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A B S T R A C T

In oil sands or heavy oil reservoirs, the chemical compositions and physical properties of fluids often exhibit 
significant vertical variations within the oil column. These variable properties pose significant challenges for 
predicting and developing hydrocarbon resources. In this study, the chemical compositions of bitumen at varying 
biodegradation levels within the oil column of the McMurray Formation in Mackay River area, Athabasca 
(Canada), were analyzed using extraction of organic matter and fraction separation, gas chromatography-mass 
spectrometry, elemental analysis, nuclear magnetic resonance hydrogen spectra, X-ray photoelectron spectros
copy, and Fourier transform infrared spectroscopy experiments, to construct bitumen cluster molecular models. 
The results indicate that with increasing depth of the oil column, the proportion of saturated hydrocarbons 
decreases, while the resin and asphaltene fractions increase. Compounds with weak biodegradation resistance 
are largely depleted. Predominantly, the saturated hydrocarbons include terpanes, hopanes, and pregnanes, 
whereas the aromatic hydrocarbons are rich in methylphenanthrenes, methylchrysenes, and triaromatic steroids. 
Biodegradation leads to a reduction in the proportion of carbon and hydrogen elements and an increase in 
heteroatoms within asphaltenes. The chemical structure of asphaltenes is primarily aliphatic, with increasing 
biodegradation levels, there is an increase in the proportion of Hα and Hβ, while Hγ decreases. The degree of 
condensation and oxygen substitution increases, while the number and length of branched chains, the number of 
rings per unit structure, and the hydrogen-to-carbon ratio decrease. Biodegradation primarily targets C–H bonds 
and methylene groups in alkanes and naphthenes, followed by functional groups such as hydroxyl, alcohol, and 
heteroatoms. This study not only deepens our understanding of the effects of biodegradation on the chemical 
composition of hydrocarbons but also offers a rapid and cost-effective method for predicting the physical and 
chemical properties of hydrocarbons.

1. Introduction

The recovery rate for oil sands or heavy oils is highly unstable, the 
recovery rate of hydrocarbons using Steam Assisted Gravity Drainage 
(SAGD) technology ranges from 20 % to 55 % [1–3]. This variability can 
be attributed to two main factors, reservoir heterogeneity and fluid 
composition variability within the reservoir. Reservoir heterogeneity 
includes the distribution of muddy interlayers [4,5], petrophysical 
properties (porosity and permeability) [6,7], petrological characteristics 
[8–10]. Fluid heterogeneity includes oil or water saturation [11], the 

spatial distribution of fluids [12], and their physical and chemical 
characteristics [13].

At the basin scale, the fluid properties of the entire reservoir are 
influenced by the burial and geothermal histories [14]. Nevertheless, in 
actual production processes, there is often a greater focus on the het
erogeneity of fluids within the oil column. The factor influencing fluid 
heterogeneity within oil column include: reservoir physical properties 
[8], oil–water contact surface distribution [11], hydrocarbon fraction
ation [15], biodegradation [16], as well as thermal alteration and 
gravity differentiation [13]. Biodegradation is one of the most common 
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secondary alteration processes in reservoirs and is a primary mechanism 
for the formation of heavy oils worldwide [16–18].

The Athabasca oil sands deposit in Canada contains abundant 
bitumen resources[6,19,20]. The physical properties and chemical 
composition of bitumen within the reservoir exhibit significant hetero
geneity [7,17,21]. Previous research has indicated that biodegradation 
may be the primary cause of the changes in chemical compositions 
[13,22,23]. As biodegradation progresses, API values, crude oil mass, 
and net volume decrease, while density, viscosity, relative content of 
NSO compounds, and trace metal elements increase [16,24]. In 1993, 
Peters and Moldowan proposed a scheme to evaluate biodegradation 
levels based on the varying sensitivities of different compounds, ranging 
from PM 1 (least degraded) to PM 10 (most degraded) [25]. According to 
this evaluation method, Athabasca’s oil sands bitumen exhibits severe 
biodegradation levels, ranging from PM 6–9 [12,26]. Larter et al. [27]
quantitatively evaluated the biodegradation levels of bitumen through 
the analysis of naphthalene, phenanthrene, steranes, and hopanes in 
saturated and aromatics hydrocarbons, accurately fitting the trend of 
density variation. Zuo et al. [28] employed the Yen-Mullins model to 
explain the gradual increase in the proportion of asphaltenes during the 
biodegradation process, which leads to a substantial increase in bitumen 
viscosity. Therefore, predicting the physical properties of hydrocarbons 
based on variations in their chemical composition is feasible.

Reports on the chemical structure of Athabasca bitumen are exten
sive. Early studies utilized infrared spectroscopy to identify the presence 
of cycloalkanes, sulfur, and nitrogen compounds in bitumen [29]. Re
sults from nuclear magnetic resonance and elemental analysis indicate a 
high abundance of saturated alkane carbon, and asphaltenes potentially 

comprising four or more aromatic layers, each containing ten or more 
aromatic rings [30,31]. Based on organic chemistry and thermal 
degradation experimental data, various average molecular structures for 
Athabasca asphaltenes have been proposed, including island model 
[31–33] and archipelago [34–36] model. Murgich et al. [33] demon
strated through molecular mechanics that the formation of bitumen 
micelles is due to the interactions between aromatic layers, a perspective 
further supported by the subsequent Yen-Mullins aggregation model 
[37,38]. Given the complex chemical structure of bitumen, constructing 
molecular models combined with molecular dynamics simulations has 
become a key method for predicting its physical properties [39–41].

However, research on the chemical composition of bitumen at 
different levels of biodegradation remains limited. Predicting the 
physical properties of hydrocarbon fluids at the oil column scale con
tinues to pose substantial challenges. This study aimed to investigate the 
effects of biodegradation on the saturated and aromatic hydrocarbons 
compounds, chemical structure of asphaltenes within oil column 
through experimental analysis using gas chromatography-mass spec
trometry (GC–MS), elemental analysis, X-ray photoelectron spectros
copy (XPS), nuclear magnetic resonance hydrogen spectra (1H NMR), 
and Fourier transform infrared spectrometer (FTIR). Meanwhile, con
structing precise molecular models can the quickly and accurately 
simulate and predict the physical and chemical properties of heavy oil or 
bitumen.

Fig. 1. The location of the Athabasca Mackay River area and the oil column in the Alberta Basin, Canada (modified after [12,42]) (a). The orange area marks the 
location of the oil sands deposit, and the purple star indicates the position of the sampled oil column. A stratigraphic column of the Athabasca oil sands deposit (b), 
where yellow indicates sandstone reservoir, grey denotes mudstone, and blue represents carbonate. The oil sands used in this study are primarily sourced from the 
Upper McMurray Formation.
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2. Materials, experiments, and simulation method

2.1. Materials

The oil sands resources of Canada’s Alberta Basin are mainly 
distributed in Athabasca, Pease River, and Cold Lake (Fig. 1a orange 
part) [42]. Oil sand reservoirs are primarily located in the McMurray 
Formation (Fig. 1b bright yellow part) of the Cretaceous Mannville 
Group, which is informally divided into the upper, middle, and lower 
three members [43]. The reservoir lithology is dominated by fine 
sandstone and contains many muddy interlayers (Fig. 1b gray part) 
ranging in thicknesses from centimeters to meters.

