural para-
meters, PAH stack width (NLa), mean primary particle size (NS), aro-
matic/aliphatic content (Nπ*/σ*) ratio, and activation energy (NEa) for
soot oxidation for NBD10 and DCPD10 soots [22] were compared (the
parameter values were normalized with the values for pure diesel soot
in the two studies), and the values are shown in Table 3.

The normalised NLa and NS values of NBD10 were found to be 0.87
and 0.67, while those of DCPD10 soot were 0.93 and 0.75, respectively.
The consistently lower values suggest that norbornane addition to
diesel has a greater tendency to reduce the PAH stack size and mean
particle size, which is beneficial, as increases the effective surface area
and exposes a greater number of reactive edge carbon atoms to the
incoming oxygen or radical species to induce a faster rate of oxidation
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and improves soot suppression efficiency. A comparison of the nor-
malized ratio of π*/σ* suggests that DCPD10 soot (Nπ*/σ* = 0.92) had
an overall greater aromatic content and lower aliphatic content as
compared to NBD10 soot (Nπ*/σ* = 0.82). The normalised activation
energy for soot oxidation measured in TGA supports this observation, as
the obtained normalised NEa of 0.65 is significantly lower in case of
NBD10 soot, as compared to DCPD10 soot having NEa of 0.88. Such a

difference in the soot nanostructure, degree of disorder, and aromatic/
aliphatic composition resulting in significantly different oxidative re-
activity could arise due to the differences in the thermal decomposition
behaviour of NBD and DCPD during the early ignition phase of the fuel
blend. This could result in the variation in the type of primary radical
species generated, their relative stabilization effects, radical propaga-
tion, and branching reactions during the combustion of fuel blend, all of
which directly affect the rate of diesel fuel oxidation and soot formation
mechanisms. The combustion product analysis studies for such bicyclic
fuels, therefore, could be interesting for future research. This study
therefore concludes that the saturated 5-membered bicyclic additives
such as norbornane serves as an efficient additive and has excellent soot
suppression potential. More importantly, this study also confirms that
the 5-membered bicyclic compounds such as norbornane and dicyclo-
pentadiene, which are available as by-products of existing chemical
processing industries, are promising alternative fuel additives to diesel,
and could be retained during oil distillation process to form an integral

Fig. 9. Elemental composition of A) diesel soot and B) NBD10 soot.

Fig. 10. EELS spectra for diesel soot and NBD10 soot.

Table 3
Normalized NBD10 and DCPD10 soot nanostructural parameters calculated
with respect to diesel soot.

Soot sample NLa NS Nπ*/σ* NEa

NBD10 0.87 0.67 0.82 0.65
DCPD10 0.93 0.75 0.92 0.88
Diesel soot 1 1 1 1
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component of fuel formulation.

4. Conclusion

A systematic investigation on the addition of norbornane, a satu-
rated, 5 membered-bicyclic additive to diesel on its fuel properties, soot
nanostructure and oxidative reactivity was performed. The sooting
propensity of diesel was found to decrease at an optimum blending
percentage of 10% norbornane-90% diesel. The decrease in sooting
propensity of the blend was found to be a result of the enhanced in-
ternal oxidation of soot particles, as they travel through the flame.
Thermogravimetric analysis revealed that the NBD10 soot had a sig-
nificantly lower initial activation energy for oxidation as compared to
pure diesel soot. Detailed morphological characterization of the soot
samples using HRTEM, XRD, Raman, EDX and EELS techniques re-
vealed that, the greater oxidative reactivity of NBD10 soot is a result of
increased structural disorder (greater fringe tortuosity, shorter fringe
length), smaller primary particle size, and the greater percentages of
oxygen and aliphatic functionalities in the soot structure. A qualitative
comparison between nanostructural characteristics and oxidative re-
activity of soots obtained from 5-membered bicyclic additives, nor-
bornane (saturated compound) and dicyclopentadiene (unsaturated
compound) suggests that the saturated bicyclic additives have a rela-
tively greater soot suppression potential. More importantly, this in-
vestigation confirms that 5-membered bicyclic additives, which are
readily available as by-products of chemical industries can serve as
potential fuel additives and therefore should be utilized in designing
advanced fuel formulations.
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