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ABSTRACT

oil, 36° API, Colorado Crude Oil (CCO). Asphaltenes of CCO were extracted using the standard ASTM

procedure, ASTM D6560-12. The approach to the chemical composition of asphaltenes was carried out by
using elemental analysis (C, H, N, O, S), Fourier transform infrared spectroscopy (FT-IR), Raman Spectroscopy
(RS), Matrix Assisted Laser Desorption lonization - Time of Flight (MALDI-TOF) mass spectrometry, and proton
and carbon nuclear magnetic resonance spectroscopy ("H- and "*C-NMR). Finally, the crystallite parameters
of nanoaggregates of CCO asphaltenes in solid phase were calculated using X-ray powder diffraction data.
The average diameters of aromatic layers L, calculated from XRD and Raman were compared together and
proved to be in good agreement. Average molecular parameters AMPs were calculated from elemental analysis,
NMR and Raman spectroscopies, and X-ray diffractometry..

In the present work, we report the chemical characterization of asphaltenes from a light Colombian crude
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RESUMEN

colombiano Colorado (CCO), 36° APL. Los asfaltenos del CCO fueron extraidos usando la norma

estandar ASTM D6560-12. La aproximacién a la composicién quimica de los asfaltenos fue llevada a
cabo usando andlisis elemental (C, H, N, O, S), espectroscopia de infrarrojo con transformada de Fourier (FT-
IR), espectroscopia Raman (RS), espectrometria de masas de tiempo de vuelo mediante desorcién-ionizacion
asistida por matriz (MALDI-TOF), y espectroscopia de resonancia magnética nuclear de hidrégeno y carbono
("H- and 'SC-NMR). Finalmente, los pardmetros cristalinos de los nanoagregados de asfaltenos de CCO
en fase sélida fueron calculados usando datos de difraccién de rayos X. Los didmetros promedio de las
léminas aromdticas L, fueron calculados con base en los andlisis de XRD y Raman y mostraron una buena
concordancia comparativamente. Los pardmetros moleculares promedio fueron calculados utilizando los
datos de andlisis elemental, y las espectroscopias de NMR y Raman, y la difractometria de rayos X.

I : n el presente trabajo reportamos la caracterizacién quimica de los asfaltenos del crudo liviano

Palabras clave: Asfaltenos, Caracterizacién quimica, Parémetros moleculares promedio

RESUMO

(CCO), 36° API. Asfaltenos OCC foram extraidos utilizando a regra padrao ASTM D6560-12. A

abordagem para a composicdo quimica dos asfaltenos foi levada a cabo utilizando uma andlise
elementar (C, H, N, O, S), espectroscopia de infravermelho com transformada de Fourier (FT-IR), espectroscopia
Raman (RS), espectrometria de massa por tempo de voo de dessorcdo-ionizacdo de matriz assistida (MALDI-
TOF). Finalmente, os parémetros cristalinos de nanoparticulas de asfaltenos CCO fase sélida foram calculados
usando os dados de difracéo de raios-X.
Os diagmetros médios das folhas de aromdticos L, foram calculados a partir de DRX e da andlise Raman,
exibindo boa concordéncia comparativamente. Os parGmetros moleculares médios foram calculados a
partir dos dados de andlise elementar, espectroscopias de RMN e de Raman, e difractometria de raios-X.

Nesfe trabalho, relatamos a caracterizacéo quimica dos asfaltenos em éleo leve colombiano Colorado

Palavras-chave: Asfaltenos, Caracterizacdo quimica, Parémetros moleculares médios.
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CHEMICAL CHARACTERIZATION OF THE ASPHALTENES FROM COLOMBIAN COLORADO LIGHT CRUDE OIL

1. INTRODUCTION

Asphaltenes are defined as the fraction of oil that
precipitates with n-heptane and which is soluble
in toluene. Asphaltenes do not melt under normal
conditions and decompose to form volatile compounds
and carbon at temperatures ranging from 300 to 400°C.
Under an atmosphere of nitrogen, ~10 microns thick
asphaltene films melt between 312 and 358°C (Asprino
et al., 2005).

Studies dealing with the molecular weight of
asphaltene are more controversial. The tendency of
asphaltenes to aggregate in toluene at concentrations
from as low as 50 mg/liter has led to aggregate
weights being misinterpreted as molecular weights
with colligative methods such as Vapor Pressure
Osmometry (VPO) or Gel Permeation Chromatography
(GPC) (Goncalves et al., 2004). Results based on
advanced analytical techniques as Field lonization
Mass Spectrometry (FIMS) (Altgelt & Boduszynski,
1994), Fluorescence Correlation Spectroscopy (FCS)
(Schneider et al., 2007), Time Resolved Fluorescence
Depolarization (TRFD) (Groenzin & Mullins, 1999;
2000), electrospray ionization Fourier transform ion
cyclotron resonance mass spectrometry (ESI FTICR
MS) (Hsu et al., 2011; Smith et al., 2008), atmospheric
pressure photoionization mass spectrometry (APPI
MS) (Medrignac et al., 2004), Field Desorption/Field
Ionization Mass Spectrometry (FDFI MS) (Qian et al.,
2007), and Laser Desorption lonization (LDI) (Hortal et
al.,2007), now agree to state that asphaltene molecular
weight distributions are in the 400-1500 Dalton (Da)
range, with a mean mass between 700-800 Da.

Elemental analysis of asphaltenes from different
crude oils reveals that some of its elements may vary
over a wide range. The H/C ratios were 1.15 + 0.05%,
although the H/C ratios often have values outside this
range. Asphaltenes contain C, H, N, O, S, Ni and V,
forming a series of relatively large molecules containing
a few “building blocks”: aromatic, naphthenic and
heteroaromatic and aliphatic ring chains pendant on
them (Chang & Fogler, 1994; Biktagirov ef al, 2014).

