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A B S T R A C T   

The precipitation and deposition of asphaltenes are complex phenomena that reduce the efficiency in oil pro-
duction operations. In this study, spectroscopic and thermal methods were used for the characterization of 
asphaltene samples extracted from deposits belonging to different locations in the Hassi Messaoud field. Struc-
tural parameters and the chemical structure of the studied asphaltenes were determined using 13C solid nuclear 
magnetic resonance (NMR), X-ray diffraction and Raman spectroscopy. The thermal behavior of the asphaltenes 
studied was examined using differential scanning calorimetry. The results obtained suggest that island is the 
predominent architecture for the asphaltenes studied with an average of 7 to 8 fused rings and aliphatic length 
chain of about 3–4 carbons. The number of aromatic sheets in a stacked cluster (N) is between 7 and 8 sheets. The 
aromatic sheet diameter of the four samples ranges from 12.18 to 15.52 Å with an average interlayer distance 
between aromatic sheets of 3.52 Å and an average interchain layer distance of 4.48 Å.   

1. Introduction 

Asphaltenes are complex polycyclic aromatic molecules, with some 
carbons atoms substituted with N, S, O and with peripheral alkane 
chains in a shape of an island, archipelago or other structures as 
described by [1,2]. However, the shape, the number of the fused aro-
matic rings, the length and the number of the side chains, changes with 
the asphaltene precipitation/ deposition process (temperature, pressure, 
presence of gases, etc.), the origin of asphaltenes, and the presence of 
heteroatoms, among others. The advance of characterization techniques 
has contributed significantly to understand the structure and phys-
ical–chemical behavior of the oils heavy fractions such as asphaltenes 
[3]. 

There are nowadays several characterization techniques which can 
help in investigating the structural characteristics of asphaltenes such as 
Raman spectroscopy, proton and carbon Nuclear Magnetic Resonance 
(NMR) spectroscopy, Fourier Transform Infra-Red spectroscopy (FTIR), 
Gel Permeation Chromatography (GPC), Scanning Electron Microscopy 

(SEM), Laser Desorption/Ionization Time of Flight mass spectroscopy 
(LDI-TOFMS), and Fluorescence Spectroscopy (FS) [4–6]. Some methods 
like NMR, FTIR, LDI-TOFMS and FS can help defining the structure and 
the chemical composition of single average asphaltenes molecules, 
whereas other methods such as XRD and Raman spectroscopy highlight 
the characteristics of asphaltenes clusters [7]. The most necessary being 
the elemental analysis that gives the content in carbon, hydrogen, ni-
trogen, sulfur and oxygen (CHNS/O), providing information about the 
asphaltene composition, and through the H/C ratio on its aromaticity 
[8]. Generally, scholars agree that asphaltenes consist of fused aromatic 
ring systems, with alkyl and other functional groups, and heteroatoms, 
as identified by infrared (IR) and nuclear magnetic resonance spec-
troscopy [9,10]. Heteroatoms such as nitrogen, sulfur and oxygen are 
distributed and grafted within the aromatics cores and the side chains at 
various locations. Oxygen is identified with FTIR spectroscopy as 
aliphatic hydroxyl groups, carboxylic acids and in the form of ketones, 
quinones, ethers, esters [11]. Sulfur exists in asphaltene structures as 
part of thiophenes (the most common form), sulfides, and sulfoxides 
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[12–14]. The X-ray absorption near-edge structure spectroscopy shows 
that nitrogen is usually present in the aromatic cores in pyrrolic and 
pyridinic forms [15]. 

Nickel and vanadium have been found as porphyrin (or Metal-
porphyrin) forms [16,17]. The presence of metals in asphaltenes limits 
the exploitation and the use of fossil fuels, it also has an impact on their 
processing leading to the catalysts poisoning and coke formation [18]. 
Aiming to mitigate practical problems, it is important to elucidate their 
presence; however, in some cases, like Hassi Messaoud, the low con-
centration of asphaltenes in the oil makes it difficult to study them and 
their characterization. 

A simple characterization technique used for primary characteriza-
tion of asphaltenes is the X-ray diffraction (XRD). This nondestructive 
technique allows to investigate the structural parameters of asphaltenes 
and the molecular layers stacking in which they organize themselves 
[19]. 

In literature, many combined analytical techniques have been 
applied to elucidate the chemical characteristics of asphaltenes. Car-
valho et al. [20] used proton NMR, FTIR, molecular fluorescence and a 
new advanced Fourier Transform Ion Cyclotron Resonance mass spec-
trometry (FT-ICR), to investigate asphaltenes fractionated by N-meth-
ylpyrrolidone. McKenna et al. [21] investigated asphaltenes isolated 
from distillation cuts using FT-ICR and Linear Ion Trap (LIT) mass 
spectrometry. The two techniques elucidated the existence of three 
asphaltene types, classical aromatic asphaltenes, highly polar asphal-
tenes rich in heteroatoms and atypical aliphatic asphaltenes. Bava et al. 
[22] used seven techniques, namely: 1H NMR, XRD, FTIR, Raman 
spectroscopy, Thermal Gravimetric Analysis (TGA), Laser Desorption 
Ionization Mass spectroscopy (LDI-MS), and elemental analysis, to pro-
pose hypothetical average structures for asphaltenes derived from three 
different Argentinean crude oils. Qiyong et al. [23] applied an ionization 
technique that uses Electro-Spray ionization (ESI) coupled with FT-ICR 
Mass Spectrometry (ESI-FT-ICR-MS), in addition to 1H NMR and FTIR, 
to characterize asphaltenes extracted from Xinjiang crude oil (Chinese 
oil). Djendara et al. [24] used proton and carbon NMR in addition to ESI 
technique to analyze asphaltenes precipitated by n-heptane from 
Algerian crude oil. Abbas et al. [25] used solid state magnetic resonance 
(ss NMR) with X-ray diffraction for characterization of asphaltenes 
fractions, and they suggest that the high oxygen content and the irreg-
ular compositional structures are the main factors contributing to 
asphaltenes instability. 