The Mackay River area is situated approximately 35 km northwest of 
Fort McMurray in the Athabasca region, with oil sand reservoirs mainly 
found in the Upper McMurray Member. An oil column with a thickness 
of 26 m (Fig. 2) was selected in the Mackay River area and buried at a 

depth of 172–198 m.
Gradient variations in bitumen contents and chemical compositions 

attributed to differences in the biodegradation levels within the oil 
column have been mentioned in numerous reports [7,23]. Therefore, 
three oil sand samples with increasing levels of biodegradation were 
selected from the top to bottom within the oil column. These samples 
were taken at depths of 176.84 m, 192.6 m, and 197.35 m, respectively. 
According to their biodegradation levels, they are named LBL (relatively 
light biodegradation level), MBL (relatively moderate biodegradation 
level), and HBL (relatively high biodegradation level); the sampling 
locations were marked by arrows (Fig. 2).

2.2. Experiment

2.2.1. Extraction and separation of organic matter
Extraction and separation of organic matter from oil sands by organic 

Fig. 2. There are significant differences in the oil saturation with the oil column, and the concentration of certain compounds in saturated and aromatic fractions 
varies in a gradient, which may be caused by differences in biodegradation levels. According to the evaluation criteria of Peters and Moldowan [25], the relative 
concentration of hopanes decreased sequentially in the oil sand samples as biodegradation levels increased (PM 5–6). LBL: relatively light biodegradation level, MBL: 
relatively moderate biodegradation level, HBL: relatively high biodegradation level. TMP: trimethylphenes, C30 H: C30 hopanes.

Table 1 
The differences in bitumen content and group composition of oil sands at varying levels of biodegradation in the Mackay River area.

Sample Depth/m Biodegradation level Bitumen/% Wt Sat/% Aro% Res/% Asp/% (Sat + Aro)/(Res + Asp)

LBL 176.84 PM 5 14.93 24.47 30.65 18.17 26.71 1.23
MBL 192.6 PM 6 6.12 22.51 20.88 24.67 31.94 0.77
HBL 197.35 PM 6+ 4.68 18.05 23.46 24.76 33.73 0.71

Sat: mass percentage of saturated hydrocarbon; Aro: mass percentage of aromatics hydrocarbon; Res: mass percentage of resin; Asp: mass percentage of asphaltene.
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solvent, performing standard reference SY/T 5119–2016. About 5 g of 
fresh oil sand is cut with a clean knife, wrapped in filter paper and 
degreasing cotton, and then subjected to Soxhlet extraction for 72 h 
using dichloromethane as the solvent. The weight of extracted organic 
matter represents the bitumen content of the oil sand. The extracted 
bitumen is first mixed with petroleum ether and precipitated to separate 
asphaltene. Subsequently, the maltene fraction is separated using a 
mixture of petroleum ether and dichloromethane in varying pro
portions. The fractions of saturated hydrocarbons, aromatic hydrocar
bons, and resins are sequentially separated, and their proportions are 
measured. For details of the separation process, refer to previous reports 
[44].

2.2.2. Saturated and aromatic hydrocarbons gas chromatography-mass 
spectrometry

GC–MS analysis enables the identification of low-concentration 
compounds and provides molecular weight and structural information 
of these compounds. Combined with standard samples, it facilitates 
quantitative analysis. The execution standard can be referred to in GB/T 
18606–2017. The abundances of various compounds in saturated and 
aromatic hydrocarbons were analyzed using a GC–MS system (Agilent 
6890 GC-5975i MS). The column used was an HP-5MS elastic quartz 
capillary tube, with an injection temperature maintained at 300℃. Pure 
helium served as the carrier gas at a flow rate of 1 mL/min. The ioni
zation mode was EI with an ionization energy of 70 eV. Detailed 
experimental procedures can be found in the relevant literature [45]. 
For standards, 0.2 μg of deuterated C29 steranes and deuterated diben
zothiophene were used in both saturated and aromatic hydrocarbons. 
The absolute content of each compound was calculated by integrating 
the area under the corresponding peaks.

2.2.3. Chemical structure analysis of asphaltenes
NMR spectroscopy is a widely used technique for elucidating the 

chemical structure of asphaltenes, providing detailed information on the 
environment and distribution of hydrogen atoms and aiding in the 
assessment of their properties and changes. To distinguish between 
different types of hydrogen atoms (aromatic or aliphatic hydrogen), 
quantitative information on the chemical structure of asphaltene was 
obtained. Asphaltene fractions in solution were measured using the 
AVANCE III HD (400 MHz) nuclear magnetic resonance spectrometer 
from Bruker Germany. The execution standard can be referred to in SY/T 
5777–2022. The spectra were recorded at 400 MHz using a 5 mm 
broadband probe. Dichloromethane was used as the solvent, and spec
tral analysis corrected for its peak effect. Deuterated chloroform (CDCl3) 
served as the solvent for recording, with tetramethylsilane (TMS) as the 
internal standard. Chemical shifts in the spectra were referenced to the 
residual proton signal of CDCl3 at 7.26 ppm. Experiments were con
ducted under dust-free conditions at 25 ◦C, with a spectral width of 10.0 
kHz, RF pulse of 3.3 μs, acquisition time of 2.5 s, and 256 accumulations. 
Gaussian function fitting of the spectra was performed using Peakfit 
software, following previous reports on asphaltene structure chemical 
shifts [30,46]. To ensure fitting accuracy, an average of 100 sub-peaks 
was used, maintaining consistent sub-peak widths throughout the 
analysis.

XPS are commonly used methods for analyzing the elemental 
composition of unknown compounds. The relative changes in each 
element and chemical structure within asphaltene were analyzed using 
X-ray photoelectron spectroscopy. The execution standard can be 
referred to in GB/T 25184–2010. The equipment adopts the K-Alpha Kα 
ray photoelectron spectrometer of Thermo Fisher Scientific in the UK. 
The instrument used monochromatic aluminum Kα radiation with an 
excitation energy of 1468.6 eV. The X-ray spot size was set to 400 μm, 

Fig. 3. Due to severe biodegradation, the baseline of the total ion chromatogram (TIC) (a) (c) of saturated and aromatic hydrocarbon in the LBL sample has been 
uplift, exhibiting a UCM (unresolved complex compounds) ‘hump’. The mass chromatograms m/z 85 (b), m/z 82 (c), and m/z 123 (d) represent n-alkanes, alkyl- 
cyclohexanes, and bicyclic-sesquiterpanes in saturated hydrocarbons. The mass chromatograms m/z 156 (f) represent dimethylnaphthalenes in aromatics hydro
carbons. Severe biodegradation results in these compounds with weak resistance to biodegradation below the detection limit.
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and the spectrum acquisition range was 0–1350 eV. A wide scan was 
conducted at 100 eV, followed by high-resolution single-element spectra 
acquired at 30 eV with an energy step of 0.1 eV. The carbon element 
signal at 283 eV was selected for binding energy calibration. Avantage 
software was employed to identify and fit the binding energies of carbon 
(C), nitrogen (N), and sulfur (S) elements. Chemical structures charac
terized by different energy signals were referenced from the previous 
reports [47].

The percentage of C, H, O, N and S in the asphaltene fraction was 
analyzed by using the Elementar Vario EL cube CHNSO element 
analyzer. The execution standard can be referred to in GB/T 
19143–2017. Approximately 20–40 μg of asphaltene samples were 
weighed, wrapped in tin cups, and placed in an automatic tray. Finally, 
helium was used as a carrier gas to enter the TCD detector for analysis.

