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VISCOSITY REDUCTION OF CRUDE OIL 
THROUGH STRUCTURE DETERMINATION 

OF ASPHALTENE MOLECULE 

FIELD 

The disclosure relates to a method of catalytically break
ing asphaltene macromolecules in a fluid into smaller mol
ecules by first elucidating the structure of the asphaltene 
macromolecules and then developing a suitable catalyst 
system based on the elucidated structure. 

BACKGROUND 

Heavy crude oil from subterranean hydrocarbon reser
voirs typically has four fractions: saturates (saturated hydro
carbons), aromatics, resins and asphaltene macromolecules. 
The high viscosity of heavy crude oil is due, at least 
partially, to the presence of the asphaltenes. Asphaltenes are 
further known to adversely impact the viscoelasticity and 
flow behavior of crude oil. 

Asphaltenes also are known to cause operational and 
safety issues with both hydrocarbon production and pro
cessing. For example, they are known to have deleterious 
effects on the extraction of oil. For instance, asphaltenes are 
generally stable in bulk oil at relatively high pressures and 
tend to precipitate at lower pressure or onset pressure. As 
reservoir pressure decreases and drops below the onset 
pressure during hydrocarbon production, asphaltenes pre
cipitate and the precipitates block production routes and 
tubing. 

Asphaltene precipitates are further known to flocculate 
and form deposits in the pores of the formation, coat 
boreholes and solidify in downhole equipment. Wells with 
excessive asphaltene deposition may incur high remediation 
costs but, more importantly, are exposed to levels of forma
tion damage that can greatly shorten the productive life of 
the well. 

In the past, much effort has been undertaken in order to 
decrease the viscosity of heavy oil and to increase the flow 
of hydrocarbons from the well by minimizing the precipi
tation of asphaltenes. Such efforts have been focused on 
determining an effective catalyst for breaking the bonds of 
the asphaltenes. However, catalyst selection has not been 
totally effective. This is attributable, in part, to the fact that 
catalyst selection has only been based on the activity, 
selectivity, ease of regeneration and mechanical strength of 
the catalyst under defined cracking operations. 

Improved methods for decreasing the viscosity of heavy 
oil and to break down asphaltenes are therefore desired. 

It should be understood that the above-described discus
sion is provided for illustrative purposes only and is not 
intended to limit the scope or subject matter of the appended 
claims or those of any related patent application or patent. 
Thus, none of the appended claims or claims of any related 
application or patent should be limited by the above discus
sion or construed to address, include or exclude each or any 
of the above-cited features or disadvantages merely because 
of the mention thereof herein. 

SUMMARY OF THE DISCLOSURE 

In an embodiment of the disclosure, a method of cata
lytically breaking asphaltene macromolecules into smaller 
molecules with a catalyst system is provided. A target 
structure of the aromatic core of the asphaltene macromol
ecules is identified from a collected fluid containing the 
asphaltene macromolecules. The structure is in part identi
fied by subjecting the asphaltene macromolecules to elemen
tal analysis, Nuclear Magnetic Resonance (NMR) spectra, 
Raman spectroscopy, FTIR and X-ray photoelectron spec

2 

troscopy. Classes of structures with lowest energies are 
identified using Hartree-Fock method. The structure con
forming to molecular weight determined by laser desorption 
ionization experiments is selected. The presence of one or 
more aliphatic groups and one or more functional groups 
within the asphaltene macromolecules is determined by 
FTIR, X-ray photoelectron spectroscopy and NMR. The 
probability of a molecular structure from the predicted 
structures is then approximated by applying Hartree-Fock 
method and molecular dynamic simulations to the potential 
structures. The structure having the lowest sum energy of 
conformational energy and isomerization energy is identi
fied. A catalyst system is then developed from a catalyst 
inventory capable of breaking the bonds of the structure 
having the lowest sum energy. The asphaltene macromol
ecules are then broken down into smaller molecules with the 
developed catalyst system. 

In another embodiment of the disclosure, a method of 
catalytically breaking down an asphaltene macromolecule is 
provided. In this method, one or more target structures ofthe 
aromatic core of the asphaltene macromolecule may be 
identified from elemental analysis, NMR spectra, Raman 
spectroscopy, FTIR and X-ray photoelectron spectroscopy 
of the asphaltene macromolecule in the fluid sample. Het
eroatoms in the asphaltene macromolecule are determined 
by elemental analysis. The free energy of the one or more 
target structures is determined using Hartree-Fock method. 
Aliphatic chains and functional groups of the asphaltene 
sample may be identified by FTIR, X-ray photoelectron 
spectroscopy and NMR of the asphaltene macromolecule in 
the fluid sample. Probable structures of the asphaltene 
macromolecule may be determined by geometry optimiza
tion using Hartree-Fock method and 6-31G* basis set. A 
catalyst system capable of breaking down the probable 
structure of asphaltene may be developed from a catalyst 
inventory. The asphaltene macromolecule may then be bro
ken down in the presence of the catalyst system. 

In another embodiment, a method of catalytically break
ing down asphaltene macromolecules is provided wherein 
the probable molecular structure of the aromatic core of an 
asphaltene macromolecule may be determined by ascertain
ing the amount ofheteroatoms in the asphaltene sample, the 
functional groups in the asphaltene sample, the degree of 
aromaticity in the asphaltene sample, the size ofthe aromatic 
core of the asphaltene sample, the acid-base profile of the 
asphaltene sample, and the molecular weight of the 
asphaltene sample. A catalyst capable of breaking chemical 
bonds of the asphaltene sample at target sites is selected 
based on the structure derived using Hartree-Fock method 
and elemental analysis, NMR spectra, Raman spectroscopy 
and X-ray photoelectron spectroscopy as well as Laser 
Desorption/Ionization Mass spectroscopy for molecular 
weight determination. The asphaltene macromolecules are 
then heated in the presence of the catalyst to break down the 
asphaltene macromolecules into fragments oflower molecu
lar weight. 