The Solid State (SS) 13C Cross-Polarization (CP) under Magic Angle 
Spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy is a 
very powerful tool for determining the chemical structure of complex 
carbonaceous material such as coals [26,27], oils [28–30], paraffins 
[31,32], and asphaltenes [24,33–37]. Dutta-Majumdar et al. [38,39] 
studied asphaltenes structures derived from coal and petroleum using 
solid state 13C NMR. They found that asphaltenes structures range from a 
small PAH core to a large one with more than 9 fused rings. They 
concluded that the asphaltene aggregates form a skewed π-π stacked 
geometry, which further associate among themselves through alkyl- 
alkyl and alky-aromatic interactions. Alemany et al. [40] studied six 
Ecuadorian asphaltenes using solid and liquid NMR. The authors 
conclude that the average condensed aromatic system of the asphaltenes 
better matches to an island architecture rather than archipelago. 

In [7,41], the authors studied the unstable asphaltenic oil from the 
Hassi Messaoud field. They used different techniques such as 1H and 13C 
NMR, XRD and Raman spectroscopy to define an average molecule of 
Hassi Messaoud asphaltenes. The aromaticity was estimated to range 
from 0.48 to 0.6 with seven fused aromatic rings (FAR), and short 
aliphatic chains of up to 6 carbons [7,42]. The estimated dimension of 
the molecular sheet was of about 11–17 Å with an average of eight 
molecular stacking and a molar mass of 550 for the monomer. Their 
explanation for the propensity to aggregate and flocculate was attrib-
uted to the content of heteroatoms and the average diameter of the ar-
omatic sheet La [7,43]. 

To confront asphaltenes deposition issues and help defining a pro-
tection and intervention strategy for a specific field, it is recommended 
to conduct an extensive characterization of asphaltenes in order to 
define the most appropriate average molecule structure, as its chemical 
behavior depends on it [44]. 

Most studies in literature have been concentrated on asphaltenes 
derived from oils. Few works focused on asphaltenes derived from oil 
deposits. Field asphaltenes are the solid material that separates from live 
crude oil due to its depressurization. They differ significantly from sol-
vent precipitated asphaltenes generated in laboratory [45–47]. Riede-
man et al. [48] have studied the structural parameters of oil-deposit 
asphaltenes using Raman and mass spectroscopy. They found that the 
average aromatic sheet diameter was 21.7 Å, slightly larger than re-
ported for petroleum asphaltenes. The average molecular weight was 
estimated to be 497 Da. The authors proposed that the propensity for 
asphaltenes to precipitate is dependent on their molecular structures 
more than their molecular weight [48]. 

In an effort to understand the thermal behavior of asphaltenes, glass 
transitions and melting points have been investigated. Huynh et al. [49] 
studied the molecular weight effect on the glass transition temperatures 
(Tg) of asphaltene fractions, their conclusion was that it is the compo-
sition of the asphaltenes fraction that affects the Tg and not the mo-
lecular weight. Moreover, they observed that the longer the paraffin 
chain in asphaltenes, the lower it is Tg. Kopsch [50] used differential 
scanning calorimetry DSC to study the asphaltenes glass transition from 
different sources of Venezuela, Iran, Saudi Arabia, Russia and British 
offshore fields. The value of Tg reported was on the range 313–353 ◦C 
with three different heating rates 10, 20 and 50 K/min. Zhang et al. [51] 
reported that the glass transition temperatures of four asphaltenes from 
different origins are within 120–130 ◦C, measured with a heating rate of 
10 K/min. Their visual observations were recorded from a temperature 
range from 130 to 230 ◦C as softening and melting behavior. Gray et al. 
[52] reported that asphaltenes from Arab Heavy and light oils, Atha-
basca, Gudao, and Maya all showed evidence for formation of a liquid 
melt at temperatures between 214 and 311 ◦C, However this difference 
in melting points did not correlate with any average chemical proper-
ties. Turkish asphaltenes have been studied as well, and their Tg have 
been determined to be in the range of 200–220 ◦C, values that were 
assigned to the low (H/C) ratio [53]. 

In this work, a series of a spectroscopic and thermal methods were 
applied in order to characterize the chemical structure of the asphal-
tenes samples, issued from different locations belonging to the giant oil 
field of Hassi Messaoud during oil production. The characteristics of the 
asphaltenes samples are studied from different perspectives. At first, we 
apply elemental analysis to investigate the CHNS/O content. Then we 
investigate their thermal behavior using differential scanning calorim-
etry analysis. X-ray diffraction and Raman spectroscopy were used to 
investigate the asphaltenes aggregate geometry. Finally, the solid state 
13C NMR Cross-Polarization/Magic Angle Spinning was applied to 
elucidate the chemical structure (PAH core size, aromaticity, aliphatic 
side-chains) of the studied asphaltenes. 

