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A B S T R A C T

Two methods of asphaltenes fractionation have been employed to facilitate the characterization of their re-
spective subfractions. The methods are based on step-wise precipitation with different n-hexane/crude oil ratios,
and on adsorption onto CaCO3. Three subfractions were produced for each method, being named of 3.5 V,
3.5–6 V, and 6–40 V (for the first method); and non-adsorbed (bulk), adsorbed, and irreversibly adsorbed (for
the second method). The fractions were characterized by elementary analysis, nuclear magnetic resonance of
proton (1H NMR) and by positive ion-mode electrospray Fourier transform ion cyclotron resonance mass
spectrometry (ESI(+)FT-ICR MS). The elemental analysis, described in previous work, revealed that the C/H
ratio for whole asphaltene and its sub-fractions varied between a narrow range (0.83–0.88) which means they
present similar aromaticity or unsaturation. Furthermore, the elemental analysis corroborates with the 1H NMR
analysis suggesting that subfraction 6–40 V presented a more aromatic profile than of remaining subfractions,
while for the fractionation using CaCO3, this behavior was observed for the adsorbed subfraction. However, a
more detailed molecular information was obtained from ESI(+)-FT-ICR MS data, showing that polar compounds
species with lower carbon numbers were mainly found for the irreversibly adsorbed subfraction. Besides, the
double bond equivalent (DBE) distribution is an important tool to associate the chemical information with
solubility parameters, in which, a narrower DBE distribution was observed for irreversibly adsorbed (for frac-
tionation onto CaCO3) and subfraction 3.5 V (fractionation in n-hexane) samples, indicating that they are less
soluble in hydrocarbons. Also, solubility parameters (δ) were calculated from ESI(+)FT-ICR MS data, where the
results indicate that subfractions produced in n-hexane have a lower tendency to precipitate in hydrocarbons in
relation to subfractions produced onto CaCO3.

1. Introduction

Asphaltene is known to be related to several problems in the oil
industry, because of their propensity to flocculate, and precipitate
[1,2], causing deposition in the pores of formation rocks, valves,
pumps, and refining process [1,3]. These problems have been asso-
ciated with the highly aromatic asphaltene’s components [2]. For this
reason, the industry is focused on the study this complex mixture to
better understand the composition and behavior of asphaltenes, in
order to improve the process of production of crude oil through pre-
vention of deposition of asphaltenes.

Asphaltenes are the most polar fraction of the heavy oil. They are
soluble in aromatic solvents (toluene) and insoluble in aliphatic sol-
vents such as heptane [2,4,5]. Concerning their chemical character-
istics, as briefly mentioned above, they are composed of a large number
of molecules, with polycondensed aromatic rings, high heteroatom
content (N, O, and S) and metal compounds such as nickel, vanadium,
and iron [2,4–6].

Due to its inherent complexity, the analysis of asphaltenes is a hard
and a difficult task, being necessary methods of fractionation and se-
paration of asphaltenes into subfractions with the purpose to facilitate
the analysis of such complex feedstock [7]. Asphaltene subfractions are
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a more uniform sample, regarding composition and physicochemical
properties [8]. Generally, these methods use samples of asphaltenes
previously precipitated from crude oil with alkanes [8], which is frac-
tionated with a combination of different solvents in different propor-
tions [9–10]. Asphaltene fractionation procedure can also be based on
the adsorption properties of asphaltenes onto different surfaces (mi-
neral and metal) [12].

Several examples of asphaltene fractionation are described in the
literature. In 1998, Tojima et al. [13] developed a fractionation method
using a binary solvent mixture of toluene – heptane (35:65. 25:75.
18:82 v/v) in a reflux condition and were able to recover four fractions
(A, B, C, D) of asphaltene by ultracentrifugation. These fractions were
characterized by H/C ratio, carbon aromaticity (1H NMR spectroscopy)
and average molecular weight (Mw) by vapor pressure osmometry
(VPO). Fraction A was classified as heavy asphaltene, being the least
soluble, having the lowest H/C ratio and, the most aromatic compared
to the other fractions (B, C, and D), which were classified as light
fractions.

Following the method developed by Tojima et al. [13], Okhotnikova
et al. [14] derived five fractions of asphaltenes. However, they studied
only the fraction that precipitated upon minimum and maximum ad-
ditions of the precipitating agent (65 and 90%, respectively). Fractions
were characterized by electron paramagnetic resonance spectroscopy,
thermal analysis, calorimetry and atomic force microscopy. The ana-
lyses revealed that the fractions presented the same behavior as de-
scribed by Tojima et al. [13], where the first fraction precipitated had
the highest Mw distribution, highest aromaticity factor, lowest H/C
ratio and solubility. On the other hand, the last fraction precipitated
presented exactly the opposite behavior as the first, being denominated
the low Mw fraction.

Trejo et al. [15] also employed this same technique and found the
same behavior for the first and subsequently fractions as described in
the previous works cited [13,14]. In this study, fractions were char-
acterized by elemental analysis, atomic absorption, VPO aggregated
weight and NMR analyses. In another work of Trejo and Ancheyta [16],
they also used the binary solvent mixture to fractionate hydrotreated
Maya crude oil and characterize the fractions by elemental analysis,
atomic absorption and matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS). The fractions presented the same char-
acteristics, as cited in previous studies [13–15], where the first fraction
obtained, had a lowest H/C ratio, indicating the presence of aromatic
compounds [16].