The elucidation of the chemical structure of all their
molecules is a very complex and yet unfinished task.
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These results have been interpreted according to the
analytical method used and there are basically two op-
tions: the first and more common is to reduce them by
average and simplify all its complexity to a few Average
Molecular Parameters (AMPs), and / or to an average
molecule; the second, and most modern, is to try to
identify as many molecules present on this fraction.

Based on the AMPs, two types of architecture of
these molecules have been proposed: like an island
(Yen, 1972) and like an archipelago (Murgich, Rodri-
guez & Aray, 1996). The first model proposal consists
of a unique condensed aromatic system and saturated
rings substituted with alkyl chains; whereas the second
model proposal consists of several and small aromatic
rings forming a structure like a group of islands linked
by bridges of aliphatic chains. Most recent studies on
the chemical structure of asphaltenes by Fourier Trans-
form Ion Cyclotron Resonance Mass Spectrometry
(FT-ICR MS) reveal the coexistence of both: island
and archipelago (McKenna, Marshall & Rodgers, 2013;
Podgorski et al., 2013). Characterization methods ac-
cording to structural groups may sum up the molecular
characteristics of complex mixtures in terms of a few
parameters. Asphaltenes contain fused polynuclear aro-
matic ring systems (rarely exceeding the carbon number
of six), alkyl chains and naphthenic systems involving
heteroatoms (Yen, Erdman & Pollack, 1961; Williams,
1958; Hirsch & Altgelt, 1970; Clutter et al., 1972; Kiet,
Malthotra & Blanchard, 1978; Ladner & Snape, 1978;
Gillet ef al., 1980; Yoshida et al., 1980; Qian, Li &
Zhang, 1984; Delpuech et al., 1985; Rongbao, Zeng-
min & Bailing, 1988; Poveda & Molina, 2012; Strausz,
Mojelsky & Lown, 1992). The archipelago models con-
sider that several aromatic moieties are bridged together
via aliphatic chains (Strausz et al., 1992), whereas the
continental model suggest that there is predominantly
one fused Polycyclic Aromatic Hydrocarbon (PAH)
ring system per asphaltene molecule with pendant ali-
phatic chains (Dickie & Yen, 1967). New fragmentation
studies by two-step laser desorption laser ionization
mass spectrometry (L2MS) and FTICR-MS support
the contention that the dominant structural character
of asphaltenes is island-like (Hsu ez al, 2011; Sabbah
et al., 2011). These results are compatible with other
methods such as TRFD (Groenzin & Mullins, 2000),
high-Q ultrasonics (Andreatta et al., 2005), and NMR
(Lisitza et al., 2009).
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A single molecular model is not sufficient to represent
all the molecules present in a sample of asphaltenes. By
using computational methods with molecular dynamics
models, it is possible to study asphaltene-asphaltene and
asphaltene-resin interactions, and the way they interact
with solvents. Using the Monte Carlo method, a molecu-
lar representation of Athabasca oil asphaltenes has been
reported (Sheremata et al., 2004). With this technique, a
group of one hundred molecules was proposed and MW,
and 'H- and *C-NMR were selected through a nonlinear
algorithm for sequential optimization, within a subset
of six molecules consistent with the data obtained from
elemental analysis,.

Based on the previous studies, a new asphaltene
model has been codified in the “modified Yen model”
and stipulates the dominant structure of asphaltene
molecules, nanoaggregates and their clusters (Mullins,
2010). This model was built upon the Yen Model,
which has been in use for 40 years (Dickie & Yen,
1967). The Yen model has been very useful, particularly
for considering bulk properties of phase-separated
asphaltenes. Nevertheless, at the time the Yen model was
proposed, there were many uncertainties in asphaltene
molecular weight, architecture, and colloidal structure.
The continental architecture exhibits attractive forces in
the molecule interior and steric repulsion from alkane
peripheral groups. These structures were also observed
in oil reservoirs with an extensive vertical offset, where
gravitational effects are evident (Mullins et al., 2011;
Mullins et al., 2007). Results from analytical methods
such as Time-Resolved Fluorescence Depolarization
(TRFD) (Groenzin & Mullins, 2000), nuclear magnetic
diffusion (Freed et al., 2007), Fluorescence Correlation
Spectroscopy (FCS) (Ballard et al., 2006), and DC
conductivity indicate that the size of the asphaltene
molecules is 1.5 nm (Zeng et al., 2009; Goual et al.,
2011).

Asphaltenes obtained from light crudes have proven
to differ from those obtained from heavy crude oils.
Normally, paraffinic crude oils have small amounts of
asphaltenes exceeding in one or two percent in a few
cases. However, despite the low content of asphaltenes
severe obstruction problems take place, including the
plugging of pipelines associated with asphaltene—
paraffins co-precipitation. In Colombia, problems have
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arisen in producing fields whose content of asphaltenes
in crude oil reaches one percent. In most cases it is
observed that plugging problems on the deposits formed
contain both asphaltenes and paraffins. In laboratory,
conventional separation techniques are not sufficient
to obtain asphaltene samples free of paraffins. It is
therefore important not only getting samples free of
paraffin, but also their molecular characterization in
order to understand the phenomena associated with
asphaltene-paraffins interaction and co-precipitation
thereof.

In this work, we present the results of the chemical
characterization of the asphaltenes obtained from the
Colorado Colombian light crude oil. The spectroscopic
characterization includes the results obtained using
elemental analysis, infrared and Raman spectroscopies,
mass spectrometry in the MALDI mode, 'H- and
BC-nuclear magnetic resonance spectroscopy; and
finally, x-ray diffractometry to calculate the parameters
of asphaltenes crystallites.