2. Experimental methods 

2.1. Chemicals and samples preparation 

Four samples of crude oil deposits have been provided by the 
Algerian oil company Sonatrach. The samples were scraped from the 
walls of the oil wells during production operations and the other. All the 
samples were obtained from the Hassi Messaoud (HMD) field. The wells 
were chosen because of the asphaltenes and wax problems that they 
present during their production. To distinguish them, the samples are 
referred as HDZ, HTF, RAMA, and HGAN. Additionally, two other 
samples named HDZ(oil) and Oil2 were extracted from unstable dead 
oils in lab. Due to the fact that the Algerian crudes have a low asphaltene 
content [24], albeit causing severe damages, the extracted quantity was 
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so low that only X-ray diffraction could be conducted on these two 
samples. 

The asphaltenes fractions were extracted from the deposits and oils 
through their fractionation following the ASTM2007-23 method. 
Briefly, 1 g of a deposit was mixed with 40 ml of a volume of precipitant 
agent (heptane). The solution was stirred at 60 ◦C for 2 h followed by 
equilibration at ambient temperature overnight. The mixture was 
filtered by using a Whatman filter paper (0.45 μm). The resulting filter 
cake, composed essentially of the asphaltenes, was washed intensively 
with the solvent until the solvent wash was colorless. The co- 
precipitated inorganic materials were separated from the asphaltenes 
by hot toluene dissolution. 

2.2. Elemental analysis 

Elemental analysis (C, H, N, O, S) were carried out by the Truspec 
630–200 elemental analyzer, which uses infrared absorption as the 
detection method for carbon and hydrogen as well as thermal conduc-
tivity for nitrogen detection. Metal traces are determined using X-ray 
fluorescence on a S2 PICOFOX equipment. 

2.3. Differential scanning calorimetry 

The glass transition temperature was measured on a Differential 
Scanning Calorimetry Hitachi DSC7000X calibrated with indium and 
flushed with dry nitrogen. The samples were placed in hermetically 
sealed aluminum pans and heated from 25 to 350 ◦C with a heat rate of 
10 ◦C/min. The glass transition temperature was determined as the 
midpoint temperature between the extrapolated onset and endset. 

2.4. Spectroscopy techniques 

2.4.1. X-ray Diffraction: 
Diffractograms of the asphaltenes fraction from deposits and oils 

were performed on finely ground powders of extracted asphaltenes at 
ambient temperature. The EMPYREAN X-ray diffractometer used oper-
ates at 45Kv, and 40 mA current with 0.026◦ as angular step. A copper 
target, with Kα = 1.54 Å wavelength is used as a source for the X-ray 
radiation,the scans were conducted from 3◦ to 70◦ of 2ϴ diffraction 
angle. 

2.4.2. Raman spectroscopy 
Raman spectra were acquired using the Raman-AFM-SNOM confocal 

microscope WITec alpha300 RAS + instrument. A frequency-doubled 
Nd:YAG laser working at 532 nm was used as the excitation source 
with a power of 2 mW. The Raman imaging is performed by raster- 
scanning the laser beam on the solid sample and accumulating a com-
plete Raman spectrum at each pixel. The Raman image was constructed 
by using WITec software to integrate on a specific Raman band for data 
evaluation and processing. Origin 8.1 software was used to process 
Raman spectroscopic data. The data were baseline-corrected and fitted 
with the Gaussian, Lorenzian and Voigt function utilizing a multi-peak 
fitting scheme. Peak positions were determined from the peak centers 
at half-maximum and the approach conducted will be discussed below. 

2.4.3. 13Carbon solid state NMR spectroscopy 
CP-MAS NMR spectra were recorded at 100.62 MHz on a Bruker MSL 

400P spectrometer, with a 3.5 s 1H 90 pulse, 1 ms contact time, spinning 
rate 10 kHz and 5 s recycle delays. Chemical shifts are quoted in parts 
per million from TMS. In this experiment, four asphaltenes samples have 
been considered, namely, HTF, HGAN, HDZ and RAMA. Information 
regarding the aromaticity and other important average parameters are 
based on the deconvolution of the spectra. 

3. Results and discussions 

3.1. Elemental analysis and hetero-elements 

Table 1 lists the elemental analysis results from the asphaltene 
samples extracted from deposits. Although the elemental analysis in 
asphaltenes varies with their origin [54] they typically present carbon, 
hydrogen, nitrogen, oxygen and sulfur as well small amounts of iron, 
vanadium, and nickel in ppm level. 

The reported results show that sulfur is the third dominant element 
after carbon and hydrogen. The oxygen content was estimated from the 
mass balance. The atomic ratio, H/C is approximately constant, its value 
here is around ≈1 for the four samples, suggesting that the asphaltenes 
being studied are strongly aromatic compounds with the presence of 
polynuclear aromatics [55] that may render them resistant to thermal 
decomposition [56]. 