In 2007, Fossen et al. [17] isolated asphaltene subfractions directly
from crude oil by precipitating them by successively increasing n-pen-
tane to crude oil ratio. Four fractions of asphaltene were obtained (3:1;
10:1, 15:1, 20:1% v/v of n-pentane:crude oil) and characterized by near
infrared spectrometry (NIR) and interfacial tensiometry. They con-
cluded that fraction 3:1 was the least soluble and fraction 15:1 was the
more soluble in n-pentane. In relation to the interfacial tension, the
fraction 10:1 showed the highest interfacial activity than the other
fractions.

In 2013, Petrova et al. [8] proposed a fractionation scheme where a
resin-asphaltene concentrate was precipitated from oil residue that was
mixed with acetone in a ratio proportion of 3:1 v/v% (acetone:residue).
Subsequently, two fractions (resin–asphaltene concentrate and deas-
phalted oil) were isolated with n-heptane (1:40 v/v) and then, four
asphaltenes subfractions were produced from a reflux system filled with
a mixture of residue:n-heptane:toluene (1:85:1 v/v). These fractions
were analyzed by Fourier transform IR spectroscopy (FT-IR), MALDI-
MS, and UV spectrophotometry, which the results showed that they
exhibited mainly a difference about aromaticity degree and the Mw

distribution [8].
In a more recent work, Subramanian et al. [12] proposed a frac-

tionation method based on the adsorption of asphaltene onto calcium
carbonate (CaCO3). Three asphaltene fractions were obtained: bulk
asphaltene, adsorbed asphaltene and irreversible-adsorbed asphaltene.

UV-spectroscopy, elemental analysis, and FT-IR were used to char-
acterize these fractions. These analyses indicated that these fractions
were separated with different absorbance’s at 1700 cm−1, corre-
sponding to the presence of carbonyl, carboxylic acid or derivative
groups, which were more concentrated in the irreversibly adsorbed
subfraction. Of all the techniques used to characterize the asphaltene
subfractions in the works reported above, few studies have employed
the ultrahigh resolution mass spectrometry such as Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR MS) in chemical
characterization of asphaltenes subfractions. Therefore, FT- ICR MS will
be used to explore the compositional characteristics of asphaltenes
subfractions linking their properties to the physical behavior of each
fraction.

The “soft ionization” techniques in MS, e.g., electrospray ionization
(ESI) and atmospheric pressure photoionization (APPI) are ionization
sources of MS most applied in the characterization of asphaltenes
[1,18]. The APPI, for instance, has clarified many aspects of asphaltenes
fractions [6], such as the confirmation of that asphaltenes are fractions
more aromatic than maltenes when establishing the same chain size
[19] and, compositional component model [20]. These ionization
sources coupled to FT-ICR MS, provide the most extensive information
on a molecular level of asphaltenes and complex mixture of petroleum
[2,18] since the FT-ICR MS can differentiate thousands of species in a
single mass spectrum [2,18]. This behavior is due to the ultra high
resolution and accuracy of FT-ICR MS, [21,22] where the molecular
formula (CcHhNnOoSs) can be assigned to each m/z detected, thus fa-
cilitating, the material classification by heteroatom content and the
degree of aromaticity [4,9,23–24].

ESI is particularly efficient in generating acceptable data for polar
constituents with high heteroatom content. The combination of positive
and negative ESI with FT-ICR MS analysis of asphaltenes was reported
by Klein et al. [30], and Pereira et al. [4] Although ESI generates
abundant ions from several polar species, substituted hydrocarbon cy-
cloalkanes, and highly aromatic hydrocarbons species usually are not
ionized by ESI. However, Molnárné Guricza and Schrader [2] ionized
no-polar hydrocarbons and polyaromatic heterocycles species by ESI
using appropriated solvents compositions and capillary voltage.
Therefore, this source can be more explored to improve the ionization
of asphaltene species. Herein, the asphaltene was fractionated using
two distinct methodologies: (i) the first, from a crude oil sample as
function of volume of n-hexane (from 3.5 to 40 V) via partial pre-
cipitation of asphaltenes due to a gradual change in the solubility of the
medium in which they were dissolved, (ii) and the second, by adsorp-
tion onto CaCO3. The asphaltene subfractions produced as well as the
whole asphaltene were characterized by ESI(+)FT-ICR MS. These re-
sults were compared with aromaticity parameters obtained from ele-
mental analysis and 1H NMR spectrometry measurements.

2. Experimental section

2.1. Samples and reagents

The reagents such as n-hexane (VWR,> 97%), anhydrous toluene
(Sigma Aldrich, 99.8%), anhydrous tetrahydrofuran (THF)
(VWR,>99.7%), chloroform (CHCl3) (Merck,> 97%), 4 N hydro-
chloric acid (HCl) and calcium carbonate (CaCO3) (Speciality Minerals
Inc., USA) were used in the asphaltene extraction and in production of
its subfractions. The 4 N HCl solution was prepared by diluting HCl
fuming (Merck, 37%) with purified water. Tetramethylsilane (TMS) and
deuterated dichloromethane (CD2Cl2) were supplied by Vetec® Química
Fina Ltda (Rio de Janeiro- Brazil) and used for 1H NMR analysis.
Methanol (99.9%, MeOH), sodium trifluoroacetate (98%, NaTFA) and
formic acid (99%, HCOOH) were purchased from Sigma-Aldrich
Chemicals (St. Louis USA) whereas toluene (98%,) was purchased by
Vetec® Química Fina Ltda (Rio de Janeiro-Brazil).
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2.2. Asphaltene extraction and fractionation in n-hexane