2. EXPERIMENTAL

Asphaltenes from Colorado crude oil were extracted
using the standard ASTM procedure test designations
D6560-12 (ASTM, 2001). This paper provides a brief
description of the procedure. A Colorado crude oil
sample was mixed with n-heptane at a mass ratio of
1:20 in a glass flask. The mixture was boiled under
reflux for 60+5 min and stored in a dark cabinet for
120 min, calculated as from the time it was removed
from the reflux. Once the single sample was stored
in the dark, it was filtered using a filter funnel with
Whatman paper (grade 42 and 125 mm diameter).
The liquid was decanted into the filter paper, and the
residue in the flask was then transferred as completely
as possible with successive quantities of hot heptane,
using the stirring rod as necessary. The filter paper
containing the asphaltene residue was transferred and
placed in a reflux extractor and refluxed with heptane
for an extraction period of 180 min. However, saturated
compounds as paraffins were trapped in asphaltenes.
Therefore the sample was subject to extensive washing
with heptane up to one hundred hours. The asphaltenes
were transferred to a flask by refluxing with toluene until
all the asphaltenes dissolved from the paper. Finally,
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the toluene from the asphaltenes dissolved in toluene
was evaporated in a rotary evaporator. The sample
was dried in an oven under an inert N, atmosphere
at a temperature near 100°C for 45 min. Elemental
analysis was conducted out using a Thermo Scientific™
elemental analyzer, model Flash 2000 HT.

Infrared Spectroscopy of Asphaltenes

The infrared spectrum of the Colorado asphaltene
sample was collected on a Bruker TENSOR-270 FTIR
spectrometer with a spectral range from 370 to 7500
cm™. Only the spectral range from 500 to 4000 cm!
(mid-IR) was used in this study. Spectra were obtained
by adding 64 scans with a spectral resolution of 1 cm™.
The infrared radiation was measured with a low noise
DLATGS (Deuterated L-a-Alanine-doped TriGlycine
Sulfate) detector with KBr windows. We measured the
FTIR spectra by the ATR technique using a Bruker ATR
A225 sample cell equipped with a diamond crystal with
a quadrate area of 2 x 2 mm?.

Raman Spectroscopy

The asphaltene sample was reduced to a fine powder
and then pressed to obtain a pellet of 4 mm in diameter.
The LabRAM Aramis (Horiba JobinYvon) micro-Raman
system was used for Raman measurements. The Raman
spectrum was acquired in a backscattering configuration
with a 100x long work distance objective used to focus
the laser and collect scattered light. A solid-state laser
at 473 nm was used as the excitation source, and the
typical laser power at the sample position was ~0.08
mW. The Raman spectrum was measured in the range
from 400 to 2000 cm™' at room temperature; this range
covers the first-order region. For data analysis, we used
Gaussian functions to fit the best number of peaks. Peak
positions were located by determining the peak center at
the half-maximum, and the peak width was measured at
the Full Width at Half-Maximum (FWHM) (Bouhadda
et al.,2007; Abdallah & Yang, 2012).

NMR Spectroscopy

The 'H- and *C-NMR spectra were obtained using a
Bruker Avance III spectrometer operating at 400 and 100
MHz, respectively. The 'H-NMR samples were 4 wt%
solutions in CDCI3 (99.8 % D). Thirty-degree pulses
(Bruker zg30 pulse sequence) were used, obtaining a
delay time of 2 s (sweep width 49000 Hz) 32764 data
points. Sixteen scans were averaged for the spectrum.
The “C-NMR of sample was measure in 10 wt%
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solutions in CDCI3 (99.8% D). Thirty-degree pulses
(Bruker zgig30 pulse sequence) were used again and a
delay time of 200s (sweep width 22400.0 Hz) 32764 data
points was obtained. 1024 scans were averaged for the
spectrum. The spectrum was recorded using Smm and
10mm probes for '"H- and *C-NMR, respectively, with
a spinning rate of 10 Hz and temperature of 298.15 K.
Also, the PC-NMR spectrum of the sample was acquired
using the 4 mm solid-state NMR probe. The spectrum
was acquired using MAS conditions with a rotation rate
of 12000 Hz and using one-pulse sequence without cross
polarization to obtain a quantitative spectrum.

Matrix Assisted Laser Desorption lonization Mass
Spectrometry

MALDI-TOF spectra were recorded using a Bruker
Reflex II MALDI-TOF Mass Spectrometer (Bremen,
Germany) equipped with an Nd:YAG laser emitting
at the third harmonic 355 nm, operating at a pulse rate
of 500 Hz, with a pulse width of 3.5 ns. Samples of
Colorado asphaltenes were prepared using anthracene as
the matrix in a ratio of 1/100. A mixture of asphaltene/
anthracene (5 mg) was diluted in 2 mL of chloroform/
toluene (50/50). The sample (2 ulL.) was deposited into
the sampler and dried in an inert N, atmosphere. Spectra
from 2500 shots of the laser were added to obtain the
final TOF spectrum. The best experimental conditions
were selected by comparing the spectra at different
laser intensities and ionization regions in the sample.
The mass spectrometer was operated in the reflectrom
mode, scale was calibrated prior to measurement with
a standard of appropriate molecular mass. The average
number and weighted average of the molecular weights
(M, and M,) of Colorado asphaltenes were calculated
using Equations I and 2 (Qian et al., 2007):

Mn=% 1)
Mﬁ% %)

where 4, is the relative integrated area, and M, is the
calculated molecular weight of the i peak in the R-TOF
spectrum. Finally, the sum was extended over all peaks
found in the spectrum using the peak picking procedure
implemented in the mMass software (Strohalm et al.,
2010; Strohalm et al., 2008).

Ray Diffraction
X-ray diffraction measurements were made from
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finely ground powders of asphaltenes using a Bruker
D8 Advance automated diffractometer. The instrument
uses an X-ray tube with a copper target (Kol 1.5406
A) operating at 40 kV and 30 mA, a nickel filter as a
monochromator, an autodivergent slit at 0.6 mm, a soller
slit at 2.5°and it is also equipped with a lynx-eye linear
detector. The two-theta angle was scanned from 5 to
80° in steps of 0.015° with 5 s per step. The peak profile
analysis was performed assuming that single peaks have
Gaussian profiles to fit the diffraction pattern, allowing
for an accurate determination of peak positions, widths
(FWHM), intensities, and peak areas.

