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Abstract: Asphaltenes constitute a heavy fraction of fossil fuels and their characterization is still a
very difficult and challenging issue due to their complex and variable composition.

Asphaltene components are highly condensed aromatic molecules having some heteroatom and
aliphatic functionalities. Their molecular weights distribution span a wide range, from hundreds to
millions of units, in dependence on the diagnostic used, leading to speculation about possible oc-
currence of self-aggregation.

In the present work, mass spectrometry, with properly developed mathematical methods, size ex-
clusion chromatography and X-ray diffraction analysis have been applied to asphaltenes for giving
some further insight on their MW distribution and characteristics.

The results here reported give further quantitative support to the experimental data interpretation
already reported in previous works.
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1. Introduction

Asphaltenes constitute a heavy and complex fraction of fossil fuels as coal, crude oils and
their heavier derivatives, which reduce the economic value and cause adverse effects to
the industry using such fuels. Their hindrance on production and processing, especially
in petroleum field, has required to focus fundamental and applicative research on as-
phaltenes characterization finalized to either separate asphaltenes from the petroleum
liquids before of refining processes or their “upgrading” to a less refractory (lighter)
fraction. For both cases, it is mandatory to understand the fundamental chemistry of
asphaltenes [1] that is still a very difficult and challenging issue due to their complex and
variable composition.

Asphaltenes are dark-brown-to-black friable solids, without a definite melting point,
which foam, swell and leave a carbonaceous residue upon heating [2]. Usually, asphal-
tenes are operationally defined as insoluble compounds in aliphatic hydrocarbons such
as n-pentane or n-heptane, and soluble in aromatics such as toluene and benzene [3].
Because of their definition as a solubility class, asphaltenes differ from a chemical class,
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and variability among asphaltenes content and composition in dependence on their
source is observed [4].

Asphaltene components are highly condensed aromatic molecules having some het-
eroatom (oxygen-, nitrogen-sulfur- and so on) and aliphatic functionalities. An intense
debate has regarded the determination of molecular weights spanning a wide range,
from hundreds to millions of units in dependence on the diagnostic used [5,6], leading to
speculation about self-aggregation [7], possibly favoured by the relatively high content of
undesired heteroatoms and metals [8].

In the present work, mass spectrometry, with properly developed mathematical meth-
ods, size exclusion chromatography and X-ray diffraction analysis have been applied to
asphaltenes for giving some further insight on their MW distribution and characteristics.

2. Materials and Methods

Asphaltenes studied in this work derive from a #6 commercial heavy oil and were sepa-
rated as the alkane-insoluble/aromatic soluble fraction by using the ASTM D3279 meth-
od.

2.1 Laser desorption ionization-time of flight mass spectrometry (LDI-TOFMS)

LDI-TOFMS spectra of asphaltenes were recorded on a SCIEX TOF/TOF™ 5800 System
on positive reflectron mode, using a N2-laser. The laser power was varied from low (40%
of the nominal value) up to high values (90% of the nominal value). The target was pre-
pared by depositing on a standard stainless steel plate the sample in
N-methylpyrrolidinone (NMP) and by heating in oven at about 100°C for few minutes
for evaporating the solvent. Each spectrum represents the sum of 12,000 laser pulses from
randomly chosen spots per sample position. Matrices were not added since asphaltenes,
as in general carbon materials, are able to absorb the laser beam (A=337 nm), acting as a
self-matrix. [9-11].

Fast Fourier Transform (FFT) analysis was applied to asphaltenes spectra to compute the
discrete Fourier transform (DFT) of repetitive signals. For data analysis, a graphic soft-
ware (Origin) was used. More details on the method as applied to mass spectra are re-
ported in [12].

The DBE number, also called degree of unsaturation, was calculated for asphaltenes from
the structure of the chemicals, considering that each n bond or ring generates one DBE. If
the compound contains the elements C, H, O, and N, the DBE for the general formula
C«HyN:On is calculated as follows [13]:

DBE= x-y/2+z/2+1.

In this work the DBE was determined for each mass peak considering the simplified
formula for CxHy hydrocarbons: DBE = x-(y/2)+1 by an home-made software [14]. By
plotting the DBE number and the relative intensity against the carbon number (CN),

iso-abundance graphs were drawn in the Origin software.

More details are reported in [14].
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2.2 Size exclusion chromatography (SEC)

SEC analysis of asphaltenes was carried out on a HPLC system HP1050 series by elution
with NMP on a PL-gel polystyrene-polydivinylbenzene individual-pore column (Poly-
mer Laboratories Ltd., UK, part no. PL1110-6525 particle size of 5 pm diameter and a pore
dimension of 50 nm) for the MW determination in the 100-50 000 Da range. The relation
between retention times and molecular mass of polystyrenes has shown to be held also
for PAH standards (toluene, dicoronylene, paracyclophane, pyrene and a standard PAH
mixture (Supelco EPA 525 PAH mix A)). The injection volume was 100 pL and the anal-
yses were performed at a constant temperature of 70 °C with a flow rate of 0.5 mL min.
The online detection of species eluted from the SEC column used a HP1050 UV-visible
diode array detector that measured the absorbance signal at fixed absorption wave-
lengths (350nm).