The asphaltene subfractions analyzed in this work were fractionated
and provided by Subramanian et al. [33] The crude oil was submitted to
an extraction procedure to obtain different asphaltenes subfractions. An
overall scheme of the fractionation can be view in Fig. 1(A), where
three different volume ranges of n-hexane (3.5 V; from 3.5 to 6 V and
from 6 to 40 V) were used to obtain the subfractions of asphaltenes.
Briefly, the crude oil (20 g) was put in contact with n-hexane (70 mL,
equivalent to 3.5 mL/g crude oil) and stirred for 24 h. The solution was
then filtering under vacuum using a 0.45 µm (Sartorius Stedium)
membrane filter, subsequently washed with n-hexane (50 mL). The first
fraction of asphaltene (subfraction 3.5 V) was obtained from the

precipitated with a yield of 27.4% (Table 1). After 120 mL (6 V) of n-
hexane was added to the filtrated, this solution was then submitted to
agitation for 24 h. Posteriorly, it was filtered and washed with n-
hexane, obtaining the second asphaltene fraction (subfraction 3.5–6 V)
with a yield of 32.3% (Table 1). After, 800 mL (40 V) of n-hexane was
added to the filtrate, stirred for 24 h and subsequently was filtered and
washed as described above. The last asphaltene fraction was obtained
(subfraction 6–40 V) with a yield of 40.3% (Table 1). All subfractions
obtained were dried under nitrogen at room temperature [33].

2.3. Asphaltene extraction and fractionation in CaCO3

The asphaltene subfractions analyzed in this work were fractionated

Fig. 1. Scheme of asphaltenes extraction from crude oil. Letter A represents the extraction and fractionation of asphaltene in different volumes of n-hexane and letter B represents the
extraction and fractionation of asphaltene in CaCO3.
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and provided by Subramanian et al. [12]. Asphaltene was extracted
from crude oil by precipitation in n-hexane and then fractionated into
subfraction based on the adsorption of asphaltene onto CaCO3. The
CaCO3 compound was selected as adsorbent due to the fact it imitates
typical calcium carbonate reservoirs. An overall scheme of fractionation
can be view in Fig. 1(B). Briefly, 160 mL portion of hexane was added
to 4 g of crude oil sample (40 mL g−1 of oil) and stirred for 24 h at room
temperature. The solution was then filtering using a 45 µm (Sartorius
Stedium) membrane filter, separating the precipitated asphaltene from
the maltenes. This precipitated asphaltene, named the whole asphal-
tene, was washed with hexane and dried. Subsequently, whole as-
phaltene (1.5 g) was solubilized in toluene (375 mL) and sonicated for
30 min, resulting in a 4 g mL−1 asphaltene solution concentration. To
this asphaltene solution was added CaCO3 (41.4 g). This mixture was
stirred for 24 h at 22 °C. After it was centrifuged (4000 rpm) for
20 min., filtered and the non-adsorbed asphaltene subfraction (super-
natant) was obtained. Subsequently, THF (375 ml) was added to CaCO3,
stirred for 24 h at 45 °C and then centrifuged (4000 rpm) for 20 min.
The supernatant was recovered, filtered and named adsorbed subfrac-
tion. To obtain the subfraction remaining on the surface of CaCO3,
750 mL of a solution containing THF:CHCl3 (50:50 v/v) was added to
CaCO3. Posteriorly, 750 mL of 4 N HCl solution was added slowly to the
mixture and stirred at room temperature for 3 h. Afterwards, the or-
ganic and aqueous layer was separated using a separating funnel. The
organic layer was labeled irreversibly adsorbed subfraction [12].

2.4. Chemical characterization

2.4.1. Elemental analysis
The details of the elemental analysis procedure are reported else-

where for the samples obtained in the fractionation onto CaCO3 and the
fractionation in n-hexane [12,33]. The contents of carbon (C), hydrogen
(H), nitrogen (N), oxygen (O) and sulfur (S) of the crude oil, of the
asphaltene and subfractions, were determined by Laboratory SGS
Multilab (Evry, France).

2.4.1.1. 1H nuclear magnetic resonance (1H NMR). To characterize the
content of aromatic and aliphatic hydrogens, NMR spectroscopy
experiments were performed using a Varian 400 MHz spectrometer,
operating at 9.4 T using 5 mm broadband 1H/X/D probe at 26 °C and
45° pulse. The experiments were performed using a spectral window of
6410.3 Hz and a relaxation delay of 1.16 s and 128 scans.
Approximately 20 mg of each sample was diluted in 0.7 mL of
CD2Cl2. TMS was used to reference the chemical shifts. The degree of
aromaticity (%) of asphaltene and its subfractions were determined
through the integration of spectra from 9.0 to 6.0 ppm (for aromatic
hydrogen) and from 4.0 to 0.0 ppm (for aliphatic hydrogen). This
procedure was analogous to the one described by da Silva Oliveira et al.
[32] and Nascimento et al. [34].

2.4.2. FT-ICR MS
FT-ICR MS [25–29] analysis was performed using a 9.4 T Q-FT-ICR

MS hybrid (Solarix, Bruker Daltonics Bremen, Germany) equipped with
commercially available ESI source (Bruker Daltonics) set to operate
over m/z 200–1200. FT-ICR mass spectra of whole asphaltene and its
respective subfractions were acquired using positive-ion ionization
mode for ESI, ESI(+).

All samples were diluted to 0.5 mg mL−1 for ESI (+) in 50:50 (v/v)
toluene/methanol containing 0.1% v/v of HCOOH. To ensure the so-
lubility of all samples, they were sonicated for 5 min, and after were
directly infused at a flow rate of 10 μL min−1 for ESI [4,18,34–35,36].