3. RESULTS AND DISCUSSION

Elemental Analysis

As previously mentioned, the H/C ratio for most
asphaltene samples is 1.15. For asphaltenes from
CCO, the H/C ratio is 1.32, a higher ratio when
compared to typical asphaltenes. This result indicates
that the nature of asphaltenes changes according to the
molecular characteristics of crude oil. The CCO is a
paraffinic crude oil with a lower content of asphaltenes,
approximately 0.9%. See Table 1.

Table 1. Elemental analysis of CCO asphaltenes.

C H N (0] S  Other

% 8214 904 096 427 180 179
39.74 5210 0.13 155 033
4820 6321 048 1.88 0.39

Composition M,

by number M,

FTIR Spectroscopy

The FTIR analysis usually considers two alternatives:
frequency assignments and determination of intensities
related to specific bands. The most commonly observed
absorption bands in crude oils and their fractions are
reported in Table 2.

Some reports using FTIR data intend to obtain
quantitative information about the structure of samples.
A linear relationship between the relative intensities of
alkane bending deformation vibrational frequencies
(between 1380 and 1460 cm™) and the ratio (CH,/CHj3)
of the corresponding aliphatic chains had been observed
(Bellamy, 1957; Liang et al., 2000; Liu ef al., 2001).
Direct applications of the methodology have been
reported to study the variation in the Average Length
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Table 2. Main observed signals in FTIR spectra of asphaltenes

Wavenumber, cm'! Vibrational mode Group.
Nonplanar deformations of
700, 780, 840, 880 gy bstituted benzene rings. C-H
725,760 Rocking vibrations CH,
1032 Ester linkages
1040, 1070, 1175 Bond deformations Ar-O-Ar
1290 Stretching vibrations Ar-O-Ar
1377, 1380 Bending vibrations CHs
1435, 1459 Bending vibrations CH,+CHa
1450, 1480 Bending vibrations CH,
1510, 1580 Deformation vibrations ~ Benzene ring
1610 Stretching in aromatic rings C=C
1625, 1650 Absorption C-H
2860 Stretching vibrations CH,
2920, 2940 Stretching vibrations CH,
o g o
3050-3750 Stretching vibrations -OH
3655, 3670 S*Veggﬁjygcg‘gﬁ;°”s -OH

of the Aliphatic Chain (ALAC) of mature coals, via
deconvoluted FTIR, in the region of 1360-1390 cm'
(Benkhedda et al., 1992). The ratio 6(CH,)/8(CH;+CH,)
can be used to predict the ratio of methyl to methylene

groups obtained from the ratio of peak intensities at
1375 cm™ and 1457 cm’!, as follows:

CH3 [] 375

CH, _ 3
CH,+CH, [ ¥

Other frequencies that seem to represent a linear
relationship are the frequencies 2920 and 2950 cm™,
as well as 2927 and 2957 cm’!, corresponding to the
symmetric and asymmetric stretching frequencies of
the methylene and methyl groups (Khadim & Sarbar,
1999). FTIR deconvolution analysis in the 2700 to
3100 cm™ region helps characterize the CHjgym),
CHy(asym» CH, CHj(gymy and CHyy,y vibrational modes
and calculate the area of absorption bands. Thanks to
the asphaltene intensity value for a given wavelength, it
is possible to obtain the corresponding CH,/CH; ratio.
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Partial deconvolution can be applied to facilitate the
determination of intensities of signals from asphaltene
FTIR spectra where signals cannot be differentiated.

The ratio of Hy,, (number of hydrogen atoms present
in methyl groups in the sample) to Hy, (number of
hydrogen atoms attached to saturated carbon atoms in
the sample) can be calculated using Equation 4 (Coelho
et al, 2006):

HMe _ ’ A1375 4
H,. K (A2921)’ @

where K’ 1s 2.4.

The hydrogen ratio for methyl and methylene
groups can be calculated directly from signals at 2927
and 2957 cm! assigned to hydrogen atoms on CH, and
CH; groups, respectively. FTIR measurements were
used to study the petroleum fluid inclusions using
the relationship of CH,/CHj;, which corresponds to
the ratio of the respective intensities at the 2927 and
2957 cm-1 frequencies (Pironon et al., 2001). Then the
nCH,/mCHj ratio can be calculated using an expression
developed using a set of alkylbenzenes on the basis of
the experimental intensity ratios versus the theoretical
nCH,/mCHj ratio, so the methylene to methyl group
ratio is calculated using Equation 5 (Coelho et al., 2006):

CH,

12920 5
- 2'54]9(W)' 0.2284 (5

Using 20 model compounds (normal and isoalkanes
and alkylaromatics), a linear correlation between the
molar ratio nCH,/mCH; and the ratio between band
intensities at 2927 and 2957 cm-1 was found as follows
(Calemma et al., 1998):
n(:H2 1292()

= (6)
mCH, K [2957

where k& = 1.243 is simply the linear correlation
coefficient of the plot nCH,/mCH; vs. 1(2927 cm™)
/1(2957 cm™) (linear correlation coefficient = 0.996).

To calculate the ratio of methyl to methylene groups,
we employ Equations 3 to 6. The integrated areas of
signals at the frequencies 1374.6, 1456.2, 2919.2, and
2955.9 cm™ were used (see FTIR spectrum in Figure
1). Results are reported in Table 3. Analyzing the
results in Table 3, using Equation 3, the ALAC is near
four, while using Equation 4 the value is near 5.5. In
contrast, values calculated using Equations 4 and 5, are
different. This can be attributed to the number and type
of reference compounds used to predict the relationship
between signal intensities and the theoretical values of
the methylene to methyl ratio. Additional data from a
larger data set from a wider group of model compounds
proposes a general rule. Using the equation reported by
the authors, Equation 7 in Table 3, the ALAC value was
near 2.8 (Poveda et al., 2014).