FTIR is capable of identifying characteristic absorption peaks of 
different functional groups within complex mixtures. The functional 
groups and their relative proportions in the asphaltenes were identified 
using a Bruker Vertex 70v spectrometer. The execution standard can be 
referred to in SY/T 5121–2021.The potassium bromide and asphaltene 
samples were mixed thoroughly at a mass ratio of 1:100. A pressure of 
13 MPa was applied using a hydraulic press for 5 min to create circular 
tablets with a diameter of no more than 10 mm. The scan was performed 
with a resolution of 4 cm− 1 in the wave number range of 4000–400 
cm− 1.

2.3. Methods of model construction

A classic four-component method involving asphaltenes, resin, 

aromatic, and saturated hydrocarbons was used to establish a bitumen 
model. The absolute content of compounds in saturated and aromatic 
hydrocarbon fractions was identified and quantified using GC–MS re
sults, focusing on compounds with relatively high content and repre
sentativeness. The chemical structure of asphaltene fractions was 
analyzed by elemental analysis, 1H NMR, XPS, and FTIR results, which 
provided basic information for the construction of the molecular model. 
Two-dimensional molecular models were drawn and analyzed in 
ChemDraw software. Subsequently, they were optimized, assembled, 
and dynamically tested using Material Studio software. To ensure the 
reliability of the model, the model optimization process was adopted by 
Liu et al [48]. Geometric optimization was initially performed using the 
COMPASS force field [49] to minimize the overall energy and obtain 
reasonable cell parameters. The Smart method algorithm was employed 
with energy set at 2.0 × 10-5 kcal/mol, and a maximum of 5 × 106 it
erations. Afterward, the NPT ensemble was annealed at 298.15 K, 0.1 
MPa (simulated normal temperature and pressure). Temperature and 
pressure were controlled using the Nose-Hoover and Berendsen methods 
to achieve thermodynamic equilibrium and attain the most reasonable 
spatial configuration for the model.

3. Results

3.1. Biodegradation levels in the oil column

The bitumen content and relative proportions of the four compo
nents in oil sand samples are shown in Table 1. The bitumen content of 
the LBL, MBL, and HBL oil sand samples decreased sequentially by 

Fig. 4. The saturated hydrocarbon mass chromatograms m/z 191 and m/z 217 exhibit higher abundances of C23 TT, C30 H, and C21 pregnane, which can be 
considered representative compounds of saturated hydrocarbons. Additionally, C30 H shows a negative correlation with biodegradation levels. TT: tricyclic terpanes; 
H: hopanes; Ts: 18α(H)-trisnorneohopane; Tm: 17α(H)-trisnorneohopane.
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14.93 %, 6.12 %, and 4.68 %, respectively. Additionally, with increasing 
depth, the proportion of saturated hydrocarbons in bitumen decreased 
from 24.47 % to 18.05 %, while the proportion of asphaltene increased 
from 26.71 % to 33.73 %. The ratio of saturated plus aromatic hydro
carbons to resin plus asphaltenes can reflect the change of light and 
heavy bitumen fraction (0.71–1.23). The bitumen content shows a 
negative correlation with the resin plus asphaltenes fraction. Even 
within the same oil column, there can be significant differences in the 
content and composition of bitumen.

The variation in the relative abundance of compounds in saturated 
and aromatic hydrocarbons can be used to identify the difference in 
biodegradation levels. The absolute content of C30 hopanes (C30H) and 
trimethylphenanthrene (TMP) compounds decreased with increasing 
depth, showing a positive correlation with the biodegradation levels. 
(Fig. 2).

For the LBL sample, the saturated hydrocarbons mass chromatogram 
m/z 191, the compounds of 18α-C27 trisnorhopane (Ts), 17α-C27 tris
norhopane (Tm), and C31 homohopane–C35 homohopane (C31H–C35H) 
remained intact. The relative abundance of C30H is higher than that of 
C29 hopane (C29H). According to the identification criteria of PM 
biodegradation levels, the hopanes may have just begun to degrade, and 
the biodegradation level is PM 5 (Fig. 2a). For the MBL samples, the 
relative abundance of C30H in the saturated hydrocarbons is lower than 
that of C29H, indicating that the hopanes has suffered substantive losses 

and the biodegradation level reaches PM 6 (Fig. 2b). In the HBL samples, 
both compounds of C30H and C31H–C35H were below the detection 
limits. Due to the strong resistance to biodegradation of Ts and Tm 
compounds, they usually remain unaffected until PM 8 or higher. The 
complete absence of C30H suggests that the biodegradation level may 
have exceeded PM 6 (Fig. 2c).

3.2. Characteristics of saturated and aromatic hydrocarbons

As mentioned above, the LBL samples have the lowest biodegrada
tion levels among the three samples, allowing for a relatively compre
hensive analysis of the abundance of compounds in LBL samples. The 
baseline of the total ion chromatogram (TIC) for saturated and aromatic 
hydrocarbons is uplifted and shows a ‘hump’ of unresolved complex 
compounds (UCM) (Fig. 3a, e) [24,25]. Severe biodegradation may 
render most hydrocarbons with weaker resistance to biodegradation 
unrecognizable.

The m/z 85, m/z 82, and m/z 123 of the mass chromatogram 
represent the n-alkanes, alkyl-cyclohexanes, and bicyclic-sesquiterpanes 
in LBL saturated hydrocarbons (Fig. 3b, c, d). The identification results 
indicate that the abundance of these compounds is below the detection 
limit, hence they are not representative of saturated hydrocarbons. The 
mass chromatogram peak at m/z 156 represents the dimethyl- 
naphthalenes in aromatic hydrocarbons, where the low abundance 

Fig. 5. The aromatics hydrocarbon mass chromatograms of three oil sand samples, m/z 220, m/z 242, and m/z 231, show relatively high abundances of 1, 2, 6-TMP, 
3-MChy, and C28 TAS 20R. These compounds, with strong resistance to biodegradation and containing more than three rings, can serve as representative compounds 
in aromatics hydrocarbon. 1, 2, 6-TMP: 1, 2, 6-trimethylphenanthrene; MChy: methylchrysene; TAS: triaromatic steroid.

Table 2 
The differences in elemental composition of bitumen at varying levels of biodegradation.

Sample C/wt% H/wt% O/wt% N/wt% S/wt% H/C O/C N/C S/C

LBL 81.37 8.83 2.89 0.48 6.43 0.11 0.04 0.01 0.08
MBL 80.62 8.48 3.50 0.57 6.83 0.11 0.04 0.01 0.08
HBL 79.55 7.28 4.88 0.67 7.62 0.09 0.06 0.01 0.10
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indicates aromatic compounds less than three rings are affected by 
biodegradation and are also not representative (Fig. 3f).

The absolute content of each compound type was calculated by 
adding the standard samples of saturated and aromatic hydrocarbons, 
and their relative mass proportions were determined based on the total 
detectable biomarkers [24], then representative compounds were 
selected. In saturated hydrocarbons, terpanes, hopanes, and pregnanes 
are dominant, with hopanes showing significant differences due to the 
impact of biodegradation (Fig. 2). Among them, C23 tricyclic terpanes 
(C23TT), C30H, and C21 pregnane are the most abundance compounds in 
their respective series (Fig. 4). In aromatics, mass chromatograms at m/z 
220, m/z 242, and m/z 231 highlight the relative abundance of trime
thylphenanthrenes, methylchrysenes, and triaromatic steroids contain
ing at least three rings. Among these, 1, 2, 6-trimethylphenanthrene (1, 
2, 6-TMP), 3-methylchrysene (3-MChy) and C28 triaromatic steroids 20R 
(C28 TAS 20R) are the most abundant compounds in their respective 
series (Fig. 5) (Some peaks of co-elution compounds are not considered).