The ESI(+) source conditions were as follows: nebulizer gas pres-
sure of 1.4 bar, capillary voltage of −3.5 kV, and transfer capillary
temperature of 250 °C. The ions were accumulated in the hexapolar
collision cell with time of 0.1 s followed by transport to the ICR cell
through the multipole ion guide system (another hexapole). The front
and back trapping voltages in the ICR cell were 60 V and - 55 V, re-
spectively, for ESI(+).

Each spectrum was acquired by accumulating 200 scans of time-
domain transient signals in 4 mega-point time domain data sets. All
mass spectra were externally calibrated using a NaTFA solution
0.05 mg mL−1 (m/z from 200 to 1200) [4,18] and posteriorly were
internally recalibrated using a set of the most abundant homologous
alkylated compounds for each sample. A resolving power, m/
Δm50% = 465,000–610,000 (in which Δm50% is the full peak width at
the half-maximum peak height of m/z 400) and a mass accuracy of<
1 ppm provided the unambiguous molecular formula assignments for
singly charged molecular ions.

The mass spectra were acquired and processed using a custom al-
gorithm developed specifically for petroleum data processing,
Composer software (Sierra Analytics, Modesto, CA, USA) [31]. Ele-
mental compositions of the compounds were determined by measuring
the m/z values, and the Mw is obtained based on the centered value of
Gaussian profile. Heteroatomic-containing compounds profile, double
bond equivalent (DBE) versus carbon number (CN), and van Krevelen
diagrams were constructed to visualize and interpret the MS data
[4,18]. The unsaturation level of each compound can be deduced di-
rectly from its DBE value according to Eq. (1):

= − + +c h nDBE /2 /2 1 (1)

where c, h, and n are the numbers of carbon, hydrogen, and nitrogen
atoms, respectively, in the molecular formula.

Solubility parameters were also obtained based on the work of
Rogel et al. [9], where they evaluated the characteristics of asphaltene,
linking chemical composition to the solubility and thermal behavior.
According to their work, solubility parameters were calculated by using
the third rule that correlates density with solubility parameter for hy-
drocarbon molecules (Eq. (2)) [37].

= +δ ρ17.347 2.904 (2)

where δ is the solubility parameter (MPa0.5), and ρ is the density (g/

Table 1
Elemental analysis of whole asphaltenes and subfractions obtained in the fractionation with n-hexane in different volumes and fractionation onto CaCO3 are taken from Subramanian
et al. [33,12].

Elements Whole Asphaltene Subfractions

3.5 V 3.5–6 V 6–40 V Non-adsorbed (Bulk) Adsorbed Irreversibly adsorbed

C (wt%) 85.6 82.3 86.1 86.2 85.7 84.3 83.2
H (wt%) 8.17 7.95 8.21 8.16 8.12 8.00 8.30
N (wt%) 1.32 1.27 1.36 1.35 1.20 1.40 1.35
O (wt%) 1.85 2.84 1.73 1.79 2.33 3.27 4.22
S (wt%) 1.96 2.09 2.13 2.12 1.91 2.28 2.14
Total 98.90 96.45 99.53 99.62 99.26 99.25 99.41
C/H ratio 0.873 0.863 0.874 0.880 0.880 0.878 0.837
Yield (mass%) – 27.4 ± 0.8 32.3 ± 0.9 40.3 ± 1.2 51.2 ± 0.5 29.9 ± 1.4 17.1 ± 0.6
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cm3). The density values were calculated according to Eq. (3), where H
represents the hydrogen content (wt%).

= − +ρ 0.064 H 1.6793 (3)

A correction of solid densities was performed by applying Eq. (4),
because the reference for the solubility parameter is a liquid state, being
necessary applying a ratio between the solid density and liquid density
at triple point [9]:

=ρ ρ/ 1.17s L (4)

3. Results and discussion

3.1. Elemental analysis and 1H -NMR

Whole asphaltene and its subfractions obtained from fractionation
by n-hexane and fractionation onto CaCO3 were characterized by ele-
mental analysis (C, H, N, S, and O) by Subramanian et al. [12,33] and
the results are summarized in Table 1. 1H NMR results performed by
our group are described in Table 2. Regarding the elemental contents
(Table 1), subfractions 3.5–6 V and 6–40 V presented higher values of
carbon and hydrogen contents (C = 86.1 and C = 86.2 wt%, and
H = 8.21 and H = 8.16 wt%, respectively). Note also that a subtle
change of C/H ratio values for asphaltenes subfractions can be ob-
served, ranging from 0.863 to 0.880, presenting the following order:
subfraction 3.5 V < whole asphaltene < subfraction 3.5–6 V <
subfraction 6–40 V. The whole asphaltene has similar C/H ratio when
compared to intermediary subfraction, subfraction 3.5–6 V. In general,
the aromaticity degree or unsaturation level of asphaltenes precipitated
increases as a function of the volume of n-hexane added in crude oil,
where the values obtained are similar to those reported in the literature
[38,39].

Among the asphaltenes subfractions, the subfraction 3.5 V shows a
lower C/H ratio indicating that it has a higher aliphatic character
compared to the remaining subfractions. This fact can be corroborated
by the results of 1H NMR analysis (Table 2), where lower aromatic
hydrogen content is observed for this subfraction. Note also that an
increase of oxygen content is observed for this same fraction, ranging
from 1.85 wt% (for the whole asphaltene) to 2.84 wt% (for the sub-
fraction 3.5 V), Table 1. However, this value decreases approximately
40% when compared to remaining subfractions (3.5–6 V and 6–40 V). It
can also be observed that the nitrogen and sulfur contents (Table 1) in
all the asphaltene subfractions are very similar. Therefore, if a higher
C/H ratio implies in a greater number of fused aromatic rings, we can
conclude that the subfractions 3.5–6 V and 6–40 V were highly en-
riched in aromatic carbons while the fraction 3.5 V was diminished.

