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Abstract: Since 2020, 0.5% limits on the sulfur content of marine fuels have been in effect worldwide.
One way to achieve this value is to mix the residual sulfur and distillate low sulfur components. The
main problem with this method is the possibility of sedimentation instability of the compounded
residual marine fuel due to sedimentation of asphaltenes. In this paper, the application of the UNIFAC
group solution model for calculating the solubility of asphaltenes in hydrocarbons is considered. This
model makes it possible to represent organic compounds as a set of functional groups (ACH, AC,
CHy, CH3), the qualitative and quantitative composition of which determines the thermodynamic
properties of the solution. According to the asphaltene composition, average molecular weight
(450-2500 mol /L) and group theories of solutions, a method for predicting the sedimentation stability
of compounded residual marine fuels was proposed. The effect of the heat of fusion, temperature of
fusion, molecular weight, and group composition on the solubility of asphaltenes in marine fuel has
been evaluated. The comparison of the model approach with the data obtained experimentally is
carried out. The results obtained make it possible to predict the sedimentation stability of the fuel
system depending on the structure and composition of asphaltenes.

Keywords: SARA; GCMS; ternary phase diagrams; TSA; asphaltenes; UNIFAC

1. Introduction

The continuous annual growth of sea freight leads to an increase in air pollution of
sea areas. In 2019, 11 billion tons of freight were transported by sea, which requires about
233 million tons of marine fuel per year [1]. According to the report of the International
Maritime Organization (IMO), 300 million tons of oil are processed into marine fuel an-
nually in the world [2,3]. The IMO is responsible for the development of international
shipping for safety and environmental protection. The latest regulations include the con-
trol of fuel standards and the reduction in carbon, nitrogen and sulfur oxides emissions.
Current restrictions, introduced in 2020, require the reduction in sulfur content in the
fuel to 0.5 wt.% in the open sea and up to 0.1 wt.% in Special Environmental Control
Areas (SECA) [1,4,5]. Now, the shipping industry has several options for the use of low-
sulfur residue marine fuels matching the environmental requirements, including the use of
alternative fuels [1,6,7].

One way to obtain low-sulfur residue marine fuels is selective compounding, i.e., mix-
ing of residual sulfur and distilling low-sulfur components [8,9]. The main problem is
obtaining the sedimentation stability of the compounded residual marine fuel [10,11].
Optimizing the composition of marine fuel is complicated due to the new sulfur content
environmental requirements [1,12,13]. Thus, it forces manufacturers to use potentially
incompatible components in the mixture [14,15]. The instability of marine fuels occurs due
to the mixing of incompatible components because the fuel loses its sedimentation stability
due to the asphaltenes sediment formation. The asphaltenes content in some oil fractions
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can reach 30% or more, which greatly complicates compounding [16-18]. The solubility of
asphaltenes in oils, petroleum products and individual hydrocarbons is not the same and
is significant for the sedimentation stability of residual marine fuels during their storage,
transportation and use [14,19,20]. Usually, asphaltenes are dark brown to black, fluffy
solids with a high molecular weight. Asphaltenes are dispersed in stable hydrocarbon
systems [21-23]. Structurally, asphaltenes contain aromatic rings, alkyl chains with carbon
atoms up to C3, including sulfur in the form of benzothiophene rings and nitrogen in the
form of pyrrole and pyridine; ketones, phenols and carboxylic acids; nickel and vanadium
in porphyrin and nonporphyrin rings [24-27]. Asphaltenes obtained from different hydro-
carbon raw materials have different compositions and structures [28-30], they and show
different solubility parameters in hydrocarbon fuels of constant composition [31-33].

The hydrocarbon composition of the fuel is decisively important for the stability of the
hydrocarbon fuel system [34-36]. In marine fuel rich in aromatic hydrocarbons, asphaltenes
can remain in a dispersed state, and in fuel containing an excessive amount of paraffins, a
sediment may form that hinders the normal operation of the ship’s fuel system [1]. Thus,
the preparation of marine fuels by selective compounding requires knowledge of the
group hydrocarbon composition of the components and the solubility of asphaltenes in
distillate components.