3.3. Asphaltene structural features

Asphaltene is generally considered a mixture of the largest molecular 
weight and extremely complex chemical structure of crude oil compo
nents, usually containing heteroatoms such as nitrogen, oxygen, sulfur, 
and small amounts of metal elements [30]. Asphaltene characteristics 

are one of the important factors affecting the physical and chemical 
properties of crude oil. Therefore, the detailed analysis of asphaltene 
structure is helpful to further understanding the molecular scale char
acterization of bitumen with different biodegradation levels. Currently, 
the average molecular structure model is an effective method to char
acterize the chemical structure of asphaltenes, which usually relies on 
experimental data to establish basic structural insights [39].

3.3.1. Elemental composition and XPS analysis
The elemental mass percentage analysis of asphaltenes is shown in 

Table 2. Metal elements are not included in the scope of the experiment. 
The carbon content in asphaltenes is the highest, ranging from 79.55 % 
to 81.37 %, whereas the nitrogen content is the lowest, averaging less 
than 1 %. The ratio of hydrogen to carbon (H/C) decreased with the 
increase of biodegradation level (0.11–0.09), while the ratio of oxygen 
to carbon (O/C, 0.04–0.06) and the ratio of sulfur to carbon (S/C, 
0.08–0.10) increased with the increase of biodegradation level. With a 
higher biodegradation level, there is a decrease in the relative propor
tion of carbon and hydrogen elements, and an increase in heteroatoms 
such as nitrogen, oxygen, and sulfur.

The specific types and contents of carbon, oxygen, nitrogen, and 
sulfur elements in asphaltene were further analyzed through the XPS 
experiments, and the range of binding energy is referred to in the pre
vious relevant reports [47]. The positions of each element were marked 
on the original XPS spectrogram of the three asphaltenes (Fig. 6). 
Elemental peaks and corresponding peak intensities were identified and 
measured by software [50], and the analysis results were shown in 
Table 3. The highest intensity peak corresponds to a relative proportion 
of carbon ranging from 83.09 % to 84.18 %, with a combined energy of 
approximately 283 eV. The identification peak of oxygen usually ap
pears at the binding energy of 531 eV, constituting the second largest 
component ranging from 7.28 % to 10.73 %. Nitrogen was identified 
around 398 eV, comprising 1.4 % to 2.77 % of the composition. Sulfur, 
with a peak at about 162 eV, accounted for 2.58 % to 2.88 %.

The remaining unidentified elements, potentially including metal 
and chlorine elements introduced during processing, are uniformly 
classified as other elements, with a relative proportion of 0.53 % to 4.56 
%. These elements are not regarded as the main object of concern. The 
biodegradation level shows a negative correlation with the proportion of 
carbon elements and a positive correlation with the proportions of ni
trogen, oxygen, and sulfur elements.

The forms of carbon, oxygen, nitrogen, and sulfur elements were 
further analyzed through the scanning results of the high-resolution 
spectrum. Due to the interference of nitrogen and sulfur elements with 
the accuracy of oxygen peaks during the scanning process, carbon 
spectroscopy was used to analyze the binding modes of carbon and ox
ygen [51]. The spectrum shows that carbon peaks dominate in these 
three asphaltenes, identifying the binding energy range of 282–290 eV. 
The sulfur peak binding energy is identified in the range of 160 to 170 
eV. The abundance of nitrogen is low, and its peak pattern exhibits 
significant fluctuations, ranging from 396 to 402 eV. High-resolution 
scanning signals of carbon, oxygen, nitrogen, and sulfur elements were 
peak-fitted for asphaltene samples with three different biodegradation 
levels, enabling analysis of their respective chemical structures (Fig. 7).

As shown in Table 4, the fitting results of function show that carbon 
and oxygen mainly include aliphatic and aromatic carbon, C-O, O = C-O, 
and O = C. Aliphatic and aromatic carbon account for 88.66 %-93.26 % 
and are the most dominant carbon structures. The proportion of O = C 
ranges from 4.59 % to 6.86 %, slightly higher than the content of C-O 
and O = C-O. With the increase in biodegradation level, the proportion 
of C-O, aliphatic, and aromatic carbon decreased. Due to the low 
abundance of nitrogen elements, only two types of pyridine and pyrrole 
are identified. Most nitrogen elements in asphaltene exist as pyrrole, 
with a relative proportion ranging from 89.89 % to 94.24 %. As the 
biodegradation level increases, the proportion of pyrrole in asphaltene 
decreases, and the proportion of pyridine increases.

Fig. 6. X-ray photoelectron spectroscopy of asphaltenes from three different 
biodegradation levels of oil sands bitumen reveals that carbon is the most 
abundant element, while the proportions of oxygen, nitrogen, and sulfur show 
variations. Identified the binding energy range and relative proportions of four 
elements: carbon (C), oxygen (O), nitrogen (N), and sulfur (S).

Table 3 
The analysis of XPS data reveals the differences in the proportions of various 
elements in asphaltenes at different levels of biodegradation.

Element LBL MBL HBL

Binding 
energy/ 
eV

Atomic/ 
%

Binding 
energy/ 
eV

Atomic/ 
%

Binding 
energy/ 
eV

Atomic/ 
%

C 1 s 283.87 84.18 283.11 83.63 283.23 83.09
O 1 s 531.16 7.28 530.85 8.89 531.05 10.73
N 1 s 398.81 1.4 398.65 1.64 398.74 2.77
S 2p 163.24 2.58 162.54 2.67 162.54 2.88
Other ​ 4.56 ​ 3.17 ​ 0.53
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Fig. 7. Peak hitting of high-resolution X-ray photoelectron spectroscopy was used to identify the forms of carbon, oxygen, nitrogen, and sulfur in asphaltenes at 
different levels of biodegradation. Carbon and oxygen are primarily found in aliphatic and aromatic forms, while nitrogen is categorized into pyridine and pyrrole 
types, with sulfur mainly existing in an aliphatic form.

Table 4 
Analysis of elemental forms in asphaltenes at different levels of biodegradation using high-resolution XPS scanning results. Biodegradation results in an increase in 
structures related to nitrogen, oxygen, and sulfur, while structures associated with aliphatic and aromatic compounds decrease.

Elemental peak Functionality LBL MBL HBL

Binding energy/eV Atomic/% Binding energy/eV Atomic/% Binding energy/eV Atomic/%

C 1 s and O 1 s Aliphatic and aromatic 284.80 93.26 284.80 92.45 284.80 88.66
C-O and C-OH 289.02 1.10 289.00 0.85 289.13 0.65
O = C-O 287.60 1.05 287.36 1.79 287.68 3.83
O = C 286.39 4.59 286.39 4.91 286.43 6.86

N 1 s Pyridine 397.15 5.76 396.97 7.54 397.12 10.11
Pyrrole 398.78 94.24 398.32 92.46 398.38 89.89

S 2p Aliphatic sulfur 162.61 74.85 162.42 68.47 162.55 63.22
Aromatic sulfur 164.07 14.26 163.86 15.23 164.01 15.29
Sulfoxide 165.39 6.19 165.08 8.56 165.33 8.84
Sulfone 168.08 4.70 167.84 7.74 167.97 12.65
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The sulfur element in asphaltenes is identified into four types: 
aliphatic sulfur, aromatic sulfur, sulfoxide, and sulfone. The proportion 
of aliphatic sulfur ranges from 63.22 %–74.85 %, and the proportion of 
aromatic sulfur ranges from 14.26 %–15.29 %, both being the main 
sulfur structures. The proportion of sulfone and sulfoxide is relatively 
small, except for the HBL samples, where the relative proportion of 
sulfoxide is greater than sulfone. The biodegradation level is negatively 
correlated with the proportion of aliphatic sulfur and positively corre
lated with other sulfur structures, with the relative proportion of sulfone 
increasing rapidly.