3.2. Differential scanning calorimetry 

DSC is a thermal analysis technique used on different works to 
characterize aspects, such as phase transitions, for unconventional oils 
[57–59]. The DSC relies on measuring changes in the heat flow rate 
through a sample in a controlled temperature environment and 
comparing with a reference. The thermograms of the four asphaltenes 
samples are presented in Fig. 1. The curves show similar calorimetric 
signals in the studied temperature range. The reported glass transition 
temperatures, Tg, are similar with values ranging 174–184 ◦C, except for 
the HGAN asphaltene where no well resolved value is observed. The Tg 
values of asphaltenes observed in this study were in the range of values 
reported by [50]. The HGAN asphaltenes have a higher sulfur, vanadium 
and zinc content when compared to the other samples (Rama, HDZ and 
HTF), what may explain why the glass transition phase was unclear on 
the thermogram. 

3.3. XRD diffraction 

The diffractograms of the asphaltenes studied are shown in Fig. 2. 
According to litterature, the asphaltenes XRD patterns have four bands 
which are: the γ-band, the 002-band, the 10-band and the 11-band. 
These bands generally appear arround 2θ = 20◦, 25◦, 44◦ and 80◦, 
respectively. The 11-band is very weak and usually is not shown in the 
XRD diffratograms [60]. A typical pattern of asphaltenes XRD-spectra 
with corrected baseline is presented in Fig. 3. The three peaks of in-
terests are: γ -band which is attributed to the aliphatic side chain, the 
002- band comes from the aromatic core of asphaltene, and the 10-band 
related to the aromatic sheets of asphaltenes. 

To extract usuful data from X-ray spectra, for each sample, the 
spectrum is deconvoluted into three gaussian peaks, the peak center, the 
area under peak and the FWHM of the fitted spectra are presented and 
given on the supporting information (see Fig. S2.1 for the spectra 
deconvolution, and Table S2.1, for curve fitting results). 

Using the curve fitting data in Table S2.1 (area, position and FWHM), 
it is possible to calculate the average structural parameters of each 
asphaltene sample. The method used for obtaining the structural pa-
rameters and aromaticity follows the literature [19,61,62] and is sum-
marized as follows:  

1- Distance between the saturated portions of the molecules dγ(also 
referred as dr)or the inter-chain layer distance is given by the 
relationship: 

dr = dγ =
λ

2sin(θλ)
(1)    

2- Distance between two aromatic sheets d002 (also referred as dm), is 
calculated from the graphene band using Bragg Law: 

D. Behnous et al.                                                                                                                                                                                                                                



Fuel 328 (2022) 125305

4

dm = d002 =
λ

2sin(θ002)
(2)    

3- Average diameter of the aromatic sheets La: 

La =
1.84λ

ωsin(θ10)
(3)    

4- Average height of the aromatic cluster Lc (perpendicular to the plane 
of the sheet): 

Lc =
0.9λ

ωsin(θ002)
(4)    

5- Number of aromatic sheets, N, attached with each other from a 
nanocluster (crystallite): 

N =
Lc

d002
+ 1 (5)    

6- The number of carbons per aromatic structural unit CAU: 

CAU =
La + 1.23

0.65
(6)    

7- Number of aromatic rings in each aromatic sheet Ra: 

Ra =
La

2.667
(7)    

8- The Aromaticity index. 

Table 1 
Elemental analysis of the four asphaltenes samples.  

Sample C (%) H (%) N (%) S(%) O (%)a H/C V(ppm) Ni(ppm) Zn (ppm) 

1- HTF  88.65  7.52  0.35  1.61  1.88  1.02  4.6  3.6  21.1 
2- HDZ  89.52  7.24  0.35  1.05  1.85  0.97  2.6  2.1  13.7 
3-RAMA  84.62  6.95  1.69  1.38  5.37  0.99  –  –  
4-HGAN  85.45  7.56  0.38  1.98  4.72  1.06  6.8  4.3  112.2 

a: by difference. 

Fig. 1. Thermograms of the four asphaltenes samples (a) HDZ, (b) HTF, (c) HGAN, and (d) RAMA.  
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Ar =
CA

C
=

CA

CA + CS
=

A002

A002 + Aγ
(8) 

Here, θ is the diffraction angle, λ is the X-ray wavelength, w is the full 
width of the peak at half maximum (FWHM) in radian. A is the Area 
under the respective peak, C is the number of total carbon atoms per 
structural unit, CA and CS are the number of aromatic and saturated 
carbons per structural unit respectively. Fig. 4 sketches the parameters 
in a hypothetical asphaltene cluster for better understanding. 

