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aState Key Laboratory of Engines, Tianjin University, Tianjin 300072, China 4 
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Abstract: This work compared the surface functional group (SFG) types and concentrations and 6 

sp3/sp2 hybridization ratios of in-cylinder soot samples generated by a heavy-duty diesel engine 7 

when employing n-heptane and a toluene/n-heptane mixture (20% toluene by volume, TRF20) as 8 

the fuels. In-cylinder soot samples were obtained from a total cylinder sampling system, and the 9 

SFGs and sp3/sp2 hybridization ratios were analyzed using Fourier transform infrared and X-ray 10 

photoelectron spectroscopy. Despite the differences in fuel formulation, both n-heptane and TRF20 11 

soot exhibited similar variation trends in the SFGs concentrations and sp3/sp2 hybridization ratios 12 

during the combustion process. However, the addition of toluene to the n-heptane was found to 13 

increase the concentrations of all SFGs as well as the sp3/sp2 hybridization ratio. The C–OH and 14 

C=O group concentrations exhibited a bimodal distribution for both the n-heptane and TRF20 soot 15 

throughout the combustion process, with the concentrations peaking in the premixed and diffusion 16 

combustion phases, respectively. In contrast, the relative amounts of aliphatic C–H groups decreased 17 

in the premixed combustion phase, increased in the early diffusion combustion phase, and then 18 

decreased 1in the subsequent combustion phase. The sp3/sp2 hybridization ratios obtained from both 19 

fuel soot were observed to initially decrease, then to increase before a decrease during the 20 
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combustion process. There was a definite correlation between the sp3/sp2 hybridization ratio and the 1 

relative concentration of aliphatic C–H groups. 2 

Keywords: Diesel engine; Surface functional group; sp3/sp2 hybridization ratio; In-cylinder soot; 3 

n-Heptane; Toluene   4 

1. Introduction 5 

Functional groups on soot surface are produced as intermediates during soot formation and 6 

oxidation [1–5], and play an important role in both these processes. For example, the thermal 7 

decomposition of surface functional groups (SFGs) can physically and chemically reduce the 8 

barriers to lamella realignment, thus mediating the reorganization of carbon lamella [6] and altering 9 

the soot structure. During soot oxidation, C–H and oxygenated functional groups attached to 10 

non-six-membered carbon rings behave as highly reactive edges, providing a greater number of the 11 

reactive sites for the facile oxidation of soot [7–11]. Moreover, sp3 and sp2 hybridizations are the 12 

main chemical states of carbon in soot, and the amounts and spatial relationships of the carbon 13 

atoms in these two states are intimately linked to soot formation [12]. Thus, it is important to gain 14 

insights into the SFGs and sp3/sp2 hybridization ratio of soot to understand the soot formation and 15 

oxidation mechanisms. 16 

Within the combustion history, the initial fuel composition plays a key role in the types and 17 

concentrations of SFGs and sp3/sp2 hybridization ratio of soot. Afèl et al. [13] reported that the soot 18 

produced from benzene and cyclohexane premixed flames contained relatively fewer C–H SFGs 19 

compared with the soot obtained from methane and ethylene premixed flames, and thus concluded 20 

that the amount of C–H groups on the soot surface was dependent upon the fuel nature. After 21 

examining the soot generating from several emission sources, Vander Wal et al. [12] found that the 22 
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fuel oxygen content had a marked effect on the sp2/sp3 hybridization ratio. In the case of 1 

diesel-generated soot, it is very difficult to determine the impact of fuel composition on the SFGs 2 

and sp3/sp2 hybridization ratios because of the component complexity of conventional diesel fuel. 3 

For this reason, the alkane hydrocarbon n-heptane, which has a cetane number close to that of diesel 4 

fuel and for which the oxidation chemistry is very well known, has been widely employed as a 5 

surrogate for hydrocarbon fuels in diesel engines [14,15]. Aromatics account for a large fraction of 6 

conventional diesel fuels (about 25–35% by weight on average) [16,17] and toluene is representative 7 

of many of these aromatic compounds [18]. Thus, the toluene/n-heptane mixture has been proposed 8 

as a more suitable surrogate for the alkanes and aromatics in diesel fuel in experimental and 9 

numerical studies [15,19].  10 

In the present work, n-heptane and a toluene/n-heptane mixture as fuels were burned in a diesel 11 

engine, and the SFGs and sp3/sp2 hybridization ratios of in-cylinder soot were characterized and 12 

discussed. A total cylinder sampling system (TCSS) was employed to obtain the in-cylinder soot 13 

samples. The aliphatic C–H functional groups on the obtained in-cylinder soot surface were 14 

measured using Fourier transform infrared (FT-IR) spectroscopy, while the oxygenated functional 15 

groups and sp3/sp2 hybridization ratios were assessed by X-ray photoelectron spectroscopy (XPS). 16 

