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ABSTRACT: The solubility of CO in heavy oils is an important
parameter for designing and optimizing the partial upgrading
process of heavy oil under CO/syngas and water. To study the
structure−solubility relationship of CO dispersion in organic
liquids, the solubility of CO in hydrocarbons (n-hexane, n-octane,
n-hexadecane, cyclohexane, toluene, and 1-methylnaphthalene),
petroleum distillates, and residues from Canadian oil sand bitumen
was measured at different temperatures and pressures. The
dispersion behavior of CO in different molecules was simulated
by the molecular dynamics calculation. The role of water on CO
dispersion in these systems was also explored. Experimental data
show that the increase of both paraffinic chain length and aro-
maticity of molecules could hinder the dissolution of CO. By theoretical calculation, it is found that n-hexadecane and
1-methylnaphthalene present the strongest self-aggregation tendency, resulting in the low interaction with CO. The intermolecular
forces of hydrocarbons appear to be the key factor determining the CO solubility. The dissolved H2O molecules could weaken the
intermolecular forces of hydrocarbons and thus increase the CO solubility. Based on the model system study, the solubility of CO in
complex petroleum distillates and heavy residues is rationalized by their molecular composition, which is mainly dependent on the
relative proportion of paraffins to aromatics.

1. INTRODUCTION
The extremely high viscosity and low mobility of heavy oil make
it unable to be transported by pipeline or shipment and pose
great challenges to the refining process.1 As the petroleum
supply is becoming heavier and inferior, reducing the viscosity of
heavy oil has been a hot spot in both upstream and downstream
petroleum industry. Partial upgrading has achieved great
attention due to its low capital and operation cost, as well as
potentiality to reduce the amount of diluents during the dilution
process and avoid high-cost full upgrading.2 When the exploited
heavy oil is presented as emulsions through hot water extraction
or steam injection, further demulsification and water/oil
separation are needed prior to partial upgrading.3 Ng and her
research group have proposed a single-stage process coupling
the emulsion separation and partial upgrading by capturing the
highly active in situ hydrogen produced from the water−gas shift
reaction (WGSR).4−6 This novel process is of great interest for a
more efficient and economical partial upgrading of heavy oil.
Typically, heavy oil upgrading with CO and water involves

the liquid oil phase, liquid water phase, gas phase, and solid
catalyst phase. This could lead to high interphase mass transfer
resistance.7 As illustrated in Figure 1, it can be expected that the
WGSR occurring in the heavy oil phase would benefit the
efficient transferring of in situ hydrogen to heavy oil molecules to
some extent. Generally, the molar amount of CO is far lower
than that of water, indicating that CO acts as the reactant

controlling the rate of WGSR. Therefore, knowledge of the
solubility of CO in heavy oil and its fractions is crucial for
analyzing the efficiency of in situ hydrogen usage. Additionally,
the solubility data are particularly important for understanding
the phase equilibrium, establishing the kinetic model of WGSR
and hydrogenation, as well as designing and optimizing the
upgrading process.8

The solubility information of CO in model hydrocarbons is
available in the field of Fischer−Tropsch synthesis.9 Srivatsan
et al.10 and Gao et al.11 have measured the solubility of CO in
heavy normal paraffins. Park et al.12 and Jaúregui-Haza et al.13

reported the solubility data of CO in aromatic hydrocarbons.
For CO in cyclohexane, the solubility could be found in the
study by Gao et al.14 The CO solubility experimental measure-
ment in complex heavy oils and heavy fractions is scarcely
reported compared with that in model compounds and light
fractions. This could be challenging due to their high viscosity
and thermal instability at elevated temperatures and pressures as
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well as a lack of an accurate and simple determination method.15

It is the same case for hydrogen solubility measurement in heavy
oil.16−19 Wang and his group have developed a modified direct
method to measure hydrogen solubility and have successfully
applied it in heavy residues, which provided an efficient method
to measure CO solubility in heavy oils.20 Most of the previous
researches mainly aimed at the experimental measurement and
predictivemodel development for solubility estimation.9−14,21,22

There is still a lack of systematic study to deal with the influence
of intrinsic structures on the CO dissolving behavior at the
molecular level. In recent years, molecular dynamics simulation
has been an important technique to explore the microdiffusion
behavior of gases in liquids.23−26 By combining the experimental
study and molecular dynamics simulation, the effect of under-
lying fundamental interactions on the macroscopic dispersion
property of CO in different molecules can be explored. On these
bases, the solubility of CO in different complex heavy oils could
be better understood.
In this work, the solubility of CO in different alkanes, cyclo-

alkanes, and aromatics at different temperatures and pressures is
measured by the modified method previously reported.20 The
influence of molecular structures on CO solubility is explained
by the molecular dynamics simulation. Finally, the CO solubility
in different heavy oil distillates and residues is then examined
and discussed in terms of the molecular structures. The effect of
water on the CO solubility in hydrocarbons and complex heavy
oil fractions is also explored.

