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Abstract 
The use of advanced fuels must increase from 0.5 to 3.6 in internal combustion engines according to the 

forthcoming European directive. In this frame, alcohols that can be obtained from waste or lignocellulosic 

materials with advanced production techniques may play an important role in the future. This work 

focuses on the effect of the use of butanol as a blend component on the properties of soot emmited from 

compression ignition engines. This knowledge is essential to decide the strategy to carry out a proper 

regeneration process in the Diesel Particle Filter (DPF). The study was performed in a Euro 6 diesel 

engine. The engine operating condition used to collect particulate matter was selected as a typical steady 

mode in urban driving. The blends tested were baseline diesel, Bu10D (10% butanol and 90% diesel v/v), 

Bu20D (20% butanol and 80% diesel v/v) and Bu10B10D (10% butanol, 10% biodiesel and 80% diesel 

v/v). The techniques used to characterise the soot are X-Ray Difraction (XRD), Raman spectroscopy, 

Transmission Electron Microscopy (TEM), surface area analyser, X-ray Photoelectron Spectroscopy 

(XPS), Fourier-Transform Infrared Spectroscopy (FTIR), Thermogravimetric Analysis (TGA) and 

Differential Scanning Calorimetry (DSC). From the results shown, the average primary particle diameter, 

which is reduced for increasing butanol content, provided the best consistency with soot reactivity 

obtained from TGA and DSC. 

1 Introduction 
Today, the most important issue related to the use of vehicles is pollutant emissions, which have direct 

effect on human health
1
 and environment

2
. Nowadays, climatic change, mainly produced as a 

consequence of global warming, has been pointed out as one of the most important environmental 

problem. Carbon dioxide (CO2) emissions emitted from vehicles have been highlighted as one of the main 

contributors to global warming
3
. Diesel engines, due to their higher efficiency, emit less CO2 than spark 

ignition engines but, on the contrary, the use of diesel engines is usually associated with nitrogen oxides 

(NOx) and particulate matter (PM) emissions.  

To reduce the emissions adverse effect, more and more stringent standards have been implemented all 

over the world. In Europe, from 2014, light diesel vehicles must fulfil Euro 6 standard
4
, which set strict 

limits for NOx and particulate emissions. One of the strategies to reduce pollutant emissions is the use of 

first-generation biofuels and advanced fuels to replace, at least partially, fossil fuels. Although biodiesel is 

the most used biofuel in road transport, the new directive RED-II
5
 supports the use of advanced biofuels, 

such as alcohols, to the detriment of first-generation biofuels. Although ethanol has been often used as a 

fuel component in diesel vehicles
6,7

, n-butanol has better properties (higher cetane number, heating value, 

viscosity and lower flash point)
8,9

. Additionally, n-butanol can be considered as an advanced biofuel as 

far as it can be produced from waste or lignocellulosic materials
10-12

. Currently, butanol can be produce 

through ABE (acetone-n-butanol-ethanol) or IBE (isopropanol-n-butanol-ethanol) fermentation
10,13

. 



Another strategy to reduce pollutant emissions is the use of different aftertreatment systems to fulfil with 

the standards. In current diesel engines, nitrogen oxides emissions are reduced in NOx aftertreatment 

systems
14

, such as LNT (Lean NOx Trap) or SCR (Selective Catalytic Reduction). On the other hand, 

particulate emissions are trapped in particulate filter (DPF) to be subsequently eliminated in an oxidation 

process, known as regeneration process. This process is affected by different factors like exhaust gas 

composition, temperature and flow rate, filter characteristics, temperature and flow profiles through the 

filter channels, and physicochemical properties of soot
15,16

. The study of soot characteristics and its 

implications on soot oxidation process could reduce the adverse effect of the regeneration process on fuel 

consumption and on filter lifetime. 