The methods considered in works [37-39] for determining the solubility of asphaltenes
in light hydrocarbons are based on the theories of regular and athermal solutions, as well
as on the application of equations of state. The advantage of these methods is their ease
of use, while the disadvantages include a small number of parameters characterizing the
asphaltene-solvent system and the need to determine the interaction parameters experimen-
tally. In this paper, we consider the application of the group model of UNIFAC solutions
for calculating the solubility of asphaltenes in hydrocarbons. This model represents organic
substances as a set of functional groups, the qualitative and quantitative composition of
which determines the thermodynamic properties of the solution. Therefore, for n-alkane,
two groups are used, CHs and CHj, and for the ethylbenzene molecule, three groups, ACH,
ACCH; and CHj3. The advantage of this approach over the others is that the volumes,
surfaces, and parameters of the intergroup energy interaction of groups are determined in
reliable experiments with pure substances. However, these quantities can be applied to any
molecules that we can build from known groups. So, n-decane contains eight CH, groups
and two CH3. 1,3,5-triethylbenzene consists of three ACH groups, three ACCH, groups
and three CHj groups. This circumstance made this model a powerful tool for solving
various applied problems in the field of two-phase equilibria [40,41].

The purpose of this work is to develop and establish the possibility of using a method
for predicting the sedimentation stability of residual marine fuel based on the use of the
UNIFAC group model.

2. Materials and Methods
2.1. UNIFAC Model Short Description

UNIFAC model divides the substance into separate groups, which are characterized
by their volume and surface area. Additionally, the parameters of groups interacting with
each other, ajj and a jis are introduced, which show the degree of difference in the interaction
of groups i and j in comparison with interactions i-i and j-j. The logarithm of the activity
coefficient is represented as the sum of two summands:

Iny = Iny®m 4 Iny'es. 1)

The first term is called the combinatorial component; the second term is called the
residual component. The combinatorial component depends only on the composition of
the solution and the volume and surface area of the constituent groups. The Staverman-—
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Guggenheim equation is used to calculate the combinatorial component, as in the UNI-

QUAC model:
. 0; '
ln%gomb — ln<4)l> +6.qi-ln(¢li> +1i— % Ex]'lj @)

Xi
where x; is the mole fraction of the component, ¢; and ; are the volume and surface fraction
of the component, respectively, and /; is the bulk factor of the molecule.
The residual part of the activity coefficient includes the energy interactions of the
groups with each other. This part is represented by the sum of the components of the
individual groups that comprise the molecule:

Inyi® = ZU;{ (lan - lnl"l({i>) 3)

where I'y and F]((l) are the residual activity coefficients of group k in the test solution and in
a pure liquid consisting only of substance i.

In this work, a published set of parameters which was obtained based on the processing
of vapor-liquid equilibrium was used [42].

2.2. Description of the Solubility Calculation Algorithm

In the state of equilibrium between the asphaltene solution and its sediment, the
equality is:
Ya-Xa =1 4

Here, “a” refers to asphaltene. However, for solutions of solids (e.g., naphthalene in
hexane) at room temperature, the effect of melting must be taken into account. Asphaltene
(like naphthalene) is a solid under normal conditions. Consequently, during the transition
to a solution, energy is expended to break intermolecular bonds (the heat of fusion). This
energy makes an additional contribution to the asphaltene activity. The simplest way to
account for this contribution is the classical Schroeder equation for the “solid component—
solution” equilibrium. According to it, the additional contribution to the activity of the
solute is calculated by Equation (5):

AH
In(7a-xa) = _Tf (; - ;f) ©)

where AHy is the heat of fusion of asphaltene, T is the system temperature, Ty is the
temperature of fusion of asphaltene, and R is the gas constant.

This equation is the basis for calculations. The right side of Equation (5) does not
depend on the composition, while the left side obviously depends on it.