In addition, an attempt was made to obtain a correlation between the SFGs and the sp3/sp2 17 

hybridization ratios. 18 

2. Materials and methods 19 

A 5.79 L heavy-duty, direct-injection diesel engine was used in this study. This engine was 20 

equipped with a high-pressure, common-rail fuel injection system and a turbocharged/inter-cooled 21 

air intake system and powered up to 132 kW at a maximum speed of 2600 rpm. The sixth cylinder 22 
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was modified into a TCSS to allow the sampling of soot directly from the combustion chamber. 1 

During sampling, an aluminum alloy diaphragm was used to seal the engine cylinder head, acting as 2 

a sampling valve. At a pre-set crank angle during a sampling cycle, this diaphragm was 3 

instantaneously cut by an electromagnet-actuated tube cutter, following which the cylinder contents 4 

were discharged from the cylinder into a sampling bag. The samples were immediately quenched 5 

and diluted by mixing with high pressure nitrogen to obtain a temperature below 52 °C, to prevent 6 

any additional reactions during the sampling process. A detailed description of this apparatus and 7 

sampling procedure has previously been reported in the literature [17,20–22]. 8 

The engine operating conditions are provided in Table 1. Two diesel fuel surrogates were used: 9 

n-heptane and a mixture of 80 vol.% n-heptane and 20 vol.% toluene (termed TRF20). The relevant 10 

properties of both fuels have been described in the literature [21]. Different injection time intervals 11 

were employed to ensure the same equivalence ratios for the n-heptane and TRF20 fuels. Because 12 

the content of toluene in the TRF20 was only 20%, the ignition delay when using the TRF20 was 13 

almost the same as when using the n-heptane fuel at the same equivalence ratio. Both fuels exhibited 14 

almost the same behavior in terms of the apparent heat release rates, in-cylinder pressures and 15 

average temperatures (see Fig. 1). Because only small amounts of soot were generated in each 16 

combustion cycle, the sampling procedure was repeated at least five times at the same pre-set 17 

sampling crank angle. Samples were collected on Teflon filters (R2PL047; PallGelman, USA), and 18 

the soot was removed by ultrasonication in dichloromethane, followed by centrifugal separation [17]. 19 

The resulting soot samples were dried under nitrogen and then sealed in glass bottles while awaiting 20 

analysis. Owing to the heterogeneous nature of diesel combustion, each total cylinder sample could 21 

potentially contain a mixture of young and mature soot at various stages of formation and growth. 22 
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Therefore, the data obtained essentially represented the statistically averaged properties of the soot.  1 

FT-IR spectroscopy was employed to identify the functional groups and to quantify the relative 2 

amounts of aliphatic C–H groups on the soot surface. A Nicolet Nexus 470 FT-IR spectrometer was 3 

employed for this purpose, using KBr tablets to present the soot samples, with a resolution of 1 cm-1. 4 

Spectra were baseline-corrected and smoothed prior to analysis. A continuous background was 5 

subtracted from the sample spectra in the baseline correction procedure. The absorbance spectra 6 

were generated using the OMNIC software package (Thermo Nicolet). Three spectra were acquired 7 

for each sample to ensure reproducibility, and the variations in the FT-IR measurements were found 8 

to be less than 5%. 9 

Information on the oxygenated functional group, the O/C elemental ratio and the carbon 10 

chemical state in the soot samples was obtained by X-ray photoelectron spectroscopy (XPS). XPS 11 

spectra were recorded on a PerkinElmer PHI-1600 ESCA spectrometer using a Mg Kα X-ray source. 12 

The binding energies were calibrated using the C1s peak of contaminant carbon (BE=284.6 eV) as 13 

an internal standard. The XPS results from three different sections of each soot sample were 14 

averaged, and an uncertainty of less than 6% was attained. 15 

3. Results and Discussion 16 

3.1. Aliphatic C–H SFGs  17 

FT-IR spectroscopy was employed to investigate the aliphatic C–H SFGs of the n-heptane and 18 