Soot properties have been analyzed with different analysis techniques (nanostructural, chemical and 

thermal). Among the nanostructural analysis techniques highlight X-ray diffraction (XRD)
15,17

, Raman 

spectroscopy
18,19

, transmission electron microscopy (TEM)
20,21

 or electron energy loss spectroscopy 

(EELS)
22,23

. Some researchers have tried to relate soot nanostructure with its reactivity, but consistent 

conclusions have rarely been reached. Soot reactivity is defined hereinafter as the soot ability to be 

oxidized under lower temperatures or at higher rates. As a rule, it is accepted in the literature
22,24

 that as 

the distance between carbon layers increases and the fringe length decreases, the soot surface is more 

prone to be oxidized, due to the weaker binding energy between planes and to the higher availability of 

carbon atoms at the edge site, respectively. A characteristic which could have a great impact on the soot 

reactivity is the primary particle size, which is inversely related to both the soot surface area and the 

oxygen accessibility to the carbonaceous substrate
21

. Different authors have also studied the functional 

groups adsorbed in soot surface with chemical analytical techniques such as those based in infrared 

spectroscopy (FTIR, DRIFTS or ATR)
25-27

, X-ray photoelectron spectroscopy (XPS)
28,29

, energy 

dispersive spectroscopy (EDS)
30,31

, nuclear magnetic resonance (NMR)
32,33

 or near edge X—ray 

absorption fine structure (NEXAFS)
25,34

. Many studies have investigated the oxygenated and aliphatic 

compounds on soot surface, since they are supposedly related to the soot reactivity
16,25,35

. Finally, in other 

investigations, soot has been analyzed with thermal analytical techniques. In these studies 

thermogravimetric analysis (TGA) or differential scanning calorimetry (DSC), among other techniques, 

have been used to assess soot reactivity, by quantifying either the temperature required by soot to be 

oxidized (subjected to a heating ramp)
15,35

 or the time needed to be oxidized (when subjected to an 

isotherm process)
16,28

. 

Finally, it is necessary to remark that obtaining conclusions about soot reactivity based on structural or 

chemical analysis results can lead to misleading conclusions. For this reason, to study the impact of soot 

characteristics on reactivity, a complete soot characterization at different levels (nano and microstructure, 

morphology, porosity, surface area and functional groups) is proposed in this work. 

2 Experimental setup 

2.1 Engine and operation mode 

This study was carried out in a Euro 6 Nissan 1.5 dCi engine (model K9K). This engine is a four-cylinder, 

four-stroke, turbocharged, intercooled, common-rail direct-injection diesel engine, and it is equipped with 

double exhaust gas recirculation system (EGR), with cooled low-pressure EGR (LPEGR) and non-cooled 

high pressure EGR (HPEGR). The aftertreatment system comprises a diesel oxidation catalyst (DOC), a 

Lean NOx Trap (LNT) and a regenerative wall-flow-type diesel particle filter (DPF). The main 

characteristics of the engine are shown in Table 1.  

Table 1: Diesel engine characteristics. 

Fuel injection system DI, common rail 

Cylinders 4 

Valves per cylinder 2 

Bore (mm) 76 

Stroke (mm) 80.5 

Compression ratio 15.5:1 

Displacement (cm
3
) 1461 

Maximum power (kW) 81 kW @ 4000 rpm 

Maximum torque (Nm) 260 Nm @ 1750-2500 rpm 

A rotating shaft was used to couple the engine to an asynchronous electric dynamometer (Schenck Dynas 

III LI 250), which controls the engine speed and torque. INCA PC software and ETAS ES 591.1 



hardware were used for the communication and management of the electronic control unit (ECU) of the 

engine. The inlet air mass flowrate and the fuel consumption were measured with the internal engine 

sensors and registered with the INCA PC software. Through the communication between the ECU and 

the INCA PC it is possible to perform the test with the different fuels under the same operative conditions 

(injection pressure, EGR valve position and injection position). 

In order to collect soot, the gas flows through a 47 mm diameter filter with 1 µm thickness. The filters, 

placed in a filter holder, have a retention efficiency of 99.99% and include a teflon membrane on a 

polymethylpentene ring in order to increase the rigidity. A vacuum pump sucks the gas though the filter. 

The filter is then scrapped and the particulate matter is collected for analysis. Finally, soot samples were 

analysed with different techniques, which will be described in section 2.3. Figure 1 shows a scheme of the 

engine installation where the soot collection system and the thermophoretic sampling are highlighted with 

purple lines.  

The operation mode selected is illustrative of urban driving conditions and it represents an acceleration 

from 15 km/h to 32 km/h. This engine condition reproduces a low load operation mode characterized by 

its high emission of particulate matter, resulting in a high contribution to the DPF loading, and because its 

relative low exhaust temperature, which prevents from spontaneous regeneration of soot in the DPF. The 

main characteristics of this operation mode are shown in Table 2. 