If the mole fraction of asphaltene in solution is gradually changed from zero to 1,
then the point of equality of both parts can be found (if it exists). A smooth change in the
composition of the solvent will correspond to a smooth change in the molar fraction of
asphaltene. Thus, it is possible to construct a solubility isotherm.

2
AH
SD = <l?l(’)/,1~xa) + Tf (;1 - %‘)) (6)

Calculation of the asphaltene solubility in one solvent was carried out by dividing the
segment in half. At each calculated point, the asphaltene activity coefficient was calculated
according to the UNIFAC model, after which the standard deviation (SD) was calculated
using Equation (6). The calculation continued until SD became less than 10-2°. When
calculating the solubility in two solvents, the solubility in one of the two-phase systems
(in the absence of the third component) was taken as the first point. Then, there was a
movement along the solubility line using the trust region method. The accuracy of the
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calculations was also controlled using SD. All calculations were carried out using the library
in the Python programming language [43].

2.3. Total Sediment Analysis in Residual Marine Fuel

An indicator of the sedimentation stability of residual marine fuel is the total sediment
after aging (TSA), determined according to ISO 10307-2-2009. The TSA was determined for
each point lying inside the triangle, on the sides of the triangle and for points at the vertices
of the triangle. These points characterizing three-component system, two-component
system and pure hydrocarbons, respectively.

With a step of 10 wt.% at each point of the three-component phase diagram, the indi-
cator “total sediment after aging” was determined, which characterizes the sedimentation
stability of the fuel. Stability line shows sedimentation stability limit of the system, below
which the asphaltenes coagulate and precipitate.

3. Results and Discussion
3.1. Demonstration of the Group Approach on Some Model Systems

As an illustration of the applicability of the UNIFAC model to the calculation of
solubility in hydrocarbon systems, this method was tested in calculating the polyaromatic
hydrocarbons (naphthalene, anthracene, and pyrene) solubility in hexane, heptane, toluene,
and benzene. The choice of solvents and substances was determined by the similarity of
solvents with the main components of marine fuels, and polyaromatic compounds with
asphaltenes. In addition, there is extensive literature data on these examples.

The results of calculating the solubility of polyaromatic compounds in various solvents
are shown in Table 1. The data on heats and melting points were taken from the NIST
Chemistry webbook database. Overall, 10 calculated values differ from the experimental
ones by no more than 10%; in 7 more cases, the discrepancy lies in the range of 10-20%,
and the divergence in the range of 20-90% occurs in 4 cases. However, even in these cases,
the calculated and experimental solubilities are one order of magnitude. In general, one
can note a very good level of agreement between the calculated and experimental values of
the solubility of polyaromatic compounds.

Table 1. Calculated and experimental values of solubility (mole fractions) of PAHs in hydrocarbons
at various temperatures.

Experimental .
Solvent Solute Temperature, K Value (EXP), Mole Esun;/‘[‘:;g ;‘aalcl;ieo(: LE), % 100, %
Fraction
298.00 3.1 x 1071 [44] 29 x 1071 5.7
Naphthalene
328.00 5.4 x 1071 [44] 6.0 x 107! -95
295.00 6.5 x 1073 [45] 59 x 1073 8.5
Anthracene 313.00 1.2 x 1072 [45] 1.2 x 1072 1.7
Toluene 333.00 2.3 x 102 [45] 25 x 1072 -10.8
299.80 2.5 x 1071 [46] 3.0 x 1071 —20.2
Phenanthrene 323.40 4.3 x 1071 [46] 4.8 x 1071 —11.6
355.60 7.7 x 1071 [46] 83 x 107! -89
298.00 1.2 x 1071 [44] 1.4 x 1071 —~16.3
Naphthalene
Hexane 328.00 3.9 x 1071 [44] 45 % 1071 —15.6
Anthracene 298.00 1.3 x 1073 [47] 1.5 x 1073 —-16.2
—1 -1 —
Heptane Naphthalene 298.00 1.3 x 10~ [48] 1.4 x 10 5.9

Anthracene 298.00 1.6 x 1073 [47] 1.6 x 1073 -19
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Table 1. Cont.