TRF20 soot. Fig. 2 shows a typical baseline-corrected, smoothed FT-IR spectrum obtained from an 19 

in-cylinder n-heptane sample. According to Mckinnon et al. [23], Stantamaría et al. [24]and our own 20 

previous work [17], the ratio of the aliphatic C–H peak at 2925 cm-1 to the aromatic C=C peak at 21 

1620 cm-1 (I2925/I1620) can be used to determine the relative concentrations of aliphatic C–H groups. 22 
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Fig. 3 plots the I2925/I1620 values as functions of crank angle (CA). The I2925/I1620 values for the 1 

TRF20 soot were evidently larger than those for the n-heptane soot at the same combustion stage. 2 

Aliphatic C–H groups primarily stem from methyl, methylene, and methane groups bonded to 3 

aromatic rings on polycyclic aromatic hydrocarbons (PAHs) or the methylene bridges (fluorine type) 4 

maintaining the interconnection of PAHs within a network [23,24]. The TRF20 soot has a more 5 

highly curved nanostructure than the n-heptane soot because the addition of toluene is known to 6 

enhance the generation of PAHs containing five-membered rings [25–27]. This relatively highly 7 

curved nanostructure can provide more active sites for the binding of aliphatics [9,10,28,29], leading 8 

to an increase in the number of aliphatic C–H groups on the soot surface. 9 

Throughout the combustion process, both the n-heptane and TRF20 soot samples exhibited 10 

almost the same trends in terms of variations in the I2925/I1620 ratios with increasing CA. In our 11 

previous study [17], a similar variation trend was observed for diesel fuel soot. This phenomenon 12 

suggests that the variation trend in I2925/I1620 ratios depends on combustion conditions rather than on 13 

the fuel composition. Moreover, in the initial premixed combustion phase, the higher I2925/I1620 14 

values observed for both the n-heptane and TRF20 soot indicate that a greater number of aliphatic 15 

C–H groups were bonded to the soot surface. The high aliphatic C–H group concentrations on the 16 

soot surface can likely be attributed to the presence of many young soot particles with aliphatic 17 

shells in the initial combustion stage [30,31]. As the combustion proceeded, both types of soot 18 

underwent decreases in the I2925/I1620 ratio because the increased cylinder pressure and mean 19 

temperature enhanced the dehydrogenation and carbonization reactions of the soot, and thus lowered 20 

the aliphatic C–H amounts on the soot surface. In the early diffusion combustion phase, the slight 21 

increases in the I2925/I1620 values were mainly caused by the presence of large quantities of young 22 
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soot particles generated in this phase. During the subsequent combustion phases, dehydrogenation 1 

and carbonization reaction resulted in the persistent decrease in the value of I2925/I1620. 2 

3.2. Oxygenated functional groups and O/C 3 

XPS analyses were performed to obtain information about the oxygenated functional groups 4 

and the compositions of the soot surface. Fig. 4 shows a high-resolution scan of the typical C1s 5 

peaks of the n-heptane soot. To allow for quantitative analysis, the C1s region was deconvolved, and 6 

the resulting fitted peaks at 286.6 and 288.4 eV were assigned to hydroxyl (C–OH) and carbonyl 7 

(C=O) groups, respectively [12,32]. The concentrations of C–OH and C=O groups found in the 8 

TRF20 and n-heptane soot are plotted against CA in Fig. 5. Here, it is evident that the amounts of 9 

both groups are higher in the TRF20 soot at the same combustion stage. Both C=O and C–OH 10 

groups are generated as intermediates upon partial oxidation of soot by OH, O and other radicals 11 

[11], and the types and concentrations of the resulting SFGs depend primarily on the fuel 12 

composition [12,13]. Because the TRF20 soot had a relatively highly curved nanostructure, as noted 13 

above, it was able to furnish more active sites for the bonding of OH and O radicals during soot 14 

oxidation, generating more C–OH and C=O groups on the soot surface.  15 

Similar to the results shown in Fig. 3, the variations in the concentrations of the C–OH and 16 

C=O groups were alike for both n-heptane and TRF20 throughout the combustion process (Fig. 5). 17 

