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Abstract 10 

Soot emission from diesel engines is of serious concern, as it is carcinogenic and remains suspended 11 

in air for a long time to cause adverse effects on human health and the environment. A way to reduce 12 

soot emission is by altering soot nanostructures by introducing fringe curvatures to enhance reactivity 13 

and increase oxidation. Such disorder in soot nanostructure can be initiated by the introduction of 5-14 

membered rings into 6-membered, graphite-like soot structures. This study investigates the effect of 15 

the addition of norbornane, a saturated, 5-membered bicyclic hydrocarbon additive to diesel on the 16 

physicochemical properties, sooting propensity, structural disorders, and the oxidative reactivity of 17 

soot. The physicochemical analysis revealed that the threshold sooting index (TSI) of the blend is 18 

reduced to 29.5 at an optimum blending percentage of 10% norbornane-90% Diesel (NBD) as 19 

compared to the TSI of 37 for diesel. The analyses using XRD, Raman, HRTEM, and EDX indicated 20 

that the addition of this additive resulted in an increased soot nanostructural disorder, smaller PAH 21 

size, increased fringe curvature, and significantly greater aliphatic content in soot as compared to an 22 

unsaturated 5-membered bicyclic additive, dicyclopentadiene (DCPD). The reactivity studies 23 

confirmed that NBD soot is easily oxidized in air, since it requires a lower initial activation energy 24 

(90 kJ/mol) as compared to DCPD (120 kJ/mol) and pure diesel soots (170 kJ/mol).  Thus, 25 

norbornane, a saturated 5-membered bicyclic compound, which is available as a by-product of 26 

polymer industry and in crude oil, can serve as a potential fuel additive for designing advanced fuels.   27 
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1. Introduction 33 

Fossil fuels are the leading energy source worldwide and will remain the dominant one for several 34 

upcoming years. With the continuous increase in the consumption of fossil fuels, more and more 35 

pollutants are being generated and released into air. A solid-phase pollutant that is being released in 36 

huge amounts on a daily basis is the particulate matter (soot). The term soot, refers to fine, black, 37 

carbon-containing particles that are formed due to the incomplete combustion of an organic material. 38 

Soot is produced in the form of agglomerates that are generated as a result of coagulation of small 39 

spherules/particles, and its size varies from few nanometers to few micrometers [1]. Soot is generated 40 

as a result of the partial oxidation of diesel and gasoline fuels inside internal combustion engines. 41 

This phenomena occurs as a result of the short timespan available for the fuel to completely oxidize, 42 

in addition to the absence of homogeneity in the fuel-air mixture and the variation in temperature 43 

inside the engine. Soot is recognized as a mixture of carcinogenic compounds by the International 44 

Agency for Research on Cancer, and is one of the leading causes of death [2]. Soot also has 45 

detrimental effects on the environment and is considered one of the main contributors to air pollution, 46 

regional climate change, and global warming.  47 

The diesel particulate filters (DPFs) in vehicle exhaust system appear as a good technology to 48 

detoxify diesel exhaust, as they trap the harmful particulate matter to prevent their emission [3]. The 49 

DPFs require frequent regeneration to avoid pressure build up in the exhaust system. According to a 50 

study conducted by Brijesh et al. [4], the delay in DPF regeneration led to a large increase in 51 

backpressure, and hence, resulted in a reduction in engine efficiency and an increased emission levels. 52 

Since active regeneration process requires an extra amount of fuel injection to increase exhaust gas 53 



 3 

temperature to burn soot collected in DPF [5], this renders the solution cost ineffective, especially for 54 

developing countries. Therefore, the oxidative reactivity of soot must be enhanced by: (a) increasing 55 

the oxygen and aliphatic content within soot structure, and (b) producing small PAH layers with high 56 

disorder in the graphitic structure and high tortuosity. Most studies in the literature that attempted to 57 

reduce the negative impacts of fuels or enhance the soot oxidative reactivity utilized either 58 

oxygenated or metal-based additives. However, the proposed solutions either involve high costs due 59 

to the use of rare metals as catalysts, or the risk of generating new pollutants such as aldehydes and 60 

dioxins (which are highly toxic pollutants). Oxygenated fuels lead to the reduction in the energy 61 

density of the blended fuels, and are known to be responsible for corrosion in fuel pumps and filters. 62 

For instance, Dias et al. [6] studied the effect of ethanol-benzene blends on soot production. Although, 63 

they found that the partial replacement of fuel by ethanol reduced soot precursor concentrations, it 64 

also increased the harmful oxygenated emissions such as formaldehyde and acetaldehyde, which are 65 

among the well-known volatile organic pollutants in the atmosphere [7]–[9]. Most of the fuel 66 

alternatives such as oxygenated fuels or bio-fuels usually exhibit low cetane number (which is an 67 

indicator of the quality of diesel and its ignition properties) [10]. Moreover, oxygenated fuels tend to 68 

have less volatility and high lubricity than diesel [11], although light molecules such alcohols or 69 

ethers, when added to diesel, lead to increased volatility and reduced lubricity, and often have 70 

miscibility problems [12]. Thus, there is a need to find low cost novel additives for fuels with the 71 

capabilities to enhance combustion efficiency and reduce particulate matter emission, with a 72 

negligible effect on energy density to diminish the impact of fossil fuel combustion on human health 73 

and the environment.  74 

Ideally, for reduced soot emissions from engines, soot produced from a blended fuel must contain 75 