In another embodiment of the disclosure, a method of 
catalytically breaking down asphaltene macromolecules is 
provided wherein a fluid sample is first collected containing 
the asphaltene macromolecules. Potential structures of the 
aromatic core of the asphaltene macromolecules are identi
fied by subjecting the asphaltene to a variety of analyses. 
The percent of carbon, hydrogen, nitrogen, oxygen, sulfur, 
nickel and vanadium in the asphaltene macromolecule as 
well as the empirical formula of the asphaltene macromol
ecule may be determined by elemental analysis. (Elemental 
analysis of the asphaltene macromolecule may further be 
instructive of the architecture of the aromatic core.) The 
asphaltene sample may also be subjected to X-ray photo-
electron spectroscopy to determine the functional groups in 
the aromatic core of the asphaltene. The presence of pyri
dine, pyrrole, sulfoxide and thiophene in the asphaltene and 
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the molar ratios of pyridine, pyrrole, sulfoxide and thio
phene in the sample may also be determined from such 
spectroscopy. The aromatic core size of the sample and the 
number of aromatic rings in the asphaltene may be ascer
tained from Raman spectroscopy. Chemical bonds in the 
asphaltene may be determined from absorption bands in a 
Fourier Transform Infrared analysis. The aromatic content, 
aliphatic content and side chain content of the asphaltene 
may be determined from solid state nuclear magnetic reso
nance 1H and 13C (NMR) wherein the asphaltene sample is 
spun at its magic angle with respect to the direction of the 
magnetic field. The asphaltene sample may be subjected to 
Distortionless Enhancement by Polarization Transfer and, in 
conjunction with 13C, the presence of ----CH3 , -CH2 and 
-CH in the sample determined. The asphaltene sample may 
be subjected to heteronuclear single quantum correlation and 
chains of the asphaltene sample assessed. The asphaltene 
sample may be subjected to Laser Desorption/Ionization 
Molecular Weight Determination (LDI) and its molecular 
weight distribution determined. Alternative molecular struc
tures of the aromatic core may be determined based on a 
combination of these analytical tests. The free energy of the 
identified potential structures of the aromatic core may then 
be determined using Hartree-Fock analysis as quantum 
chemistry modeling. Oxygen, sulfur and/or nitrogen, if 
present in the macromolecule, may be identified. The struc
ture with lowest energy as well as the structure which 
matches the LDI (if different from the structure with lowest 
energy) is identified. The alternative molecular structures of 
the aromatic core having the lowest energy may then be 
targeted. The aliphatic and functional groups of the 
asphaltene sample may be identified from FTIR, X-ray 
photoelectron spectroscopy and NMR. Probable molecular 
structures of the asphaltene macromolecules may then be 
identified using quantum chemistry modeling geometric 
optimization analysis using Hartree-Fock method and 
Molecular Dynamics. A catalyst system capable ofbreaking 
chemical bonds of the asphaltene macromolecule is then 
developed based on one or more of the probable molecular 
structures. 

In another embodiment, a method of catalytically break
ing down asphaltene macromolecules into smaller mol
ecules is provided. In this embodiment, potential structures 
of the aromatic core of the asphaltene sample are identified 
by determining the number of heteroatoms, the functional 
groups present, the size of the aromatic core, and the 
molecular weight of the aromatic core. The identified poten
tial structures are then subjected to quantum chemistry 
modeling and the potential structure of the aromatic core of 
the asphaltene sample further defined. Aliphatic and func
tional groups of the asphaltene sample are identified by 
FTIR, X-ray photoelectron spectroscopy and NMR. Alter
native molecular structures of the asphaltene macromol
ecules are then further identified based on the identified 
aliphatic and functional groups of the asphaltene sample and 
quantum chemistry modeling. A catalyst system is then 
developed starting with a known catalyst inventory; the 
developed catalyst system is capable of breaking chemical 
bonds of the identified molecular structure of the asphaltene. 
The asphaltene may then be broken down in the presence of 
the catalyst system. 

In another embodiment of the disclosure, a method of 
breaking the bonds of an asphaltene macromolecule with a 
catalyst system is provided. In this method, potential struc
tures of the aromatic core of the asphaltene macromolecule 
are identified by subjecting the asphaltene to elemental 
analysis, NMR spectra, Raman spectroscopy and X-ray 
photoelectron spectroscopy. The free energy of the potential 
structures is then determined using the Hartree-Fock 
method. Aliphatic and functional groups of the asphaltene 
macromolecules are then determined by FTIR, X-ray pho
toelectron spectroscopy and NMR. One or more alternative 

structures of the asphaltene macromolecules are then deter
mined based on the identification of the aliphatic and 
functional groups and the potential structure(s) of the aro
matic core by applying Hartree-Fock method and determin
ing the free energy of each of the alternative structures. The 
structure of lowest free energy is selected as the structural 
formula of the asphaltene macromolecules. A catalyst sys
tem is then developed based on the probable structure oflow 
free energy. The asphaltene macromolecules are then broken 
down in the presence of the catalyst system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following figures are part of the present specification, 
included to demonstrate certain aspects of various embodi
ments of this disclosure and referenced in the detailed 
description herein: 

FIG. 1 represents an exemplary pathway for predicting 
the average structure of an asphaltene. 

FIG. 2 represents an exemplary flow diagram for the 
process of structure elucidation of asphaltene in a crude oil 
sample followed by catalyst selection for crude oil viscosity 
reduction. 

FIG. 3 is a spectra of a Fourier Transform Infrared 
Spectroscopy (FTIR) of a Canadian Oil asphaltene extract. 

FIG. 4 is a solid-state 13C NMR of a Canadian Oil 
asphaltene showing 41 % aromaticity. 

FIG. 5 is a solution state 1 H NMR of a Canadian Oil 
asphaltene; 

FIG. 6 is a two-dimensional NMR HSQC (DEPT135 13C 
and 1 H) NMR of a Canadian Oil asphaltene. 

FIG. 7 is a Raman spectra of a Canadian Oil asphaltene 
showing homogeneity within the sample. 

FIG. 8 shows the aromatic core size of a Canadian Oil 
asphaltene from different locations. 

FIG. 9 is a survey XPS spectra for a Canadian Oil 
asphaltene. 

FIGS. lO(a), (b), (c) and (d) are deconvulated XPS 
spectras for carbon, sulfur, nitrogen and oxygen, respec
tively, of a Canadian Oil asphaltene. 

FIG. 11 is a Comparison of 13C NMR of a Canadian Oil 
asphaltene (a) with dodecylated asphaltene (b) 

FIG. 12 is a Laser Desorption/ionization spectra of a 
Canadian Oil asphaltene. 

FIG. 13 illustrates the probability distribution for radius 
of gyrations of alternative conformations for a Canadian 
asphaltene obtained from NVT simulations at 573 K. 

DETAILED DESCRIPTION 

Characteristics and advantages of the present disclosure 
and additional features and benefits will be readily apparent 
to those skilled in the art upon consideration ofthe following 
detailed description of exemplary embodiments of the pres
ent disclosure and referring to the accompanying figures. It 
should be understood that the description herein and 
appended drawings, being of exemplary embodiments, are 
not intended to limit the claims of this patent or any patent 
or patent application claiming priority hereto. On the con
trary, the intention is to cover all modifications, equivalents 
and alternatives falling within the spirit and scope of the 
claims. Many changes may be made to the particular 
embodiments and details disclosed herein without departing 
from such spirit and scope. 

The terms "including" and "comprising" are used herein 
and in the appended claims in an open-ended fashion, and 
thus should be interpreted to mean "including, but not 
limited to." Further, reference herein and in the appended 
claims to components and aspects in a singular tense does 
not necessarily limit the disclosure or appended claims to 
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only one such aspect, but should be interpreted generally to 
mean one or more, as may be suitable and desirable in each 
particular instance. 

The disclosure relates to a method of identifying the 
structure of asphaltene macromolecules in a fluid and <level
opment of a catalyst system capable of breaking down the 
identified structure into smaller molecules. The larger mac
romolecules are broken down by breaking carbon carbon 
bonds, carbon sulfur bonds, carbon oxygen bonds and 
carbon hydrogen bonds in the macromolecules. The break
ing of such bonds reduces the viscosity of the fluid contain
ing the asphaltene macromolecules. 

The structure of asphaltene macromolecules is elucidated 
from quantum modeling applying Hartree-Fock analysis as 
well as from elemental analysis, NMR spectra, Raman 
spectroscopy X-ray photoelectron spectroscopy of a sample 
of the asphaltene. 

The most suitable catalyst system for breaking the chemi
cal bonds of the asphaltene macromolecules is then devel
oped and the reaction mechanism for bond breaking deter
mined. Phase behavior and thermodynamic properties of the 
asphaltenes may further be predicted based on the elucidated 
structure. 

