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Introduction 
Nowadays high oil prices are probably here to stay at least for a while and so 
refineries worldwide are looking for better ways to utilize heavy hydrocarbon 
liquids derived from coal and petroleum. Detailed definitions of their molecular 
structures and mass distribution are therefore of concern as they are relevant for the 
processing of these materials and their behaviour in refinery plant. Heavy 
hydrocarbon liquid are highly polydispersed with respect to their basic 
physicochemical properties such as molecular weight (MW), molecular size, 
solubility, polarity, elemental composition, and so on, which are therefore very 
difficult to be obtained by conventional techniques. However, mere “average” 
property determinations do not account for variations within individual samples 
and sample fractions. New analytical approaches are mandatory for their complete 
characterization. In the present paper coal- and petroleum-derived samples have 
been fractionated by solvent extraction to provide more tractable samples in terms 
of narrower MW distribution and higher homogeneity in chemical behaviour. 
Fractions have been further characterized by Size Exclusion Chromatography, 
Infrared absorption and thermogravimetry for studying MW distribution, functional 
group presence, volatility and reactivity of the different solvent separated fractions. 
The aim of the work is to obtain a more complete picture of molecular mass and 
structure of complex samples, very important in fuel processing industry, matching 
and interpreting the results from different techniques.  
 
Experimental 
Samples 
Three samples were tested, namely a pitch obtained from the high-temperature 
coking of coal [1] a Maya heavy crude oil [2, 3] and a syncrude sample (sweet-
crude atmospheric residue derived from the extraction of Athabasca tar sands, 
supplied by Phillips Conoco [4]). The samples were fractionated with solvents of 
different polarity as heptane, toluene and N-methyl-pyrrolidinone (NMP). The 
samples were firstly separated with heptane obtaining a heptane-solubles (HS, also 
referred as maltene fraction) and an heptane-insoluble fraction (HI). The HI 
fraction was further separated with toluene in a toluene-soluble fraction (TS, also 
referred as asphaltenic fraction, A) and a toluene-insoluble fraction (TI). It was 
reported [5] that the asphaltenic fraction of crude oils is not completely soluble in 
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N-methyl pyrrolidone (NMP). This behavior was exploited to further fractionate 
the asphaltenes in a NMP-soluble (NS) and a NMP-insoluble fractions (NI).  
Methods  
The Size Exclusion Chromatography (SEC) analysis of sample fractions was 
carried out by elution with NMP on a PL-gel column (Polymer Laboratories, Ltd, 
UK). More details are given in [6]. Fourier Transform Infrared (FTIR) spectra were 
recorded on a Nicolet iS10 spectrometer using the attenuated total reflectance 
(ATR) method. The spectra were recorded in the 600-4000 cm-1 range by using a 
zinc selenide crystal collecting 32 scans and correcting the background noise. The 
thermal stability of the samples was evaluated by thermogravimetric analysis 
(TGA) performed on a Perkin–Elmer Pyris 1 Thermogravimetric Analyzer. The 
samples were heated in nitrogen atmosphere (N2, 40 mL min-1) from 50 °C up to 
750 °C at a rate of 10 °C min-1.  
 