Table 2: Engine operation mode characteristics 

Measured variables Operation mode 

Engine speed (rpm) 1521 

Effective torque (Nm) 66 

Air flow (kg/h) 56 

Start of main injection (ºCA bTDC) 2.82 

Start of pilot 1 injection (ºCA aTDC) 3.88 

Start of pilot 2 injection (ºCA aTDC) 16 

Fuel injected during pilot 1 injection (µL/inj) 1.12 

Fuel injection during pilot 2 injection (µL/inj) 1.10 

Injection pressure (bar) 550 



 

Figure 1: Scheme of the experimental installation. 

2.2 Fuels 

In this study, diesel blends with 10 and 20 %v/v of n-butanol content (Bu10D and Bu20D, respectively) 

were tested. Bu10D blend was selected since the well-known 20-20-20 target forces to 10% of the energy 

in the transport sector comes from renewable fuels
36

. Besides, n-butanol is considered an advanced fuel 

(since it is produced through an acetone-n-butanol-ethanol (ABE) fermentation process), whose 

contribution to the transport sector in energy basis will increase from 0.5% to 3.6% in the future European 

Regulations
5
. The other blend (Bu20D) has also been selected considering future regulations, in which an 

increase in renewable fuels is expected. Higher n-butanol contents were discarded because the low cetane 

number and the high enthalpy of vaporization of n-butanol would lead to cold start problems as confirmed 

in the work of Lapuerta et al.
37

. Finally, a ternary blend (Bu10B10D) composed of biodiesel (10% v/v), n-

butanol (10% v/v) and diesel (80% v/v) has also been selected considering that first generation biofuels 

and advanced fuels will coexist in the next years.  

The diesel fuel used in this study was supplied by the Spanish oil company Repsol. It has no oxygen 

content and was similar to many diesel fuels supplied by petrol stations in Europe in winter. The biodiesel 

fuel used was donated by the Spanish biodiesel company Bio Oils and was produced from soybean 

(around 80% w/w) and palm oils (around 20% w/w). The content in saturated esters amounted to 20.64 % 

w/w, which is not far from an average saturation content of biodiesel fuels produced in Europe. Butanol 

was supplied by Green Biologics Ltd., as a member of the Consortium of ButaNexT Project. The main 

properties and reference standard methods of pure fuels and blends tested are shown in Table 3. 

Table 3: Main properties of tested fuels. 

Properties Method Diesel Biodiesel Butanol Bu10D Bu20D Bu10B10D 

Density at 15 ºC 

(kg/m3) 
EN ISO 3675 842.0 883.5 811.5 836.5 833.5 841 

Kinematic 

viscosity at 40 ºC 

(cSt) 

EN ISO 3104 3 4.19 2.27 2.61 2.51 2.73 

Lower heating 

value (MJ/kg) 
UNE 51123 42.93 37.64 33.20 41.75 40.69 41.23 
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Average 

molecular 

formula 

 C15.05H27.61 C18.68H34.64O2 C4H10O C12.49H23.54O0.023 C10.59H20.50O0.040 C12.68H23.91O0.37 

C (%wt)  86.74 77.08 64.86 84.62 82.49 83.62 

H (%wt)  13.26 11.92 13.52 13.29 13.31 13.14 

O (%wt)  0 11 21.62 2.09 4.20 3.24 

Molecular weight 

(kg/kmol) 
 208.20 291.26 74.12 177.13 153.98 181.96 

Stoichiometric 

fuel/air ratio 
 1/14.51 1/12.50 1/11.15 1/14.18 1/13.85 1/13.96 

CFPP (ºC) EN 116 -20 -1 <-51 -21 -20 -8 

Lubricity (WSD) 

(µm) 

EN ISO 

12156-1 
371.45 143 571.15 419.08 435.49 267.11 

Derived cetane 

number 

ASTM 

D7668-14 
52.65 52.48 15.92 46.64 42.98 48.26 

Purity  - - 99.5 - - - 

2.3 Analytical techniques 

Experimental techniques used for soot characterisation are divided in: 

• Structural and morphological techniques: X-Ray Diffraction (XRD), Raman spectroscopy, 

surface area anlysis (BET analysis), Transmission Electron Microscopy and High-Resolution 

Transmission Electron Microscopy (TEM and HR-TEM). 