CHj; sym v.m.
AN CHj3 asym v.m.

CH, sym v.m.

CH, asym v.m.

3000 2500 2000

cm”’

A CH, b.d

CH; + CH, b.d
r.v.: rocking vibrations
o.p.b.: out-of-plane bending
e.l.: bending vibrations
v.m.: vibrational modes
1500 1000 500

Figure 1. FTIR spectrum of asphaltenes from Colorado crude oil
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Table 3. Calculated methyl to methylene ratios using FTIR data.

Equations Reference
CH, s (Benkhedda
CH+ CH, I Fa3 0383 o101, 1992)
Hue (A5 , (Coelho
ek (r),K =24 g4 0255 441, 2006)
sat 2921
CH, 12920 (Coelho
T 25419 5 102284 EaS 2553 Moo
CH, 12920 B (Calemma
G K K 1.243 a6 1.360 141, 2006)
2920 2924.5
CH, _ Pros e Eq7 101 Poveda
CHs [2954.7 efal, )

In infrared spectra at 720 cm!, a splitting of the
methylene “wag” peak is observed in asphaltene
samples, indicating formation of ordered crystals with
long alkyl chains. The intensity of this infrared peak
indicates that this type of contribution is small, assuming
that the intensity and contribution of the physical effect
are proportional.

Raman Spectroscopy

A simple yet quantitative description linking the
observed modes and the molecular structure was
proposed using the intensity ratio between the G mode
and the D1 mode. This ratio has been largely adopted
as an empirical relationship (Ferrari & Robertson,
2004). The integrated intensities (Table 4) of the DI
and G bands (respectively Ip and IG) are sensitive to
the microcrystalline planar crystal size L, (Tuinstra &
Koenig, 1970):

I
L,=44-"-=10.15 A (8
Ip
Table 4. Raman spectrum analysis.
Band position ~ Band Full width half Integrated
(cm-1) maximum (cm-1) intensity
1374.89 D, 253.31 45706.8
1566.52 G 117.45 10566.05
1597.74 D, 58.83 8850.92
1718.33 99.32 2859.90

Given that this paper is focused on evaluating the
molecular (or the aggregate) structure of asphaltene,

112

equation 8 was the sole equation used for estimating
L,. However, the parameter L, so evaluated would be
jeopardized if the integrated G and D1 intensities are not
accurately determined, or if the G is not in the right range
(i.e., 1570-1610 cm-1) where equation 8 holds (Tuinstra
& Koenig, 1970). Accurate determination of G and D
intensities is therefore required. The L, value is close
to that obtained by X-Ray diffraction as shown below.

Curve fitting of the Raman spectra is often used
to extract more reliable G and D band intensities, as
shown in Figure 2. Most commercial data analysis
software provides such an option. There are several
models and functions commonly used for curve fitting.
In this study, we first applied a three-peak fitting (D,
D, and G) with three functional forms for the peaks,
namely, the Gaussian, Lorentzian, and a combination
of them (Gaussian/Lorentzian). Due to the shoulder
incompatibility in the three-peak fitting, we also
attempted a nine-peak fitting. Although the nine-peak
fitting provides a much more satisfactory fitting quality
and to some extent, provides supporting information for
the overall structural argument, the nine-peak fitting may
pose the risk of ambiguity. The three peak data were
used for our analysis, Figure 2.

350

300
E 250
o) : D,-band
5200 Di-band G pand
%’] 501 W \ ‘ Uncorrected baseline
5 o SO e Y -
2
£100

50 .
s Corrected baseline

1000 1200 1400 1600 1800 2000

wave number cm™!

Figure 2. Raman spectrum of asphaltenes from Colorado crude oil.

Nuclear Magnetic Resonance Spectroscopy

Because asphaltenes are a complex mixture, the
NMR spectra of asphaltenes do not show a pattern like
the pattern obtained for pure samples. NMR spectra are
divided into regions, with each region being assigned
to a chemical group in the sample. Integrated areas are
proportional to the relative amount of the chemical
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groups in the sample. The main chemical groups present
in asphaltenes and the spectral ranges where they appear
in '"H- and *C-NMR spectra are shown in Tables 5 and
6, respectively.

The 1H-NMR spectrum was characterized by a
weak signal of aromatic hydrogens, 6.0 to 9.0 ppm.
In this region the solvent signal appears, namely,
CDCI, (7.24 ppm, see Figure 3). The region where the
alkyl hydrogens appear (0.1 to 4.0 ppm), including
paraffinic and naphthenic hydrogens, can be analyzed
and information about the average number of carbons
per alkyl chain can be obtained. Using the Dickinson’s
equation (Equation 9), the average number of carbons
per alkyl side chain (n) can be calculated from the
integrated regions in the |H-NMR spectrum (Dickinson,
1980).

e Ha+Hp+Hy
Hy

)

where H, corresponds to hydrogens in CH3 groups
more than three bonds from an aromatic core appearing
from -1.0 to 1.0 ppm, H hydrogens in CH;, CH,, and
CH groups at two or more bonds from aromatic cores
appearing from 1.0 to 2.0 ppm, and H, hydrogens in CH;,
CH,, and CH groups joined directly to aromatic cores
appearing in the regions of 2.0 to 4.0 ppm. In the regions

cpei,

=

from 6.0 to 9.0 ppm, signals of aromatic hydrogen are
detected. The n calculated value was 5.11, indicating that
the ALAC is close to five carbons. This result is slightly
different to that calculated by FTIR spectroscopy using
Equations 3 and 4. The spectrum of 1H-NMR shows
the paraffinic nature of the sample, and the signals
should be analyzed on the basis of the composition of
paraffinic and naphthenic saturated groups in the sample
of Colorado asphaltenes. The analysis of the average
molecular parameters should be done in conjunction
with 'H- and *C-NMR, given the fact that the integrated
area is quantitative.