The values of structural parameters corresponding to the six samples 
studied are reported in Table 2, in addition to results from literature. The 
results indicate that the average interchain layer distance is between 4.2 
and 4.5 Å. The layer distance between two aromatic sheets is arround 
3.5 Å for all the asphaltenes samples. The interchain distance and the 
intersheet layer distance show little differences for the asphaltenes 
studied here, and are in agreement with literature values as shown in 
Table 4. The size of asphaltenes nanocluster (Lc) ranges from 20 to 25 Å. 
The average diameter of the aromatic sheet (La) is between 12 and 15 Å. 
The number of aromatic sheets in a stacked cluster (N) is between 7 and 
8 sheets. The number of the aromatic rings (Ra) for each aromatic sheet 
for the asphaltenes studied ranges from 5 to 6 which agrees with the 
results [63]. The number of carbons per aromatic structure unit (CAU) 
ranges from 20 to 26 atoms. Finally, the aromaticity index (Ar) are 
27.82, 44.37, 33.06, 38.19 for HTF, HGAN, HDZ, RAMA and 23.95 an 
49.15 for HDZ-Oil and Oil2, respectively. The aromaticity calculated 

from the XRD spectra is lower than the results obtained from the solid- 
state NMR (see section below). The aromaticity obtained by NMR 
spectroscopy or by IR is more precise than the one obtained by XRD. The 
reason for this is the uncertainty introduced when translating the geo-
metric measurement of sheet diameter to aromaticity, because not all 
the aromatic atoms contribute to the stack diameter seen by XRD [64]. 

On the other hand, the diffraction pattern may have some other 
contributions from nonaromatic atoms on aromatic rings, such as 
hydroaromatic carbons and other substituents, thus, it may lead to a 
biased interpretation [41]. When comparing our results with literature 
values of 52 samples of oil derived asphaltenes (last row in Table 2 from 
[19]), we observe that our samples, deposit or oil derived are within the 
reported range with slightly higher values for La, N and Ra..The size and 
structure of the asphaltenes nanoaggregate determined here agree with 
the Yen-Mullins model results, in which the dominant asphaltene 
molecule consists of large island with a single polycyclic aromatic hy-
drocarbon core per molecule with attached peripheral alkanes [65,66]. 

3.4. Raman spectroscopy of oil asphaltenes 

To obtain information on the aromatic sheet diameter Raman spec-
troscopy was performed on the asphaltenes samples followed by a 
deconvolution of the first order Raman spectra. Photography of the HDZ 
asphaltenes sample and the Raman spectra of the three considered 
samples are shown in Fig. 5. In this experiment, only three samples were 
considered, namely, HTF, HGAN and HDZ (due to the insufficient 
amount of the samples available, analyses for the other asphaltenes 
could not be done). 

In general, carbonaceous materials (asphaltenes included), have 
particular Raman spectra in the first order range (~800–2000 cm− 1). As 
can be seen in the first order spectrum depicted in Fig. 6, there exist at 
least five Raman bands denominated as follow: D1 (~1350 cm− 1), D2 
(~1610 cm− 1), D3 (~1450 cm− 1), D4 (~1200 cm− 1) and G (~1580 
cm− 1). The G band is attributed to the activation of the E2g mode in 
graphite crystal [43]. D1 and D2 are defect-induced bands, the first ones 
arises from the in-plane defects [70], in our case, the boundary of the 
asphaltenes molecule, whereas the D2 occurs as a shoulder to the G band 
each time the D1 band exists [43]. The D3 band takes the shape of wide 
band originated from poorly crystallized carbon (amorphous carbon), 
while the D4 band occurs when the molecules have a poor spatial or-
ganization [43,70]. 

From the above description of the first order Raman spectra, it is 
possible to estimate the average aromatic sheet size La. Tuinstra and 

Fig. 2. X-ray diffractograms of the asphaltenes samples studied. The peaks with 
star are signals contributed by the sample holder. 

Fig. 3. Pattern of typical XRD baseline-corrected spectra of the HDZ asphal-
tenes sample and recognized bands. 

Fig. 4. Cross-sectional view of the asphaltene cluster structure with the main 
crystallite parameters. 
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Koenig [71] demonstrated that the planar crystal size (La) of graphite 
microcrystalline, is sensitive to the ratio of the integrated intensities 
(areas) of the G and D1 bands (denoted IG and ID1, respectively), thus, it 
is possible to correlate the sheet diameter with the band intensities ratio. 
The proposed linear correlation is also valid to estimate the asphaltenes 
aromatic sheet [60,72,73]: 

La (A
o
) = 44

IG

ID1
(9) 

This equation can easily diverge if the integrated intensities of G and 
D1 bands are not accurately determined, and/or the position of the G 
peak is not in the range 1570 to 1610 cm− 1 [43]. 

Despite being a well-established technique [74], the application of 
Raman spectroscopy to asphaltenes characterization is relatively recent 
and only a few studies are available. In these works, it is very surprising 

Table 2 
Average structural parameters obtained from X-ray experiments.   

Ar (%) d002 (A◦) dγ (Å) Lc (Å) La (Å) N Ra CAU 

HTF 27.82  3.53  4.41 22.06 14.24  7.26  5.35  23.79 
HGAN 44.37  3.48  4.23 25.33 15.52  8.27  5.84  25.77 
HDZ 33.06  3.53  4.46 22.10 12.56  7.26  4.72  21.21 
RAMA 38.19  3.48  4.52 23.11 14.00  7.64  5.26  23.43 
HDZ-oil 23.95  3.52  4.47 22.85 13.63  7.49  5.13  22.87 
Oil-2 49.15  3.57  4.45 20.45 12.18  6.73  4.58  20.63 
Arab heavy[55] 19  3.6  4.4 24 12  6.8  4.6  20.8 
Arab light [55] 19  3.6  4.4 24 13  6.6  4.8  21.8 
HMD1 [41] 40  3.5  – 16 9  4.6  3.5  16.5 
HMD2 [43] –  3.5  4.3 28 17  7.9  6.5  28.9 
Alaska [67] 23  3.4  4.3 36 11  10.3  4.1  18.8 
Iranian [68] –  3.5  – 29 12  8.4  4.8  21.7 
Colorado [69] 9  3.5  5.4 12 9  3.6  3.6  16.9 
Mean values [19] 33  3.5  4.6 22 12  6.5  4.7  21.2  

Fig. 5. a) Microphotography of the HDZ sample, b) Raman spectra of the three studied samples.  