Experimental .
Solvent Solute Temperature, K Value (EXP), Mole Estimated Valufa (VLE), YLE_EXP 100, %
. Mole Fraction EXP
Fraction
298.00 3.0 x 1071 [44] 3.0 x 1071 —02
Naphthalene 328.00 6.0 x 1071 [44] 6.0 x 107! —0.1
348.00 9.0 x 1071 [44] 9.0 x 1071 -0.3
298.00 7.1 x 1073 [44] 8.1 x 1073 —13.9
Benzene Anthracene 328.00 1.9 x 1072 [44] 3.6 x 1072 —88.1
348.00 3.3 x 1072 [44] 49 x 1072 —47.5
25.2 ) 114 ) -1 —28.4
Phenanthrene 325.25 4.0 x 1071 [49] 5.1 x 10 8
342.15 5.8 x 1071 [49] 6.8 x 1071 —16.6

3.2. Asphaltenes and Solvents Characterization

It is necessary to know the average molecular weight and group composition of the
asphaltenes to calculate their solubility. The studies of the asphaltenes structure presented in
the literature make it possible to consider them molecules built from a polyaromatic system
with a certain number of saturated hydrocarbon chains [37]. A small number of heteroatoms
(O, N and S) are also present. Table 2 presents data on hydrocarbon (SARA) and elemental
composition for three different origin asphaltene-containing samples. Asphaltenes from
these samples were obtained by precipitation with n-heptane. The average molecular
weight was determined by the cryoscopy method. Benzene was used as a solvent. The
calculation of the average molecular weight of asphaltene was performed according to
Equation (7):

a

Ma = kﬁ (7)

where k is the cryoscopic constant of benzene (5.12 °C), a is the asphaltene concentration in
grams per 1000 g of solvent, AT is the freezing point depression.

Table 2. Elemental and group composition of asphaltenes used in modeling.

Element. wt.% Vacuum Residue Visbreaking Residue Pyrolysis Resins
’ Asphaltenes (VacR) Asphaltenes (VisR) Asphaltenes (PR)
C 82.30 84.00 91.60
H 8.32 7.30 7.05
N 0.82 0.88 0.00
S 474 3.58 0.00
SARA, wt.%
Saturated 14.9 204 79
Aromatic 48.1 42.6 53.5
Resins 21.0 10.4 241
Asphaltenes 16.0 26.6 14.5
Mw, g/mol 1518 2500 450
Brutto formula C104H126NS,O4 C175H183N»5307 Cs4Hj3,
27.67-ACH, 27.67-AC, 56-ACH, 56-AC, 62-CH,, 12.33-ACH, 12.33-AC,

UNIFAC group composition,

47.67-CH,, 1-CHj3 1.CHj 8.33-CHj,, 1-CH3
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Table 2. Cont.

Element, wt.% Vacuum Residue Visbreaking Residue Pyrolysis Resins
PR Asphaltenes (VacR) Asphaltenes (VisR) Asphaltenes (PR)
UNIFAC group composition,  37-ACH, 22-AC, 44-CH,, 76.36-ACH, 16.82-ACH,
k =1.67 (Pyrene) 1.CH 45.82-AC, 10.09-AC,
=AY 3 51.82-CH,, 1-CHj 6.09-CH,, 1-CHj
UNIFAC group composition,  23-ACH, 30-AC, 51-CHy, 56-ACH, 10.36-ACH,
k =0.78 (Ovalene) 1.CH 47.04-AC, 13.32-AC,
- 3 66.48-CH,, 1-CHj 9.32-CH,, 1-CH;

The elemental composition of asphaltenes was determined on a LECO CHN628 ana-
lyzer (Leco Corporation, St. Joseph, MI, USA) [50,51], the sulfur content was determined
on an XRF-1800 (Shimadzu, Japan) X-ray fluorescence analyzer [52,53]. The oxygen content
was calculated by subtraction the total content of other elements from 100%.