Asphaltenes samples were prepared in NMP with the concentration of 100 ppm.
2.3 X-ray diffraction (XRD)

XRD spectra were acquired on a Bruker D2 IT with Cu Catode (Kal 1.54 A, 30 kV voltage
and 10 W power; 0.1° slit divergence e 1.5° Soller slit). A Ni filter was employed for re-
moving KB (A = 1.392 A) X-ray spectral lines of copper. Instrument resolution: 0.05° 26.
The holder is a "Zero background holder " in silicon crystal.

3. Results

The LDI-TOFMS mass spectrum of asphaltenes reported in Fig.1 is very complex as fea-
tured by a large number of peaks differing for only m/z 1 and distributed in a unique
broad MW mode ranging from about 350 up to 850 u, with a maximum around m/z 550.
Mathematical methods applied to mass spectra featured by a high number of peaks are
helpful for extrapolating quantitative compositional features of complex samples as as-
phaltenes.
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Figure 1. LDI-TOFMS spectrum of asphaltenes at low laser power (40% of its nominal value).

Applying the FFT analysis, shown in Fig.2, the spectrum is reduced to few peaks associ-
ated to main periodicities, indicative of compositional features as below reported.
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Figure 2. Mass periodicity evaluated by FFT of asphaltenes mass spectrum.

The main periodicity at m/z 12 of FFT profiles hints to homologous series of aro-
matic carbon polymers with a different degree of unsaturation suggested by the presence
of mass difference of m/z 1 (the prevalent FFT peak) and 2. More in detail, periodicity at
m/z 12 presents a large peak with a width at half height of m/z 1, which means some
contribution of m/z 13 due not only to isotopic contribution, but probably also to the
presence of aliphatic bridges (CH) among the building block of the molecules. A smaller
peak at m/z 14 suggests the presence of aliphatic bridges (CH2) and aliphatic groups
(CHs) on and/or between the aromatic moieties, consistently with the quantitative analy-
sis of the infrared spectrum performed in previous work [15]. Indeed, the infrared anal-
ysis has shown the high weight percentage of aliphatic hydrogen (higher than 6%) and
the very low contribution of aromatic hydrogen (less than wt.% 1) mainly present in form
of three- and four-adjacent hydrogens located at the edge of the polyaromatic systems.
These results suggest the presence of long alkyl chains linked to scarcely pericondensed
aromatic moieties [15]. That asphaltenes are mainly constituted of relatively small aro-
matic moieties connected and/or substituted by aliphatic groups is confirmed by the ab-
sence of large PAH with increasing number of carbon atoms testified by the absence of
typical periodicities of m/z 24 [11,12,16].

The aliphatic content of asphaltenes can be deduced also by evaluating the slope of
the planar limit line (PLL), which is the line generated from the iso-abundance plot by
connecting the maximum DBE numbers at given carbon numbers [17] on the
iso-abundance plots of DBE number vs. carbon number. The DBE plot and the PLL are
reported in Fig. 3 for asphaltenes mass spectrum obtained at low laser power.


https://doi.org/10.20944/preprints202111.0308.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2021 d0i:10.20944/preprints202111.0308.v1

80
70
60

50

I§ 40 y=0.7038x+1.44
30
20

104

Figure 3. Iso-abundance plots of DBE number vs. carbon number of asphaltenes at low laser power
(40% of the nominal value).

In Fig. 3 it can be seen that the PLL line has a slope of 0.704, which is lower with respect to
the PLL slope typically evaluated for aromatic-rich samples like the flame-formed or-
ganic carbon (PLL slope= 0.8 [16]) and aromatic pitch (PLL slope=0.798, [14]). The PLL
slope of asphaltenes is even lower than that evaluated for an aliphatic pitch (PLL slope
0.717 [14]), supporting the high aliphatic content in asphaltenes observed by FFT analysis
above described.

The width of the DBE distribution of asphaltenes reported in Fig. 3 shows a DBE range
larger with respect to that typically evaluated for flame-formed organic carbon [16], and
also for practical hydrocarbon mixtures as fossil fuels [18], and aromatic (coal) pitches
[14]. The high DBE width indicates a larger variety of molecules, similarly to that ob-
served for aliphatic (petroleum-derived) pitch [14].

The relatively low laser power value (40% of its nominal value) used for LDI-TOFMS
measurements so far described was chosen in order to limit the fragmentation occurrence
due to high laser power. Indeed, the almost complete absence of fragmentation is con-
firmed by the similarity of the LDI-TOFMS spectrum distribution (Fig. 1) with the mass
spectrum reported in Fig.4, which has been obtained on the same asphaltenes sample
with a softer ionization method, namely atmospheric pressure photoionization [19].
Nevertheless, just the high laser power has been exploited for giving insight in the ali-
phatic/aromatic character of asphaltenes.
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Figure 4. APPI-MS of asphaltenes (adapted from [19]).