3.3.2. 1H NMR analysis
The 1H NMR of LBL samples was used as a typical case, and the 

analytical process same as the other two samples. Chemical shifts of 0 
ppm, 5.30 ppm and 7.26 ppm correspond to the peaks of the TMS in
ternal standard, dichloromethane solvent and CDCl3 solvent, respec
tively, which are not included in the analysis process. The identification 
range of the hydrogen spectra can be roughly divided into three ranges: 
aliphatic hydrogen (0.1–4.5 ppm), olefinic hydrogen (4.5–6.0 ppm), and 
aromatic hydrogen (6.0–9.0 ppm) [30,52]. The original hydrogen 
spectra show that asphaltenes contain a rich amount of aliphatic 
hydrogen and a small amount of aromatic hydrogen (0.07 %–0.14 %), 
with almost no olefinic hydrogen (Fig. 8). Therefore, the difference 
between the three asphaltenes is mainly reflected in the distribution 
range of aliphatic hydrogen. According to the connection distance with 
the aromatic ring, the types of aliphatic hydrogen can be divided into Hγ 
(0.1–1.0 ppm, red region), Hβ (1.5–2.0 ppm, yellow region), and Hα 
(2.0–4.5 ppm, green region) in order (The simplified molecular structure 
highlights the distribution of different types of hydrogen atoms).

The chemical shift signals in the range of 0–5 ppm of the spectra was 
intercepted for fine comparison. The hydrogen spectral peak patterns 
were integrated by using Gaussian fitting to calculate the proportions of 
different types of hydrogen in the three asphaltenes (Fig. 9). The fitting 
degree of three asphaltenes showed an average R2 value of 0.996, 
demonstrating the reliability of the peak fitting results. The Hβ and Hα 
were further divided into Hβ-1, Hβ-2, Hα-1, and Hα-2 according to the 
differences in chemical shifts, resulting in the identification of six types 

of hydrogen. The description and fitting statistical results of the kinds of 
hydrogen atoms are shown in Table 5 [46]. The hydrogen in the three 
asphaltenes is mainly provided by the methylene at the β position of 
paraffin and naphthenes, with a relative proportion of 59.9 %–60.76 %. 
The proportion ranges of Hγ and Hα are 14.50 %–20.27 % and 19.76 %– 
24.08 %, respectively. The proportion of hydrogen in the methyl and 
methylene directly connected with paraffin or naphthene is slightly 
higher than that in the methyl at the end of the chain or paraffin. In 
addition, the biodegradation level is negatively correlated with the 
proportion of Hγ, Hβ-2, and Hα-1, and positively correlated with the 
proportion of Hβ-1, Hα-2, and Har.

The structural parameters of asphaltene were calculated by the 
improved B-L method combined with the elemental analysis and 1H 
NMR analysis results [53,54]. The structural parameters and calculation 
equations are shown in Appendix Table S1. The aromatic carbon ratio 
(far) of the three asphaltenes ranged from 0.40 to 0.43 and was nega
tively correlated with the biodegradation level. In addition, the Hau/Car 
value is inversely proportional to the condensation degree of the 
chemical structure, which is often used to characterize the condensation 
degree of the aromatic rings [54]. The results showed that Har/Car values 
ranged from 0.30 to 0.39, and the biodegradation level is positively 
correlated with the degree of condensation of asphaltene. Furthermore, 
the σo value is commonly used to evaluate the oxidation degree of 
chemical structure, which increased from 0.22 to 0.29 as the biodeg
radation level increased.

The relevant parameters of carbon structure, including Cn(us), Cal(us), 
Car(us), and Cp(us), were used to characterize naphthenic carbon, aliphatic 
carbon, aromatic carbon and aromatic peripheral carbon in the 
asphaltene structure. The calculated results showed that these carbon 
structures decreased with the increase of biodegradation level, which is 
consistent with the experimental results of the element analysis. The 
range of L values can be used to evaluate the average branched chain 
length of the structure. With the increase of biodegradation level, the L 
value decreases from 0.29 to 2.0, indicating a reduction in the average 
branched chain length.

3.3.3. FTIR analysis
The interferogram is generated by irradiating the sample with 

infrared light, and the infrared spectrum is obtained by processing the 
interferogram using the Fourier transform method. Because the ab
sorption peaks of each functional group are different, the functional 
groups within complex chemical structures can be identified according 
to the frequency vibration of the absorption peaks [55,56]. The infrared 
spectrum of three asphaltenes shows that the distribution range of ab
sorption peaks is similar, mainly concentrated in two wave numbers of 
700–1700 cm− 1 and 2700–3300 cm− 1 (Fig. 10).

The infrared spectrums were integrated after baseline correction and 
smoothing processing, the results are shown in Table 6. The peaks at 
801.19 and 1261.24 cm− 1 represent N–H bonds and C-N bonds in amine. 
The peaks related to sulfur are located at 701.51 and 1021.36 cm− 1, 
representing the C-S bond in the aliphatic and the S = O bond in the 
sulfoxide [29]. The recognition peak of the C-O bond in alcohols appears 
at 1092.56 cm− 1. The C–H bonds in alkanes and the C–C bonds in aro
matics appear in the spectral range of 1375.36–1601.18 cm− 1. The vi
brations of methyl and methylene groups in naphthenes are 
predominantly observed in the wave number range of 2854.62–2959.12 
cm− 1. A total of 13 absorption peaks were identified, corresponding to 7 
types of functional groups.

The integration results showed that alkane, naphthene, and aliphatic 
hydrocarbon structures were the most abundant among the three 
asphaltenes (75.11 %–82.16 %), while the proportion of heteroatoms, 
hydroxyl, and carboxyl functional groups was relatively small. The 
proportion of absorption peak areas of LBL, MBL, and HBL in the wave 
number range of 1021.36–1092.56 cm− 1 (alcohols and sulfoxides) were 
21.91 %, 10.86 %, and 22.57 %, respectively, and showed a trend of 
decreasing first and then increasing with the increase of biodegradation 

Fig. 8. The 1 H NMR spectra of asphaltene in LBL oil sand bitumen, TMS is 
tetramethylsilane (internal standard), CDCl3 is deuterated chloroform (solvent), 
and CHCl2 is dichloromethane (solvent). 0.5–4.5 ppm is the chemical shift of 
aliphatic hydrogen, which can be identified as Hα (green region), Hβ (yellow 
region), and Hγ (red region) based on the link distance to the aromatic ring.
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level. The alcohol, amines, and carbonyl are the priority targets of 
biodegradation, resulting in the relative proportion of methyl and 
methylene in the naphthenes of MBL asphaltene increasing significantly. 
Further biodegradation results in the destruction of methyl and meth
ylene groups in naphthenes, causing the absorption peak in the range of 
2700–3300 cm− 1 to return to the initial state (Fig. 10). The character
istics of HBL asphaltene in the infrared spectrum mainly reflect the 
further increase of the proportion in the naphthenes and heteroatom- 
related functional groups, consistent with the experimental results of 
elemental analysis and 1H NMR.