The term "catalyst system" as used herein may include a 
catalyst selected from a known inventory, a catalyst devel
oped from a known catalyst inventory, a catalyst from a 
known catalyst inventory combined with one or more pro
moters or a catalyst developed from a catalyst from a known 
catalyst inventory combined with one or more promoters. 

In an embodiment, the fluid source containing the 
asphaltene macromolecules may be crude oil. The viscosity 
of crude oil may be efficiently reduced by developing the 
most suitable catalyst system for breaking the macromol
ecules into smaller molecules of lower molecular weight. 

In an application, the flow of crude oil downhole may be 
improved and the recovery of less viscous crude oil 
enhanced by identifying weaker chemical bonds in the 
asphaltene macromolecule. Such weaker bonds can be bro
ken at relatively lower temperatures than previously permit
ted. 

It is widely known that the structure of asphaltene is 
unknown and varies from one fluid source to another. Thus, 
the structure of asphaltene from one fluid source is different 
from the structure of asphaltene obtained from another fluid 
source. The process disclosed herein may be used to identify 
the most suitable catalyst system for an asphaltene regard
less of the source from which the asphaltene has been 
sampled. 

The modeling described herein is premised on the knowl
edge that asphaltenes primarily consist of polyaromatic 
hydrocarbons and aliphatic appendages. In addition, 
asphaltenes found in crude oil may also contain metallic 
elements such as nickel, vanadium, iron and such heteroa
toms as sulfur, nitrogen and oxygen. 

The process described herein allows for the design and/or 
selection of a catalyst system which may specifically target 
bond types (e.g. C-S, C-C etc.). Since significant 
improvements to the flow properties of fluids may be 
attained by altering the content or structure of asphaltenes, 
the process provides for a more efficient design and selection 
of catalysts for chemically altering the structure of the 
asphaltenes. 

The structure of an asphaltene may be determined by 
identifying, within a collected fluid sample of asphaltene, 
the amount of heteroatoms (such as nitrogen, oxygen and 
sulfur), the functional groups present (especially carbonyls, 
hydroxyls and sulfoxides attached to the asphaltene mol
ecule), the degree of aromaticity or the amount of benzene
like rings in the core of the asphaltene molecule), the size of 
the aromatic core ofthe asphaltene, the acid-base profile and 
the molecular weight of the asphaltene sample. All of these 
properties contribute to the polarity and steric interactions of 

asphaltene molecules and aggregates of asphaltene mol
ecules and are controlling in the development of the most 
ideal catalyst system for breaking the asphaltene. 

Such factors further are indicative of how asphaltene 
macromolecules interact on a particular catalyst surface. 
Surface charge, van der Waals forces and polar interactions 
between the catalyst surface and asphaltene molecules are 
prominent driving forces for adsorption of the asphaltene on 
the catalyst surface. Increasing polarity, through heteroatom 
content or increased aromaticity, and decreasing steric hin
drance (due to peripheral alkane chain in asphaltene mol
ecules) allow asphaltene molecules to interact more favor
ably with the surface of the catalyst. 

The functional groups of the asphaltene allow the adsorp
tion of asphaltene molecules on the catalyst surface by 
sharing electrons. Functional groups consisting of nitrogen 
and oxygen heteroatoms, often concentrated in asphaltene 
molecules, are known to be significant for initiating surface
specific adsorption interactions. Reactivity of asphaltene 
molecules with a specific catalyst system is therefore depen
dent on the type of functional groups attached to the 
asphaltene such as carbonyl, pyrrole, pyridine, thiophene 
and sulfoxide. Asphaltene molecules having carbonyl 
groups are further susceptible to either an acidic and or basic 
catalyst based on reaction conditions. 

Further, interaction of the catalyst system with the 
asphaltene molecule decreases the activation energy of 
carbon-carbon bond breaking and carbon-hydrogen bond 
breaking and enhances the reaction rate. Moreover, the 
catalyst system can decrease the reaction temperature. 

The method for determining the structure of asphaltene 
macromolecules encompasses quantum modeling and a 
series of analytical techniques such as elemental analysis, 
nuclear magnetic resonance (NMR), Fourier transform 
infrared (FTIR), Raman spectroscopy, X-ray photoelectron 
spectroscopy (XPS), laser desorption/ionization (LDI) and 
mass spectrometry. In addition, the method explores the 
synthetic activity of the asphaltene extract. Each of the 
analytical techniques provides specific structural informa
tion which, when combined each other, renders an average 
structure of any asphaltene extracted from a fluid. 

Enhancement of adsorption of the asphaltene molecules 
onto the surface of the catalyst is dependent on the correct 
identification of the heteroatoms, the functional group in 
which the heteroatoms are present and the amount of the 
functional groups in the asphaltene molecule. It is preferred 
that the assessment be undertaken in a series of steps though 
the sequence of the steps may vary. 

An exemplary strategy for determining the most probable 
structure of a sample of asphaltene is illustrated in FIG. 1. 
The most probable structure may be determined from the 
elemental content, aromaticity, aromatic core size, element 
bonding, molecular weight, exfoliation and other reactions 
and techniques as well as geometry optimization equations 
and programs. 

In the first step, as illustrated in FIG. 1, several possible 
structures of the aromatic core of the asphaltene are deter
mined. These structures are determined based on data 
obtained from Elemental Analysis, Fourier Transform Infra
red Spectroscopy (FTIR), Raman Spectroscopy, Nuclear 
Magnetic Resonance Spectroscopy (NMR) and X-ray Pho
toelectron Spectroscopy (XPS). The possible core structures 
will have similar stoichiometry and molecular weight. Struc
tures determined to be stable under Clar's sextet theory are 
selected for further analysis. 

The core of the asphaltene, as well as the empirical 
formula of the asphaltene, may be determined by elemental 
analysis. Typically, the asphaltene from crude may be 
extracted using a hydrocarbon solvent, such as pentane or 
heptane. Elemental analysis may be determinative of the 
amount ofcarbon, hydrogen, nitrogen, oxygen, sulfur, nickel 
and metal, such as vanadium, in the extracted sample. While 
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the percentage of each such element varies from oil col
lected from one reservoir to another, the average values of 
such components is reported to be from 76 to 86 wt. % 
carbon, 7.3-8.5 wt.% hydrogen, 5 to 9 wt.% sulfur, 0.7-1.2 
wt. % oxygen, 1.3-1.4 wt. % nitrogen and 0.1-0.2 wt. % of 5 
nickel, iron and vanadium. The empirical formula of the 
extracted asphaltene sample may be determined. 

Elemental analysis is useful in identifying further the 
aliphatic chains of the asphaltene. While elemental analysis 
may be useful in identifying the aromatic core of the 
asphaltene, Raman spectroscopy is more instructive. In 10 

particular, Raman spectroscopy is useful in determining the 
size of the aromatic core and the number of aromatic rings 
in the core. 

The aromatic core refers to the aromatic ring structure of 
the asphaltene which may include a fused aromatic region. 
The aromatic ring structure may further be referred to as the 

architecture of the asphaltene. Typically, the architecture of 
asphaltenes is either rosary, island or a combination of 
rosary and island. The "island" architecture in asphaltene 
has been reported to be monomeric (in the molecular weight 
range of about 500 to 1000 Da) consisting of (on average) 
a core of about six to seven fused aromatic rings surrounded 
by several aliphatic groups with some heteroatoms. The 
"rosary-type" architecture has been reported to consist of 
individual asphaltene monomers composed of clusters of 
polycondensed groups consisting of five to seven aromatic 
rings each connected by short aliphatic side chains, possibly 
containing polar heteroatom bridges. Rosary-type architec
ture is normally expected to have less aromatic rings than the 
island architecture. 