some physiochemical properties that enhance its oxidative reactivity. Some of these properties are: 76 

a) a high concentration of the oxygenated functional groups [13], b) a high ratio of aliphatic to 77 

aromatic content within soot, as aliphatics are more reactive and easily oxidized at lower temperature 78 

than aromatics, which  makes soot particles more prone to oxidation [14]; c) the existence of small 79 
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graphene layers (fringes) with high tortuosity and random orientations, which deviates the structure 80 

from stability and lowers the activation energies for the oxidation of carbon atoms within the soot 81 

nanostructure [15]; d) the increase in soot surface area resulting from the small size of primary 82 

particles, which reduces mass transfer limitations in accessing reactive site on soot by O2 (moreover, 83 

small primary particles are inherently composed of small aromatic layers with higher ratio of reactive 84 

peripheral carbon atoms to the less-reactive basal carbon atoms as compared to larger aromatic layers 85 

[16]), and e) the increase in the active surface area of soot that accounts for the concentration of 86 

radicals sites on soot and the structural defects, which possess high binding energy for oxygen and 87 

support soot oxidation process through its chemisorption [17]. 88 

Recently, some studies in the literature have emphasized on the introduction of 5-membered cyclic 89 

structures within the soot’s 6-membered aromatic planes to impose curvature in the soot structure, so 90 

as to make it more disordered and thus prone to oxidation [18]–[21]. The formation of five-membered 91 

cyclic compounds during combustion depends on the kinetics and thermodynamic factors of high 92 

temperature assisted, complex mechanism of PAH formation and growth in flames. A flame study 93 

[22] using dicyclopentadiene (DCPD), which is an unsaturated bicyclic additive (see Figure 1A), 94 

showed that Threshold Sooting Index (TSI) of diesel reduces with increase in DCPD concentration 95 

up to 10% (v/v). However, the further increase in DCPD concentration results in an increase in the 96 

sooting tendency. A similar non-linear trend was shown by the cetane number of the blended fuels. 97 

It was also observed that the disorder in the soot structure is enhanced by the addition of DCPD. Thus, 98 

it appears that, with the aid of 5-membered cyclic additives, it is possible to increase soot oxidation 99 

inside engines, and consequently, (a) reduce emission of soot in the exhaust, and (b) achieve efficient 100 

regeneration of particulate filters. 101 

Norbornane, also known as bicyclo [2.2.1] heptane, is a saturated hydrocarbon and contains, two 5-102 

membered bridged cyclic ring structure (see Figure 1A). It is commercially produced by the reaction 103 

of dicylcopentadiene with ethylene via Diels-Alder reaction. Both norbornane and DCPD are found 104 

in the distillation cuts of oil refineries. Therefore, it is hypothesized that the addition of such a 105 
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bicyclic, saturated, 5 membered ring structure to diesel fuel can influence the radical formation 106 

kinetics and oxidation chemistry of diesel, and probably enhance the formation and introduction of 5 107 

membered cyclic structure into the 6-membered graphitic planes, thus distorting the soot structure 108 

from fringe planarity, leading to increased curvature (tortuosity). More importantly, in comparison to 109 

unsaturated 5 membered cyclic additives, the saturated bicyclic additives such as norbornane may 110 

result in a greater aliphatic content of soot, thus exhibiting its increased reactivity. Such a comparative 111 

analysis is not available in the literature to the best of our knowledge. 112 

The above hypothesis is put to test in the present investigation by performing systematic studies such 113 

as the optimization of norbornane blending ratio with diesel (termed as NBD), its influence on 114 

physicochemical properties of the fuel blend, the sooting propensity, and its influence on the chemical 115 

and morphological characteristics of soot nanostructures and on the oxidative reactivity of soot 116 

particles. A comparative analysis of soot nanostructural properties of NBD and DCPD is also 117 

presented to determine the effect of saturated and unsaturated 5 membered bicyclic additives on 118 

structural disorder, aliphatic/aromatic composition, oxidative reactivity of soot, soot emission 119 

tendency of diesel.  120 

 121 

2. Experimental Methodology 122 

Smoke point measurement is one of the standard lab scale method of analyzing the tendency of the 123 

fuel to generate soot, and it is a good indicator for actual diesel engine emissions [23]. Smoke point 124 

is defined as the flame height at which the sooting wings start to be visible in the diffusion flame of 125 

smoke point apparatus [24]. Also, its inverse, the threshold sooting index (TSI) correlates very well 126 

with the actual particulate emissions and gives more representative information [25]. The smoke point 127 

apparatus was selected for soot study in this paper, as it produces stable flames with known fuel flow 128 

rates that allows the soot particle collection at various flame heights above the smoke point. While 129 

the study presented in this paper can also be conducted using a diesel engine, several engine operating 130 

parameters such as engine speed, load, fuel injection, and exhaust gas recirculation along with the 131 
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changes in fuel properties such as density, viscosity, and cetane number upon blending 132 

simultaneously influence the soot formation, oxidation, and its nanostructural characteristics [15], 133 

[26], [27], [28]. This makes it complicated to derive a confirmative evidence that can specifically 134 

highlight the sole effect of the fuel additive and its chemical structure on the sooting tendency of the 135 

fuel blend and on soot nanostructures and reactivity. Therefore, smoke point apparatus was preferred 136 

considering the objective of this investigation. Smoke point measurements were performed according 137 

to the standard ASTM D1322-08 procedure [29]. In this test, soot particles were generated in the 138 

diffusion flames of diesel and its blends at atmospheric pressure by means of a smoke point apparatus 139 