The group hydrocarbon composition was determined by SARA analysis, in which oil
products are separated into four solubility groups—saturated, aromatic, resins, asphaltenes
(SARA)—Dby isolating asphaltenes with n-heptane and analyzing maltenes by liquid adsorp-
tion chromatography. The brutto formulas of asphaltenes were calculated by rounding up
to the nearest integer number of moles of each element contained in one mole of asphaltene.
The calculation of the average group composition of asphaltenes within the UNIFAC model
was performed on the estimation that the ratio of the number of ACH and AC groups in the
polyaromatic fragment of the asphaltene molecule is equal to the k number. The remaining
carbons form a side aliphatic chain. This chain necessarily ends with a CHz group, where
one carbon atom and three hydrogen atoms are included. Then, we can write a system of
three equations:

Nac + Nacu + Nemz +1 = Ne
Nach +2Ncu2 +3 = N (8)
ACH:AC=k

where N4c, Nacy and Ncp» are the number of corresponding groups in the asphaltene
molecule, k is the ratio of the number of ACH to AC groups in an asphaltene molecule, Nc
and Ny are total number of carbon and hydrogen atoms in an asphaltene molecule.

Three different values of the k number were used in this work to estimate the influence
of the group composition on the calculations. The first case was an equal number of ACH
and AC groups (k = 1). In the second case, the distribution corresponding to the pyrene
molecule (k = 1.67) was used, where the number of ACH groups is 10, and the AC groups is
6. In the third case, the ovalene molecule (k = 0.78) with the number of ACH groups equal
to 14 and AC equal to 18 was taken. These three cases make it possible to evaluate the
effect of the ratio of groups on the stability of the solubility calculation. Heteroatoms are
not considered at this stage. The group composition was obtained by solving the system of
Equation (8) for each asphaltene with chemical formulas obtained by elemental analysis
from Table 2.

It is clear that asphaltenes differ greatly both in average molecular weight and in the
ratio of aromatic and aliphatic carbon atoms. VacR and VisR samples have rather long alkyl
chains, but the ratio of aliphatic/aromatic groups differs by almost twice. The PR sample
is similar to the VisR sample in aliphatic/aromatic ratio, but its molecular weight is five
times lower. It is clear that one of the goals of modeling should be to study the effect of
molecular weight and the ratio of aliphatic/aromatic groups on the solubility isotherm.

When estimating the melting temperature of asphaltenes, a correlation formula was
used (Figure 1), which was obtained on the basis of linear regression of the dependence
of the melting point of polyaromatic compounds on their molecular weight. Selection
of polyaromatic compounds as references is caused by two factors. First, polyaromatic
compounds are closest to asphaltenes in terms of structure and composition. Secondly,
there is literature data on experimental studies of the PAHs melting point. The use of
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molecular weight as an input parameter follows from its measurement for pure asphaltenes.
Naphthalene, anthracene, phenanthrene, pyrene, fluoranthene, benzo[a]pyrene, perylene,
benzo[e]pyrene, benzo[hy]perylene, coronene, ovalene were used to build the estimated
dependence. While analyzing the molecular weight for the heat of fusion it was found that
with an increase in the molecular weight, the heat of fusion of polyaromatic compounds
fluctuates around 17 kJ/mol. Subsequently, this value will be used as the main one
in calculations.

800—-
700+ T=118.13+1.576xM =
R?=0.877

600

« 5001
% 400
300
200

100

0 T T T T T T T T T T T T T T T T !
0 50 100 150 200 250 300 350 400
M. g/mol

Figure 1. Correlation dependence of the melting point of polyaromatic compounds on their molecular
weight.