Exemplary architectures of the rosary-type and island 
type ofaromatic architecture is shown below as (A) and (B), 
respectively: 

(A) 

(B) 
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X-ray photoelectron spectroscopy may be used to deter
mine the functional groups in the aromatic core. Oxygen is 
known to be present in asphaltenes in carbonyl, hydroxy and 
phenolic groups, including ketones and carboxylic acids and 
C----C linkages. All of these may be detected by X-ray 
photoelectron spectroscopy. In addition to identifying such 
functional groups, X-ray photoelectron spectroscopy may be 
used to identify nitrogen and sulfur in asphaltene. Sulfur is 
known to exist in asphaltenes as aliphatic sulfur, thiophenic 
and sulfoxide groups. Nitrogen is known to exist in aromatic 
groups such as pyrrolic, pyridinic and as tertiary amines. 
X-ray photoelectron spectroscopy may be used to determine 
the presence ofnitrogen in pyrrole and pyridine rings as well 
as the presence of sulfur as thiophene and sulfones. X-ray 
photoelectron spectroscopy may also be used to determine 
the molar ratios of pyridine, pyrrole, sulfoxide and thio
phene in the extracts. 

Chemical bonds and functional groups in the aromatic 
core may be determined by the use of Fourier Transform 
Infra-Red Spectroscopy (FTIR). For instance, sulfoxide 
(S=O) and carbonyl (C=O), groups in the aromatic core 
may be detected using FTIR. 

The aromatic nature of the core and the type of functional 
groups present in the asphaltene may further be determined 
by NMR. Typically, such content is determined by subject
ing a portion of the asphaltene sample to solid state nuclear 
magnetic resonance 1H and 13C (NMR). The asphaltene 
sample is typically spun at its magic angle with respect to the 
direction of the magnetic field. 

Based on the elemental analysis, FTIR, Raman spectros
copy, NMR and XPS, several possible structures can be 
derived for the aromatic core of the asphaltene. 

In the second step of the process, geometry optimization 
calculations are performed on all structures by iteratively 
solving Hartree-Fock approximation to the Schriidinger 
Wave Equation. The electronic structure may be described 
using a 6-31G* basis set. This basis set can effectively 
describe C, H, 0, S and N in the asphaltene. In the event 
heavier elements (transition metals) are present a bigger 
basis set may be required to describe the outer-shell elec
trans. Since the asphaltene is highly stable, those geometry 
optimized structures having the lowest free energy content 
are then selected. 

The third step of the procedure is drawn to the determi
nation of the aliphatic groups and functional groups attached 
to the aromatic core. Functional groups, as well as chemical 
bonds, may be determined from FTIR. For instance, hydro
carbyl chemical bonds, such as -CH3 , -CH2 and --CH 
characterizing the asphaltene may be identified from the 
absorption bands provided in a FTIR analysis. NMR may 
further be used to enable determination of the aliphatic 
content and side chain content of the asphaltene. The pres
ence of ----CH3 , ----CH2 and --CH linkages in the asphaltene 
may further be determined from the 13C (NMR), as well as 
by subjecting a portion of the asphaltene sample to Distor
tionless Enhancement by Polarization Transfer (DEPT). 

The addition of the side chains must be consistent with the 
population of different aliphatic groups (e.g. isopropyl, 
methylene and methine carbons) calculated from experi
ments. 

The molecular weight distribution (MWD) of the 
asphaltene sample may further then be determined. The 
MWD is determined typically by subjecting a portion of the 
asphaltene sample to Laser Desorption/Ionization Molecular 
Weight Determination. 

After determination of the molecular weight of the 
asphaltene sample, alternative molecular structures of par

10 
ticulates of the asphaltene sample may be determined from 
the collected data. Determination of one structure for the 
asphaltene is difficult due to aggregation of asphaltene 
molecules. 

In the third step, geometry optimization calculations are 
performed on the possible configurations using Hartree
Fock theory and 6-31G* basis set. Partial charges on the 
atoms may then be calculated. In a preferred embodiment, 
in-vaccuo molecular dynamics simulations are performed on 
these structures. Conformations corresponding to the mini
mum, maximum and median value of the radius of gyration 
ofthe molecule during these simulations are selected. Single 
point energy calculations are performed on each conforma
tion of the structures and the structures are subject to 
quantum chemistry modeling. The structure that has the 
lowest sum energy of conformational energy and isomer
ization energy is selected as the most probable structure. 

In the next step, an appropriate catalyst system is devel
oped for the molecular structure having the lowest energy. 
Development of the catalyst system is based on the bonds of 
the elucidated structure of the asphaltene. After the catalyst 
system is determined, fluid containing the asphaltenes is 
subjected to cracking in the presence of the catalyst system. 
The catalyst system breaks the functional groups within the 
asphaltene molecules. This results in reduction ofasphaltene 
content in the fluid and an increase in saturates and aromat
ics content. The end result is a significant reduction in 
viscosity of the fluid. 

The developed catalyst system is capable of breaking 
specific bonds of the core of the asphaltene since it is based 
on an elucidated structure of the asphaltene. For instance, a 
suitable catalyst would be one that breaks the C-S, C----C 
bond other functional group in asphaltene and hence reduces 
the viscosity of oil containing the asphaltenes. 

In an embodiment, the catalyst system breaks the chemi
cal bonds of at least one of the core structures of asphaltene. 
As stated, introduction of the catalyst can further decrease 
the activation energy and hence the reaction temperature. 
The viscosity of crude oil recovered from the reservoir is 
less than the viscosity of crude oil recovered from the 
reservoir which did not follow the methodology recited 
herein for catalyst selection. 

The catalyst system is capable of breaking bonds identi
fied in the asphaltene such that the asphaltene macromol
ecules are broken into smaller molecules. This results in the 
reduction of asphaltene content and an increase in saturates 
and aromatics contents in the crude oil. Consequent to this 
process is a significant reduction in viscosity of heavy oil. 
The reduction in viscosity of the fluid containing the 
asphaltenes is determined, along optionally with analysis of 
the composition of the asphaltene. If the reduction in vis
cosity is acceptable, the catalyst system is then introduced 
downhole to break up the asphaltene. Should the asphaltene 
sample be ineffectively broken down, then a second catalyst 
system may be developed selected based on the bonds of the 
core structure. The process may further be repeated until an 
ideal catalyst system is developed which effectively breaks 
the bonds of the asphaltene or a reduction in viscosity is 
observed in the fluid containing the asphaltene. 

Potential catalysts within a catalyst inventory are those 
which attack various functional groups such as carbonyl, 
acid and alcohol group present in the asphaltene molecules. 
Thus, based on the functional groups and the structure of the 
aromatic core of the elucidated structure of the asphaltene, 
components of the catalyst system are selected. 

For instance, where the asphaltene structure is determined 
to have hydrocarbon chains, basic catalysts may be selected. 
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Such catalysts specifically attack hydrocarbon chains and 
break carbon-carbon bonds. Solid base catalysts include 
those supported with MgO and having transition metal 
functionalities. 