The liquid C-NMR spectrum of Colorado
asphaltenes is shown in Figure 4. From data of integrated
areas of the aromatic (85-160 ppm) and alkyl (3.0-78
ppm) regions, the aromaticity factor, f,, was calculated
as:

CAr
CAV+CAI

a

(10)

where C,, is the integrated area of aromatic carbons in
the region from 85 to 160 ppm, and C,, is the integrated
region of alkyl carbons appearing from 3 to 78 ppm.
The calculated value of f; was 0.42, a low value when
compared to other asphaltene samples obtained from
medium and heavy crude oils. The region where aromatic

3.017
1.52+

90 85 80 75 70 65 60 55

ppm

50 45 40 35

30 25 20 15

Figure 3. '"H-NMR spectrum of Colorado asphaltenes.
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Figure 4. *C-NMR spectrum of Colorado asphaltenes.

carbons appear can be subdivided into three regions,
from 85.0 to 129.2 ppm, assigned to Protonated aromatic
carbons, Cf., olefinic and carbons in benzonaphthenic
and alkylic fragments and pericondensed carbons,
C44. From 129.2 to 137.0 assigned to those aromatic
carbons linked to methyl groups and catacondensed
carbons, C#4 and from 137.0 to 160.0 assigned to those
aromatic non-protonated carbons, which correspond
to aromatic carbons substituted by alkyl chains, C¥,
see Table 6. From '"H-NMR we calculate the number
of aromatic hydrogens, H,,, see Table 5, which
correspond to 3.27, calculated from (H,+H; )*52.1/100,
then H,, is equal to the number of protonated aromatic

carbons, C/; so it is possible to calculate the number
of aromatic pericondensed carbons, C4“=C,-CZ., and
the composition by number is 3.41. From region 129.2
to 137.0 ppm it is possible to calculate the number of
aromatic catacondensed carbons, C44, although one may
argue that the number of aromatic carbons linked to
methyl groups can be obtained from region 18.5 to 21.5
ppm, then C4/=Cs-C,,, and number 2.20, see Table 6.

By using the region at low frequencies where
saturated carbons appear it is possible to obtain new
structural data. The total number of carbons in methyl

Table 5. Integrated areas and calculated hydrogen composition by number using spectral regions reported by Poveda and Molina (2012).

Region e G |nfegr01ed Composition by number*
ppm area M, M,
H,  9.0-12.0 Aldehydic and carboxylic hydrogens. 0.36 0.19 0.23
H, 7.2-9.0 Hydrogens in polyaromatics rings. 3.62 1.89 2.29
H,  6.0-7.2 Hydrogens in monoaromatics. 2.66 1.38 1.68
H, 45-6.0 Olefinic hydrogens. 1.85 0.96 1.17
Hy  2.0-4.5 Paraffinic and naphthenic hydrogens CH, CH2 and CH3 type, a to aromatics. ~ 7.30 3.80 4.61
H, 1.5-2.0 Naphthenic hydrogens, CH2 type, B to aromatics. 24.03 12.52 15.19
H, 1.0-1.5 Paraffinic hydrogens, B to aromatics, CH3 and CH2groups. 42.31 22.0 26.74
H, 0.1-1.0 Paraffinic hydrogens, y and more to aromatics, CH3 groups. 17.88 9.32 11.30

1 Integrated area was calculated by averaging areas affer six times infegration.

* Calculated from elemental analysis, average molecular weight from MALDI, and integrated areas from liquid state TH-NMR spectrum
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Table 6. Integrated areas and calculated carbon composition by number using spectral regions reported by Poveda and Molina (2012).

Region
ppm

Structure assignment

C, 190.0-220.0 Aldehydic and cetonic carbons

C, 178.0-190.0

Quinolinic carbons

Integrated Composition

areat by number*

Is-NMR  ss-NMR M, M,

Cmﬁ"”y' 0.85 234 034 041
caroons

C,; 160.0-178.0  Carboxylic carbons.

C, 137.0-160.0

Non protonated aromatic carbons

13.93 9.38 5.54 6.71

Cs 129.2-137.0  Aromatic carbons linked to methyl groups and catacondensed carbons, C* 10.97 11.99 4.36 5.29
C, 850-129.2 Z;o(;ro;ecifiignodrs:;s:rjicczcrlgzizls,C%&f olefinic and carbons in benzonaphthenic 16.81 19 60 6.68 8.10
C, 60.0-78.0  Paraffinic and naphthenic carbon a to OH. 0.27 1.33 0.11 0.13
Cy  50.0-60.0  CH and C paraffinic carbons. 1.19 3.30 0.47 0.57
C, 21.5-50.0 CH,and CH type naphthenic and paraffinic carbons. 42.79  37.96 17.01 20.63
Cy, 18.5-21.5  Methyl carbons in a position to aromatic rings. 5.43 5.20 216 2.62
C,, 3.0-185 CH; carbons. 7.76 8.89 3.08 3.74

t Integrated area was calculated by averaging areas after six times integration.

* Calculated from elemental analysis, average molecular weight from MALDI, and liquid state '*C-NMR spectrum.

Is, liquid state; ss, solid state.

groups results considering the regions C;, and C;;. The
calculated number of carbons was C§=5.24. The
total number of saturated carbons was calculated from
the integrated regions between 3.0 to 78.0 ppm (C; to
Cu), 22.83. So, we can obtain a new average number
of carbons per alkylic chain, where n is Cig / C§ih,
4.37. This result is different from that obtained using
'"H-NMR data and the Dickinson (1980) approaches as
explained above (Poveda & Molina, 2012). An structural
explanation to this is the presence of ramifications in the
saturated chains. If we suppose that saturated side chains
in asphaltenes follow the general formula C, H,,.,, from
the total saturated carbons it is then possible to calculate
the theoretical number of hydrogens, which is 47.66.
From 'H-NMR spectrum the number of hydrogens in
saturates was 47.68. Results are compatible and suggest
from a molecular point of view that the presence of
insaturations (C=C) was not possible and the presence
of naphthenic rings is negligible.