2. EXPERIMENTAL SECTION

2.1. Materials. The description of the chemicals, including
chemical names, molecular formula, CAS registry number,
purity, and chemical source of the supplier, is summarized in
Table 1. Different distillates and heavy residues were separated
from Canadian oil sand bitumen (a typical heavy oil, HO) by

true boiling point distillation, including gasoline (bp < 453 K,
FA), diesel (bp 453−623 K, FB), vacuum gas oil (bp 623−693
K, FC), atmospheric residue (bp > 623 K, AR), and vacuum
residue (bp > 693 K, VR). Main properties of these heavy oil
fractions were listed in Table 2. The density was measured with a
pycnometer at 293 K. The viscosity was measured using a
capillary tube viscometer at 323 and 393 K. Determination of the
average molecular weight was conducted on a Knauer K-7000
vapor-pressure osmometer. Elemental composition was deter-
mined using a Vario EL III elemental analyzer from Elementar
Company. The SARA analysis was performed by the method
described in previous literature.27 The hydrocarbon analysis of
FA was finished by a CP-3800 GC equipment, while that of FB
and FC was obtained using an Agilent 7890B-5977 GC
equipment.

2.2. Measurement of CO Solubility in Feedstocks. The
solubility of CO was measured in the modified apparatus
previously reported by Ji et al.,20 which is briefly described here.
About 80 g of degassed feed liquid was loaded into a 300 mL
autoclave. After purging with CO three times to remove air as
much as possible, the autoclave was heated to the given temper-
ature and charged with a certain pressure of CO. Then, stirring
was carried out and the pressure started to drop due to the
diffusion of CO into the liquids. Due to the high viscosity of
heavy residue, when measuring the CO solubility, the mixture of
heavy residue and water was stirred for an adequate time (about
1 h) at the given temperature. The pressure in the autoclave was
monitored in real time using the pressure gauge with a precision
of ±0.001 MPa. When the pressure became unchanged, the
stirring was stopped and the autoclave was allowed to stand still
for an adequate time to ensure that the bubbles escaped com-
pletely. In this case, the equilibrium was established. Subse-
quently, about 2 g of the sample was taken into the sampling
flask. The dissolved CO would escape out and pressurize the

Figure 1. Phase analysis in heavy oil upgrading with CO and water.

Table 1. Specifications of the Chemicals Used in This Work

chemical name molecular formula CAS no. purity provided by the supplier (mass fraction) source

n-hexane C6H14 110-54-3 99.7% Xilong Chemical Co., Ltd., China
n-octane C8H18 111-65-9 99.7% Xilong Chemical Co., Ltd., China
n-hexadecane C16H34 544-76-3 99.7% Xilong Chemical Co., Ltd., China
cyclohexane C6H12 110-82-7 99.7% Xilong Chemical Co., Ltd., China
toluene C7H8 108-88-3 99.7% Xilong Chemical Co., Ltd., China
1-methylnaphthalene C11H10 90-12-0 99.7% Xilong Chemical Co., Ltd., China
carbon monoxide CO 630-08-0 99.99% Tianyuan Gas Manufacturing Co., Ltd., China
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distillated water from the surge flask into the volumetric
cylinder. When the sampling flask was cooled to room tem-
perature, the volume change of the water in the volumetric
cylinder was obtained by adjusting the liquid levels in the
measure system. The volume of CO dissolved in the sample
could be calculated after deducting the volume of the liquid
sample. Taking CO as an ideal gas, the solubility of CO can be
obtained based on the state equation. The vapor pressure of feed

liquids was simultaneously measured to estimate the partial
pressure of CO during the procedure, referenced from Ji et al.20

The measurement accuracy of CO solubility in model
compounds was evaluated by comparing the result in ethanol
with the available data reported by previous researchers.21

Results were shown as supporting information in Figure S1. It
can be seen that the solubility of CO in ethanol by the modified
method agrees well with the data in the literature with a

Figure 2. Simulation snapshots of CO−hydrocarbon systems. (a) 107 n-hexane, (b) 65 n-octane, (c) 41 n-hexadecane, (d) 110 cyclohexane, (e) 100
toluene, and (f) 65 1-methylnaphthalene.