The aliphatic/aromatic nature of asphaltenes is confirmed by measuring the mass spec-
trum of asphaltenes at high laser power (90% of its nominal value) (Fig.5).
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Figure 5. LDI-TOFMS of asphaltenes at high laser power (90% of the nominal value).

It can be noticed that increasing the laser power, the MW shift to lower masses in the
range from about m/z 150 up to 1000, with a maximum around m/z 400. The higher laser
power causes the fragmentation mainly occurring in the aliphatic part of the macromol-
ecules, as previously found for aliphatic pitch, which are alky-substituted PAH oligo-
mers (mainly dimers) [16]. The DBE plot of the spectrum measured in the higher laser
power conditions reported in Fig.6 puts better in evidence the shift to lower CN values of
the more intense peaks (indicated with the darker colours) and the extension increase of
the mass peaks range. Specifically, at lower laser power the CN range of the intense
peaks lies between 35 and 55, whereas at high laser power lies between 20 and 50.
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Figure 6. Iso-abundance plots of DBE number vs. carbon number of asphaltenes at high laser
power. (90% of the nominal value).

SEC analysis is another way that has been used to evaluate the MW range of asphaltenes
[20]. In comparison to the LDI-TOFMS spectrum, the SEC profile of asphaltenes, reported
in Fig.7, shows a peak in a wider MW range (300-4000 u), as already found for other
complex carbon materials. [21].

Absorbance, a.u.

100 1000 10000
Polystyrene Molecular Weight, u.

Figure 7. MW profile measured by SEC of asphaltenes at 350 nm absorbance wavelength for the
detection.

A peak in the region around 20,000 u is also shown, whose nature is still unknown. In
agreement with previous work [22], it can be argued that the very high MW peak could
be due to asphaltenes aggregates formed as consequence of the occurrence of supramo-
lecular aggregation, which complicates a lot the asphaltenes chemistry, making difficult
to distinguish between covalent and non-covalent bonds [5,6].
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The difference in the MW distribution of asphaltenes is well evidenced by comparing the
number-average molecular weight (M) evaluated on their LDI-TOFMS and SEC pro-
files.

The M has been evaluated in the 150-4000 u range, assuming the intensity of the mass
spectrometric and SEC signals proportional to concentration through the formula [21]:

_ Yili MW;
" Yili

where [i is the signal intensity and MWi: represents the MW for each point i of the SEC
profile and mass spectrum.

The weight-average molecular weight (Mw) is calculated through the formula:

_ Yl (MW)?
v YiliMW;

The M value obtained by LDI-TOFMS for asphaltenes by LDI-TOEMS is 569 u, signifi-
cantly different and lower in comparison with the Mn evaluated from the SEC profiles
(measured at 350 nm), which is 1560 u. The smaller Mn values measured by LDI-TOFMS
can be due to the different MS detector responses to low and high-MW components. In
fact, an intrinsic limitation of the LDI-TOFMS technique applied to blends of low- and
high-MW species is the predominance of the signals of the high volatile low-MW species
obscuring the high-MW species detection [21]. However, a correct choice of experimental
conditions (especially laser power) can help to reduce this bias [23].

The Mw of asphaltenes evaluated by LDI-TOFMS and SEC are 587 and 2789 u, respec-
tively.

Thus, the polydispersity index (PDI), calculated as ratio between Mw and Mx is 1.03 for
LDI-TOEMS and 1.79 for SEC, confirming quantitatively the observation of a much larger
distribution observed by SEC.

In order to confirm the high aliphatic character of asphaltenes, X-ray diffraction has been
also applied. The XRD spectrum, reported in Fig.8, shows two main peaks attributable to
the (002) reflection of graphite and the y band. The (002) reflection is located at 25°,
shifted with respect to graphite value (26°), and is very weak and diffuse compared with
that of graphite, as typically occurs for amorphous materials [24]. The y band, generally
ascribed to aliphatic content [24,25], is not simply a shoulder of the (002) peak as gener-
ally found in amorphous-like carbon material [25], but is a peak comparable with the
(002). It clearly indicates the very high aliphatic contents of asphaltenes. The two very
narrow peaks are due to the metals present in the asphaltenes sample.
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Figure 8. X-ray diffraction patterns of asphaltenes, with indication of the positions of main peaks:
(002) graphite reflection and the y band.

5. Final remarks

Peculiar features of LDI-TOFM spectra of asphaltenes were observed by applying
mathematical methods as FFT and DBE. These characteristics confirmed that asphaltenes
are composed of relatively small aromatic moieties linked and/or substituted by aliphatic
chains with MW extending up to about 1000-1500 u. SEC also showed a similar contin-
uous distribution of species but shifted toward higher MW values. Considering the
higher response of mass spectrometry to more volatile species from one side and from
the other side, the possible limitations of the PS calibration reliability (successfully tested
on fully aromatic standards as PAHs) for complex mixed aromatic/aliphatic compounds,
the true MW probably falls between the maximum LDI-TOFMS and SEC values, in the
range of 700-1000u assumed as the average MW of diverse samples of asphaltenes.
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