(RAP172) installed in a fume hood. A detailed representation of the smoke point setup is shown in 140 

Figure 1. The smoke point apparatus consists of: i) a cylindrical fuel reservoir that contains the fuel 141 

to be tested, ii) a cotton wick tube, which remains soaked in the fuel reserve and is burned at its tip 142 

to generate smoke, iii) a lamp body, which surrounds the flame, and contains a metallic ruler behind 143 

the flame and a glass door in front of the flame, and iv) a burner holder with a long chimney. The 144 

upper end of the chimney contains a perpendicularly mounted-borosilicate microfiber filter enclosed 145 

assembly (from Sierra Instruments, USA) that is coupled to a suction pump to allow trapping of soot 146 

particles on the filter. This microfiber filter was chosen because of its inertness to PAH, and because 147 

of the easiness of handling it to extract soot particles [30]. The lamp body in-houses the burner and 148 

minimizes flame disturbances in the fume cupboard and the curved glass window prevents the 149 

formation of multiple flame images.  150 

 151 

Figure 1: A) Molecular structure of NBD and DCPD; B) experimental setup for smoke point tests. 152 
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The setup also contains a concentric hole inside the fuel reservoir that provide an opening for the 153 

cotton wick height to be adjusted with the aid of the circular knob. The flame extent is measured from 154 

the bottom of the exposed wick to the flame tip using the metallic ruler scale behind the flame that 155 

ranges from 0 to 50 mm. The flame vertical height can be altered by increasing or decreasing the 156 

length of the wick exposure with the aid of the circular knob. This act also leads to either increasing 157 

or decreasing the fuel flow rate to the flame accordingly. The adsorbed water and volatiles from the 158 

collected soot samples are removed by heating the samples at a rate of 20 °C/min at 400 °C under N2 159 

flow, and then subjected to morphological and chemical characterization.  160 

The transmission electron microscope (Tecnai T20 electron microprobe) operating at 200 kV 161 

accelerating voltage with an ultimate lattice resolution of 0.24 nm was used to record microstructural 162 

details of soot particles. After ultra-sonicating in ethanol for 10 min, the soot samples were placed on 163 

a lacey carbon-coated, copper grid. The Gatan Image Filter in the STEM mode with the energy 164 

resolution of 1 eV was used to record the electron energy loss spectra (EELS), which provided the 165 

information about relative distribution of σ and π bonds in the soot structure. 166 

In order to study the oxidative reactivity of soot in air, thermogravimetric analyzer (TGA, NETZSCH 167 

STA 409PC-LUXX) was used. The dried soot samples were subjected to temperature programmed 168 

heating in air from 200 to 800°C at different heating rates of 1, 3, and 5°C/min to oxidize soot in each 169 

experiment [30].  170 

The structural parameters of soot were obtained using the X-ray diffraction patterns in the range of 171 

10–90° with a step size of 0.02° using the Panalytical Empyrean X-ray diffractometer (XRD) [30]. 172 

The XRD results were used to calculate La (the length of the PAHs), Lc (the thickness or the height 173 

of the stack), and d002 (the spacing between graphene layers). The Raman spectra were recorded using 174 

the Witech Alpha 300 RAS equipped with 515 nm laser source and a dual purpose 50x objective lens 175 

and the disorder and graphitization in soot samples were analyzed. The Raman spectra was de-176 

convoluted in the Origin Pro software to determine the contribution from different peaks to the overall 177 

band, all of which are discussed in detail in the subsequent sections. 178 
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3. Results and Discussion 179 

Fuel physical properties 180 

The commercial diesel fuel (Grade No. 2-D S15, ASTM D975 [31]) was obtained from a local fuel 181 

station from Abu Dhabi, UAE. Norbornane was procured from Sigma–Aldrich with a purity of 182 

≥95%). Norbornane-diesel blends were prepared with 5%, 10%, 15% and 20% norbornane volume 183 

fraction in diesel, and were labelled as NBD5, NBD10, NBD15, and NBD20, respectively. All fuel 184 

blends were prepared and stored at 25 oC to ensure phase stability over 1 hour, before testing on 185 

smoke point apparatus. A complete miscibility of the additive in the fuel blend was observed at the 186 

above-mentioned compositions without any phase separation. The physical properties of diesel and 187 

the NBD blends were measured, as displayed in Table 1. The Stabinger Viscometer (SVM™ 3000, 188 

Anton Paar) was used to measure the kinematic viscosity and density of the fuel blends following the 189 

procedure as per ASTM D7042 standard[22].  190 

Table 1: Physicochemical properties of diesel and norbornane-diesel blends. 191 

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 

 192 

As evident from Table 1, as the concentration of norbornane in the NBD blend increases, the density 193 

of the fuel blend increases; while the viscosity and the molecular weight of the fuel blend decreases. 194 

This trend is expected as the norbornane additive originally has a higher density and a lower viscosity 195 

than pure diesel. Both density and viscosity play a crucial role in engine performance, as they 196 

determine the fuel atomization rate during spray injection [32]. Moreover, the improved combustion 197 

of the fuel blend also results in suppression of soot production in engines.  198 

 199 

 200 
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Measurement of smoke point and the threshold sooting index (TSI) 201 