Table 2. Main Properties of the Feed Heavy Oil Fractions

sample FAa FBb FCc HOd ARe VRf

density at 293 K, g/cm3 0.7118 0.8916 0.9566 1.008 1.009 1.013
viscosity at 323 K, mm2/s 1.68 5.19 41.8
viscosity at 393 K, mm2/s 122 523 5322
molecular weight, g/mol 232 283 319 520 782 1403

Elemental analysis
C, wt % 85.68 85.74 85.81 84.02 83.66 84.87
H, wt % 12.78 12.65 11.66 10.42 10.39 10.18
S, wt % 1.24 1.48 2.32 4.86 5.12 4.02
N, wt % 0.06 0.09 0.10 0.38 0.63 0.81
O, wt %g 0.24 0.04 0.11 0.32 0.20 0.12
H/C atomic ratio 1.79 1.77 1.63 1.51 1.49 1.44

SARA composition
saturates, wt % 64.86 35.12 25.26 19.35
aromatics, wt % 34.70 40.81 40.23 38.99
resins, wt % 0.44 21.51 25.82 29.67
asphaltenes, wt % 0 2.56 8.69 11.99

aGasoline (bp < 453 K). bDiesel (bp 453−623 K). cVacuum gas oil (bp 623−693 K). dTypical heavy oil (Canadian oil sand bitumen).
eAtmospheric residue (bp > 623 K). fVacuum residue (bp > 693 K). gThe oxygen content is obtained by the subtraction method.
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deviation within ±5%. The CO solubility in selected model
hydrocarbons was measured at least three times, and the error is
limited to within ±5%. The standard deviation in complicated
heavy oil fractions has been presented along with the data.
2.3. Molecular Simulation Method. In this work,

molecular dynamics simulations were performed using the
Material Studio 7.0 simulation package. First, the molecules of
CO and hydrocarbons were constructed and then the Forcite
geometry optimization was carried out. The Smart algorithm
was set for the preliminary optimization step. Second, the
molecular boxes of 2000 CO and certain numbers of different

hydrocarbons with the same mass were created by the
amorphous cell. The size of the boxes was dependent on the
number ofmolecules. Then, the simulation box of COmolecules
and that of hydrocarbon molecules were placed in the same
simulated space with a thickness of 20 Å, and a certain vacuum
lamella with a thickness of 5 Åwas set between them, as shown in
Figure 2. These systems were subsequently subjected to energy
minimization by Forcite geometry optimization to get a stable
structure. The algorithm was set to be the steepest descent
method. The optimized systems were equilibrated in NVT
simulation and NPT simulation successively. The NHL ther-
mostat and Berendsen barostat were applied to control the
temperature of NVT simulation and the pressure of NPT
simulation with random initial velocities and a time step of 1.0 fs.
The total time of NVT simulation and that of NPT simulation
were 100 and 300 ps, respectively. The force field was selected as
COMPASS, and the summation method was set to be the Ewald
model. The variations of energies and temperature versus time
during NVT and NPT simulation for the systems in the present
work indicate that the energies during NVT simulation vary
within ±100 kcal/mol while the temperature during NPT
simulation varies within±10 K, which means that the simulations
have been equilibrated. The typical result for the 2000 CO + 107
n-hexane system versus time is shown in Figure S2 as supporting
information.

3. RESULTS AND DISCUSSION

3.1. CODissolution in Different Hydrocarbons. Figure 3
shows the solubility of CO (S) dissolved in model hydrocarbons
with the change of pressure (P) at 323 and 373 K. It is obvious
that the solubility of CO in alkanes, cycloalkanes, and aromatics
increases linearly with the pressure increasing. The high
temperature also facilitates the dissolution of CO. The rise of
solubility with pressure is faster at a relatively higher temper-
ature. The dissolution of CO implies the intermolecular
interaction of CO with hydrocarbons. Since the CO molecule
has a low dipole moment of 0.10, the main van der Waals force

Figure 3. Solubility of CO versus pressure in model hydrocarbons at
323 and 373 K. (a) n-hexane, n-octane, and n-hexadecane and (b) n-
hexane, cyclohexane, toluene, and 1-methylnaphthalene.