Fig. 6. Typical first order Raman spectrum of asphaltenes with decomposition 
into five bands. 

Table 3 
Number of peaks and peak functions used by different scholars in asphaltenes 
first order Raman spectrum deconvolution.  

N◦ of Peaks Peak Function Reference La range (A◦) 

2 Gaussian [8081] 10.07 to 24.4 
5.48 to 13.78 

Lorentz [82] 13.2 (one sample) 
3 Gaussian [48] 19.27 to 22.96 
4 Gaussian [6083] 20 to 22 

28 to 32 
5 Gaussian [846985] 16.6 (one sample)10.15  

(one sample) 
Not available 

Multiple number of peaks (Gaussian 
+ Lorentz) 

[364372] 8.2 to 16.4 
9.87 to 17.83 
10 to 18.9  
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that when fitting the first order of the Raman spectrum (see Table 3), 
authors use different number of peaks, varying from 2 peaks as in 
[69,74], to 8 or 9 peaks as in [43,70,72]. Furthermore, there is a strong 
debate on the peak function type. Bouhadda et al. [43] proposed to use 
the Lorentzian function, whereas Abdallah and Yang [72] suggested that 
it would be better to use the Gaussian function instead. Technically, a 
Raman band is described with Lorentz function [75,76]. However, the 
structural defects and impurities that exist in the sample (which is the 
case in asphaltenes), as well as the instrument profile function, add 
disturbance to the Lorentz function. This disturbance can be regarded as 
an additive normally distributed (Gaussian) component [76,77]. The 
Voigt function is a linear combination of both the Gaussian and Lorentz 
function (see supporting information, Section S1). It can represent an 
excellent substitute of Gaussian and Lorentz functions as it combines 
their both characteristics with a balance controlled in the fitting process. 
This function is widely used by scholars in Raman spectra deconvolution 
of carbonaceous material [70,77–79]. 

In this study, we use the Voigt function in addition to the classical 
Gaussian and Lorentz functions. Moreover, we also adopted the multiple 
peaks strategy, that means the deconvolution is done initially with 2 
peaks (G + D1), then with 3 peak (G + D1 + D2), 4 peaks (G + D1 + D2 
+ D4), and finally with 5 peaks (G + D1 + D2 + D3 + D4). We limited 
our study to five peaks as most authors suggest that going beyond five 
peaks can jeopardize the results [43,70,71]. For each set of peaks, the 
curve-fitting is conducted three times where each time the peaks are 
considered to follow a unique type of function (Gaussian, Lorentz or 
Voigt). The objective in this section is to identify a proper deconvolution 
methodology of the first order Raman spectra of asphaltenes, and to 
investigate the asphaltenes molecule sheet size. Details of the decon-
volution process and the curve-fitting procedure of the Raman spectra 
are found in the supporting information (SI), Section S3. 

To understand the nature of the peak function in five peaks Voigt 
decomposition, we have computed the ratio of the width of the Gaussian 
part (wG) and/or the Lorentzian part (wL) over the summation (wG + wL) 
for each band. This ratio gives indication on the nature of the peak, 
either as a Gaussian or Lorentzian, or a combination of both. The results 
are depicted as histograms in Fig. 7. From the comparison between the 
three samples, it can be observed that the D1 band is Lorentzian whereas 
G and D2 bands are a Lorentzian dominant. The D4 is a Gaussian 
dominant band, on the other hand, the D3 band can be either a Lor-
entzian or a Gaussian depending on the sample. 

As mentioned, we have computed the aromatic sheet diameter (La) 
using the integrated intensities of G and D1 bands (Equation (9)). For the 
three samples, the estimated La according to the number of peaks and 
the peak function type are presented in Table 4. As can be seen, the value 
of La goes from as low as 9.11 Å to as high as 43.52 Å. To discern the best 
configuration, we have computed the error between the La obtained 
with Raman spectroscopy and the La derived from X-ray analysis. The 

results are depicted in SI (Fig. S3.5). As can be seen, the Gaussian 
function exhibits the highest deviations when the four and/or the five 
peaks configuration is applied to the three samples. With the Lorentz 
function, it is impossible to discern which configuration is the best. The 
five peaks configuration with the Voigt function shows a better esti-
mation of La for the three samples with ~ ±10 % deviation as can be 
seen in Table 5. The values of the obtained La are consistent with other 
literature values previously reported (see Table 2 and 3). 

3.5. NMR spectroscopy 

To obtain more detailed information on the asphaltenes structure 13C 
solid NMR was used. The corresponding spectra (quoted in ppm) of each 
sample are depicted in Fig. 8. As can be seen, the spectra are well 
separated into two main regions: the aliphatic region with chemical 
shifts from 0 to 60 ppm, and the aromatic region from 90 to 160 ppm. 
The peaks in the region 210 to 240 ppm marked with an asterisk are 
spinning sidebands, thus, they are not included in the analysis [86]. 