Based on the number of aromatic carbons, it is
possible to argue the number of rings present per
aromatic layer. Two options can be considered; the first
one relates to aromatic unit type acene compounds.
There, the aromatic rings are added step by step
without the formation of condensation nucleus, in this
case pericondensed carbons C444 are not detected in
the *C-NMR spectrum, only catacondensed carbons

CT&F - Ciencia, Tecnologia y Futuro - Vol. 6 Num. 3  Jun. 2016

C#4. In this case, it is possible to propose that a general
formula for the formation of acenes, a seeder ring (six
carbons) and each additional ring require four carbons,
then the number of carbons in acenes is expressed as
6+4n, where n is the total number of rings less one, in
our case n is 2.64, and the number of aromatic rings R4
3.64. Also, we can analyze the case when a condensation
nucleus is present. In this case the central ring requires
six carbons plus four carbons for the second ring,
additional ring increases the number by 3. Cata- and
peri-condensed carbons are present when condensation
nuclei are observed in the structure. So, the ratio C44
/ C#4 is the condensation degree & that shows how is
the condensation of the aromatic structure. In the limit
when € is zero no condensation is observed, as in acene
structures, but when it is higher than one it is possible to
observe aromatic cores strongly condensated as occurs
in coronene C,4 H,, (Poveda & Molina, 2012).

For Colorado asphaltenes the & reaches a value of
1.55, which is difficult to explain in terms of aromatic
structure for lower mass compounds. From our point
of view this cannot be understood strictly based on
the numerical results, but explained on the basis of the
presence of highly condensed aromatic molecules, as
in the case of pyrene C,4s H,,. Table 7 summarizes the
calculated average molecular parameters for samples of
Colorado asphaltenes.
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Table 7. Average molecular parameters of CCO asphaltenes using M.,
elemental Analysis, Is-NMR data.

Parameter
Average molecular formula Cs08H50.1No1301 65033
Total saturated carbons 22.83
Saturated carbons (sp?) in methyl groups 5.24
Methyl carbons alpha to aromatics 2.16
Methyl carbons beta to aromatics 3.08
Saturated carbons (sp?) in methylene and 17.48
methyne groups
Total aromatic carbons 16.58
Protonated aromatic carbons (sp?) 3.27
Substituted aromatic carbons (sp?) 5.54
Catacondensed aromatic carbons (sp?), C* 2.20
Pericondensed aromatic carbons (sp?), C* 3.41
Average length of alkyl chains, n
1H-NMR, Dickinson “s approach 5.11
13C-NMR, n using terminal CH, 4.37
13C-NMR, n using C3 4.12
Aromatic rings in acenes structures, R, 3.64
Aromatic rings in condensed structures, R, 419
Number of naphthenic rings, Ry ~0
Aromaticity factor, fa 0.42
Aromatic condensation degree, & 1.55

The solid-state spectrum of asphaltenes shows
mainly wide bands (-10 to 220 ppm). The area of
different regions in the spectrum shows differences
when compared to those calculated from the liquid state
spectrum, see Table 6. In our view, these differences can
be attributed to the echoes of resonance bands, which
appears at distances of 12000 Hz from central isotropic
chemical shift. So, for instance, a resonance signal
appearing at 50 ppm, shows echoes at 170 and -120 ppm.
From this point of view echoes of aliphatic carbons can
contribute to the signal of aromatics, introducing errors
in the quantitative relation of signals. Based on this
analysis, is not possible to compare solid state NMR data
with liquid state NMR data in the current experimental
conditions. So, we need to introduce new experiments
using a NMR probe that allows rotation rates higher
than those used in conventional 4mm probes, p.e. 2.5
mm probe.

Matrix Assisted Laser Desorption lonization Mass
Spectrometry

The MALDI-TOF spectrum of the Colorado
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asphaltenes is shown in Figure 5. From our experiments
we observe that high laser energies per pulse and
TOF spectra were characterized by the higher mass
molecular ions coming from the desorption of dimers-,
trimmers- and tetramers- of asphaltenes follow by
ionization (Poveda et al., 2011), while at lower
energies per pulse above the ionization threshold ions
were not observed in the TOF spectra. As explained
by McCarley, when anthracene is used as matrix, the
laser desorption/ionization produces only a molecular
radical cation at m/z 178, along with its corresponding
isotope peaks (A, 100%; A + 1, 17%) (McCarley,
McCarley & Limbach, 1998). At laser powers near the
ionization threshold the mass spectra of anthracene
are devoid of matrix-related cluster and fragment
ions, which permits their use in the routine analyses
of low-molecular-weight compounds (McCarley et
al., 1998). As further explained by McCarley, when
the anthracene-asphaltenes combinations were used,
the anthracene absorb laser radiation and become
photoionized C,H,,", and ion-asphaltene molecules
reactions between may result in electron-transfer
reactions, yielding asphaltene molecular radical cations
and neutral matrix molecules A™. This sequence of
reactions is distinctly different from the more common
proton-transfer reactions between various analytes and
matrices that lead to protonated analytes. The formation
of analyte molecular radical cations vs protonated
molecules depends on the type of matrix ions present,
as well as the thermodynamic and kinetic properties
of the reactants and products (McCarley et al., 1998).

Mass spectrum was processed as follows: baseline
correction by peak peeking allow us to calculate the
areas of peaks detected in the range from 200 to 2000
Da. Using the areas of peaks in Equations 1 and 2, the
M, and M,, were calculated as 581.03 Da and 704.89 Da,
respectively. M_n and M_w were used to calculate the
molecular parameters together with elemental analysis
(Table 1) and NMR data (Tables 5 to 7).The resolution
of the R-TOF analyzer was calculated as 40000 at 500
Da peak.