The catalyst inventory from which the components of a 
catalyst system may be developed may further include solid 
acids, such as zeolites. Zeolites attack peripheral hydrocar
bon chains attached to the asphaltene molecule. Certain 
zeolites however, suffer from drawbacks such as durability, 
stability and coking. The zeolite catalyst may thus be 
modified to make it stable under conditions such as in hot 
water with active metals Ni, Mo and/or Co. Such modified 
zeolites may be used to reduce the viscosity of heavy oil via 
mild cracking at relatively low temperatures. 

Further catalysts in a catalyst inventory which may be 
used in the development of a catalyst system are bimetallic 
and monometallic oxide/sulfides of transition metals. These 
include nanostructure catalysts which can more readily 
adsorb asphaltenes than micro size catalysts and reduce the 
viscosity of crude oil significantly. 

Further, specific metal catalysts which target the alicyclic 
group in the aromatic core of the asphaltene molecule have 
been identified. For example, the Ni-W catalysts supported 
on the USY zeolite may be use to break tetralin by ring 
opening as follows: 

co co 
!+H2 !+H2 

20)~ 
D: 0.818 Kg/L 
CN:47oc !+H2 BP: 179° C. 
MP:-78° C. 

~ ~ 

Further, precious metal catalysts such as Pt-Ir/TiO2 and 

Pt-Ir/Al2 are useful for tetralin ring opening reactions. O3 

Monometallic Pt and Rh as well as bimetallic Pt-Rh 
catalysts are known to be more active and exhibit bifunc
tional behavior, with alumina facilitating acidic function and 
ring opening reaction. 

Cracking ofphenyl heptane with metal modified Y-zeolite 
catalyst has been shown to produce smaller hydrocarbon 
molecules. Cracking in a long alkyl side chain results in a 
carbenium ion that easily isomerizes and causes self-alky
lation of the aromatic ring. Two cracking mechanisms may 
occur: a monomolecular mechanism involving proton attack 
either on the benzene ring or on a sigma C-C bond in the 
alkyl chain (protolytic cracking) and a bimolecular mecha
nism involving carbenium ions, chain transfer via hydride 
transfer and ~-scission, as illustrated by the following: 

(a) 

w 

~ 
(b) 

I 

(c) 

I 

+ RH 

Further, where the asphaltene macromolecules have C-S 
and C-N bonds, the catalyst system may include a transi
tion metal catalyst. Such components are especially effective 
in the breaking of thiophene and pyrrole linkages. For 
instance, Ni and Mo are effective for sulfur removal from the 
thiophene and benzothiophene moieties. They also break the 
C-N bond in the pyrrole linkage in the asphaltene mol
ecule. 

Further, a catalyst of Co(Ni)-Mo(W)S/Al2O3 may be 
used for hydrodesulfurization reactions. Generally, sulfided 
NiMo/ Al2 catalysts are more active for hydrodesulfurizaO3 

tion (HDS) and hydrodenitrogenation (HDN) than sulfide 
CoMo/Al2 O3 catalysts. The transition metals Mo and W 
combined with V, Nb, Cr, Mn, and Co, are more active 
catalysts for sulfur removal. 

Further, acceptable catalyst systems include those set 
forth in U.S. patent application Ser. No. 15/173,476, filed on 
Jun. 3, 2016, herein incorporated by reference. Such catalyst 
components include first row transition metals such as Cr, 
Fe, Mn, Ni, Co with the support CeO2 , MgO, zeolite, SiO2 , 

etc. which are effective in the breaking of C----C, C-S, 
C=O, -OH and acid groups in the aromatic core of the 
asphaltene molecule. 

FIG. 2 depicts a method for developing a catalyst system 
in basically three series of steps. The first series of steps may 
be referred to as target bond determination. The number and 
position of the carbon-hydrogen, carbon-carbon, carbon
nitrogen and carbon-sulfur bonds as well as the aromatic 
rings and metals are known from the determined molecular 
structure of the asphaltene (steps 1 and 2). The weakest 
bonds are chosen as the potential bonds for catalytic reaction 
within the molecular structure (step 3). Relative strengths of 
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the various bonds may be obtained from literature; for 
example, a carbon-sulfur bond is relatively weaker than a 
carbon-carbon bond. Therefore, the carbon-sulfur bond(s) 
could be identified as a potential target bond. The existence 
of certain aliphatic chains or aromatic components in the 
asphaltene can also be predicted based on the target bond. 
This could serve as a confirmation that the target bond was 
attacked during a catalytic reaction. 

In the second series of steps, catalytic activity is assessed 
based on the Target bond(s). One or more catalysts from the 
literature (the catalyst inventory) may be selected for the 
target bond(s ). For instance, catalysts used in refineries for 
hydrocarbon cracking may be selected initially. For 
example, it is known that higher molecular weight hydro
carbon molecules are preferentially cracked over an acidic 
metal-containing hydrocracking catalyst. Table 1 shows 
examples of catalyst which contain acidic functionality 
support and hydrogenating components and having cracking 
and hydrogenation functionalities. 

TABLE 1 

Support Active components 
(Cracking components) (Hydrogenation components) 

Al2O3, MgO Co/Mo 

SiO2-Al2O3, CeO2 Ni/Mo 

TiO2-Al2O3 Pt/Pd 

Zeolites Ni/W 


It could be anticipated that a suitable catalyst with a 
combination of hydrogenation and acidic functionalities 
would crack asphaltenes at temperatures ranging from 200° 
C. to 250° C. The product yield (catalyst efficiency) may be 
determined by initial feedstock composition, catalyst selec
tivity, and process conditions. The product composition is 
analyzed after completion of the reaction (steps 4 & 5). 
Since the reaction is shown as being conducted in tube 
reactors without the benefit of a promoting agent (PA), the 
product composition from the analysis may be compared to 
the predicted composition from step 3B (based on the target 
bond choice from step 3), step 7. If the catalyst has attacked 
a target bond an overall match between the predicted com
position (step 3B) and the actual resulting composition (step 
5) is noted along with a substantial reduction in viscosity as 
noted in Step 10. However, in light of the diversity of 
molecular structures in heavy oil, an exact compositional 
match will never likely be obtained (step 7). Due to adsorp
tion properties on the catalyst surface or existence of a 
functional group on the aromatic core the catalyst could 
attack a bond (step 10) other than the one predicted in step 
3. In such case, the composition of the product will not 
match with the predicted composition in step 3B. However, 
if viscosity has been lowered (step 10), the catalyst and 
product compositions could then be used to assess product 
toxicity (step 11) and assist in the selection of a new target 
bond (Step 12) and a new prediction ofproduct composition 
(step 3B) with the catalyst being tested. (Steps 9, 10, 11, 12 
& 3B in order). To validate catalytic reaction with the new 
target bond from step 12 the catalyst is returned to step 4 for 
another cycle of testing but with new choice of target bonds 
(step 12) and predicted product composition steps 12 & 3B. 
If there are no correlations between the product and pre
dicted compositions or if the product contains free heavy 
metal (toxic) or sulfur compound (detrimental to refinery 
process) then the catalyst is rejected and a new catalyst is 
chosen for another cycle of reactions. (Steps 9, 3A & 11, 
3A). 

In the third series of steps, a promoting agent is chosen to 
improve catalyst activity. The promoting agent, with the 
catalyst, forms the catalyst system. This series of steps may 
include combining metals and metal oxides as promoting 
agents with catalysts, increasing specific surface area 
through size reduction (nanoparticle synthesis), ligand for
mation of metals with electron donating ligands and selec
tion of a suitable support material for the catalyst particles. 