The NMR spectra appear as a broad signal with no well-resolved 
peaks as shown in Fig. 9. To our knowledge, there is no consensus 
among scholars regarding the assignment of the chemical shift ranges for 
the different structural carbon atoms in, and attached to, the asphaltenes 
PAH-core [3,8,64,87–92]. This is mainly due to the overlapping of 

Fig. 7. Band function type dominance (red: Lorentzian, blue: Gaussian). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Table 4 
Values of the molecular diameters.  

Sample N◦ of Peaks Gaussian Lorentz Voigt 

HTF 2  12.21  16.96  14.64 
3  12.79  09.40  11.39 
4  38.80  12.42  19.85 
5  18.86  10.50  13.70 

HGAN 2  17.83  21.06  24.13 
3  20.20  18.11  18.69 
4  37.37  25.94  12.95 
5  25.14  43.52  16.28 

HDZ 2  10.15  16.77  14.71 
3  11.90  10.57  09.11 
4  37.84  13.42  14.33 
5  22.42  17.62  14.01  

Table 5 
Calculated values of La with 5 peaks Raman deconvolution strategy and X-ray.  

Sample Gaussian Lorentz Voigt X-ray 

HTF 18.86 (+32.4 %) 10.50 (–26.3 %) 13.70 (–3.8 %)  14.24 
HGAN 25.14 (+61.9 %) 43.52 (+180.4 %) 16.28 (+4.9 %)  15.52 
HDZ 22.42 (+78.6 %) 17.62 (+40.3 %) 14.01 (+11.6 %)  12.56 

The percentage between brackets represents the computed deviation based on 
the results obtained XRD. 
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signals, for instance, the signal in the range 13.32 to 15.54 ppm repre-
sents terminal methyl on aliphatic chain [92], and it overlaps also the 
methyl in γ-position in the PAH-core. Another example is in the aromatic 
region in the range 124 to 129.5 ppm, it covers the protonated aromatic 
carbon with overlap of the bridgehead carbons [8,92,93]. In this study, 
the aliphatic region has been split into nine sub-regions whereas the 
aromatic region is divided into four sub-regions. The chemical shifts 
corresponding to each sub-region as well as their chemical attributions 
are presented in Table S4.1 of the SI. NMR is a powerful characterization 
tool, and by calculating the area under the spectrum for different 
chemical shifts, it is possible to deduce structural parameters such as the 
aromaticity-fa [3,35,87,94,95]. This is generally computed using the 
ratio of the area in the aromatic region over the sum of the areas in the 
aromatic region plus the aliphatic region. There are other important 
average parameters, and the ones used in this study are presented in 
Table S4.2 with their corresponding description. 

The integration procedure of NMR spectra involves curve fitting 
techniques (deconvolution). Technically, an NMR peak is described by a 
Lorentz function, however, when the spectrum is a broad signal (which 
is the case for asphaltenes), the use of the Lorentzian function engenders 
many problems and errors. The first set of problems are related to the 
optimization loop, such as premature convergence or no convergence at 
all due to the impossibility of finding the right curve fitting parameters, 
thus the fitted spectra have a low quality (low value of R2). The second 
set is associated with the results quality. It has been reported by scholars 
in the medical field that using the Lorentzian function in 1H NMR curve 
fitting leads to systematic errors in area quantification [96]. When 
Larsson et al. [97] applied the 13C-CP/MAS NMR spectroscopy to 
different kinds of cellulose, the spectra are similar to those of asphal-
tenes (broad signal, see Fig. 8). In their deconvolution process, they used 
two kinds of peak function, either a Lorentzian or a Gaussian. However, 
the function assignment for each peak is based on trial and error until 
the best fitting is obtained. To overcome this deficiency, several authors 
suggested to use the Voigt function as it is a linear combination between 
the Gaussian and the Lorentzian functions, where the weighting be-
tween them is controlled within the optimization loop [96,98,99]. 

In this study, the Voigt function is used for peak modeling. The 
deconvolution procedure used here is similar to the one we have pro-
posed before for Raman spectroscopy discussed with little changes. The 
range considered is between − 20 to 200 ppm with linear base-line 
correction. The initial peak position is at the center of the chemical 
shifts illustrated in Table S4.1 of the SI except for the range 39.5 to 60 
ppm where three peaks were used to achieve the best fitting quality. The 

initial peak positions in this region are in 40, 45 and 50 ppm. In total, 
there are 11 peaks in the aliphatic region and 4 peaks in the aromatic 
region, totalizing 15 peaks in the whole spectrum. The curve fitting 
results of the four asphaltenes samples are depicted in Fig. 9. As can be 
seen on the figure, the value of the fitting residual, R2, is greater than 
0.995 for the four samples, which indicates a good fitting quality. 