The smoke points of pure diesel and norbornane blends were measured using the ASTM D1322 202 

apparatus and procedure. An increase in the smoke point serves as an indicator that the fuel needs a 203 

higher flame height or fuel flow rate to generate soot particles [29]. Thus, a fuel with higher smoke 204 

point is considered cleaner with less tendency to produce soot. As observed in Figure 2, with the 205 

addition of small blending percentage of norbornane (up to 10%) to diesel, the smoke point of the 206 

NBD blends increases to 22 (±1) mm from 19 (±1) mm for pure diesel. The smoke point values 207 

undergo a steady decease as the concentration of the additive is further increased. The saturation of 208 

fuel blend occurs at around 40%, as no further additive can be dissolved in diesel. However, since 209 

the smoke point values are apparatus dependent, the threshold sooting index (TSI), which is an 210 

instrument independent quantity, is calculated for more realistic and practical comparison of the 211 

sooting tendencies of fuel blends. The TSI was initially introduced by Calcote and Manos [33], who 212 

utilized it instead of the smoke point to analyze the experimental results. The authors defined the TSI 213 

as a sooting index in which “0” represent the minimum sooting ability and “100” represents the 214 

maximum sooting tendency. TSI is a linear function of the molecular weight (MW) of the fuel and the 215 

reciprocal of the smoke point (SP), and is represented as: TSI= a (MW/SP) + b. The two constants, a 216 

and b, are apparatus dependent that are found by calibrating the apparatus with known chemical 217 

compounds. For our apparatus, their values were calculated as a = 3.7623 and b= -3.7539 in a 218 

previous study [23]. From the TSI curve in Figure 2, it is evident that the lowest TSI values are 219 

obtained at an optimum bending percentage of 10%.  220 
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 221 

Figure 2: Variation in smoke point and TSI values of NBD blend. 222 

Since the average smoke points of pure diesel and 10% NBD blend were in the range of 18-23 mm, 223 

the soot from the two fuels was collected at a fixed flame height of 25 mm (i.e., above the smoke 224 

points of the two), and were labelled as diesel soot (D) and 10% NBD blend soot (NBD10). The 225 

collected soot samples were subjected to detailed characterization tests in order to understand the 226 

effect of norbornane additive on the physiochemical structure of soot and its oxidative reactivity. 227 

 228 

Thermogravimetric analysis (TGA) 229 

The soot oxidation tendency in air is a crucial parameter in determining the soot reactivity especially 230 

in the DPF. Lower the activation energy, higher is the DPF regeneration efficiency. Therefore, in 231 

order to measure the soot’s oxidative reactivity, thermogravimetric analyses were performed on the 232 

soot samples. The variation in oxidative soot conversion (α) versus temperature as a function of the 233 

heating rates for pure diesel soot and NBD10 were measured and plotted in Figure 3. Soot conversion 234 
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(α) is defined as α = 
(𝑀𝑜−𝑀𝑇)

(𝑀𝑜−𝑀𝐿) 
, with MO being the initial mass of dry soot, MT is the mass of partially 235 

oxidized soot at oxidation temperature T, and ML is the leftover mass (mainly ash). ML in this case 236 

was zero, as there was no left-over ash after the complete oxidation of soot. With increasing heating 237 

rate, the soot conversion curve shifts towards higher temperature. This phenomenon occurs mainly 238 

due to two reasons [34]: (a) There always exists a temperature gradient between the heated air and 239 

the carbon sample due to heat transfer limitations and delay. This gradient increases with increasing 240 

heating rate, and the resulting heat transfer delay causes the shifting of the thermogravimetric curves 241 

towards higher temperature. (b) As the heating rate is increased, the time available for a sample to 242 

reach a given temperature and react with O2 at that temperature is shortened. This reaction delay 243 

causes the same soot conversion level to be achieved at a higher temperature with a higher heating 244 

rate.  245 

To compare the oxidative conversion profiles of diesel and NDB10 soots, the temperatures 246 

corresponding to oxidation at an initial stage (i.e. 10% conversion), at 50% conversion, and at 95% 247 

conversion stages are given in Table 2. For 10% conversion, NBD10 soot required significantly lower 248 

oxidation temperature (around 15-20 °C less) than the diesel soot at heating rates of 1, 3, and 5 249 

C/min. A similar trend continued as the oxidation of soot progressed to 50% conversion level. Thus, 250 

the NBD10 soot had higher reactivity towards oxygen than the diesel soot especially at low 251 

conversion levels. With further increase in the soot oxidation from 50 to 95%, the relative difference 252 

in required oxidation temperature between NBD10 and diesel soot started to decrease, and as the 253 

oxidation reached near completion (at 95% conversion), the oxidation temperatures were almost 254 

similar for both the soots.  255 

 256 
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 257 

 258 

Figure 3: Soot conversion vs temperature at various heating rates for a) diesel soot b) NBD10 soot. 259 

 260 
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Table 2: Characterization results on diesel and NBD10 soots using different techniques. In the TGA 261 

results, T represents temperature, α represents soot conversion, and HR represents heating rate.  262 