Results and discussion 
The weight percentages of pitch, Maya and syncrude fractions are reported in Fig. 
1. The pitch is composed by a maltenic fraction (pitch HS) that is only 14,4% of 
the total sample whereas the maltenes extracted from Maya and syncrude (Maya 
HS and syn HS) account for more than 80% of the total weight. Moreover, in the 
case of the pitch, the toluene insoluble fraction (TI) constitutes almost half of the 
sample whereas this fraction is completely absent in Maya and it is present in a 
very small amount (1,2%) in the syncrude (therefore not analyzable). Finally, the 
asphaltenes of pitch (pitch A) are completely soluble in NMP, whereas for both 
Maya and syncrude almost half of asphaltenes are insoluble in NMP.  
In Fig. 1 (Fig. 1 a-c) the SEC chromatograms of the samples fractions have been 
reported as a function of the MW, obtained by polystyrene calibration. The heptane 
soluble fractions (pitch HS and Maya HS) from both pitch and Maya samples, 
showed the smallest MW distribution, with a maximum around 400 u for pitch HS 
and with two peaks for Maya HS, one around 400 u and the second around 1000 u. 
It is evident from the comparison between not fractioned pitch and pitch HS that 
pitch HS constitutes the lighter fraction of the raw pitch. A small early eluting peak 
was observed in pitch TI, in Maya HS and in Maya A NS fractions, more evident in 
the last one, which corresponds to material of molecular size unable to penetrate 
the porosity of the column packing (around and above 20,000 u), and referred to as 
“excluded” from the column porosity. In a previous work [6] it was hypothesized 
that these materials may be adopting three-dimensional conformations, 
corresponding to large hydrodynamic volumes and very large apparent molecular 
masses, whereas the real MW can be much smaller. 
In the right side of Fig. 1 (Fig.1 d- f) the TGA profiles of the samples fractions, 
acquired in inert environment, are reported. The TGA plots of the fractionated 
pitch (Fig.1 d) confirm that the lighter fraction is the HS fraction with 25 % of 
weight lost already at 100°C and more than 90% volatilized at 350°C whereas pitch 
TI is completely unvolatile in the range investigated. In oxidative environment (not 
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reported here) the pitch TI survives to the burn off till 550°C, allowing 
hypothesizing a highly graphitic moiety. No other fraction of the samples studied 
here presents similar resistance to the oxidation. The asphaltenic fraction of the 
pitch (pitch A) presents a 80% in weight that needs 500°C for volatilizing whereas 
the raw pitch at the same temperature have lost only around 40% in weight.  
 

 
Figure 1. Percentage composition of the samples fractions (top) and SEC 

chromatograms (left side) and thermogravimetric profiles (right side) of pitch and 
its fractions (a, d), Maya fractions (b, e), syncrude and its fractions (c, f). 

 
Also for Maya crude oil the maltene fraction (Maya HS) is the lighter one, with 
more than 90% of weight lost at 450 °C (Fig.1 e). Maya A and its NMP soluble and 
insoluble fractions have lost around 60% in weight at the same temperature. They 
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start to burn in oxidative environment (profiles not reported here) at 430°C, with a 
20% of weight lost, completing the burning around 550°C. 
In Fig.1c SEC chromatograms of syncrude and its fractions are reported. Also for 
syncrude sample, the HS fraction is the lighter one, with a distribution around 600 
u, whereas the starting oil presents a main peak around 900u and a shoulder around 
400 u. Both raw syncrude and syncrude HS present a very small excluded peak. 
The asphaltene fraction of syncrude (syn A) appears to have a heavier distribution 
with respect to pitch and Maya oil, with an excluded peak comparable in height 
with the main distribution around 1000u. This peak becomes largely predominant 
in the syn A NS. Raw syncrude and its maltenic fraction (syn HS) have a very 
similar thermogravimetric trend (Fig.1 f) with 80% and 90%, respectively, of the 
sample loss already at 450°C.  
It is worth to note that Maya and syncrude asphaltenic fractions volatilizes for 60% 
in weight at 450°C leaving a 40% of unvolatile residue. Their complete burn off 
occurs around 500°C (not shown here).  

 
 

Figure 2. FTIR absorption spectra of pitch and its fractions (a), Maya fractions (b), 
syncrude and its fractions (c); * indicates solvent residuals. 