In the premixed combustion phase, the increased cylinder pressure and temperature promoted the 18 

partial oxidation of the soot, resulting in increased concentrations of C–OH and C=O groups as 19 

intermediates in both n-heptane and TRF20 soot. As the combustion proceeded from the late 20 

premixed stage to the early diffusion stage, both n-heptane and TRF20 soot showed a decrease in the 21 

concentrations of both oxygenated functional groups, likely due to the presence of young soot 22 
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particles with few oxygenated SFGs that were generated in this phase [28]. Subsequently, the soot 1 

was partially oxidized in the late diffusion combustion phase, and more C–OH and C=O groups 2 

were generated on the soot surface. Finally, in the late combustion phase, the decreased 3 

concentrations of C–OH and C=O groups are believed to be related to a reduction in soot oxidation 4 

associated with the lower cylinder pressure and temperature.  5 

The ratios of O to C atoms (O/C) on the soot surface were obtained from the areas of the O 1s 6 

and C 1s peaks in the XPS spectra, and Fig. 6 plots the O/C ratios for the n-heptane and TRF20 soot 7 

as functions of CA. During the same combustion phase, the ratio obtained from the TRF20 soot is 8 

larger than that from the n-heptane soot. This is not surprising because the majority of the O atoms 9 

detected using this method are present in oxygenated groups bonded to the soot surface [33], and the 10 

TRF20 soot had a higher concentration of oxygenated groups relative to the n-heptane soot. The 11 

O/C ratios varied over the ranges of 0.05–0.16 for the n-heptane soot and 0.07–0.17 for the TRF20 12 

soot over the entire combustion period. In the case of diesel fuel in-cylinder soot, the ratio is 13 

typically in the range of 0.08–0.14 [17]. These results therefore indicate that the fuel composition 14 

has only a marginal effect on the O/C ratio in diesel engine in-cylinder soot. 15 

3.3. Ratio of sp3/sp2 hybridization  16 

The XPS spectra for the main carbon peak can be resolved by deconvolution into two peaks, as 17 

illustrated in Fig. 4. The main peak, at approximately 284.3 eV, corresponds to sp2 hybridized 2D 18 

carbon (graphite), which represents ordered carbon [3], while the peak centered near 285.4 eV is 19 

attributed to sp3 hybridized 3D carbon (diamond) [34,35]. The sp3 hybridized carbon atoms 20 

represent defects that can disrupt the sp2 hybridized network and require bond terminations other 21 

than adjacent π bonded carbon atoms. These atoms decrease the long-range order and accordingly 22 
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are considered to represent defect sites [12]. Therefore, a large sp3/sp2 hybridization ratio indicates a 1 

more highly amorphous structure [13,36]. Fig. 7 plots the sp3/sp2 hybridization ratios as functions of 2 

CA for both n-heptane and TRF20 soot samples. The ratio values of the TRF20 soot are higher than 3 

those of the n-heptane soot in each combustion phase, demonstrating that the TRF20 soot had a 4 

more disordered, amorphous structure than the n-heptane soot. Similar data have been reported by 5 

Vander Wal et al. [37], who found that benzene soot presented a more amorphous structure as 6 

compared with acetylene soot in a premixed flame. Jaramillo et al. [38] also observed that 7 

m-xylene/n-dodecane soot had a higher sp3/sp2 hybridization ratio than n-dodecane soot in a 8 

premixed flat flame.  9 

Interestingly, the variations in the sp3/sp2 hybridization ratio in Fig. 7 are similar for both the 10 

TRF20 and n-heptane soot throughout the entire combustion process, indicating that the ratio is 11 

independent of the fuel composition. During the premixed combustion phase, there was a dramatic 12 

decrease in the ratio for both the n-heptane and TRF20 soot, implying an increase in graphitic planar 13 

structures within the soot. Between the late premixed combustion and the early diffusion 14 

combustion phases, the disordered structure of the soot increased, as shown by the slightly increased 15 

sp3/sp2 hybridization ratios. This is ascribed to the presence of a great number of newly generated 16 

soot particles with amorphous structure [20,21]. As the combustion proceeded to the late diffusion 17 

phase, the rapidly increased cylinder pressure and temperature enhanced the graphitic structure of 18 

these newly formed soot particles, and thus the sp3/sp2 hybridization ratios decreased for both soot 19 

samples. In the late combustion phase, the evolution of graphitic structure was lessened by the steep 20 

reductions in the cylinder pressure and temperature. However, at the same time, the soot particles 21 

generated possessed more defined graphitic structures and hence had higher resistance to further 22 
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graphitization. Consequently, the sp3/sp2 hybridization ratios slightly decreased in this phase.  1 