• Chemical analysis techniques: X-Ray Photoelectron Spectroscopy (XPS) and Fourier Transform 

Infrared Spectroscopy (FTIR). 

• Thermal analysis techniques: Thermogravimetry Analyser (TGA) and Differential Scanning 

Calorimetry (DSC). 

A X-ray diffractometer from Bruker, model D8 Advance, was used to analyse soot nanostructure. This 

diffractometer has a θ-θ configuration and a radiation source of Cupper-Kα with a wavelength of 1.54059 

Å. Selected test conditions were 45 kV and 40 mA, the angular interval was varied from 7 to 60 2θ 

degrees from the horizontal level to the vertical (2θ). These angles were modified at intervals of 0.01 2θ 

degrees each 3 seconds. The detector of the equipment is LynxEye. 

Soot analysis through Raman spectroscopy was carried out using an equipment from Renishaw. The 

equipment is mainly composed of an optical microscope with white LED illumination (Leica DM2700 

M) and with five different lenses, three excitement lasers, a Notch filter and a CCD detector. In this study, 

the 50x magnification objective (NA 0.75) and the green light laser with a wavelength of 532.1 nm, 

source power 0.51mW (in order to avoid burning the sample), exposure time of 80 s (divided in four 

intervals of 20 s) were used. 

The samples of diesel agglomerates were collected with a thermophoretic sampling device by means of 

copper grids. The grids were analysed using High-Resolution Transmission Electron Microscopy (HR-

TEM) with a Phillips CM-200 microscope, with resolution of approximately 2 Å and an accelerating 

voltage of 200 kV.  

Surface area and pore volume were analysed using a Gemini V surface area analyser from Micromeritics 

Instrument Corporation. In these analyses the internal surface area of the samples was measured by 

isothermal gas adsorption with N2 as adsorptive gas at 77 K in a liquid nitrogen bath. Previous to the test, 

the soot sample was degassed at 350 ºC with a N2 flow for 12 hours to remove the moisture and other 

adsorbed compounds. The surface area was obtained using the Brunnauer-Emmet-Teller (BET) method. 

X-Ray Photoelectron Spectroscopy (XPS) measurements of soot surface functional groups were made on 

an Omicron ESCA+ photoelectron spectrometer using a non-monochromatized MgKα X-Ray source (hν 

= 1253.6 eV). Analyzer pass energy of 50 eV was used for survey scans and 20 eV for detailed scans. 

Binding energies were referenced to the C1s peak from adventitious carbonaceous contamination, 

assumed to have a binding energy of 284.5 eV. 

A Fourier-Transform Infrared Spectroscopy (FTIR) equipment from Thermo Scientific, model Nicolet 

6700 was used to analyse the functional groups of the soot samples. Before the analysis, soot was mixed 

with KBr (purchased from Sigma Aldrich as 99% FTIR grade) by ratio 1000 to 1 due to the strong 

absorption of the soot sample. Later, the soot-KBr mixture is compressed and then it is ready for analysis. 



A Thermogravimetric Analyser (TGA) from TA Instruments, model Q500, was used to measure the mass 

loss during the soot oxidation. In this equipment, the sample is located in a crucible inside a small furnace 

where temperature is variated according to a user-defined programme
38

. 

A Differential Scanning Calorimeter (DSC) from TA Instruments, model Q20, was used to measure the 

heat released during soot oxidation. When soot undergoes a physical or chemical transformation a 

temperature difference appears between the capsule with the soot sample and an empty capsule use as 

reference. Temperature difference is related to the heat release by soot sample. The temperature program 

used in these experiments is the same that the used in the thermogravimetric analysis.  

3 Results and discussion 

3.1 X-ray diffraction (XRD) 

The X-ray spectra from soot samples tested are shown in Figure 2 a), after translating them vertically to 

avoid overlap. Different bands were identified and then deconvoluted following the method proposed in 

Lapuerta et al.
15

, as is shown in Figure 2 b).  

  

Figure 2: a) X-ray spectra for the soot samples tested. b) Example of deconvolution of the X-ray 

spectrum. 