Figure 4. The simulated configurations of 2000 CO molecules and certain numbers of hydrocarbons. (a) 107 n-hexane, (b) 65 n-octane, (c) 41 n-
hexadecane, (d) 110 cyclohexane, (e) 100 toluene, and (f) 65 1-methylnaphthalene.
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within hydrocarbon molecules, CO molecules, and between
hydrocarbon and CO molecules is the London force. High
pressure could decrease the distance between hydrocarbon and
CO molecules, resulting in stronger London force, as stated by
Yang et al.28−31 When more CO molecules are pushed into the
hydrocarbons, the distance within hydrocarbon molecules can
be increased and weaker London force can be expected, which
benefits COmolecules to get into the liquid phase. Consequently,
a higher solubility is observed at a higher pressure. As temperature
increases, the increased distance between CO and hydrocarbon
molecules could block the diffusion of CO, while the increased
distance within hydrocarbon molecules could favor the intra-
molecular interaction of CO. Unlike CO2 dissolution in organic
liquids,28−31 the positive role of temperature appears to exceed the
negative one for CO dissolution.
Under the same conditions, the solubility of CO in n-alkanes

decreases with the length of carbon chain increases. This suggests
that the long paraffinic side chain hinders the intramolecular
interactions with CO. The solubility of CO decreases in the order
of n-hexane > cyclohexane > toluene >1-methylnaphthalene. It
indicates that the solubility of CO in aromatics tends to be lower
than that in naphthenic and paraffinic hydrocarbons. Further-
more, a rise of the aromaticity of hydrocarbons restrains the
dissolution of CO. The effect of pressure on the solubility of CO
in n-alkanes with a smaller carbon number is much stronger.
To further reveal the relationship between the inherent

molecular structures of hydrocarbons and the CO solubility, the
dispersion property of CO in hydrocarbons was tentatively
studied through a molecular dynamics simulation approach.

Figure 4 displays the simulated configurations of 2000 CO
molecules and certain numbers of hydrocarbons with the same
mass. Results show that CO molecules diffuse sufficiently in
n-hexane and n-octane. Meanwhile, n-hexadecane exhibits
aggregated structures in the CO + n-hexadecane system
obviously. This could be rationalized by the stronger London
forces of linear alkane molecules with longer alkyl chains.29

In contrast, cyclohexane molecule with the shape of a chair or
boat and aromatic molecules with a ring show a larger surface
area of contact than the linear alkane molecules. Meanwhile, the
polarizability of cyclohexane and aromatics is stronger. There-
fore, the London forces within cyclohexane and aromatics are
stronger.28 This is the reason why an obvious aggregation
behavior can also be observed for the aromatics and tends to be
more distinct as the aromaticity becomes much higher. It clearly
indicates that the diffusion of CO is restricted by the hydro-
carbon molecules with longer alkyl side chains and higher
aromatic moieties, which is well supported by the above solubility
measurements.
Figure 5 shows the radial distribution function (RDF) of

CO−COmolecules, hydrocarbon−hydrocarbonmolecules, and
CO−hydrocarbon molecules at 300 K and 1 MPa. A peak of
RDF of CO−CO molecules lower than 1.3 is found at a radius
(r) of about 0.50 nm that is slightly higher than the diameters
of CO molecules. This suggests the CO molecules are shown
as aggregates with a very low aggregation degree in CO +
hydrocarbons systems. The RDF of hydrocarbon−hydrocarbon

Figure 5.RDF of different molecules at 300 K and 1MPa. (a) CO−CO
molecules, (b) hydrocarbon−hydrocarbon molecules, and (c) CO−
hydrocarbon molecules.