3.4. Relationship between SFG and sp3/sp2 hybridization ratio 2 

To establish a possible correlation, the measured SFG concentrations and sp3/sp2 hybridization 3 

ratios were plotted, as shown in Fig. 8. Although the data in this figure were obtained from the 4 

n-heptane and TRF20 soot at various combustion stages, the soot samples with larger I2925/I1620 5 

ratios generally show higher sp3/sp2 hybridization ratios as well, implying that the presence of 6 

aliphatic C–H groups is definitely correlated with the hybridization ratio. The extent of correlation 7 

between I2925/I1620 values and the sp3/sp2 hybridization ratios was assessed based on the linear 8 

correlation coefficient, R2, which was obtained by means of simple linear regression. The R2 values 9 

for the n-heptane and TRF20 soot were 0.83 and 0.90, respectively. In contrast, the oxygenated 10 

SFGs did not show any correlation with the sp3/sp2 hybridization ratio; plots of C–OH or C=O 11 

concentrations as functions of the sp3/sp2 ratio showed a scattered distribution. These results 12 

demonstrate that the relative amounts of aliphatic C–H groups can serve as an indicator of the 13 

sp3/sp2 hybridization ratio in soot. This conclusion is consistent with the findings of Alfè et al. [13], 14 

who reported that a decrease in the aliphatic groups in premixed flame soot coincides with a 15 

decrease in the sp3/sp2 hybridization ratio. 16 

4. Conclusion 17 

A comparative study of SFGs and sp3/sp2 hybridization ratios in in-cylinder soot samples was 18 

performed, employing a heavy-duty diesel engine fueled with n-heptane and n-heptane/toluene. 19 

Despite the different fuel formulation employed, the variation trends in I2925/I1620 ratios, 20 

concentrations of both C–OH and C=O groups and sp3/sp2 hybridization ratios for n-heptane were 21 

similar to those for TRF20 soot over the combustion process. However, the TRF20 soot exhibited 22 
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relatively high concentrations of aliphatic C–H, C–OH and C=O groups as well as greater sp3/sp2 1 

hybridization ratios with respect to the n-heptane soot throughout the combustion process. The 2 

I2925/I1620 ratios determined for both soot samples showed an increase in the early diffusion phase 3 

after a sharp decrease in the premixed combustion phase, as well as a gradual decline in the 4 

subsequent combustion phase. Under the engine operating condition applied, the concentrations of 5 

C–OH and C=O groups in the TRF20 soot were found to be in the range of 4.81–6.26% and 3.02–6 

5.58%, respectively, while the n-heptane soot had levels ranging from 5.40–7.24% and 3.54–5.93%, 7 

respectively. In the case of both the n-heptane and TRF20 soot samples, the sp3/sp2 hybridization 8 

ratios presented a similar trend to the I2925/I1620 ratios throughout the combustion phase. Finally, the 9 

relative amounts of aliphatic C–H SFGs exhibited a clear correlation with the sp3/sp2 hybridization 10 

ratio, while no such correlation was found with the oxygenated SFGs.  11 
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Figure Captions: 10 

Fig. 1. Cylinder gas pressure (P), mean temperature (T) and apparent heat release rate (AHRR) as functions of 11 

crank angle (CA), identifying different diesel combustion phases. 12 

Fig. 2. Typical FT-IR spectrum of an in-cylinder n-heptane soot sample (–1.5° CA ATDC) 13 

Fig. 3. I2925/I1620 ratios as functions of crank angle (CA). The error bars represent the standard error. 14 

Fig. 4. Typical XPS C 1s narrow spectra for an n-heptane soot sample (–1.5° CA ATDC). (C=O: , C–OH: , C–15 

C sp2: , C–C sp3: , fit curve:  and original C 1s curve: ) 16 

Fig. 5. Concentrations of C–OH and C=O surface functional groups as functions of crank angle (CA). The error 17 

bars indicate the standard error. 18 

Fig. 6. O/C atomic ratios as functions of crank angle (CA). The error bars indicate the standard error. 19 

Fig. 7. sp3/sp2 hybridization ratios as functions of crank angle (CA). The error bars indicate the standard error. 20 

Fig. 8. I2925/I1620 ratios and concentrations of C–OH and C=O as functions of the sp3/sp2 ratio. The error bars 21 

indicate the standard error. 22 