The promoting agent is added to the catalytic reaction to 
enhance the product composition (break more variety of 
target bonds) or increase the yield (increase the amount of 
the products generated). An iterative process is typically 
required in order to optimize the promoting agent based on 
the highest yield or concentration and diversity of products 
(molecular structures) that achieve the lowest viscosity 
(steps 8, 4, 5, 6, 6A, 6C) compared to the oil viscosity at step 
4A. 

To verify the activity of the catalyst (obtained in step 6C) 
at reservoir conditions, the process may be repeated in a flow 
reactor using a core flooding apparatus, step 6D. If the 
reaction occurs as predicted, then a reduction in viscosity 
should be observed as compared with the original sample 
viscosity, step 4A. In this case the final catalyst composition 
is ready field pilot operation, steps 6E & 6F. 

More details of the process are set forth in the following 
Example drawn to determination of the structure of an 
asphaltene extracted from a Canadian crude oil. 

Example 1 

Extraction of Canadian asphaltene. Canadian asphaltenes 
were extracted from crude oil as follows. Crude oil (10 g) 
was added to a 1000 mL round bottom flask equipped with 
a condenser. Heptane (1 g crude oil:40 g heptane) was then 
added and the resulting mixture was refluxed for 1 hr. The 
mixture was cooled and the solid asphaltene was filtered in 
vacuo to separate the asphaltene from maltenes (liquid 
phase) and the solvent heptane. The resulting black solid 
was dried to get the asphaltene. 

Elemental Analysis. Elemental Analysis identified the 
ratio of carbon, hydrogen, nitrogen, oxygen and sulfur (in 
mo! percent) and the amount of nickel, vanadium and iron 
in ppm. The elements present in the asphaltene extract were 
analyzed as follows: carbon, hydrogen, and nitrogen with a 
PerkinElmer 2400 Series II CHNS/0 Analyzer using com
bustion, oxygen by a Thermo Finnigan FlashEA™ Elemen
tal Analyzer, sulfur by a LECO SC-432DR and the metals by 
Inductively Coupled Plasma Atomic Emission Spectrom
etry. The results are set forth in Table II. 

TABLE II 

V Ni Fe 
Sample Co/o Ho/o No/o 0% So/o ppm ppm ppm 

Mean 78.83 7.57 1.275 1.75 7.9 1029.5 380.5 763.5 
Average 

The molar weight ratio of hydrogen:carbon was calcu
lated to be 1: 14. Based on the H:C ratio derived from 
elemental analysis, the type of asphaltene was determined to 
be an island type. Had the H:C<l .28, it would have been a 
rosary type. 

Fourier Transform Infra-red Spectroscopy (FTIR) was 
used to provide information on the functional groups present 
in the asphaltene. FTIR spectra were recorded in transmis
sion mode using Nicolet FTIR benchtop and microscope 
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system. Diamond was used as the sample holder for the 
process. From the absorption bands, the functional groups 
and chemical bonds in the sample were determined. The 
results, shown in FIG. 3 illustrate C=C, C-H and S=O 
functional groups. 

Nuclear Magnetic Resonance Spectroscopy. The 
asphaltene extracts were subjected to different types of 
nuclear magnetic resonance (NMR) spectroscopy and pro
vided information on the aromatic and aliphatic percentage, 
the type of side chains present and the structure of the 
asphaltene (to be either rosary or island). 

Solid-state 13C NMR spectra were obtained on a Bruker 
AVANCE-200 NMR spectrometer (50.3 MHz 13C, 200.1 
MHz 1H). The asphaltene extract was packed in a 4-mm 
outer diameter rotor. Chemical shifts were reported relative 
to the carbonyl carbon of lysine at 176.46 ppm. The per
centage of aromatic and aliphatic groups in the Canadian 
asphaltene was determined to be 41 % and 59% respectively. 
Also, the 13C NMR showed us the presence of phenolic 
group in asphaltene (FIG. 4). 

Solution state spectra were acquired using standard pulse 
programs on a Bruker Advance III, 2-channel spectrometer 
with an 11.7 T magnet (125.7 MHz 13C, 500.1 MHz 1H) and 
a broadband (1 5N-31 P) observe/1H decoupling probe for 5 
mm tubes with automated tuning and matching of both rf 
channels and a z-axis gradient coil. The asphaltene extracts 
were dissolved in CDC13 with 0.05% TMS. Solution 1H 
NMR, shown in FIG. 5, provided information on the side 
chains. The following observations could be concluded from 
solution 1 H NMR: 

CH2 adjacent to CH3 of propyl or longer alkyl chains, 
CH3 carbons of isopropyl groups terminating moderately 

long n-alkyl chains, 
CH3 branches in the interior of moderately long n-alkyl 

chains; and 
aromatic CH3 groups. 
13C Distortionless Enhancement by Polarization Transfer 

(DEPT-135) experiments were optimized for 1lcH=145 
Hz, while 1H-13C HSQC experiments were optimized 
for 1 JcH=125 Hz because of the particular interest in the 
aliphatic region. The DEPT-135 13C spectra, shown in FIG. 
6, shows the aliphatic structures of the asphaltene as having 
-CH2 next to ----CH3 at the end of an alkyl chain, methine 
of isopropyl group, ----CH3 of ethyl branch, methyl branch 
on alkyl chain, ----CH3 from isopropyl CH3 and diastereot
opic ----CH2 next to a chiral center (methyl branch). 

Raman Spectroscopy. Raman spectra were collected using 
Reinshaw 1000 micro-Raman system equipped with a 514
nm laser source. The Raman spectra were collected for each 
sample from three different locations to examine sample 
homogeneity. The results are illustrated in FIG. 7. To make 
proper peak assignments of the Raman spectroscopic data 
Peakfit software was used to process the data. The Gaussian 
function was used to fit the best number of peaks. The size 
of the core (number of benzene rings fused together) was 
calculated based on the Tuinstra and Koenig equation 

/G 
L(nm) =4.4x /Dl; 

L=Diameter of aromatic core size in nm 
IG=Intensity of G band and Im=Intensity of Dl 

and was found to be 1.73-2.02 nm indicating the core is 
made up of 6-7 benzene rings, FIG. 8. 

X-ray Photoelectron Spectroscopy. The forms in which 
carbon, hydrogen, nitrogen and sulfur were present in the 
asphaltene extracts were determined by x-ray photoelectron 
spectroscopy (XPS). A Physical Electronics (PHI QUAN
TERA) XPS/ESCA system was used to acquire the XPS 
data. The base pressure of the system was 5xl0-9 Torr. A 
monochromatic Al X-ray source at 100 W was used with 
pass energy of 26 eV and a 45-degree takeoff angle. The 
results are illustrated in FIG. 9. The spectra showed the 
presence of heteroatoms oxygen, nitrogen and sulfur and 
carbon-the major component of asphaltene. Individual 
peaks of each atom were deconvoluted to give the informa
tion on the type of linkage each individual heteroatoms 
present in the molecule, shown in FIGS. lO(a), (b), (c) and 
(d). Deconvoluting each of the individual element peaks 
enhances prediction of the type of bonds or functional 
groups present in the extract. Table III shows the percentage, 
binding energy and structural information for atoms present 
in the Canadian oil asphaltene by XPS. 