In 2003, Spiecker et al. [39] analyzed asphaltene samples obtained
from different crude oils (Arab Heavy, B6, Canadon Seco, and Hondo)
using mixtures of heptane and toluene (70:30 and 60:40 v/v%). In this
case, the precipitated fractions (enriched with O, N, Ni, and V) were
more aromatic than whole asphaltene samples. In 2004, Östlund et al.
[11] also used a procedure that caused the partial precipitation of as-
phaltenes due to a gradual change in the solubility of the medium.

Methylene chloride was used as polar solvent and n-pentane as a floc-
culant. The subfraction obtained was more aromatic in relation to un-
fractionated asphaltene, and contains asphaltene compounds that had
the strongest tendency to flocculate. In this work, the subfraction
6–40 V can have chemical properties similar to previously described,
since that it is clear that has higher C/H ratio than the whole asphal-
tene. The 1H NMR spectrum can be visualized in Fig. 1S.

The results of elemental analysis of subfractions obtained from the
fractionation onto CaCO3 (Table 1) [12] reveal that the subfractions
presented similar profile since their C/H ratio varied between a narrow
range (0.837–0.880). However, a lower value of C/H ratio was ob-
served for the irreversibly adsorbed subfraction when compared to the
remaining subfractions, indicating a more aliphatic profile for this
fraction [12]. This decrease in C/H ratio could be due to the increase of
oxygen content, attributed to the contamination by CaCO3 [12]. The C/
H ratio obeys the following order for whole asphaltene and its sub-
fraction samples: irreversibly adsorbed < whole asphaltene ∼ ad-
sorbed < non-adsorbed. The 1H NMR results corroborate with this fact
(Table 2), where lower aromatic hydrogen content is observed for ir-
reversibly adsorbed subfraction. The results suggest that the irreversible
adsorption onto CaCO3 particles is preferential to fractions with less
aromatic hydrogen content [34]. The 1H NMR spectrum can be visua-
lized in Fig. 2S.

3.2. FT-ICR MS

Many studies have shown that the FT-ICR MS analysis will dis-
criminate the chemical profile of the asphaltenes, where an enhance-
ment or suppression of the compounds classes can occur depending on
the ionization method applied [4,40–41,42]. The ESI source readily
ionizes polar compounds containing nitrogen and oxygen atom. How-
ever, it is more challenge to ionize low polar or nonpolar components
[4,42].

Fig. 2a–h displays the ESI(+)FT-ICR mass spectra of whole as-
phaltenes and subfractions obtained by fractionation in different vo-
lumes of n-hexane (Fig. 2a–d) and by fractionation onto CaCO3

(Fig. 2e–h). In general, ESI(+)FT-ICR mass spectra (Fig. 2) shows
broadband profiles from m/z 200–900 with average molecular weight
distribution (Mw) centered at approximately m/z 493 for whole as-
phaltene (Fig. 2a and e). The Mw of subfractions obtained from the
fractionation in n-hexane (Fig. 2b–d) is centered at approximately m/z
534 (2b), 528 (2c), and 508 (2d) (for samples 3.5 V, 3.5–6 V, and
6–40 V, respectively). Mass spectra of samples obtained from the frac-
tionation onto CaCO3 (Fig. 2f–h) presented Mw centered at approxi-
mately m/z 508 (2f), 399 (2g), and 442 (2h) (bulk, adsorbed and ir-
reversibly adsorbed subfractions, respectively). Mw values obey the
following order for the fractionation in n-hexane: subfraction
3.5 V > subfraction 3.5–6 V > subfraction 6–40 V (Fig. 2b–d),
whereas the fractionation onto CaCO3 (Fig. 2f–h), it decreases in the
following order: non-adsorbed (bulk) > irreversibly adsorbed >
adsorbed subfraction.

Heteroatom class distribution for whole asphaltene and subfractions
are shown in Fig. 3a–b. The most abundant classes detected was the N

Table 2
1H NMR analysis of whole asphaltenes and subfractions obtained in the fractionation with n-hexane and fractionation onto CaCO3.

Chemical shift (ppm) Whole asphaltene Subfractions in n-hexane Subfractions onto CaCO3

3.5 V 3.5–6 V 6–40 V Non-adsorbed Adsorbed Irreversibly adsorbed

% Har (6.0–9.0) 11.9 11.2 12.4 11.8 9.5 10.6 8.8
% Halq (0.5–4.0) 88.1 88.8 87.6 88.2 90.5 89.4 91.2
% Hγ (0.5–1.0) 17.3 17.4 17.0 17.5 14.6 17.9 19.0
% Hβ (1.0–2.0) 51.8 51.7 51.2 51.7 59.4 53.3 53.4
% Hα (2.0–4.0) 19.0 19.7 19.5 19.1 16.4 18.2 18.8

.
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[H] class⁎ following by N2[H], NO[H] and HC[H] classes. The relative
abundances in the compounds classes between subfractions presented
small differences. For example, from subfractions 3.5 V to subfraction
6–40 V (Fig. 3a), N[H] class decreases (80% to 55%), whereas N2[H]
class is increased (6%–16%). An opposite behavior is observed in the
subfractions obtained by the adsorption process (Fig. 3b). From non-

adsorbed subfraction to irreversibly adsorbed subfraction, class N[H] is
increasing (60%–67%), while class N2[H] is decreasing (26% to 6%).
The NO[H] class increased between all fractions. Although irreversibly
adsorbed subfraction presented a higher percentage of oxygen, these
compounds were not ionized in the ESI(+), mainly because ESI(+)
facilitates the detection of basic compounds, thus suppressing, the io-
nization of more acidic species, such as O and O2 classes and some
mixed classes (NO and N2O classes, etc.) [43,44].