 
FTIR spectroscopy is one of the most effective techniques providing information 
on functional groups in complex solids. Despite some difficulties, FTIR 
spectroscopy has been already used in the literature as an effective tool in making 
semi-quantitative estimation of the pitches chemical features [7]. FTIR spectra give 
possibilities for relevant information, especially when applied to samples of similar 
origin in a comparative way, as in the present case. 
FTIR spectra of the three samples, along with all their fractions, are reported in 
Fig.2. The band assignments are based on literature data for hydrogenated 
amorphous carbon [8], soot [9,10] and natural carbonaceous materials such as coals 
[11]. The region around 3000 cm-1 corresponds to the aliphatic CH stretching 
modes in the form of methylene groups (2925 cm-1 and 1450 cm-1)  and methyl 
groups (2850 cm-1 and 1375 cm-1), the one around 1600 cm-1 to the C=C (sp2) 
stretching modes, the one between 1500 and 1000 cm-1 to the CH bending and C-C 
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(sp3) stretching motions with some contributions of sp2 C=C modes and finally the 
1000-720 cm-1 region corresponds to the CH “out of plane” bending motions [12]. 
It is evident comparing the three different samples reported in the fig. 2 that pitch 
(Fig.2a) is the more aromatic sample with high peaks at 3040 cm-1 (CH aromatic) 
and 1600 cm-1 (aromatic C=C) which, on the contrary, are very low in syncrude 
and Maya spectra (Figs. 2b, 2c). The ratio of aromatic to aliphatic hydrogen 
(Haro/Hal) was evaluated according with [13] by calculating the ratio between the 
area of the bands at 3000-3100 cm-1 (aromatic H) and at 2800-3000 cm-1 (aliphatic 
H). The Haro/Hali ratio of the pitch is 0.85, much higher with respect to the value 
around 0.03 as estimated for Maya and syncrude. Moreover, in the pitch, the 
concentration of four adjacent aromatic hydrogens (quatro moieties) results 
approximately half of the all aromatic CH groups whereas the isolated CH groups 
(solo moieties) have the smallest concentration. The solo (at about 880 cm-1) to 
quatro (at about 750 cm-1) intensity ratio is generally considered to be related to the 
extent of the polyaromatic units. Qualitatively, it can be assumed that the higher 
the intensity of the peaks below 1000 cm-1 (and the smaller the ratio solo/quatro) 
the smaller the extension of the aromatic moieties. Therefore, the presence in the 
FTIR spectrum of a quatro signals more intense than the solo one indicates that the 
unfractioned pitch has an oligomeric structure, like other pitches described in 
literature [13]. The maltene (pitch HS) and the asphaltene (pitch A) fractions of the 
raw pitch exhibit the higher contribution of aromatic CH and intense peaks in the 
region below 1000 cm-1 of the out-of-plane aromatic CH bending modes. Their 
Haro/Hali ratios are 1.2 and 0.6, respectively. TI fraction presents the bigger aromatic 
moieties extension. Its FTIR spectrum has a more broadband profile (typical of 
graphitized carbonaceous materials) and it is characterized by the higher 
contribution of aromatic C=C stretching (signal around 1600 cm-1), the lower CH 
aromatic signals (Haro/Hali ratio of 0.5) and not resolved signals in the out of plane 
region. All these findings allow us to attribute a higher graphitic structure to TI 
fraction, as already hypothesized by means of thermogravimetry. The FTIR spectra 
of the fractions belonging to Maya and syncrude (Figs.2b, 2c) contain strong 
signals of aliphatic CH bonds, and in particular the signals characteristic of 
methylene groups (2925 cm-1 and 1450 cm-1) are more intense of those relate to 
methyl groups (2850 cm-1 and 1375 cm-1). The CH aliphatic groups can be present 
in the samples as aliphatic bridge or inside the aromatic skeleton in the form of 
edge of a non-hexagonal ring. In both the cases it represents a “defect” in the 
planar structure of the aromatic moieties that can induce, for example, a curvature. 
The non –linearity of the structure can affect the MW attribution by SEC, as 
underlined before, showing a bigger excluded peak, especially in asphaltenic 
fraction. Therefore the high defect content of syncrude samples can justify the lack 
of agreement between SEC and thermogravimetry that did not attribute to them 
MWs higher with respect to Maya and pitch. In the structure of Maya and 
syncrude, the presence of carbonylic moieties is testified by signals at ~1700 cm-1 
(carbonylic stretching).  
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Overall, it can be concluded that the solvent affinity of heavy fuels is determined 
by both volatility and chemical characteristics. Heptane solubilize the fraction of 
heavy fuels containing aliphatic compounds and/or aromatics with aliphatic 
substituents volatilizing in a relatively low temperature range (from 150 to 400°C). 
The heptane insolubilization mainly pertains to the lower volatility fraction (from 
300 and beyond 500°C) containing heavy aromatic/aliphatic species. Toluene 
solubilizes the lower-MW aromatic/aliphatic species contained in the heptane-
insoluble residue as in the case of a crude oil and syncrude. The heavy aromatic 
species contained in the pitch are completely insoluble in toluene. Solubilization in 
NMP, poor for highly aliphatic species, is efficient for highly-aromatic volatile 
species as those contained in the heptane-insolubles of pitch. The present study 
confirms that the separation by solvents can give a preliminary isolation of classes 
with narrower MW and chemical properties, very useful for industrial purposes 
when the use of complex and expensive analytical technique is not applicable. 
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