Hydrotreated diesel (ULSD) and catalytically cracked light gas oil (LCGO) were chosen
to model the solubility of asphaltenes. Using the GCMS (gas chromatography—mass
spectroscopy) method, it was found that 98 wt.% of ULSD are C14—Cjp( alkanes, and about
75 wt.% of LCGO are aromatic hydrocarbons. It was found that in the aromatic part of both
fractions, the average ratio of aliphatic and aromatic groups is 2:10. The alkane part consists
of aliphatic groups only. In view of the ratios above, the ULSD fraction was found to
contain 97% CH, groups and 3% ACH groups, and the LCGO fraction contained 36% CHj
groups and 64% ACH groups. Based on the average molecular weights, the average group
composition can be calculated: for the ULSD fraction: 2 x CHj3, 13.67 x CHj, 0.47 x ACH
and 0.09 x AC; for the LCGO fraction: 1 x CHjs, 3.41 x CHj, 6.42 x ACH and 1.29 x AC.

3.3. Influence of the Main Characteristics of Asphaltenes on the Simulation Results

First of all, the sensitivity of the model to the changes in the main parameters (molecu-
lar weight, heat and melting temperature of asphaltenes, and their group composition) was
tested. These parameters are either averaged (molecular weight and group composition)
or obtained by extrapolation (temperature and heat of fusion). Solubility isotherms in the
VacR(asphaltene)-ULSD-LCGO system at a heat of fusion of 17 k] /mol and a melting point
of 2510 K were taken as a comparison system.

Figure 2 shows that the heat of fusion of asphaltene has the greatest influence on the
position of the isotherm. The smaller it is, the higher the solubility of asphaltene for any
composition of the solvent, since the contribution from the heat of fusion to the chemical
potential is determined by the value according to Equation (9):

AT-A

Hadd = RTZ”'Yadd = T (9)
0
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1.00

LCGO LCGO

——H=10,000 J/mol . ——T=1510K
——H=17,000 J/mol ' ——T=2510K
H=24,000 J/mol T=3510K

N2

1.00

0.00 0.00

VacR g9 025 050 0.75 100 uULsD  YacR g9 0.25 0.50 0.75 1.00 ULSD

asphaltene

1.00

wt. % ULSD asphaltene wt. % ULSD
a b

Figure 2. Asphaltene solubility at various parameters (composition is indicated in mass fractions):
(a) melting heats; (b) melting temperatures. Hereinafter, the asphaltene solubility isotherm VacR at
298 K and other characteristics presented in Table 2 are taken as a comparison system.

Here, 7,44 is the activity coefficient multiplier showing the effect of the melting process
on the chemical potential of asphaltene.

The contribution of RTIn7y,;; at an experimental temperature of 400 K, asphaltene
melting point of 1500 K, value of AT = 1100 K, and heat of fusion of 10,000 ] /mol will be
12,500 J/mol. For the quantity 7,4 the value equal to 7.4 is obtained. With an increase
in the heat of fusion by 1.5 times, the contribution will increase to the power of 3/2 and
will be 20.12. On the other hand, the influence of the melting temperature of asphaltene is
insignificant which follows from the same formula. Indeed, by increasing T to 2500 K, AT
is simultaneously increased to 2100 K. The AT /T ratio changes from 11/15 to 21/25, so it
is increased by only 10%. Thereafter, 7,4 will also increase by only 10%.

The effect of variations in the asphaltene structure on the solubility curve also turned
out to be insignificant. However, the structure varied in the range of pyrene-ovalene k
values. It was considered that the polyaromatic frame of the studied asphaltene is similar
to either pyrene or ovalene in terms of the ratio of carbon atoms with hydrogen to carbon
atoms without hydrogen (Nacr/Nac). For pyrene (CicHyp), it is 10/6, and for ovalene
(C3pHy4), it is 14/18. For more complex structures, a more noticeable effect is also possible.
The calculation results are shown in Figure 3a.