Several studies have pointed out that asphaltene molecular weight 
varies between 275 Da and 1500 Da [100–102], however a statistical 
analysis showed that the molecule of asphaltene may have an average 
weight of 750 Da [103,104], which agrees with the Yen-Mullins model 
where it is explained that the molecular weight of asphaltenes has a 
mean value of around 750 g/mol [65,66]. In our case, we consider that 
the asphaltenes samples have an average molecular weight of MW ≈
800 g/mol. This assumption is valid for Hassi-Messaoud asphaltenes and 
has been extensively used in the literature [41–43,105,106]. Using the 
elemental results and the molecular weight, we have established an 
approximate chemical formula for the whole asphaltenes molecules of 
the four samples: C59H60 for HTF, C57H60 for HGAN, C60H59 for HDZ and 
C56H56 for RAMA. Using these formulas, we have calculated the number 
of carbon atoms in each chemical shift, and the results are presented in 
Table 6. As can be seen, the aliphatic carbon represents in average 24 ±
2 atoms, whereas the aromatic carbons are on average 35 ± 2 atoms. 
Using the area percentage and the number of carbon atoms as depicted 
in Table 6, we have computed several molecular parameters. Their 
equations and description areas illustrated in Table S4.2 of the (SI). The 
results for the considered samples are presented in Table 7. 

As can be seen, most values lie in the same region for the four 
samples studied, the aromaticity, fa, is around 0.60 except for RAMA 
where it is somewhat lower at 0.55. The number of alkyl substituents, Rs, 
varies from 4 to 6. The average number of carbon atoms per alkyl sub-
stituent, n, is between 4 and 5 atoms. The C/H weight ratio of the alkyl 
substituants, f, is between 5.72 ~ 6.07. The number of naphthenic rings 
per average molecule, Rn, varies between 1 and 3 rings. In the aromatic 
core there are 7 to 8 aromatic rings which is in agreement with the re-
sults by Ruiz-Morales using computational fluorescence of the 0–0 band 
[63]. In this core there are around 56 to 59 % of bridged carbon atoms 
(Cb = 17 ~ 20, here Cb is the number of bridgehead carbon in the aro-
matic core), and between 13 and 14 non-bridge carbon atoms (Cand). It 
should be noted that the aromaticity, f, is within the range found by 
[42,106] for Algerian asphaltenes, and the number of aromatic and 
naphthenic rings are similar to those found by [3]. There is a slight 
difference between RAMA asphaltene and the other three samples 
especially the aromaticity and the aromatic carbon atoms number. This 
can be attributed to the high oxygen level in RAMA sample compared to 
the other samples as it can be seen in Table 1. 

During the deconvolution of the aromatic region, it has been 
observed high intensity peaks centered at 121 ppm and 126 ppm (See 
Fig. 9). These two peaks indicate also the existence of bay, and fjord 
and/or cove structures around the PAH-core [63,92,93]. The existence 
of these structures decreases the stability of asphaltenes due to steric 
hindrance between H atoms [66,93], which bent the asphaltene mole-
cule [107,108]. The high peak intensity suggests that, statistically, these 
structures (bay, fjord and cove) are abundant (especially the bay 
structure). The contribution of these structures with depressurization 
that occurs during production [109], play an Important role in asphal-
tenes destabilization, which may explain why Hassi-Messaoud wells and 
facilities are severely damaged by asphaltenes deposits despite the low 
content (<1%). 

4. Conclusion 

In this study, the characterization of asphaltenes derived from oil 
deposits and crude oils was carried through physicochemical and 
compositional analyses such as differential scanning calorimetry (DSC), 
nuclear magnetic resonance (NMR), X-ray diffraction, (XRD) and Raman 
spectroscopy. The atomic ratio, H/C is approximately constant around 

Fig. 8. SS-13C-CP/MAS spectra of the considered samples (*: sideband).  
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≈1 for the four samples, suggesting that the asphaltenes being studied 
are strongly aromatic compounds with the presence of polynuclear ar-
omatics [55] that may render them resistant to thermal decomposition 
[56]. The glass transition temperatures Tg measured by DSC experi-
ments are found to be in a range of 174–184 ◦C except for HGAN sample 
which presents an unresolved Tg value. The observed Tg values seem to 
correlate with the H/C ratio. XRD and NMR analyses show that the 
asphaltenes molecules have an aromaticity between (0.55–0.6), with 
about 7 fused rings and aliphatic chains with a length of 3 to 4 carbons. 
The aromatic sheet diameter of the four samples ranges from 12.18 to 
15.52 Å with an average layer distance between aromatic sheets (3.52 Å) 
and an average interchain layer distance 4.48 Å and the number of ar-
omatic sheets in a stacked cluster (N) is between 7 and 8 sheets. The 
structure of the four samples corresponds to an island molecular model 
characterized of PAH core and several aliphatic side chain and naph-
thenic rings. The Raman spectroscopic analysis shows a consistent 
measurement and potential applicability with the approach conducted 
compared with the XRD results for estimating the aromatic sheet size 
ring and its boundaries. 

The integration procedure of NMR and Raman spectra involves curve 
fitting techniques (deconvolution). The objective is to identify a proper 

deconvolution methodology of the different spectra of asphaltenes, and 
to investigate the asphaltenes molecule sheet size and their structural 
attributes. Details of the deconvolution process and the curve-fitting 
procedure of the Raman and NMR spectra were developed and justi-
fied. During the NMR deconvolution of the aromatic region, it has been 
observed high intensity peaks centered at 121 ppm and 126 ppm (See 
Fig. 9). These two peaks indicate also the existence of bay, and fjord 
and/or cove structures around the PAH-core [63,92,93]. 
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