Fig. 3. Class distribution generated from ESI(+)FT-ICR MS data for whole asphaltene and subfractions obtained by fractionation in n-hexane (a) and fractionation onto CaCO3 (b).

Fig. 2. ESI(+)FT-ICR MS mass spectra of whole asphaltene and its subfractions obtained by fractionation in different volumes of n-hexane (I) and onto calcium carbonate (II).

⁎ CLASS[H] is used to design ions classes identified in protonated or deprotonated form
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The number of polar compounds species (obtained from the sum of
assigned molecular formulas) observed for the whole asphaltene was of
2914; whereas for subfractions obtained by fractionation in different
volumes of n-hexane, the values found were 3458, 3572, and 3411 for
samples 3.5 V, 3.5–6 V, and 6–40 V, respectively. For subfractions ob-
tained by fractionation onto CaCO3, the number of assigned polar
species were 2494, 1598, and 1614 for non-adsorbed (bulk), adsorbed,
and irreversibly adsorbed subfractions, respectively. By the number of
assigned molecular formula for each sample, we could say that sample
3.5–6 V, and non-adsorbed subfractions present the mostly polar pro-
file. However, analyzing the DBE vs carbon number (CN) plots
(Fig. 5c and d), we can conclude that the irreversibly adsorbed sub-
fraction presented a higher intensity of molecules with lower carbon
numbers than the other fractions. A smaller chain would lead to a
higher polarity. We can also note in the van Krevelen plot for the NxOy

class (Fig. 6p) of irreversibly adsorbed subfraction that exist higher
values of N/C ratio for the NO2 class, indicating a greater amount of
heteroatom by carbon, what could also be attributed to a higher po-
larity of the irreversibly adsorbed subfraction, thus suggesting, that this
subfraction is the most polar subfraction among the two fractionation
methods studied.

Fig. 4a–f displays the DBE relative abundance distribution of N[H],
N2[H] and NO[H] classes of whole asphaltene and its subfractions
obtained by the two different methods of fractionation (in n-hexane,
4a–c, and onto CaCO3, 4d–f). DBE distribution for the N[H] class
(Fig. 4a) for subfraction 3.5–6 V and subfraction 6–40 V presented a
shift to higher DBE when compared with subfraction 3.5 V, exhibiting

DBE distribution ranging from 6 to 36, having abundance maximum of
DBE centered on average at 18. For N2[H] (Fig. 4b) and NO[H]
(Fig. 4c) classes, a similar behavior is observed. From this, it can be
inferred that these two subfractions presented a more aromatic profile
than subfraction 3.5 V. These results are in good agreement to Tables 1
and 2, where lower C/H ratio, N content, and Har content values were
reported for subfraction 3.5 V, being, therefore, classified as less aro-
matic.

Fig. 4d–f exhibits DBE distribution for whole asphaltene and sub-
fractions obtained by fractionation onto CaCO3. DBE distribution for
the N[H] class (Fig. 4d) for whole asphaltene and non-adsorbed sub-
fraction presents a similar and wider DBE distribution, changing from 6
to 36, with abundance maximum centered on DBE = 18–19. On the
other hand, adsorbed and irreversibly adsorbed subfractions have si-
milar profile between themselves, displaying a shorter DBE distribution
ranging from 6 to 32, with abundance maximum centered on average at
DBE = 15–18. For the N2[H] class (Fig. 4e), DBE distribution differs
significantly between subfractions, where irreversibly adsorbed sub-
fraction presented the lowest intensity of N2[H] class. Observing the
DBE distribution for the NO[H] class (Fig. 4f), it is noted that adsorbed
and irreversibly adsorbed subfractions exhibit similar profile, whereas
whole asphaltene and non-adsorbed subfractions display a very dis-
tinguished profile between them.

The DBE and CN distribution have been associated with solubility
parameters in hydrocarbons as reported in a study of Rogel and Witt
[45], where they used the data generated by APPI-FT-ICR MS to eval-
uate the effect of solubility parameter on the fractionation of typical

Fig. 4. DBE relative abundance distribution for N[H] (a and d), N2[H] (b and e) and NO[H] (c and f) classes for the whole asphaltene and its subfractions obtained by fractionation in n-
hexane (I) and fractionation onto CaCO3 (II).
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crude oil sample in function of its molecular distribution. They notice
that when DBE shifts to higher values or if its distribution became
narrow, the fractions became less soluble in hydrocarbons. When ana-
lyzed the data of Fig. 4a–b and d–e (N[H] and N2[H] classes), a nar-
rower DBE distribution is mainly observed for irreversibly adsorbed and
adsorbed subfractions (for fractionation onto CaCO3) and subfraction
3.5 (fractionation in n-hexane) samples [45], thus indicating, that they
have lower solubility in hydrocarbon solvents. The DBE distribution
range among the samples can also be better visualized when the DBE
data are normalized and fitted as shown in Fig. 4S.