LCGO LCGO

0.00 0.00

E VacR-1:1 1.00 —— Mw = 759
VacR-pyrene = Mw = 1518
VacR-ovalene Mw = 3036

1.00 0.00

VacRo.00
asphaltene

3 0.00
0.25 0.50 0.75 1.00  ULSD VacR .00 0.25 0.50 0.75 1.00 ULSD
wt. % ULSD asphaltene wt. % ULSD

a b

Figure 3. Three-component phase diagrams (the composition is indicated in mass fractions): (a) the
effect of the group composition of asphaltene on its solubility; (b) influence of asphaltene molecular
weight on the solubility isotherm.
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A specific interest is the effect of asphaltene molecular weight on its solubility. To
describe this, the solubility isotherms of asphaltene with an increase in its molecular weight,
but while maintaining the ratios between the groups, can be compared. Asphaltene VacR
with a molecular weight of 1518 g/mol and the initial group composition presented in
Table 2 is taken as an example. If the amount of each group is doubled, a molecular
weight will be 3036 g/mol, and if it is reduced by 2 times, then it will be 759 g/mol.
Figure 3b shows the corresponding isotherms. A fact that a change in molecular weight is
necessarily accompanied by a change in the calculated melting temperature of asphaltene is
considered during the calculation. The calculation of the temperature of fusion was carried
out according to the correlation equation presented in Figure 1 and amounted to 1307 K for
asphaltene with a mass of 759 g/mol and 4903 K for asphaltene with a mass of 3036 g/mol.
The curves presented in Figure 3b show that the increase in molecular weight leads to a
sharp increase in the solubility of asphaltene. Since the effect of melting temperature in the
considered range of AT /T is negligible (Figure 2b), the main contribution to the increase
in solubility should be attributed to the molecular weight of asphaltene.

3.4. Comparison of Model Calculations with Experimental Data on the Solubility of Asphaltenes

When comparing the considered model with the experiment the data published in
work [54] was used. In this work, the solubility of asphaltene-containing substances in
a mixture of two solvents of different polarity was studied at a temperature of 100 °C.
The first solvent was hydrotreated diesel cut (ULSD), and the second was light gas oil
catalytic cracking (light cycle gas oil) (LCGO). ULSD mainly consists of C1,—Cpp normal
alkanes, while LCGO consists of alkylbenzenes and hydrogenated naphthalenes. The exact
composition of both fuels was determined by GCMS method. The group composition used
for modeling was established from these data. These data are presented in Section 2.

The low solubility of marine fuels asphaltenes in alkane solvents leads to the sedi-
mentation instability of the system and is characterized by a total sediment after aging
(TSA (analysis of “total sediment after chemical aging” ISO 10307-2-2009)) greater than
0.1 wt.% The upper, sedimentation stable area where VisR asphaltenes are soluble in LCGO
and ULSD solvents at given ratios, and a lower, sedimentation unstable area where VisR
asphaltenes are insoluble in LCGO and ULSD solvents at given ratios, are divided by the
curved line.

The three smooth curves shown in Figure 4 show the change in the solubility of each
of the asphaltenes shown in Table 2 as a function of the solvent composition. The broken
line shows the experimentally obtained solubility limit of VisR (component of marine fuel
containing VisR asphaltenes) in the same solvents. It can be seen that the model curve for
VisR asphaltenes is located closest to the experimental points.

LCGO
0.00 1.00 Model: VacR
Model: VisR
Model: PR
0.25 —=— Real data: VisRes

oA
O

1.00

Asphaltene 0.00

0.00 0.25 0.50 0.75 1.00 yLSD
wt. % ULSD

Figure 4. Simulation results of the asphaltene-ULSD-LCGO system in comparison with the data
obtained experimentally (the composition is indicated in mass fractions).
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For samples with a molecular weight of 1518 g/mol the average deviation is also not
so large, but due to the absence of an inflection on the theoretical isotherm, the solubility
change trend is poorly conveyed. The situation is even worse with the mass of 450 g/mol
sample isotherm. In fact, in general, it incorrectly shows the solubility process in the rich in
aromatic hydrocarbons area.

This result should be considered in conjunction with the results of the previous section.
Two of the four most important characteristics of asphaltenes (heat of fusion, melting point,
molecular weight and group composition) viz. the heat of fusion and molecular weight
have the greatest influence on solubility. By decreasing the heat of fusion and increasing
the molecular weight, a sufficiently large solubility value can be obtained. However, the
heat of fusion was taken as an average value for polyaromatic hydrocarbons and was not
measured experimentally. On the contrary, the average molecular weight and elemental
composition were determined experimentally. The proposed model is supported by the
fact that the best agreement between the theoretical isotherm and the experimental data
was obtained for the experimental parameters.