Sample properties Diesel soot NBD10 soot 

TGA results 

T at α = 10% (HR = 1C/min) 468 C 452 C 

T at α = 10% (HR = 3C/min) 493 C 475 C 

T at α = 10% (HR = 5C/min) 514 C 489 C 

T at α = 50% (HR = 1C/min) 521 C 509 C 

T at α = 50% (HR = 3C/min) 555 C 542 C 

T at α = 50% (HR = 5C/min) 570 C 562 C 

T at α = 95% (HR = 1C/min) 556 C 572 C 

T at α = 95% (HR = 3C/min) 602 C 601 C 

T at α = 95% (HR = 5C/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 
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The further analysis of the thermal stability of soot at different conversion levels were performed by 263 

calculating  the activation energy of soot oxidation using Friedman method [35], where the rate of 264 

soot conversion rate,  
𝑑𝛼

𝑑𝑡
 is related to soot conversion (α) by the following equation: 265 

𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼)  (E1) 266 

Here, k(T) is the rate constant (s-1) of soot oxidation, obeying Arrhenius equation, k=Ae-(Ea/RT), with 267 

A being the pre-exponential factor, Ea being the activation energy of soot oxidation, and T is the 268 

temperature [36]. The reaction model or conversion function is denoted by f(α). More details about 269 

the procedure for activation energy calculation using the soot conversion profiles at different heating 270 

rates can be found in [36][37]. 271 

A plot of activation energy at different conversion levels as a function of temperature is presented in 272 

Figure 4 for diesel and NBD10 soots. Significant differences in the initial activation energy at low 273 

conversion levels were observed, with lowest activation energy of 90 kJ/mol for NBD10 soot and 274 

180 kJ/mol for diesel soot. As the oxidation progressed to higher conversion levels, the activation 275 

energy did not change significantly in the case of diesel soot (±20 kJ/mol), but, in the case of NBD10 276 

a gradual increase in activation energy was observed reaching a value almost similar to that of diesel 277 

soot at near complete conversion. The average activation energies were calculated to be around 170 278 

± 10 kJ/mol for pure diesel and 110 ± 00 kJ/mol for NBD soot for the entire oxidation process. The 279 

measured activation energies  are within the expected range of 100-200 for carbon soots in the 280 

literature [38]. The significantly high reactivity of NBD soot at low conversion levels could be due 281 

to the presence of higher magnitude of crystal disorder such as shorter fringes with increased fringe 282 

tortuosity, leading to a greater percentage of reactive edge carbon atoms as compared to those in 283 

diesel soot. Furthermore, the observed increase in activation energy at higher conversion levels in the 284 

case of NBD10 soot indicates the presence of higher aliphatic content in NBD soot, which is easily 285 

oxidised at temperatures less than 5000C leaving behind long range PAH molecules in soot, which 286 

needs higher temperature and has greater activation energy for reactivity with O2 [39]–[41]. 287 

Therefore, all the soot samples were subjected to HRTEM, Raman, EDX, XRD, and EELS analyses 288 
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to obtain more information about C/O content, microstructural disorder, PAH stack size, shape, and 289 

σ/ π bonding characteristics of the soot surface, which will be discussed in the subsequent sections. 290 

 291 

Figure 4: Variation in activation energy of soot oxidation at different conversion levels for diesel 292 

and NBD10 soot.  293 

High Resolution Transmission Electron Microscopy (HRTEM) 294 

Figure 5 represents the HRTEM images recorded at the resolutions of 20 and 50 nm for diesel (D) 295 

and NBD10 soot samples. It is clear from the micrographs that all the soot samples are composed of 296 

agglomerated, near spherical particles that are known as primary soot particles. The adjacent particles 297 

appear to be fused together due to sintering effect. The primary particle consist of a core-shell like 298 

structure, wherein the core is formed due to curved short fringes, whereas long range fringes are 299 

concentrically arranged along the periphery to form a shell-like structure [42], [43]. The excessive 300 

internal oxidation of soot is the reason for the formation of short core fringes with high structural 301 

disorder as the soot particles travel through the flame length, which is in agreement with the literature 302 
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reported studies [42], [43]. Comparative analysis of the average diameter of the primary particles of 303 

the soot samples was performed using the ImageJ software, wherein around 50 particles were 304 

analysed and the corresponding histogram distribution is presented in Figure 5C, F.  305 

The average particle diameter for diesel soot was recorded as 32 nm, while that of NBD10 soot was 306 

around 22 nm. This suggests that the addition of norbornane to diesel could lead to a greater degree 307 

of internal oxidation resulting in the reduction in the size of primary soot particles. Such small primary 308 

particles are known to have greater degree of surface carbon atoms which can be easily oxidised by 309 

air or NO2 in DPF or via exhaust gas recirculation (EGR) to further reduce soot emission. The 310 

possibility of such reductions in soot emission can be further confirmed by analysing the internal 311 

fringe structure of soot particles by estimating the degree of fringe tortuosity and fringe length 312 

distribution in the primary soot particles. 313 

  314 

Figure 5: HRTEM images and particle size distribution of Diesel soot (A, B, C) and NBD soot (D, 315 

E, F) at 20 nm and 50 nm resolutions, respectively. 316 
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A quantitative analysis of fringe length and tortuosity was performed using a Matlab code based on 317 

the algorithms reported in [44], wherein, the HRTEM image was subjected to negative transformation 318 

and grayscale. The negative transformation is defined as Inegetive = L-1-Ioriginal, where L is the discrete 319 

intensity levels (256 per image), and Ioriginal is the image pixel value before transformation. On 320 

selected multiple regions of interest (ROI), operations like Gaussian filter, histogram equalization, 321 

and Tophat transformation were performed in order to eliminate errors due to non-homogeneous 322 

illumination across the image as well as to improve the fringe contrast. The branches from fringes 323 

were removed by a processes called skeletonization using built-in functions in Matlab that uses 324 

parallel thinning algorithm [45]. The lattice fringes in the image after skeletonization are reduced to 325 