TABLE III 

Binding energy Separation 
Element (eV) Percentage (eV)* Structural information 

C 284.59 86.48 0 C-----{_;,C-H 

287.01 10.52 2.42 C=O, C---0 


s 163.66 80.17 0 Thiophenic 

165.66 19.83 2.0 Sulfoxide 


N 399.26 53.26 0 Pyridine 

400.28 46.74 1.01 Pyrrolic 


0 	 530.72 26.07 0 O-H, Oads 

531.94 48.59 1.22 C=O 

533.39 25.33 2.67 C---0, O-H 


*Separation between the deconvoluted lowest binding energy band and other bands for 
each set of elements 

Synthetic methods. The Canadian oil asphaltene was then 
subjected to analysis by various synthetic methods. 

In the first method, reductive alkylation on that asphaltene 
was conducted with iodo-dodecane via Birch reduction. This 
lead to the attachment of a C12 alkyl side chain on the 
asphaltene. The study by NMR of the dodecylated 
asphaltene and the starting asphaltene confirmed the side 
chain length in Canadian oil asphaltene to be less than C12. 
There is greater height ofthe CH2 linkage in the dodecylated 
asphaltene compared to starting asphaltene as confirmed 
by 13C NMR and illustrated in FIG. 11. 

The synthetic reactivity of the asphaltene extract was 
further illustrated with 2,3-dichloro-5,6-dicyano-l ,4-benzo
quinone (DDQ) using the uniqueness of DDQ to change a 
cyclic system to an aromatic system. The asphaltene extract 
(100 mg) and DDQ (2 equivalents) were added to a three
neck flask under inert gas condition containing 15 ml of 
solvent toluene. This mixture was heated overnight under 
inert atmosphere. The solvent toluene was removed by 
rotary evaporator and then the solid material obtained was 
purified by adding toluene and filtering the impurities. 
Purification of the black product was further repeated by 
adding toluene until the filtrate had no color. Aromaticity of 
the asphaltene extract sample was shown to increase after 
the reaction. An increase in the aromaticity of the dehydro
genated system of asphaltene by DDQ, giving a direct 
indication that the Canadian oil asphaltene had a cycloal
kane type of system. 

Incorporating the data along with the constraints of main
taining symmetry and maximizing the number aromatic 6 it 
electron i.e. benzene type moieties (Clar' s sextet rule) forms 

http:1.73-2.02
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the basis of designing the core. The core in the asphaltene -continued 
extract was determined using the analytical data set forth in 
Table IV: 

TABLE IV 

OH 

Raman 7 aromatic rings 
FTIR C=C, C=O, C-H, S=O 
XPS Pyridine, Pyrrole, Thiophene, Sulfoxide 
NMR 41 % aromatic; 59% phenolic 
H:C (elemental analysis) 1.14 10 
Reaction (DDQ) Presence of cycloalkane rings 

The following four core structures were then designed 
based on the analytical data which comply with the Clar's 
sextet rule. 15 

(i) Cores without S=O and C=O groups in the core 

20 

25H-N s 

30 

OH (iii) Cores with only S=O group in the core 

HO 35 

40 

45 

(ii) Cores with S=O and C=O groups in the core 

HO 

50 

HN 

65 

0 
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(iv) Cores with only C=O group in the core 

NH 

HO 

15 

H-N 

HO 

25 

OH 

35 
HO 

45 

HO 
OH 

55 

s 

65OH 
OH 
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(1) 

0 

OH 

s 
To determine the most probable structure, the electronic 

energies of each of the core structures were performed using 15 

geometry optimization calculations using the Hartree-Fock 
level of theory and 6-31G* basis set. 

Laser Desorption/Ionization. The molecular weight dis
tribution of the asphaltene extract was determined using 
Laser Desorption/Ionization (LDI). This provided informa
tion on the molecular weight of the core and the estimated 
molecular weight of the asphaltene extract. A sample was 
prepared by dissolving -5 mg of the asphaltene extract in 2 25 6 
mL of tetrahydrofuran (THF). For LDI analysis the stock 
solution was either directly spotted on the LDI plate for 
analysis. LDI analysis was carried out on the Bruker Auto
Flex MALDI Mass Spectrometer. A hump in the range of 
200 to 800 was observed in the LDI spectra, shown in FIG. 
12, the maxima observed being 320.7 Da, which corre
sponded to the molecular weight of the asphaltene core 
(without considering the fragile groups easily broken out 
during the process under normal operating conditions of the 35 

Spectrometer. The tail/end of the hump provided the 
molecular weight of the Canadian oil to be greater than 
850-900 Da. 

The lowest energy structure matching the LDI defrag
mentation pattern and molecular weight closest to the 
experimental data showed the most probable core structure 
for the Canadian oil asphaltene to have a molecular weight (2) 

of 413 Da (on breaking the fragile group in the process of 
LDI will lead to a molecular weight distribution of 314-338 45 

Da). 

0 

55 

OH 

Based on LDI, NMR, elemental analysis, XPS and FTIR 
data, the side chains were added to the core. The resulting 
structure should match the molecular weight from LDI, 
aromaticity from NMR, H/C from elemental analysis and 65 
the functional groups from FTIR and XPS. The following 
possibilities were presented: 
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-continued -continued 
(3) (5) 

15 

CH3


J5:H ~:H 
CH3 


H3C 
CH3 25 CH3 

(6) 

H3C 

CH3 

35 

(4) 

45 

To determine the most probable structure, geometry opti
mization of each of these structures was performed using 
Hartree-Fock level oftheory and 6-31G* basis set which can 
effectively describe C, H, 0, S and N. Partial charges on the 
atoms were calculated on the geometry optimized structure 

55 using Restricted Electrostatic Potential (RESP) method. 
Molecular dynamics simulations at 573 Kin an isochoric

isothermal ensemble (NVT) in a cubic box ofvolume 15 .625 
nm3 were performed on each structure to review all possible 
conformations in the phase space. The radius of gyration of 
the molecule was calculated at every 10 steps of simulation 
using trajectories from the molecular dynamics simulations. 
The radius of gyration was used as an order parameter to 
determine the probability of a certain conformation. Three 
different conformations based on minimum, maximum and 
median value of the radius of gyration were sampled for 

65 each molecular structure: 
1. minimum radius of gyration corresponding to the 

folded conformation; 
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2. maximum radius of gyration corresponding to the 
extended conformation; and 

3. median radius of gyration corresponding to the most 
probable conformation. 
Single point energy calculations for all three of the selected 
conformations for each alternative conformation were made 
using Hartree-Fock theory and 6-31G* basis set. The results 
are illustrated in FIG. 13. The energies of the proposed 
molecular structures for the three conformations are shown 
in Table V. 

TABLE V 

Structure Conformation 
Energy 

(Hartree) 

II 

III 

IV 

V 

VI 

VII 

VIII 

max 
med 
min 
max 
med 
min 
max 
med 
min 
max 
med 
min 
max 
med 
min 
max 
med 
min 
max 
med 
min 
max 
med 
min 

-4386.796 
-4386.871 
-4386.850 
-4307.570 
-4307.653 
-4307.619 
-4345.507 
-4345.440 
-4345.479 
-4345.422 
-4345.433 
-4345.512 
-4345.437 
-4345.474 
-4345.481 
-4345.470 
-4345.453 
-4345.461 
-4346.665 
-4346.582 
-4346.612 
-4346.627 
-4346.607 
-4346.655 

catalysts were then selected from possible catalysts from an 
inventory containing transition metals. A catalyst system 
may then be created by combining one or more promoters 
with the catalyst to enhance efficacy of the catalyst. 