Figure 6. RDF of molecules in toluene + CO at 300 K under different
pressures. (a) CO−COmolecules, (b) toluene−toluenemolecules, and
(c) CO−toluene molecules.
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molecules displays a distinct peak at r of around 0.55 nm,
indicating that the hydrocarbon molecules are strongly aggre-
gated. n-Hexane and n-octane present the lowest aggregation
degree, while the aggregation of n-hexadecane and 1-methyl-
naphthalene is strongest, consistentwith the London forces within
these molecules. The aggregation behavior could prevent CO

molecules from interacting with hydrocarbonmolecules. The RDF of
CO−n-hexadecane and CO−1-methylnaphthalene molecules shows
no peak, which further confirms that the interaction betweenCO and
these two hydrocarbons is relatively weaker.
Figure 6 shows the RDF of CO−CO molecules, hydro-

carbon−hydrocarbon molecules, and CO−hydrocarbon mole-
cules at 300 K under different pressures for the CO + toluene
system. The corresponding results for other CO + hydrocarbon
systems are presented in Figures S3, S4, and S5 as supporting
information. As can be seen, the RDF of CO−CO molecules,
toluene−toluene, and CO−toluene decreases with pressure
increasing, among which the decrease of the RDF of toluene−
toluene molecules is the most significant. It indicates that the
aggregation of molecules is impeded by high pressure. When
more CO molecules are pushed into the toluene molecules, the
self-aggregates of toluene molecules are remarkably disinte-
grated, which can conversely facilitate the CO dissolution. The
same tendency can be observed for n-octane, n-hexadecane,
cyclohexane, and 1-methylnaphthalene. It appears that the self-
aggregation of n-hexane molecules is little affected by altering
the pressure. This could be attributed to its low self-aggregation
degree and the limitation of pressure effect. On the whole, for
CO + hydrocarbon systems, it is the COmolecules that disperse
in the hydrocarbon molecular aggregates. The aggregation
property of hydrocarbon molecules appears to be the key factor
determining the CO solubility.

3.2. Role of Water in CO Dissolution in Model
Hydrocarbons. Figure 7 shows the solubility of CO in different

Figure 7. Solubility of CO versus pressure in model compounds with
different amounts of water at 323 K. (a) n-hexane, (b) n-octane, (c)
toluene, and (d) 1-methylnaphthalene.

Figure 8. RDF of molecules in n-hexane + CO + water at 300 K. (a)
H2O−H2O molecules, (b) CO−H2O molecules, and (c) n-hexane−
H2O molecules.

Figure 9. RDF of molecules in n-hexane + CO + water at 300 K. (a)
CO−CO molecules, (b) n-hexane−n-hexane molecules, and (c) CO−
n-hexane molecules.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03060
ACS Omega 2021, 6, 23317−23328

23322

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03060/suppl_file/ao1c03060_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03060?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hydrocarbons at 323 K with different amounts of water. As can
be seen, there is an apparent increase of CO solubility when
water is added into the hydrocarbon. Since the solubility of CO
in water is much lower, this result implies that there is synergism
on CO dissolution between hydrocarbon and water.32

The synergism is not shown to be promoted with more water
added, which might be restricted by the solubility of water in
hydrocarbons. It can be inferred that the synergism could be
mainly ascribed to the dissolved water in the hydrocarbons. The
same observation has also been reported by Karandikar et al.33

The above results suggest that the water in the exploited oil
benefits the dissolution of CO during thermal upgrading under
CO/syngas and water.
The effect of water on the dispersion property of CO in

n-hexane and 1-methylnaphthalene is further studied by
molecular dynamics simulation. The number of H2O molecules
was determined to be 78 based on the 15 wt % of the 107
n-hexane. Figure 8 displays the RDF of H2O−H2O molecules,
CO−H2O molecules, and n-hexane−H2O molecules in the
CO + n-hexane + water system. The corresponding RDF of
CO−CO molecules, n-hexane−n-hexane molecules, and CO−
n-hexanemolecules is shown in Figure 9. As can be seen from the
sharp peak of the RDF of H2O−H2Omolecules, H2Omolecules
are strongly aggregated with each other due to the high van der
Waals forces (mainly dipole−dipole force) and hydrogen bonding
forces. There is no obvious aggregation of H2O molecules with
CO molecules, suggesting a low interaction between them.