DBE vs CN plots can also be used to evaluate the degree of ar-
omaticity [21,46]. Fig. 5 illustrates the most abundant classes (N[H]
and N2[H]), detected by ESI(+) source, for whole asphaltene and its
subfractions. As it could be seen for the most samples, that the DBE
distribution for the N[H] class, Fig. 5a, ranges from DBE = 6 to 36 and
CN between C12 and C66. However, subfraction 6–40 V displays a highly

aromatic and shorter DBE distribution, containing DBE and CN ranging
from 8 to 36 and C16 to C62, respectively. The same behavior was no-
ticed in the N2[H] (Fig. 5b) and NO[H] classes (Fig. 3SI). This fact can
be better seen by the DBE vs intensity curves for the most abundant
classes (Fig. 4a–c), where a clear shift to higher DBE can be seen for the
subfraction 6–40 V (Fig. 4a–c), implying that it has a more aromatic
profile than the remained subfractions [47].

Analyzing now the DBE vs CN plots for the fractionation onto
CaCO3, Fig. 5c shows that the N[H] class has a similar profile between
whole asphaltene and non-adsorbed subfraction, with DBE distribution
ranging from DBE = 6 to 36 and CN from C14 to C59. On the other hand,
adsorbed and irreversibly adsorbed subfractions also presented similar
profiles between themselves, having DBE distribution ranging from
DBE = 6 to 32 and CN ranging from C14 to C46, thus presenting, a
narrow distribution of CN in comparison to the whole asphaltene and
non-adsorbed subfraction. Similar behavior was observed for other

Fig. 5. DBE vs carbon number plots for the N[H] (a and c) and N2[H] (b and d) classes for whole asphaltene and its subfractions obtained by the fractionation in n-hexane (I) and onto
CaCO3 (II).
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classes (N2[H] (Fig. 5d) and NO[H] classes (Fig. 3SII)).
To determine the aromatic degree, the concept of the planar slope

was applied. A diagonal line connecting maximum DBE values for each
carbon number was drawn, and the aromatic degree was obtained from
the slopes of the lines through the angular coefficient of the linear re-
gression equation, where higher coefficient implied higher aromaticity
degree. The lines were calculated by linear regression for N[H] and
N2[H] classes and are shown in Fig. 5. It is comprehended that the
inclination of the line increases in function of an increase in Har values
[4,19]. The results show that for N[H], for the subfractions obtained
from fractionation with n-hexane (Fig. 5a), the slope decreased in the
consecutive order: 6–40 V > whole asphaltene > 3.5–6 V > 3.5 V.
Thereby similar to the results of elemental analysis and 1H NMR
spectroscopy (Tables 1 and 2, respectively). For the subfractions ob-
tained from fractionation onto CaCO3, the slope of N[H] class (Fig. 5c)
decreased in the following order: irreversibly adsorbed > non-ad-
sorbed > whole asphaltene > adsorbed.

The van Krevelen diagram can also help elucidate the molecular

composition of asphaltenes. This diagram was first created to study coal
[48], but since then have been applied in the study of many feedstocks
[4,45,49,50]. The van Krevelen diagram consists of iso-abundance
contoured plots in function of molar ratio of H/C and heteroatom class/
C ratio, resulting in a plot where each compound has a specific location
on the diagram [4,50] and this way allows the visual separation of
heteroatom classes, DBE types and alkylation patterns [4,18].

Fig. 6 illustrates the van Krevelen diagram of the Nx and NxOy

classes detected during ESI(+)FT-ICR MS analysis. Fig. 6a–d displays
the Nx profile of N1 and N2 classes for whole asphaltene and subfrac-
tions obtained in the fractionation in n-hexane. Samples show a similar
H/C ratio for the N1 class, ranging from 0.4 to 1.8. Subfraction 6–40 V
(Fig. 6d) has the most abundant species ranging from 0.5 to 1.0,
whereas for subfraction 3.5 V (Fig. 6b), it ranges from 0.5 to 1.5. The
shift to a lower H/C ratio of subfraction 6–40V suggests that this sub-
fraction has more aromatic compounds than the other samples, be-
cause, as the H/C ratio decreases, the number of ring plus double bond
increases [46]. The N2 class was detected in lower amplitude, with an

Fig. 6. van Krevelen diagrams for Nx and NxOy containing species generated from ESI(+) FT-ICR MS data of whole asphaltene and its respective subfractions obtained by the fractionation
in n-hexane (I) and onto CaCO3 (II).
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H/C ratio ranging from 0.5 to 1.5.
For samples obtained in the fractionation onto CaCO3 (Fig. 6e–h),

the Nx profile shows, for N[H] class, an H/C ratio similar to the samples
fractionated in n-hexane, ranging from 0.4 to 1.8. However, the most
abundant compounds (represented by green, yellow and red dots)
presents a shift to lower H/C ratio range, 0.5–0.9. It is also noticeable
that between the subfractions (Fig. 6e–h) a decrease of molecules with
lower DBE is observed from the whole asphaltene to irreversibly ad-
sorbed subfraction, indicating that the last two subfractions (adsorbed
and irreversibly adsorbed, Fig. 6g–h) have fewer compounds with lower
DBEs. The N2[H] class presented similar behavior as the subfractions
obtained from fractionation in n-hexane (Fig. 6a–d).

In Fig. 6i–p, the van Krevelen graphic for the NxOy profile for all
samples is shown. The NO class (Fig. 6i–j) was the most abundant class
detected in the subfractions, with H/C ratio ranging from 0.5 to 1.5.
Note that the NO[H] class presented similar behavior as the N[H] class.
Subfraction 6–40V (Fig. 6l) had the most abundant species ranging
from 0.5 to 1.0, whereas for subfraction 3.5V (Fig. 6j) it ranges from 0.5
to 1.25. The lower amplitude for the N2O class was observed for all
samples, with H/C ratio varying from 0.6 to 1.1.