8-connected strokes or rings. With reference to these branch points, fringe length was determined in 326 

all directions. The smallest branch was identified, and the branch connections were broken by setting 327 

the first pixel to this branch as zero. The detailed procedure, equations, and algorithms used are 328 

already listed in detail in reference [44] and therefore shall not be repeated here. For each sample, an 329 

HRTEM image consisting of 50-100 particles is chosen for homogeneity of primary particle structure, 330 

of which 5 high resolution microstructural images of each primary particle are randomly chosen, each 331 

consisting of  >100 fringe microstructures and is subjected to Matlab image processing as discussed 332 

above. The mean values of the fringe length and fringe tortuosity are then calculated using the Matlab 333 

code. The processed fringe structures and images for pure diesel and NBD soots are shown in Figure 334 

6. The quantitative data on the mean fringe length and Mean fringe curvature (i.e. tortuosity index) 335 

distribution is presented in Figure 6, and the estimated values are listed in Table 2. From this table, 336 

one can conclude that diesel soot particles had a large mean fringe length of 3.57 nm which drastically 337 

decreases to 1.8 nm in the case of NBD10 soot. Moreover, the analysis of the tortuosity index also 338 

suggests that the short fringes in NBD10 soot have higher curvature (1.54) as compared to diesel soot 339 

(1.46). The tortuosity index measures the curvature of graphene layers (fringes), which usually 340 

develops from the formation of 5- and 7-membered ring structures within the planar aromatic 341 

framework of graphene layers. Such curvatures in aromatic layers prevent the development of long 342 
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range graphitic stacks, resulting in the reduction in PAH stack size and overall primary particle size 343 

of the NBD10 soot [15]. Therefore, it is very clear that shorter fringe length and largely curved fringes 344 

together make the NBD10 soot highly disordered or amorphous, and hence, these soot samples are 345 

prone to easy oxidation as desired for the fast regeneration of DPF filters. The disorder in the crystal 346 

structure of these soot samples is further analysed using XRD and Raman spectroscopy. 347 

 348 

 349 

Figure 6: Matlab processed images, fringe length and tortuosity index distribution of A) diesel soot 350 

and B) NBD10 soot. 351 

X-ray diffraction 352 

The X-ray diffraction analysis were performed on the NBD10 soot alongside the pure diesel soot, and 353 

the results are shown in Figure 7. Two peaks at 2θ scale values of around 25o and 44o were observed. 354 

The peak at 2θ value of 25o is assigned to the (002) plane, and it contains the information about PAH 355 

interlayer spacing and thickness of the PAH stack. The peak at 2θ value of 44o is assigned to the (100) 356 

plane, and is an indicator of the average size of the PAH in the soot sample. The quantitative analysis 357 
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of these two peaks provides information about the nanostructures of soot. These parameters manifest 358 

in the PAH interlayer spacing (d002) as per Bragg’s law (see equation E2), the nano-crystallite height 359 

(Lc), which gives the thickness of the PAH stack using Scherrer formula (see Equation E3), and the 360 

nano-crystallite width (La), which provides the average size of the PAH stack using Equation E4.   361 

𝑑002 =
𝜆

2𝑠𝑖𝑛𝜃002
                                          (E2) 362 

  363 

𝐿𝑐 =
0.9𝜆

𝐵002𝑐𝑜𝑠𝜃002
                                         (E3) 364 

 365 

𝐿𝑎 =
1.84𝜆

𝐵100𝑐𝑜𝑠𝜃100
                                         (E4) 366 

 367 

In these equations, λ = wavelength of X-ray (0.154 nm for Cu Kα), θ002 and θ001 are the Braggs angles, 368 

and B002 and B100 are the full width at half maximum (FWHM) for the two peaks. The Braggs angles 369 

and the FWHM were obtained via Gaussian fitting of the respective peaks using Matlab software. 370 

The obtained values are listed in Table 2.  371 

   372 

Figure 7: XRD pattern of soot samples derived from Diesel and NBD10. 373 
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 374 

As evident from Table 2, the interlayer separation between the PAH stacks is increased slightly in the 375 

case of NBD soot, which indicates a greater degree of disorder in the soot structure due to the addition 376 

of norbornane to diesel, although the difference is minimal. The La and Lc values confirm that the 377 

nano crystallites present in NBD10 soot sample contain smaller PAH stacks with reduced number of 378 

graphene layers per stack as compared to diesel soot, which is in agreement with the HRTEM 379 

analysis.  380 

 381 

Raman spectroscopy 382 

The Raman bands observed in the region of 900-2000 cm-1 for the two soot samples are presented in 383 

Figure 8. The first peak, observed at around 1350 cm-1, is known as the D band, and it is associated 384 

with the disordered or aliphatic content of soot particles. The second peak at around 1590 cm-1 is 385 

known as the G band, and it is associated with the ordered or the graphitic structure of soot [46], [47]. 386 

In order to analyse the Raman spectra, the 5-curve deconvolution model was used, wherein the raw 387 

experimental data were fitted using Voigt function, as suggested in [48]. The 5 fitted peaks were 388 

labelled as D1= 1345 cm-1, D2 = 1560 cm-1, D3 = 1445 cm-1, D4 = 1220 cm-1, and G =1590 cm-1. 389 