From the deconvolution of the original spectra and using Bragg and Scherrer equations, different 

parameters were obtained with the purpose of analysing soot nanostructure. These parameters, which are 

depicted in Figure 3, are Lc (thickness of the graphitic package), La (length of the graphitic package) and 

d002 (distance between carbon layers). 
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Figure 3: Structural parameters that define soot nanostructure. 

Figure 4 shows that the thickness and the length of the graphitic packages are larger for increasing 

butanol contents, although in some cases the differences observed can not be considered as significant, 

due to overlap between error bars. Soot generated from butanol blends, mainly Bu20D, shows a structure 

more ordered than diesel soot, i.e., higher values of stacking thickness and length of the crystallites (Lc 

and La). Oxygen content in the butanol-diesel blends and in the ternary blend can explain this trend. In the 

oxidation process, oxygen attacks the active centres in the structural defects, which are more numerous in 

the short layers than in the large ones. Consequently, these layers are oxidized and disappear due to its 

small size. For this reason, the average thickness and length of the graphitic packages, which are 

measured with XRD, increase. This effect can be observed more clearly in Figure 5, in which the 

nanoestructural parameters (La and Lc) are represented versus the fuel oxygen content. 

 

  

Figure 4: Effect of the butanol content in a) the thickness of the graphitic package and b) the length of the 

graphitic package. 
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Figure 5:Effect of fuel oxygen content on a) the thickness of the graphitic package and b) the length of the 

graphitic package. 

The effect of butanol content on the interplanar distance of the graphitic layers (d002) is shown in Figure 6. 

As can be observed, butanol content has a negligible effect on this parameter (d002) since the distance 

between graphene layers remains constant. 

According to different authors
22,28

, the parameters previously studied (La, Lc, and d002) could be related 

with soot reactivity. The carbon atoms at the edges of the graphene sheets are 100-1000 times more 

reactive than those in the basal plane because these atoms have higher affinity to form bonds with 

chemisorbed oxygen due to the availability of unpaired sp
2
 electrons. For this reason, as the length of the 

graphitic layers decreases, the atom concentration at the edges of the layers increases. On the other hand, 

interplanar distance between graphitic lattices (d002) is related to binding energy of the planes. As d002 

increases, the binding energy of the planes decreases and, therefore, these planes are less stable and more 

vulnerable to oxidation. However, to establish the relationship between nanostructure and reactivity, a 

more complex study must be accomplished. 

 

 

Figure 6: Effect of butanol content on interplanar distance between layers. 
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3.2 Raman spectroscopy 

Raman spectroscopy was used to determine the degree of order of the soot internal structure. Figure 7 a) 

shows the Raman spectra for soot collected from the butanol blends and the diesel fuel tested. The initial 

spectra were deconvoluted in different bands
39

. Figure 7 b) shows the graphite band (G) and the defect 

bands D1, D3 and D4. G band is associated with the order of the soot microstructure. D1 band represents 

the presence of disorder in the graphitic chain as a consequence of vacancies, crystalline defects and 

graphene layer edges. D3 band is related to the amorphous carbon associated with functional groups, 

fragments, or organic molecules. Finally, D4 band is associated with carbon-carbon stretched bonds in the 

crystalline net such as those of ionic impurities
39,40

. 

 
 

  

Figure 7: a) Raman spectra for the soot samples tested. b) Example of deconvolution of the Raman 

spectrum. 

The ratio between the peak intensities of D1 and G bands was used to evaluate the effect of soot 

nanostructure, as can be observed in Figure 8. This ratio is related to the structural defects in the basal 

plane of individual graphene layers
15

. Higher ratios are indicative of higher disorder in soot nanostructure. 

In the case of soot from butanol blends, as the butanol content increases (from 0 to 10 %v/v), soot 

nanostructure becomes more disorganized. This behaviour could be explained by the fuel oxygen content, 

which is not high enough to remove the structural defects. However, as butanol content increases (from 

10 to 20 %v/v), soot nanostructure becomes more organized than soot generated from diesel and Bu10D. 