Fig. 6m–p displays the compounds distribution for NO and NO2 for
samples obtained from fractionation onto CaCO3, where a great dif-
ference of the H/C ratio and the range of samples is now reported. Note
that the irreversibly adsorbed subfraction resented a higher H/C ratio,
indicating that the species containing NO atoms have a lower number of

rings plus double bonds. On the other hand, the species present in NO2

class are highly aromatic, Fig. 6p. In general, it is noticed that the
subfractions produced using CaCO3 adsorbent, exhibit a more distinct
molecular behavior in relation to its original sample, whole asphaltene
[6,12,51].

Solubility parameter distribution graphics as a function of the size of
the molecule for N [H] and N2 [H] classes were built using Eqs. (2) and
(3) (Fig. 7). As mentioned before, asphaltenes that have higher hy-
drogen deficiency (i.e., higher DBE average values), have higher solu-
bility parameters [6,9,50]. In Fig. 7, it can be seen that these asphal-
tenes with higher solubility parameters, which are less soluble in
hydrocarbons, are located on the upper level of the graphic and are
associated with aromatic molecules [6]. While asphaltenes that are
located in the lower level of the graphic have lower solubility para-
meters, being more soluble in hydrocarbons can be associated to linear
alkanes [6]. The average solubility parameters values were between 16
and 25 MPa0.5, agreeing with the values reported in the literature [6].

Fig. 7a shows the solubility parameter of the N[H] class in the
subfractions obtained from the fractionation in n-hexane. An over-
lapping of the N classes between the subfractions is observed. In the
work of Rogel et al. [9], it is stated that higher overlapping in the so-
lubility/carbon number space of the same classes between the fractions
indicates a lower tendency to precipitate, and therefore, similar che-
mical properties. This overlapping of solubility parameter distribution
for the same class can be better visualized in the two-dimensional

Fig. 7. Solubility parameter versus carbon number plots for N[H] and N2[H] classes for whole asphaltene and subfractions obtained by the fractionation in n-hexane (I) and onto CaCO3

(II).
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distribution for the N[H] class (Fig. 8a). Similar results were found for
N2[H] (Fig. 7b and Fig. 8b) and NO[H] classes (Fig. 5Sa).

The solubility parameters of the N[H] and N2[H] classes of the
subfractions obtained from fractionation onto CaCO3 can be visualized
in Fig. 7c–d, respectively, where the solubility increase in the following
order: adsorbed < irreversibly adsorbed ∼ non-adsorbed < whole
asphaltene. A lower overlapping is now observed between the sub-
fractions, where a shift to larger solubility parameters values can be
noticed for irreversibly adsorbed and adsorbed subfractions, being an
indication that these subfractions are less soluble in hydrocarbons.
Analyzing the two-dimensional graphic of the solubility parameter
distribution (Fig. 8c–d) this shift can be better visualized between the
subfractions obtained using CaCO3 as adsorbent Similar behavior was
also observed for the NO[H] class (Fig. 5Sb).

4. Conclusion

Two methods of asphaltenes fractionation (in n-hexane and onto
CaCO3) were developed and compared, where their subfractions pro-
duced were characterized using elemental analysis, H1 NMR, and ESI
(+)FT-ICR MS data. The elemental analysis revealed that the C/H ratio
for whole asphaltene and its sub-fractions varied between a narrow
range (0.83–0.88) which means they present similar aromaticity or
unsaturation. Furthermore, the elemental analysis corroborates with
the 1H NMR analysis suggesting that subfractions 6–40V and adsorbed
onto CaCO3 presented a more aromatic profile. However, a more de-
tailed molecular information is obtained from ESI(+)-FT-ICR MS data,

showing that a higher amount of polar compounds species with lower
carbon number was mainly found for the irreversibly adsorbed sub-
fraction obtained onto CaCO3, thus suggesting, that it has the most
polar species among the two fractionation methods studied. Besides, the
DBE and CN distribution are important to associate the chemical in-
formation with solubility parameters, in which, when the DBE dis-
tribution became narrow, the subfractions became less soluble in hy-
drocarbons. Herein, this behavior was typically observed for
irreversibly adsorbed (for fractionation onto CaCO3) and subfraction
3.5V (fractionation in n-hexane) samples.

Solubility parameters (δ) was also calculated from ESI(+)FT-ICR
MS data, where the subfractions presented an average solubility para-
meters values between 16 and 25 MPa0.5. An overlapping of the Nx

classes between the subfractions produced in n-hexane is observed,
indicating that they have a lower tendency to precipitate in hydro-
carbons about other produced onto CaCO3. On the other hand, the
subfractions, obtained from fractionation onto CaCO3, present a lower
overlapping for Nx class, among themselves, where a shift to larger
solubility parameters can be noticed for irreversibly adsorbed and ad-
sorbed subfractions. This indicates that they are less soluble in hydro-
carbons due to their highest polar and aromatic character. The last was
better visualized from van Krevelen diagrams. Our results show that the
fractionation onto CaCO3 procedure was able to produce more distinct
subfractions, with different solubility parameters, aromaticity, and
polarity. Future work will include the characterization of these sub-
fractions by ESI(-), what will be Part 2 of this work.

Fig. 8. Solubility parameters distribution for N[H] and N2[H] classes for whole asphaltene and subfractions obtained by the fractionation in n-hexane (I) and onto CaCO3 (II).
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