4. Discussion

4.1. Construction and aggregation of asphaltene molecular model

In previous studies, the molecular weight of asphaltene is measured 
by gel chromatography experiments, within a range of several thousand 
[31,57]. Additionally, our experimental results indicate that the chem
ical structure of asphaltenes is primarily composed of aliphatic and ar
omatic components, with a total of approximately 10 to 30 rings. This 
finding lays the groundwork for constructing the carbon skeletal 

Fig. 9. Peak fitting of nuclear magnetic resonance hydrogen spectroscopy was conducted to compare the differences in the proportions of hydrogen atom types in 
asphaltenes at varying levels of biodegradation, providing fundamental information about their chemical structures. As the biodegradation level increases, the 
proportion of Hγ decreases, while the proportion of Hβ and Hα increases.

Table 5 
The types of hydrogen and their relative peak area proportions in asphaltenes at 
different levels of biodegradation.

Chemical 
shift/ppm

symbol Structural assignment Relative proportion/%
LBL MBL HBL

0.1–1.0 Hγ CH3 of chain/paraffin 
hydrocarbons (isolated or 
terminal), in the γ position

20.27 17.10 14.50

1.0–1.5 Hβ-2 CH2 of paraffin 
hydrocarbons in β position 
or further aromatic rings

43.80 39.61 35.95

1.5–2.0 Hβ-1 CH2 of paraffinic and 
naphthenic in β position of 
aromatic rings

16.10 21.15 25.33

2.0–4.5 Hα-1 CH, CH2, CH3 of paraffinic 
and naphthenic 
hydrocarbons linked on the 
α position of aromatics

18.00 17.76 17.68

3.4–4.5 Hα-2 hydrogens α to two aromatic 
rings simultaneously

1.76 4.27 6.40

6.0–9.0 Har total hydrogen in the 
aromatics

0.07 0.11 0.14
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structure of asphaltenes. The relative proportions of carbon, hydrogen, 
oxygen, nitrogen, and sulfur provide insight into the ratios of different 
atom types. Finally, modifying the number of branched chains and 
various functional groups, as well as the degree of oxygen substitution 
and condensation. The two-dimensional molecular structures of three 
asphaltenes, LBL, MBL, and HBL, were constructed respectively 
(Fig. 11), and their molecular formulas are as follows: C94H131NO2S3, 
C100H125NO3S3, and C114H129NO5S4. The number of atoms is 230, 232, 
and 253, respectively, and the relative molecular mass is 1371.21, 
1483.88, and 1719.88.

It is indeed challenging to precisely quantify the chemical structure 
of a complex mixture like asphaltene. However, constructing average 
molecular models enables us to closely match the experimental data. 
Therefore, the constructed molecular model can effectively represent 
the actual chemical characteristics of asphaltene, achieving the goal of 
modeling. On the molecular model scale, the number of atoms per unit 
and the relative molecular weight increase with the biodegradation 
level, consistent with previous results [16,24]. The proportion of carbon 
(82.34 %–79.54 %), hydrogen (9.63 %–7.55 %), nitrogen (0.81 %–1.02 
%), oxygen (2.33 %–4.65 %), and sulfur (4.68 %–7.45 %) elements is 
consistent with the elemental analysis data.

The condensation degree of the asphaltene model ranges from 0.29 
to 0.38, the oxygen substitution degree ranges from 0.20 to 0.31, and the 

branched-chain length parameter ranges from 0.14 to 0.27. In these 
asphaltene molecular models, sulfur and nitrogen are predominantly 
carried by aliphatic sulfur, aromatic sulfur, and pyrrole structures. With 
the increase in biodegradation level, the proportion of hydroxyl, 
phenolic and ether functional groups decreased, while the proportion of 
carboxyl and ketone functional groups increased. This trend is consistent 
with the XPS experimental results, suggesting structural changes due to 
biodegradation. The average molecular model constructed by this 
method effectively characterizes the chemical structural differences of 
asphaltene with different biodegradation levels.

To further verify the reliability of the model, MestReNova software is 
used to predict the molecular models of three asphaltenes by 1H NMR. 
The predicted results were fitted with the original hydrogen spectrum 
data, yielding an average R2 value of 0.93 (Appendix Fig. S1). However, 
small differences were observed in the 1–1.5 and 3–4 ppm parts of the 
spectrum, due to the spatial arrangement of atoms in the two- 
dimensional structure affecting the prediction results [50,58].

A three-dimensional molecular model of asphaltene is obtained by 
geometric optimization, annealing, and dynamic simulation of two- 
dimensional structures under periodic boundary conditions. The 
asphaltene molecular model is constructed using the aggregation pro
cess described by the Yen-Mullins aggregation model (Fig. 12) [37,38]. 
Due to π-π interactions, the aromatic ring structure between monomer 
asphaltene molecules forms face-face or edge-face stacked dimers, tri
mers, or multimers. As concentration increases, the number of asphal
tene polymers grows, leading to the formation of clusters at high 
concentrations [37,38,59]. The optimized three-dimensional asphaltene 
model was constructed as a parallel dimers structure, achieved through 
the conjugate gradient optimization method was used to obtain the 
lowest energy molecular configuration. The amorphous cell calculation 
module in the material studio software is combined to form a nano
aggregate containing 4–5 asphaltene molecules (Fig. 12 red part). The 
range of relative molecular weight of the asphaltene nanoaggregates 
constructed by this method is 5000–6000, which is consistent with the 
previously reported experimental data [30,31,57].

4.2. Assembly and verification of bitumen molecular model

For the complex chemical composition of bitumen, the four- 
component (includes asphaltene, resin, saturated and aromatic hydro
carbons) method is highly effective according to the different polarities 
[60]. The fractions of saturated and aromatic hydrocarbon are deter
mined based on the GC–MS results, and the asphaltene fractions are 
represented by the asphaltene nanoaggregate molecular model con
structed above, while the resin fraction refers to the molecular model 
reported previously (C60H87NOS) [31]. To construct a four-component 
bitumen molecular model, the experimental results of elemental anal
ysis and fraction separation were used as constraint conditions. This 
approach ensures that the model accurately represents the actual 

Fig. 10. Fourier transform infrared spectra of the asphaltenes with different 
biodegradation levels, the proportion of each functional group was calculated 
quantitatively by integrating. The highest proportions are found in methyl and 
methylene groups, while the proportions of other nitrogen, oxygen, and sulfur- 
containing functional groups show considerable variation.

Table 6 
The integration results of the infrared spectra for asphaltenes at different levels of biodegradation indicate that alcohol and sulfoxide structures are consumed 
preferentially.