Thereby, the addition of H2O molecules has little effect on the
weak aggregation of COmolecules. In contrast, a peak of RDF of
n-hexane−H2O molecules around 2.5 is observed, which means
that H2O molecules are aggregated with n-hexane molecules. It
can be expected that the self-aggregation of n-hexane molecules
is weakened by H2O molecules, which is well demonstrated by
the decline of the peak of RDF of n-hexane−n-hexanemolecules.
As a consequence, the interaction of CO with n-hexane can be
improved, as evidenced by the obvious increase of the peak value
of RDF of CO−n-hexane molecules. Correspondingly, the CO
solubility is increased by the addition of water.
The variation of CO dispersion in 1-methylnaphthalene with

different numbers of H2Omolecules is also studied. The number
of H2O molecules was determined to be 51, 102, and 255 based
on the 10, 20, and 50 wt % of the 65 1-methylnaphthalene.
Figure 10 shows the RDF of H2O−H2O molecules, CO−H2O
molecules, and 1-methylnaphthalene−H2O molecules. The
corresponding RDF of CO−CO molecules, 1-methylnaphtha-
lene−1-methylnaphthalene molecules, and CO−1-methylnaph-
thalene molecules is presented in Figure 11. The same trend can
be found for the role of water on the dispersion of CO in
1-methylnaphthalene as that in n-hexane, which mainly lies in the
breakage of 1-methylnaphthalene self-aggregates. When more
H2O molecules exist, the peak of RDF of 1-methylnaphthalene−
H2Omolecules is reduced significantly. The position of the peak is
shifted to the higher part, indicating that the 1-methylnaph-
thalene−H2O aggregate becomes larger. This can be rationalized

Figure 10. RDF of molecules in 1-methylnaphthalene + CO + water at
300 K. (a) 1-methylnaphthalene−H2O molecules, (b) CO−H2O
molecules, and (c) H2O−H2O molecules.

Figure 11. RDF of molecules in 1-methylnaphthalene + CO + water
at 300 K. (a) CO−CO molecules, (b) 1-methylnaphthalene−
1-methylnaphthalene molecules, and (c) CO−1-methylnaphthalene
molecules.
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by the larger aggregates of H2O−H2O molecules. It can be
predicted that the weakening effect of H2O molecules on
1-methylnaphthalene self-aggregation becomes lower gradually,
as proved by the increase of RDF of 1-methylnaphthalene−
1-methylnaphthalene molecules with a greater number of H2O
molecules added. The interaction of CO with H2O and
1-methylnaphthalene is still low. Overall, it is concluded that
the promotion of H2O on CO dispersion in hydrocarbon mainly
originates from the strong interaction of the H2O aggregate with
the hydrocarbon molecule aggregate.
3.3. CO Dissolution in Heavy Oil Fractions. The

solubility of CO in FA, FB, and FC from Canadian oil sand
bitumen was measured at temperatures from 323 to 423 K
and pressures up to 10 MPa. The data are listed in Table 3.
Consistent with the analysis result by model compounds, the
solubility in these heavy oil fractions increases with pressure and
temperature increasing. The variation of solubility as a function
of pressure at 423 K is depicted in Figure 12 as an example.
Under the same experimental conditions, the solubility of CO
follows the order of FA > FB > FC. The solubility of CO in FA is
extremely higher than the others. As seen from Table 2, FA
presents the highest H/C atomic ratio and lowest molecular
weight. It indicates that FA is the least aromatic fraction. This is
in good agreement with the hydrocarbon composition of these
fractions as shown in Figure 13. The paraffin and naphthene
contents in FA can be as high as 68 and 23 wt %, respectively,
while the portion of aromatics is only 6.7 wt %. Since the
paraffins and naphthenes facilitate the diffusion of CO, their high

amount could significantly contribute to the high solubility of
CO in FA. FB comprises more paraffins and naphthenes than
FC, which could improve the CO dissolution. Meanwhile, the
aromatic hydrocarbons in FC are of higher amount and more
condensed than those in FB. This could hinder the CO
dissolution in FC. During the partial upgrading process with CO
and water, the increase of CO solubility can be expected as the
hydrogenation of heavy oil proceeds.
The solubility of Canadian oil sand bitumen and that of its

residues were simultaneously measured at temperatures ranging
from 473 to 573 K and pressure up to 10 MPa, with results
shown in Table 4. Figure 14 compares the solubility of CO in
these feedstocks and FC as a function of pressure at 473 K.
Results indicate that the order of CO solubility is FC >HO>AR
> VR. This can be attributed to the decrease of the amount of
saturates when the boiling range of heavy oil becomes higher.
The ratio of saturates to aromatic fractions has decreased from
1.85 for FC to 0.54 for HO and even 0.24 for VR. The extensive
aromatic structures mainly restrict the interaction between CO
molecules and heavy residue molecules. Due to the presence of
light distillates, heavy crude oil performs the highest solubility of
CO. It can be inferred that recycling certain heavy oil fractions
could improve the solubility of CO. Furthermore, these heavy oil
fractions contain a portion of nitrogen, sulfur, and oxygen as
shown in Table 2. The heteroatoms could contribute to the
intermolecular forces of molecules by altering the polarizability
and distortability and definitely affect the CO solubility. According
to the present study, it seems that the solubility of CO in different