It may be hipothesized that oxygen in fuel could be high enough to oxydize the structural defects in soot, 

and for this reason soot nanostructure becomes more ordered. The same behaviour has been observed in 

other studies with soot generated from diesel-biodiesel blends
16,18

. In case of soot generated from the 

ternary blend, it is observed that its nanostructure is more organized than soot generated from Bu10D, but 

it is more disorganized than soot from Bu20D. This trend is consistent with the oxygen content of ternary 

blend, which is higher than Bu10D but lower than Bu20D. The effect of oxygen fuel content on soot 

nanostructure is shown in Figure 8 b).  
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Figure 8: a) Effect of butanol content on the ratio ID1/IG. b) Effect of fuel oxygen content on the ratio 

ID1/IG. 

3.3 High-resolution transmission electron microscopy (HR-

TEM) 

Detailed images of the soot internal structure, such as those shown in Figure 9 a), were obtained with 

high-resolution TEM. For statistical analysis, four images were taken for each soot sample, and five 

different regions from each image were analysed. Finally, the 20 selected regions were artificially 

magnified using commercial software Image J, and the distance between layers was measured by dividing 

the stacking thickness of the crystallites by the number of layers Figure 9 b).  

  

Figure 9: a) HR-TEM images of primary particles. b) Magnification for the measure of the interlayer 

distance. 

In Figure 10, the average interplanar distance is presented for the soot samples studied. This figure shows 

that the distance between layers is reduced for increasing butanol and oxygen content. Although in some 

cases the differences in the interplanar distance for the different soot samples can not be considered as 

significant, due to overlap between error bars, the trend observed is consistent with the results obtained 

with XRD. According to Belenkov
24

, as the length of the graphitic layers (La) increases, the attraction 

forces between the carbon atoms of adjacent layers (Van der Waals forces) increase, leading to lower 

distances between layers. 
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Figure 10: a) Effect of butanol content on interplanar distance measured with HR-TEM. b) Effect of fuel 

oxygen content on interplanar distance measured with HR-TEM. 

There is a numerical discrepancy between the interplanar distance obtained with XRD and HR-TEM, as 

can be seen when Figure 6 and Figure 10 are compared. It is no clear which technique is more suitable to 

study soot nanostructure, since both techniques have pros and cons. XRD provides an average value of 

the characteristics that define soot nanostructure, although, according to different authors
41,42

, the results 

obtained with this technique (mainly La) could be overestimated. On the other hand, HR-TEM examines 

d002 from a 2D projection of a 3D particle, which can lead to inaccuracies. 

3.4 Low-resolution transmission electron microscopy (LR-

TEM) 

Complete images of soot agglomerates (Figure 11) can be obtained with low-resolution TEM. Ten images 

were captured per each fuel tested and ten primary particle diameters were measured for each image to 

obtain the primary particle diameter. An average of the 100 diameters measured was calculated for each 

fuel tested. 

 

Figure 11: TEM image from primary particle aggregate. 

As the butanol content in the blend increases, the oxygen content increases and the aromatic content 

decreases proportionally. An equilibrium is reached between particle growth and oxidation, leading to 

stable primary particle sizes. This equilibrium is reached at smaller primary particles as the oxygenated 

content in the fuel increases (Figure 12), which could be caused either because bond-oxygen and lower 

aromatic content inhibits particle growth, or because oxygen content enhances soot oxidation, or because 

of both
43

. In any case, smaller soot particles that have higher surface/volume ratio are expected to 

increase their reactivity. 
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Figure 12: a) Effect of butanol content on the average primary particle diameter. b) Effect of fuel oxygen 

content on the average primary particle diameter. 

3.5 Surface area analysis 

A typical adsorption isotherm obtained when analysing soot is depicted in Figure 13. Through the shape 

of the isotherm and according to IUPAC classification
44

, soot samples have a mesoporous structure (pores 

with diameters between 20 Å – 500 Å). The hysteresis loop observed is related with the shapes of the 

pores. According to IUPAC classification, soot samples have slit-shaped pores with parallel walls. 

 

 

Figure 13: Typical soot adsortion isotherm. 