Following the procedure of FIG. 2, a zeolite catalyst was 
modified with the active metals Ni, Mo and Co to make the 
catalyst more stable under hot water. The catalyst was shown 
to reduce the viscosity of heavy oil via mild cracking at 
relatively lower temperatures. 

The methods that may be described above or claimed 
herein may be used to elucidate the structure of any 
asphaltene extract, including those found in crude oil. The 
steps of analysis may be performed in any desired suitable 
order and are not necessarily limited to any sequence 
described herein or as may be listed in the appended claims. 

What is claimed is: 
1. A method of catalytically breaking asphaltene macro

molecules in a fluid into smaller molecules with a catalyst 
system, the catalyst system selected based on an elucidated 
structure of a sample of the asphaltene macromolecules in 
the fluid, the asphaltene macromolecules having an aromatic 
core, the method comprising: 

(a) collecting the fluid containing the asphaltene; 
(b) identifying a target structure of the aromatic core of 

the asphaltene in the collected fluid by subjecting the 
fluid to elemental analysis, NMR spectra, Raman spec
troscopy and X-ray photoelectron spectroscopy; 

(c) estimating the free energy of the target structure using 
Hartree-F ock; 

(d) testing the fluid for the presence 	of one or more 
aliphatic groups and one or more functional groups 
within the asphaltene macromolecules by subjecting 
the fluid to FTIR, X-ray photoelectron spectroscopy 
and NMR; 

(e) approximating the probability of a molecular structure 
of the target structure by applying Hartree-Fock to the 
target structure and then estimating the free energy of 
the molecular structure; 

(f) 	developing a catalyst system starting with a catalyst 
inventory wherein the developed catalyst system is 
capable of breaking the bonds of a most probable 
molecule; and 

(h) breaking down the asphaltene macromolecules into 
small molecules with the developed catalyst system. 

2. The method of claim 1, wherein the fluid is crude oil. 
3. The method of claim 1, wherein the functional groups 

are carbonyls, hydroxyls and sulfoxides. 
4. The method of claim 3, wherein the developed catalyst 

system has a component capable of breaking the bonds of 
the carbonyl, hydroxyl or sulfoxide functional groups. 

5. The method of claim 1, wherein step (b) further 
comprises determining the percent carbon, hydrogen, nitro
gen, oxygen, sulfur, nickel and vanadium in the asphaltene 
sample. 

6. The method ofclaim 1, further comprising, prior to step 
( c ), determining the architecture of the asphaltene sample, 
wherein the architecture is either rosary, island or a combi
nation thereof. 

7. The method of claim 1, wherein step (b) further 
comprises determining the presence and quantity of pyri
dine, pyrrole, sulfoxide and thiophene in the asphaltene 
sample. 

8. The method of claim 7, wherein the developed catalyst 
system has a component capable of breaking the bonds of 

The structure having the lowest total energy was then 
selected. For the Canadian oil asphaltene, structure 5 was 
identified as the lowest energy structure: 

Using the elucidated structure, potential bonds to be 
broken during the catalytic reaction were identified. Possible the pyridine, pyrrole, sulfoxide and thiophene. 



5 

10 

15 

20 

25 

30 

35 

40 

US 10,287,510 B2 

27 	 28 


. 9. The method of claim 1, wherein the functional groups 
m the asphaltene sample are determined in step (b) by x-ray 
photoelectron spectroscopy. 

10. The method of claim 1, wherein the aromatic core size 
of the asphaltene sample is determined in step (b) by Raman 
spectra. 

11. The method of claim 1, wherein step (b) further 
comprises identifying the chemical bonds in the asphaltene 
sample from absorption bands using Fourier Transform 
Infrared analysis. 

12. The method of claim 1, further comprising subjecting 
the asphaltene sample to elemental analysis. 

13. The method of claim 1, further comprising assessing 
the aromatic content, aliphatic content and side chain con
tent of the asphaltene sample by solid state nuclear magnetic 
resonance lH and 13C (NMR). 

14. The method of claim 13, further comprising, in 
conjunction with 1_3C, determining the presence of ----CH3, 
-CH2 and --CH m the asphaltene sample by Distortionless 
Enhancement by Polarization Transfer. 

15. The method of claim 1, wherein step (b) further 
co~pri~es determining chains of the asphaltene sample by 
subJectmg the asphaltene sample to heteronuclear single 
quantum correlation. 
. 16. The method of claim 1, further comprising determin
mg the molecular weight distribution of the asphaltene 
sample by subjecting the asphaltene sample to Laser Des
orption/Ionization Molecular Weight Determination. 

17. A method of catalytically breaking asphaltene mac
romolecules in a fluid into smaller molecules with a catalyst 
system, the method comprising: 

(a) collecting a fluid sample containing the asphaltene 
macromolecules, the asphaltene macromolecules hav
ing an aromatic core; 

(b) identifying one or more target structures 	of the aro
matic core of the asphaltene macromolecules by sub
jecting the fluid sample to elemental analysis, NMR 
spectra, Raman spectroscopy and X-ray photoelectron 
spectroscopy; 

(c) determining the free energy of the one or more target 
structures of the aromatic core using a Hartree-Fock 
method and identifying oxygen, sulfur and/or nitrogen 
in the one or more target structures; 

(d) identifying the aliphatic and functional groups of the 
asphaltene sample by subjecting the fluid sample to 
FTIR, X-ray photoelectron spectroscopy and NMR; 

(e) 	 identifying probable molecular structures of the 
asphaltene macromolecules by geometric optimization 
analysis using Hartree-Fock and 6-31G* basis set· 

(f) 	selecting a catalyst system from a catalyst inven~ory 
capable of breaking the bonds of the asphaltene mac
romolecules; and 

(g) breaking the bonds of the asphaltene macromolecules 
with the selected catalyst. 

18. A method of breaking the chemical bonds of an 
asphaltene macromolecule with a catalyst system, the 
method comprising: 

(a) collecting a fluid sample containing the asphaltene 
macromolecule, the asphaltene macromolecule having 
an aromatic core; 

(b) identifying potential structures of the aromatic core of 
the asphaltene macromolecule by subjecting the fluid 
sample to elemental analysis, NMR spectra, Raman 
spectroscopy and X-ray photoelectron spectroscopy; 

(c) estimating the free energy of the identified potential 
structures of the aromatic core of the asphaltene mac
romolecules using Hartree-Fock; and 

(d) identifying the aliphatic and functional groups of the 
asphaltene macromolecules by subjecting the collected 
fluid sample to FTIR, X-ray photoelectron spectros
copy and NMR; 

(e) identifying potential structures of the asphaltene mac
romolecules based on the identified potential structures 
of the aromatic core of step (b) and the identified 
aliphatic and functional groups of step ( d); and 

(f) approximating the probability of a molecular structure 
of the asphaltene macromolecules by applying Hartree
Fock to the identified potential structures of step ( e) and 
determining the free energy of each of the probable 
molecular structures; 

(g) selecting 	a catalyst system based on the probable 
structu~e of step (f) having the lowest free energy; and 

(h) breakmg down the asphaltene macromolecules into 
smaller molecules with the selected catalyst. 

* * * * * 
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