Number Wave numbers/cm− 1 Corresponding functional groups LBL/% MBL/% HBL/%

1 701.51 C-S bond in aliphatic 2.65 2.65 2.60 2.60 1.63 1.63
2 801.19 N–H bond in amines 10.48 10.48 3.37 3.37 8.83 8.83
3 1021.36 S = O bond in sulfoxide 6.53 21.91 7.44 10.86 12.61 22.57
4 1092.56 C-O bond in alcohol 15.38 3.42 9.96
5 1261.24 C-N bond in aromatic amines 9.91 26.86 2.97 22.81 7.41 30.06
6 1375.36 C–H bond rock in alkane 4.44 4.74 5.10
7 1456.28 C–H bond bend or scissoring in alkane 6.53 9.99 10.38
8 1601.18 C–C bond stretch (in ring) in aromatic 5.98 5.11 7.16
9 1698.94 C = O bond in carbonyl 3.50 3.50 3.38 3.38 4.20 4.20
10 2854.62 Anti-symmetric vibration of naphthenes or aliphatic methylides 8.05 26.34 14.18 46.83 10.79 29.53
11 2924.42 Positive-symmetric vibration of naphthenes or aliphatic methylides 8.83 21.86 13.48
12 2959.12 Vibrations of methyl groups in naphthenes or aliphatic groups 9.46 10.79 5.25
13 3252.19 Hydroxy-related (phenol hydroxyl, hydrogen bond, alcohol hydroxyl) 8.26 8.26 10.15 10.15 3.18 3.18
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chemical composition and distribution of the different components 
within bitumen.

To ensure both representativeness and sensitivity to biodegradation, 
it is crucial to select compounds that are relatively abundant and show 
significant changes with biodegradation levels [24,25]. For the satu
rated hydrocarbon fraction, three typical compounds were selected: 
C23TT (C23H42), C30H (C30H52) and C21 pregnane (C21H36). Similarly, 
the compounds with no fewer than three aromatic rings of 1, 2, 6-TMP 

(C17H16), 3-MChy (C19H14), and C28 TAS 20R (C28H34) were selected as 
representative of aromatic hydrocarbons fraction. Based on the asphal
tene nanoaggregates as the core, the molecules quantities of the resin, 
saturated, and aromatic hydrocarbon fractions were continuously 
adjusted to match with the experimental data on the relative proportions 
of each component (Fig. 13).

A comprehensive comparison of the experimental data and molec
ular model data is presented in Table 7, these models accurately 

Fig. 11. Two-dimensional molecular structures of the three asphaltenes were constructed and optimized, forming three-dimensional molecular models. The 
biodegradation levels from low to high are LBL (C94 H131 NO2 S2), MBL (C100 H125 NO3 S3), and HBL (C114 H129 NO5 S4). Molecular weight, element proportion, 
fraction of aromatic carbon, degree of condensation and oxygen substitution, and branch chain length are consistent with the experimental results.

Fig. 12. The asphaltene nanoaggregates model was constructed based on the Yen-Mullins asphaltene aggregation model [37,38], the π-π interactions between the 
aromatic rings of monomer asphaltene molecules lead to the formation of the dimers, and multiple dimers stack to form asphaltene nanoaggregates.
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Fig. 13. Construction method of four-component bitumen cluster molecular models. Saturated hydrocarbons are characterized by C21 pregnane, C23 tricyclic ter
pane, and C30 hopane, while 1,2,6-trimethylphenanthrene, 3-methylchrysene, and C28 triaromatic steroids 20R represent aromatic. Macromolecular compounds 
containing nitrogen, oxygen, and sulfur represent resins and asphaltenes. Resins surround the asphaltene nanoaggregate, while saturated and aromatic hydrocarbon 
molecules are dispersed as the continuous phase within the system.

Table 7 
The proportions of each component in the bitumen molecular model were compared with experimental results, with all errors not exceeding 1%, thereby validating the 
accuracy of the molecular model.

Sample Four 
compositions

Compound type Experimental proportion/ 
%

Experimental total/ 
%

Molecules 
number

Model proportion/ 
%

Model total/ 
%

Error/ 
%

LBL Sat C30H 15.19 24.47 7 15.10 24.50 − 0.09
​ ​ C23TT 6.50 ​ 4 6.50 ​ 0.00
​ ​ C21pregnane 2.78 ​ 2 2.90 ​ 0.12
​ Aro 1, 2, 6-TMP 4.02 30.65 3 3.57 30.37 − 0.45
​ ​ 3-MChy 5.10 ​ 4 4.90 ​ − 0.20
​ ​ C28 TAS 20R 21.53 ​ 12 21.90 ​ 0.37
​ Res C60H87NOS 18.17 44.88 4 18.10 45.13 − 0.07
​ Asp C94H131NO2S2 26.71 ​ 4 27.03 ​ 0.32
MBL Sat C30H 13.06 22.51 8 13.70 22.90 0.64
​ ​ C23TT 7.28 ​ 5 6.60 ​ − 0.68
​ ​ C21pregnane 2.17 ​ 2 2.60 ​ 0.43
​ Aro 1, 2, 6-TMP 2.89 20.88 3 2.80 20.70 − 0.09
​ ​ 3-MChy 4.23 ​ 4 4.00 ​ − 0.23
​ ​ C28 TAS 20R 13.76 ​ 9 13.90 ​ 0.14
​ Res C60H87NOS 24.67 56.61 7 25.40 56.40 0.73
​ Asp C100H125NO3S3 31.94 ​ 5 31.00 ​ − 0.94
HBL Sat C30H 7.60 18.05 4 6.70 16.70 − 0.90
​ ​ C23TT 7.87 ​ 6 7.70 ​ − 0.17
​ ​ C21pregnane 2.58 ​ 2 2.30 ​ − 0.28
​ Aro 1, 2, 6-TMP 3.12 23.46 4 3.60 24.00 0.48
​ ​ 3-MChy 3.73 ​ 4 3.90 ​ 0.17
​ ​ C28 TAS 20R 16.61 ​ 11 16.50 ​ − 0.11
​ Res C60H87NOS 24.76 58.49 7 24.60 59.30 − 0.16
​ Asp C114H129NO5S4 33.73 ​ 5 34.70 ​ 0.97

Sat: saturate; Aro: aromatic; Res: resin; Asp: asphaltene; C30 H: C30 hopane; C23 TT: C23 tricyclic terpanes; TMP: trimethylphenanthrene; 3-MChy: 3-methylchrysene; 
C28 TAS 20R: C28 triaromatic steroids 20R;
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represent the mass proportion of the compounds, with an error of less 
than 1 %. Due to the relatively low biodegradation level of LBL bitumen, 
the mass proportions of saturated and aromatics hydrocarbons are 
higher (54.87 %, 32 molecules), while the mass proportions of resin and 
asphaltenes are lower (45.13 %, 8 molecules). The compounds C30H and 
C28 TAS 20R in the LBL bitumen model have the highest mass pro
portions among all the bitumen models.

The MBL and HBL bitumen have relatively high biodegradation 
levels, with both employing five asphaltene molecules as nano
aggregates, the mass proportions of asphaltenes add resins are 56.4 % 
and 59.3 %, respectively. In the MBL bitumen model, the mass pro
portions of saturated hydrocarbons (22.9 %) and aromatic (20.7 %) 
components are relatively balanced. As HBL bitumen exhibit the highest 
level of biodegradation among the three samples, the mass proportion of 
saturated hydrocarbons (16.7 %) further decreases relative to aromatics 
(24.0 %). The number of C30H molecules (4 molecules) is the lowest 
among all the bitumen models, which is consistent with the earlier 

GC–MS experimental results.
Geometric optimization, annealing treatment, and dynamic simula

tion were carried out to obtain the basic physical property of these 
bitumen molecular models in the equilibrium state. During the simula
tion, the initial and final temperatures of the three bitumen models 
showed no significant fluctuations, and the energy changes were mini
mal, indicating that the system had reached an equilibrium state 
(Fig. 14a, c, e). In addition, density, as an important parameter, was also 
included in the verification of whether the model is reasonable [41,61]. 
Simulations were performed under normal temperature (298.15 K) and 
pressure (1 atm) with the NPT ensemble. The simulation reached the 
equilibrium state after 1 ns, and the densities of the LBL MBL and HBL 
bitumen molecular models at normal temperature and pressure were 
1.015 g/cm3, 1.033 g/cm3 and 1.044 g/cm3 respectively (Fig. 14b, d, f), 
which are very close to the experimentally measured values of 1.005 g/ 
cm3 and 1.012 g/cm3 at the same conditions [62,63]. The simulated 
values for MBL and HBL bitumen were slightly higher than the measured 

Fig. 14. In the NPT ensemble (at 298 K and 0.1 MPa), the dynamic equilibrium process of the bitumen molecular model was observed, with temperature and density 
reaching equilibrium after 1 ns. The density obtained from molecular dynamics simulations aligns with experimental values, thereby validating the reliability of 
the model.
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values, which may be attributed to the use of bitumen samples with a 
lower level of biodegradation in the laboratory.