Results obtained when analysing soot surface area are depicted in Figure 14. It can be observed that as the 

butanol content in the blend increases, soot surface area increases. This result is consistent with the trend 

observed in Figure 12, since lower primary particle diameters lead to higher surface per unit mass. Again, 

increased fuel oxygen and decreased aromatic contents could be behind the results obtained. Regarding 

soot generated from the ternary blend (Bu10B10D), it presents a similar surface area than soot generated 

from Bu10D. In this case a linear correlation between fuel oxygen content and soot surface area has not 

been observed. It may be hypothesized that surface area could be related with soot reactivity, since as the 

surface area increases the oxidant agents have more accessibility to the carbonaceous substrate. 
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Figure 14: Effect of butanol content on soot surface area. 

3.6 X-ray photoelectron spectroscopy 

Functional groups can be quantified on the soot surface with this technique. Previous to X-ray 

photoelectron spectroscopy, the derivatisation process is necessary to avoid the uncertainty associated 

with the deconvolution process of the oxygen and carbon bands in the XPS spectra. This derivatisation 

process was carried out in a 0.875 litre glass vessel equipped with two valves, under vacuum conditions 

of approximately 5 Pa and at 35 °C. The derivatising reagents were located in a beaker located in the 

centre at the bottom of the vessel. Eight carbon and soot samples were simultaneously located in the 

interior of some tubes, and all they were also located on an aluminium plate with eight cavities, 

surrounding the beaker. 

Trifluoroacetic anhydride (TFAA) undergoes derivatisation of hydroxyl functional groups existing in the 

soot surface by esterification, forming an ester on the soot surface and releasing a trifluoroacetic acid 

molecule
29

. Carboxylic acid groups were derivatised by esterification with trifluoroethanol (TFE) in the 

presence of 1,3-di-tert-butyl-carbodiimide (DTBC) and pyridine
29

. Carbonyl groups, either from 

aldehydes or from ketones, were derivatised with trifluoroethyl hydrazine (TFH) in vapour phase
29

. A 

posterior atomic balance permits quantifying the concentration of the different functional groups, which 

were present in the original soot.  

Figure 15 shows that the oxygen atomic concentration obtained in the soot surface in the form of 

hydroxyl, carboxyl and carbonyl groups increase for increasing butanol contents, being more apparent for 

butanol concentrations in fuel higher than 10% (v/v). The highest enhancement is observed for the 

concentration of hydroxyl groups in the blend with 20% (v/v) butanol content. This trend is consistent 

with the presence of a hydroxyl group in the butanol molecule. The oxygen atomic concentration in the 

form of carboxylic groups also increases with increasing butanol content, especially for alcohol contents 

higher than 10 % (volume basis). It also increases for the ternary blend, consistently with the presence of 

carboxylic groups in the biodiesel components of this blend. The oxygen atomic concentration in the form 

of carbonyl groups shows a slight increase for increasing butanol contents.  

From the observed consistency between soot oxygen functional groups and fuel components it can be 

concluded that much of the oxygen groups detected on the soot surface comes from fuel decomposition 

rather than being formed during initial stage of soot oxidation. 
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Figure 15: Effect of butanol content on the concentration of oxygenated groups. 

3.7 Fourier-transform infrared spectroscopy (FTIR) 

As in the case of XPS, this technique provides information about functional groups on soot, and therefore, 

the results obtained are complementary to those obtained with XPS. The FTIR spectra from soot samples 

tested are shown in Figure 16, after translating them vertically to avoid overlap. 

The absorption band between 500-1200 cm
-1

 corresponds mainly to the bending vibrations of C-H bonds 

of aromatic groups. As can be observed in Figure 16, the band peak is moved towards higher 

wavenumbers (approximately 1100 cm
-1

) for soot generated from blends with respect to diesel soot. This 

result could indicate that soot from blends is more oxidised (or could keep more oxygen groups from the 

oxygenated fuel) than the generated from diesel fuel, since different oxygenated funcionalities show 

signals for wavenumbers around 1100 cm
-1

. 

 

 

Figure 16: FTIR spectra for soot samples studied. 

The second absorption band (1200-1600 cm
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) is originated as a consequence of the bending vibration of 

C-H and C-C in aromatics compounds and the stretching vibrations of C-O in ethers, esters, alcohols and 

phenols. These peaks are slightly more significant for soot samples from butanol blends, consistently with 
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the results obtained with XPS, showing higher concentration of oxygenated functionalities than the soot 

generated from diesel fuel. The same trend is observed for the bands between 1600-2000 cm
-1

, which are 

attributed to the stress vibrations of the C=O bond of the carboxyl groups and of the C=C bonds in the 

aromatic groups.    