X-Ray Diffraction

Aggregates of asphaltenes obtained from CCO
were also characterized by X-ray diffraction. Measured
diffraction pattern is shown in Figure 6. There, the
deconvolution of the diffraction pattern shows the
different bands obtained from the reflections of the

CT&F - Ciencia, Tecnologia y Futuro - Vol. 6 Num. 3  Jun. 2016



CHEMICAL CHARACTERIZATION OF THE ASPHALTENES FROM COLOMBIAN COLORADO LIGHT CRUDE OIL

500

1000
m

/z

MALDI - TOF spectrum
of Colorado Asphaltenes

1500

Figure 5. MALDI-TOF-MS spectrum of Colorado asphaltenes.

ordered subunits in the asphaltenes. The three major
bandsy, (002), (001), positioned 20 of 18.6°, 25.4°, and
41.8° are due to reflections from paraffinic and aromatic
structures in the asphaltenes. (002) and (001) are called
graphene bands. Other bands on the high 26 side of the
diffraction pattern are (004) and (110) reflections close
to the 20 of 53° and 78.4°.

Additionally, we could observe that two reflections
at21.33 and 23.74 were detected. These two reflections
correspond to crystallite paraffinic wax molecules
(Andersen, Jensen & Speight, 2005). XRD data were
analyzed using the method developed by Yen for the
calculation of aromaticity and crystallinity parameters
many years ago (Chang & Fogler, 1994). The calculation
of crystallite parameters is presented in Table 8 and can
be briefly summarized as follows: the area of the two
main bands designated asy and graphene (002) bands are
proportional to the amounts of these structures present
in the sample (Yen et al., 1961). Aromaticity (f,) can be
determined by calculating the areas (A4) of the resolved
peaks for y and 002 bands using the formula:

T R
C (CACy (AountAy)

Ja (11)
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where Cs, C,, and C are the numbers of saturated,
aromatic, and total carbon atoms per structural unit.
Unfortunately, the calculus of £, using XRD data is
very different from that obtained using *C-NMR
spectroscopy. A summary of other structural parameters
that were calculated follow the original work of Yen et
al. (1961), Andersen et al. (2005) or Tanaka et al. (2004)
is presented in Table 8.

Average Molecular Parameters and Model Structures

By combining elemental analysis (Table 1), average
molecular weight mass spectrometry, M,, and NMR
spectroscopy (Tables 5, 6, and 7), it was possible to
gather information about the molecular weight of the
bulk sample using some average parameters. Some of
the molecular parameters were obtained directly from
quantitative data of the '"H- and *C-NMR spectra, where
the integrated signals are a representation of the amount
of chemical groups in the sample. However, additional
parameters can be calculated by some of the set of
parameters reported in the literature (Podgorski et al.,
2013; Hirsch & Altgelt, 1970; Kiet et al., 1978; Ladner
& Snape, 1978). Here, we use some of the parameters
previously reported by Poveda and Molina (2012).
The main problem observed with the procedures to
calculate the average molecular parameters reported in
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the literature had to do with their development and the
approaches taken into account for the structural analysis,
thus, it is paramount to consider also the chemical nature
of' samples that can be analyzed using each one of them.
As molecular weights increase it is common to observe
higher amounts of heteroatoms.

In Tables 5, 6 and 7, it was possible to observe that
some regions in the NMR spectra give the relative
amount of structural groups and by combining them it
was possible to collect further information on average
molecular parameters. Composition by number is
presented using data from mass spectrometry M, value.
But by taking account data from Raman analysis,
the average diameter of aromatic unit (10.15 A) is
compatible with data from X-Ray diffraction, which is
possible for aromatic units with structures identical to
pyrene compound with saturated side chains of 4 and 5

carbons, also with methyl groups joined to an aromatic
unit. By comparing n values reported in Table 7, we can
argue that saturated chains are characterized by a little
or no chain branching.

4. CONCLUSIONS

The present work reports the first physiochemical
characterization of asphaltenes of the Colombian
Colorado light crude oil. Here, we use different
data derived from elemental analysis, spectroscopic
techniques as Infrared, Raman, and Nuclear Mag-
netic Resonance, Mass Spectrometry and X-ray dif-
fraction. Evidence obtained by mass spectrometry
shows that asphaltenes were characterized by the
low average molecular weight and the high ratio H/C
when compared to other reported data for Colombian
crude. Unfortunately for our knowledge, the reported

Table 8. Structural parameters of nanoaggregates of Colorado asphaltenes using XRD data.

1. Aromaticity factor Acoz/ Ao TA) 0.094
dm Distance between aromatic sheets A/2sin 6 (002) 3.50 A
d, Distance btween paraffinic chains 5X\ /(8 sin 6) 5.49 A
L S vl (1.84-2)/(B-cos 0) (110) 9.79 A
L. Average diameter of clusters, A 0.45/8B,,(002) 12.79 A
M Number of aromatic layers per cluster Le/dm+1 4.65

/ \ (002)

X-ray powder diffraction pattern
of Colorado Asphaltene

Crystaline paraffinic wax molecules

N
/ N

0 10 20 40
20

50 60 70 80 90

Figure 6. X-Ray powder diffraction pattern of Colorado asphaltenes.
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H/C ratios for Colombian asphaltenes are typical of
those obtained from heavy crude oils. We have not
found reports on the molecular characterization of
asphaltenes obtained from Colombian light crude oils.
From FTIR data, we observe that the average length of
the aliphatic chains is shorter than the average length
of the aliphatic chains observed in other asphaltenes.
The areas in the 'H- and 3*C-NMR spectra reveal that
(PC-NMR, 137.0-160.0 ppm) the number of aromatic
carbons substituted with saturated chains is more
comparable with previous data (Poveda ez al., 2014).
Based on the Raman data, the diameter of the aromatic
layer in asphaltenes was calculated as 10.15 A, which
is compatible with XRD data. Finally, the combination
of data concerning the molecular characteristics ob-
tained using analytical and spectroscopic techniques
shows that CCO asphaltenes can be represented by
a molecular unit with a central aromatic core with
pendant saturated chain, four to six, with an average
chain length between four and five.
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