The density value of the bitumen molecular models shows a positive 
correlation with the biodegradation level, which is consistent with 
previous studies and further validates the practical significance of the 
molecular models [16]. Furthermore, during the simulation process, the 
resin, saturated and aromatic hydrocarbon gradually converge toward 
the asphaltene aggregate molecules. The distribution of different 
component molecules within the system is not uniform; rather, they are 
constrained in clusters, forming a relatively stable state. This observa
tion aligns with results previously reported through atomic force mi
croscopy [55,64].

4.3. Advantages and application prospect

The understanding of asphaltene structure has evolved from the 
macromolecules (archipelago model) in the early 1990 s to the fact that 
asphaltene is composed of relatively small polycyclic aromatic hydro
carbons (island model). The molecular model of Athabasca archipelagic 
asphaltenes was established in the research’s early stages, through the 
vapor pressure osmometry (VPO) method (Fig. 15a, b) [35,36], while 
Bruno et al. proposed different opinions in their 2020 report [65]. 
Despite the controversy, increasing experimental evidence supports the 
view that asphaltene is composed of smaller, isolated molecules. For 
instance, fluorescence depolarization (FD) technology results indicate 
that the average molecular weight of petroleum asphaltene is approxi
mately 750 amu, suggesting relatively small asphaltene molecules [66]. 
Observations using atomic force microscopy have revealed the absence 
of large molecules in the asphaltene microstructure. Additionally, 
asphaltene fragments obtained via laser desorption laser ionization mass 
spectrometry show that compounds with a single aromatic core struc
ture remain unfragmented, providing evidence supporting the island 
model of asphaltene structure [67]. However, studies on the Athabasca 
asphaltene island model have faced challenges, including the relatively 
small molecular weight, limited types of heteroatom, and incomplete 
characterization of functional groups (Fig. 15c, d) [31,33]. Furthermore, 
characterizing complex hydrocarbon mixtures such as heavy oil or 
bitumen through single-molecule models has a significant drawback: the 
inability to accurately understand the thermodynamic behavior of in
dividual fractions within the cluster system [41,53,61].

Overall, different analysis methods and perspectives may lead to 
multiple models, and selecting the most suitable model based on 
research objectives is conducive to improving the accuracy of simulation 
results. The molecular model constructed in this study has the following 
advantages: Firstly, many previous reports have analyzed the impact of 
organic matter sources and maturity on chemical structure [68,69]. 
However, there remains controversy over whether the chemical struc
ture of asphaltene will be affected by biodegradation. In this research, 
all samples were from one oil column, excluding the influence of organic 
matter sources, sedimentary environment, and maturity. The primary 
focus of this study was on the effect of severe biodegradation on the 
chemical composition of bitumen. Additionally, the molecular models 

Fig. 15. The understanding of the asphaltene molecular structure has shifted from the archipelagic model (a, b) [35,36] to the island model (c, d) [31,33]. Currently, 
the island model of asphaltene is widely accepted. However, the Athabasca asphaltene island model (c, d) proposed in previous reports lacks comprehensive 
characterization of heteroatom types and functional groups. The model developed in this study incorporates additional details for improved accuracy.

Fig. 16. Molecular dynamics simulations were used to predict the variation of 
bitumen density with temperature at 2 MPa. The results indicate that bitumen 
density is negatively correlated with temperature, and the trend in density 
variation for the lower biodegradation level LBL bitumen aligns with experi
mental values [71]. Simulations can further enhance our understanding of the 
various physical and chemical properties of bitumen.
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comprising the saturated and aromatic hydrocarbon fractions were 
rigorously determined using GC–MS experiments. The Yen-Mullins 
model of asphaltene aggregation guided the construction of asphaltene 
nanoaggregates, with saturated and aromatic hydrocarbon molecular 
dispersed as a continuous phase in the system, forming the molecular 
models of bitumen cluster [37].

The complexity and diversity of bitumen’s chemical components 
make it challenging to measure and observe under laboratory condi
tions. With advancements in computational science and computer per
formance, molecular dynamics simulations have become crucial for 
deeper understanding and predictive modeling of molecular systems in 
heavy oil and bitumen [40,70]. These simulations help describe the 
microscopic properties that are otherwise difficult to measure in the 
laboratory, making them increasingly important in the petroleum 
industry.

The bitumen in the oil sands is heated by injecting water vapor into 
the reservoir. The high temperature causes a decrease in bitumen den
sity and viscosity, increasing its fluidity, which benefits recovery [2,13]. 
Temperature’s influence on the bitumen properties is crucial, but 
acquiring related laboratory data is costly. Molecular dynamics simu
lations can predict how bitumen properties change under various tem
peratures and pressures. Under a constant pressure of 2 MPa and a 
temperature ranging from 25 to 225℃ (water vapor temperature), 
experimental and simulated values of bitumen density exhibit consistent 
trends (Fig. 16) [71]. LBL bitumen, with relatively low biodegradation 
levels, has a lower density than water after heating to 100℃, while MBL 
and HBL bitumen, with higher biodegradation levels, may require 
temperatures exceeding 150℃.

Through this process, the physical properties of diverse complex 
hydrocarbons, their microscopic thermodynamic behavior with inor
ganic minerals, and interactions among each component can be accu
rately and cost-effectively predicted. This offers a more optimized 
strategy for development, reducing costs and better meeting the current 
requirements for enhancing heavy oil and oil sand recovery efficiency.

5. Conclusion

To enhance understanding of the heterogeneity of fluids in heavy oil 
and oil sands reservoirs, this study analyzes the chemical composition of 
bitumen with varying biodegradation levels within oil column from the 
MacKay River area and develops three novel molecular models. Due to 
significant biodegradation (PM 5–6), most saturated and aromatic hy
drocarbons were largely depleted, while more resistant compounds, 
such as terpanes and polycyclic aromatic hydrocarbons (with three or 
more rings), became predominant. Furthermore, asphaltenes at different 
biodegradation levels exhibited variations in molecular structure, 
elemental ratios and functional groups.

Based on experimental data, three molecular models representing 
bitumen clusters (four-components) at different biodegradation levels 
were constructed. The Yen-Mullins asphaltene aggregation model was 
utilized to ensure the molecular models aligned with actual observa
tions. The dynamic simulation results for asphaltene density corre
sponded closely with measured values, confirming the reliability of the 
findings. This study enhances the understanding of the chemical 
composition of bitumen at various biodegradation levels and provides a 
rapid, low-cost method for predicting bitumen physical properties, 
which can assist in optimizing development strategies during production 
processes.
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