The D2 and D3 bands represent the lattice vibrations and the existence of highly amorphous carbon 390 

in the soot samples, respectively. The intensity ratio of the D to G band is used as an indicator of the 391 

magnitude of discontinuity and randomness of graphene layers present in soot [48],[49]. The ratio of 392 

D band intensity over the G band intensity (ID/IG) is related to the lattice width (La) through Knight 393 

and White equation (E5) [50]. The intensity of the D1 peak is used here instead of D along with a 394 

proportionality constant of 4.4 for the excitation wavelength of 515 nm, as suggested in references 395 

[50], [51]. The calculated values of La and ID1/IG are listed in Table 2. 396 

𝐿𝑎 = 4.4 (
𝐼𝐷1

𝐼𝐺
)

−1
                    (E5) 397 
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 398 

 399 

Figure 8: Raman spectra for A) Diesel soot and B) NBD10 soot. 400 
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As evident from the obtained values, the ID1/IG ratio of NBD10 soot is higher than that of diesel soot. 401 

The calculated values of La using Raman data have the same trend as those obtained from XRD 402 

studies, although the La values calculated using the former method are relatively higher. The higher 403 

intensity of ID1 peak is a clear indicator of greater disorder in the soot structure leading to smaller 404 

PAH stacks in NBD10 soot as compared to diesel soot. Therefore, both the XRD and the Raman 405 

studies very well complement each other and are in excellent agreement with the HRTEM results 406 

presented earlier, which concluded the existence of shorter graphene fringes with increased tortuosity 407 

that lead to greater disorder in NBD10 soot. The smaller size of the PAH stack with increased disorder 408 

results in the increased exposure of edge carbon atoms to the reactive species such as radicals and O2 409 

to augment the oxidation kinetics of NBD10 soot. The greater degree of curvature also reduces the 410 

stability of the PAH stack, thus reducing the activation energy for the oxidation of soot particles, as 411 

observed in the TGA studies. 412 

Elemental analysis (EDX) 413 

Several studies in the literature have indicated that the percentage of oxygen functionalities in the 414 

additive, especially biofuels, induces greater oxygen content in the soot samples, which ultimately 415 

increases soot oxidation rate [49] and lowers the activation energy of its oxidation. Since norbornane 416 

does not contain any oxygenated functional group in its chemical structure, such a contribution to 417 

oxygen content of the soot may not be expected. However, to verify this hypothesis, it was important 418 

to measure the relative C/O ratio on the blended samples. In order to qualitatively approximate the 419 

distribution of carbon and oxygen atoms on the surface of soot samples, the samples were coated with 420 

Au/Pd by sputtering method on an aluminium foil and the Energy Dispersive X-ray Spectra (EDX) 421 

are recorded using Ametex EDX PV6500 system. The data was processed using eZAF Smart Quant 422 

analyser. The results of this analysis on both the soots are shown in Figure 9. The atomic and weight 423 

percentages of carbon and oxygen atoms in three different regions (A1-A3) of each soot sample were 424 

measured [42].  It is evident from Figure 9 that NBD10 soot contains approximately 6 (±1)% more 425 

oxygen content than the diesel soot. The C/O ratio in NBD10 soot is 1.54, while that in diesel soot is 426 
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1.94. The greater percentage of oxygen content in NBD10 soot in spite of the lack of oxygen 427 

functionalities in norbornane structure suggests that there is no direct correlation between the additive 428 

oxygen functionalities and soot oxygen content. The higher oxygen content in NBD10 soot is, 429 

therefore, a result its greater oxidation in flames due to increased crystal disorder. Its higher oxygen 430 

content also supports its higher oxidative reactivity, as observed in TGA analysis.  431 

 432 

433 

Figure 9: Elemental composition of A) diesel soot and B) NBD10 soot. 434 

Electron Energy Loss Spectroscopy (EELS)  435 

Electron Energy Loss Spectroscopy (EELS) is very effective for the quantitative analysis of the 436 

relative distribution of sp3 and sp2 hybridized carbons in soot samples. The qualitative estimation of 437 
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the peak positions and the intensity ratio of 1s to π* and 1s to σ* K edge transitions are noted [52]. 438 

The aliphatic/aromatic distribution of the soot samples is further analyzed using the ratio of the two 439 

peak intensities, denoted by π*/σ*. A high π*/σ* ratio is an indicator of a greater amount of aromatic 440 

hydrocarbons (π bonding) and a low amount of aliphatic functionalities in the sample. When the 441 

EELS spectrum of the diesel and the NBD10 soot samples are compared (see Figure 10), significant 442 

differences in the π* (287 eV) and σ* (295 eV) are observed. The σ* peak with broad hump like 443 

structure in case of soot collected from NBD confirms that these soots have highly disorder graphene 444 

layers [53] (in agreement with the HRTEM, XRD, and Raman studies).  445 

 446 

Figure 10: EELS spectra for diesel soot and NBD10 soot. 447 

The obtained π*/σ* ratios were 0.775 for pure diesel and 0.632 for the NBD10, which indicates that 448 

the NBD10 soot has a higher aliphatic content as compared to the pure diesel soot.  Aliphatic 449 

compounds are known to undergo rapid oxidation as compared to aromatics. At lower oxidation 450 

temperatures, easy oxidation of the aliphatic chains results in the reduction in the size of soot particles 451 
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with a greater amount of aromatic content still intact. As higher conversion levels are reached, the 452 

elimination of smaller PAH and aliphatic chains leaves the soot with long range PAHs, which require 453 

higher activation energy to be overcome for oxidation, as observed during TGA analysis of NBD10 454 

soot. Due to the existence of a greater extent of graphitic character in diesel soot, the increase in 455 

activation energy for soot oxidation at higher conversion levels was insignificant in this case. 456 