3.8 Thermal analysis (TGA and DSC) 

Two typical thermograms obtained with TGA and DSC are shown in Figure 17. The start of oxidation 

temperature (SOT) is defined as the temperature reached when the 5% of the initial soot mass is lost or the 

5% of the total heat is released. Finally, MLRTmax and HRRTmax are defined as the temperature at which 

the maximum mass loss rate is reached or the maximum heat release rate is reached, respectively. These 

temperatures are good indication of soot reactivity, since the higher the temperatures, the lower the 

oxidative reactivity of the soot.  

  

Figure 17: Typical soot oxidation thermograms in a) TGA and b) DSC. 

The results obtained are presented in Figure 18, showing that as butanol content increases, the 

temperatures defined above (SOT, MLRTmax and HRRTmax) decrease. These results point out higher 

reactivity of soot generated from butanol blends. This effect is more noticeable for the maximum rate 

temperatures (MLRTmax and HRRTmax) than for the start of oxidation temperature (SOT). The ternary blend 

(Bu10B10D) it is even more reactive than Bu20D, despite of its lower oxygen content, suggesting that the 

oxygen attached to carboxylic groups is more reactive than that attached to hydroxyl groups. 
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Figure 18: a) Start of oxidation temperature for soot samples tested. b) Temperatures for maximum mass 

loss rate and heat release rate for soot samples tested. 

Soot characteristics evaluated in this study can be related with soot reactivity. As observed above soot 

nanostructural characteristics, evaluated with XRD, Raman spectroscopy or HR-TEM, did not show a 

good relationship with its reactivity. The average primary particle diameter is the soot characteristic that 

best correlates with soot reactivity, with a coefficient of determination equal to 0.63. Also surface area 

and concentration of functional groups partially correlate with soot reactivity, although soot from ternary 

blend did not present neither the highest oxygen concentration nor the highest surface area. 

4 Conclusions 
The following conclusions are obtained from this study: 

 From nanostructural analysis it can be concluded that as the butanol content in fuel increases, the 

degree of order of the soot nanostructure increases. This conclusion can be observed through the 

study of the parameters obtained with XRD (La and Lc increases as butanol content increases) 

and HR-TEM (d002 decreases as butanol content increases). Results obtained with Raman 

spectroscopy are partially in line with those obtained with XRD and HR-TEM. As the butanol 

content increases (from 0 to 10 %v/v), soot nanostructure becomes more disorganized (higher 

ID1/IG), however, as the butanol content increases from 10 to 20 %v/v soot nanostructure 

becomes more organized (lower ID1/IG). According to these results, soot generated from butanol 

blends should be less reactive than that generated from diesel fuel, which is not consistent with 

the results derived from thermal analysis. Therefore, it can be concluded that soot nanostructure 

has not a dominant effect on its reactivity. 

 Results obtained from structural and morphological techniques (surface area analysis and TEM, 

respectively) shows that as the butanol (or oxygen) content in fuel increases, soot surface area 

increases as a consequence of a lower average primary particle diameter. This trend is observed 

in all cases except for soot from the ternary blend, whose surface area was not observed to 

increase with respect to the binary blend with equal butanol content. As soot surface area 

increases the oxidant agents have more accessibility to the carbonaceous matrix and it can be 

hipothesized that soot becomes more reactive, which is in line with the results obtained with 

thermal analysis techniques. 

 With regard to the results obtained with chemical analysis techniques (XPS and FTIR), it can be 

observed that as butanol content increases, oxygenated functional groups on soot surface 

increases. It can be concluded that much of the oxygen groups detected on the soot surface 

comes from fuel decomposition rather than being formed during initial stage of soot oxidation. 

 The results obtained with thermal analysis techniques (TGA and DSC) show that soot generated 

from butanol blends is more reactive than that generated from diesel fuel. The soot from the 

ternary blend is observed to be more reactive than soot from Bu20D, proving that the oxygen 

attached to carboxylic groups also contributes to increase the soot reactivity. 

 Among all the techniques used in this study, XRD, Raman spectroscopy and HR-TEM, did not 

show a good relationship with its reactivity, whereas the average primary particle diameter, the 

surface area and the concentration of functional groups partially correlated. 
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