Table 3. Solubility of CO in Heavy Oil Distillates

FAa FBb FCc

T (K) P (MPa) S (mol/kg) P (MPa) S (mol/kg) P (MPa) S (mol/kg)

323 2.17 0.2286 ± 0.0160 2.04 0.1151 ± 0.0030 2.43 0.1089 ± 0.0020
4.25 0.4260 ± 0.0036 4.18 0.2368 ± 0.0118 4.23 0.1897 ± 0.0064
6.09 0.5646 ± 0.0059 5.93 0.3370 ± 0.0210 6.32 0.2838 ± 0.0052
8.15 0.7249 ± 0.0035 8.32 0.4764 ± 0.0181 8.16 0.3763 ± 0.0095
10.0 0.9138 ± 0.0126 9.80 0.5787 ± 0.0248 10.0 0.4711 ± 0.0093

373 2.04 0.2475 ± 0.0158 2.53 0.1537 ± 0.0033 2.16 0.1158 ± 0.0047
4.06 0.4869 ± 0.0082 4.14 0.2532 ± 0.0120 4.22 0.2432 ± 0.0129
6.02 0.7033 ± 0.0164 6.16 0.3839 ± 0.0019 5.77 0.3279 ± 0.0004
8.25 0.9755 ± 0.0139 8.25 0.5278 ± 0.0002 8.09 0.4584 ± 0.0270
9.76 1.125 ± 0.0363 10.1 0.6428 ± 0.0255 10.4 0.6110 ± 0.0167

423 2.43 0.3276 ± 0.0042 2.25 0.1493 ± 0.0038 2.27 0.1323 ± 0.0013
4.39 0.5824 ± 0.0159 4.20 0.2840 ± 0.0015 3.99 0.2464 ± 0.0091
6.23 0.8117 ± 0.0193 6.13 0.4275 ± 0.0023 5.91 0.3651 ± 0.0034
8.16 1.060 ± 0.0455 8.32 0.5773 ± 0.0167 8.02 0.4936 ± 0.0126
9.96 1.334 ± 0.0311 9.89 0.6965 ± 0.0216 9.89 0.6251 ± 0.0042

aGasoline (bp < 453 K). bDiesel (bp 453−623 K). cVacuum gas oil (bp 623−693 K).

Figure 12. Solubility of CO in heavy oil distillates versus pressure at 373K. Figure 13. Hydrocarbon composition of FA, FB, and FC.
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heavy oil fractions can be simply compared by analyzing the group
or hydrocarbon-class composition. In addition, the partial
upgrading of heavy oil with CO and water involved the solid
catalyst phase. As studied by Cai et al.,34 the different solid
additives including hydrotreating catalysts could raise the
apparent solubility of hydrogen in petroleum fractions. There-
fore, the impact of solid additives is worth studying in future
works to enhance the CO dispersion and dissolution. Figure 15
shows the effect of water on the solubility of CO in AR at 473 K.
It can be clearly seen that water could promote the CO
dissolution in AR. The extent of promotion might be limited by
the solubility of water in AR, indicating that the soluble water in
AR is the promoter for CO dissolution.

4. CONCLUSIONS
The structure−solubility relationship of CO dispersion in
organic liquids was explored. The dispersion behavior of CO
in different molecules was simulated by the molecular dynamics
calculation. The role of water on CO dispersion in these systems
was also studied. Experimental data show that the increase of
both paraffinic chain length and aromaticity of molecules could
hinder the dissolution of CO. By theoretical calculation, it is
found that n-hexadecane and 1-methylnaphthalene present the
strongest self-aggregation tendency, resulting in the low
interaction with CO. The intermolecular forces of hydrocarbons
appear to be the key factor determining the CO solubility. The
dissolved H2O molecules could weaken the intermolecular
forces of hydrocarbons and thus increase the CO solubility.
Based on the model system study, the solubility of CO in
complex petroleum distillates and heavy residues is rationalized
by their molecular composition, which is mainly dependent on
the relative proportion of paraffins to aromatics.
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