Therefore, EELS studies compliment the observations made on the reactivity of soot samples in the 457 

TGA [52]. 458 

Structural comparison between NBD10 and Dicyclopentadiene-diesel soot nanostructures 459 

All the above investigations confirmed that the introduction of a saturated 5-membered bicyclic 460 

additive, norbornane significantly alters the soot nanostructure of diesel and induces greater fringe 461 

curvature/disorders in the soot structure with increased oxidative reactivity. Such improved oxidative 462 

reactivity supresses soot emission rate during diesel combustion. Since norbornane is a saturated 463 

bicyclic additive, it is interesting to qualitatively compare its effect on soot nanostructural parameters 464 

with another 5-membered bicyclic but unsaturated additive, DCPD, studied in [22]. Such a 465 

comparison is interesting from industrial point of view because DCPD serves as a precursor for the 466 

manufacturing of norbornane. Moreover, both are also found in crude oil distillates in refineries. Such 467 

a comparison could provide some important information, useful for deciding distillation 468 

methodologies. In order to compare the two soots, the normalized nanostructural parameters, PAH 469 

stack width (NLa), mean primary particle size (NS), aromatic/aliphatic content (Nπ*/σ*) ratio, and 470 

activation energy (NEa) for soot oxidation for NBD10 and DCPD10 soots [22] were compared (the 471 

parameter values were normalized with the values for pure diesel soot in the two studies), and the 472 

values are shown in Table 3.   473 

Table 3:  Normalized NBD10 and DCPD10 soot nanostructural parameters calculated with respect 474 

to diesel soot.  475 

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 
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Diesel soot 1 1 1 1 

 476 

The normalised NLa and NS values of NBD10 were found to be 0.87 and 0.67, while those of DCPD10 477 

soot were 0.93 and 0.75, respectively.  The consistently lower values suggest that norbornane addition 478 

to diesel has a greater tendency to reduce the PAH stack size and mean particle size, which is 479 

beneficial, as increases the effective surface area and exposes a greater number of reactive edge 480 

carbon atoms to the incoming oxygen or radical species to induce a faster rate of oxidation and 481 

improves soot suppression efficiency. A comparison of the normalized ratio of π*/σ* suggests that 482 

DCPD10 soot (Nπ*/σ* = 0.92) had an overall greater aromatic content and lower aliphatic content as 483 

compared to NBD10 soot (Nπ*/σ* = 0.82). The normalised activation energy for soot oxidation 484 

measured in TGA supports this observation, as the obtained normalised NEa of 0.65 is significantly 485 

lower in case of NBD10 soot, as compared to DCPD10 soot having NEa of 0.88. Such a difference in 486 

the soot nanostructure, degree of disorder, and aromatic/aliphatic composition resulting in 487 

significantly different oxidative reactivity could arise due to the differences in the thermal 488 

decomposition behaviour of NBD and DCPD during the early ignition phase of the fuel blend. This 489 

could result in the variation in the type of primary radical species generated, their relative stabilization 490 

effects, radical propagation, and branching reactions during the combustion of fuel blend, all of which 491 

directly affect the rate of diesel fuel oxidation and soot formation mechanisms. The combustion 492 

product analysis studies for such bicyclic fuels, therefore, could be interesting for future research. 493 

This study therefore concludes that the saturated 5-membered bicyclic additives such as norbornane 494 

serves as an efficient additive and has excellent soot suppression potential. More importantly, this 495 

study also confirms that the 5-membered bicyclic compounds such as norbornane and 496 

dicyclopentadiene, which are available as by-products of existing chemical processing industries, are 497 

promising alternative fuel additives to diesel, and could be retained during oil distillation process to 498 

form an integral component of fuel formulation.  499 

 500 
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4. Conclusion  501 

A systematic investigation on the addition of norbornane, a saturated, 5 membered-bicyclic additive 502 

to diesel on its fuel properties, soot nanostructure and oxidative reactivity was performed. The sooting 503 

propensity of diesel was found to decrease at an optimum blending percentage of 10% norbornane-504 

90% diesel. The decrease in sooting propensity of the blend was found to be a result of the enhanced 505 

internal oxidation of soot particles, as they travel through the flame. Thermogravimetric analysis 506 

revealed that the NBD10 soot had a significantly lower initial activation energy for oxidation as 507 

compared to pure diesel soot. Detailed morphological characterization of the soot samples using 508 

HRTEM, XRD, Raman, EDX and EELS techniques revealed that, the greater oxidative reactivity of 509 

NBD10 soot is a result of increased structural disorder (greater fringe tortuosity, shorter fringe 510 

length), smaller primary particle size, and the greater percentages of oxygen and aliphatic 511 

functionalities in the soot structure. A qualitative comparison between nanostructural characteristics 512 

and oxidative reactivity of soots obtained from 5-membered bicyclic additives, norbornane (saturated 513 

compound) and dicyclopentadiene (unsaturated compound) suggests that the saturated bicyclic 514 

additives have a relatively greater soot suppression potential.  More importantly, this investigation 515 

confirms that 5-membered bicyclic additives, which are readily available as by-products of chemical 516 

industries can serve as potential fuel additives and therefore should be utilized in designing advanced 517 

fuel formulations. 518 
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