The proposed model has similar trends, but differs significantly from the data obtained
experimentally, since the experimental curve in the diagram is built using the marine
fuel component, visbreaking residue, which contains 26.6 wt.% asphaltenes, not pure
asphaltenes. Undoubtedly, the hydrocarbon composition of the fuel (namely, the content of
resins and arenes) influences the stability of the fuel system the most. When considering a
system consisting of VisR, and not VisR asphaltenes in pure form, and two solvents (ULSD
and LCGO) in the same ratios, the dispersed medium will have a different hydrocarbon
composition, so when comparing the data obtained, only the trends in the solubility of
asphaltenes can be discussed.

To summarize the results obtained, Figure 5 shows the calculation of the solubility of
asphaltenes in a hypothetical solution of two groups of the UNIFAC model: AC and CHj.
In this case, they represent a generalization of the aromatic and aliphatic components of
petroleum products. In these coordinates, the solubility isotherms are practically straight
lines. The solubility of asphaltenes in both groups is less than 10 mass percent. The non-
linear course of the solubility isotherm in the case of using ULSD and LCGO as a solvent is
explained by the fact that they both contain both aromatic and aliphatic groups. Due to the
simultaneous presence of these groups at once in ULSD and LCGO, the isotherm bends, as
shown in Figure 4. In addition, the display of solubility in group coordinates can be used
as a generalized image, since any oil product can be represented as an average compound
with a certain group composition (one of the variants of such a representation was shown
earlier). The greatest influence on the solubility of asphaltene when using this method will
be exerted by the molecular weight of asphaltene and solvents (petroleum products).

Model: VacR
Model: VisR
Model: PR

1.0

Asphaltené0 0.0

0 0.1 0.2 CH2
wt. % CH2

Figure 5. The results of calculating the solubility of the studied asphaltenes in a hypothetical solution
of aromatic (AC) and aliphatic (CHj) groups at a temperature of 373 K (the composition is indicated
in mass fractions).
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4. Conclusions

The proposed approach to describing the solubility isotherms of asphaltenes in marine
fuel is based on the combined use of data on the composition of asphaltenes (from elemental
analysis data), their molecular weight and group theories of solutions. At the same time,
elemental analysis data is presented in the form of typical groups of the UNIFAC model,
which makes it easy to use this data to predict the physicochemical properties, in particular
the sedimentation stability of residual marine fuels.

Two of the four main physical and chemical characteristics of asphaltenes (heat of
fusion, melting point, molecular weight and group composition) viz. the heat of fusion
and molecular weight have the greatest influence on solubility. The weak influence of
melting point is due to the fact that the typical melting temperature of asphaltenes (when
extrapolated from PAH) is more than 2000 K, due to which the reciprocal value of the
melting temperature of asphaltenes (1/Ty) has little effect on the calculation. The weak
influence of the group composition is due to the fact that with a change in the k parameter
(the ratio of the number of ACH and AC groups in the polyaromatic fragment of the
asphaltene molecule), the ratio of the ACH and AC groups (which are one group in terms
of intergroup interactions and do not contribute to residual activity factor) mainly changes.
In this case, when varying the parameter k, the number of alkyl groups will change
insignificantly. Molecular weight primarily affects the solubility isotherm position in a
three-component phase diagram, expressed in mass fractions. A possible method of using
the proposed approach is to display solubility isotherms in generalized aliphatic-aromatic
group coordinates, because any residual marine fuel can be represented as a mixture of
aliphatic and aromatic groups.

As a result of comparing the obtained model and experimental data, it was found that
they have similar trends. Additionally, they differ significantly from each other due to the
fact the experimental three-component phase diagram was built using the marine fuel com-
ponent, visbreaking residue, which contains 26.6 wt.% asphaltenes, not pure asphaltenes.
The development of structure-based solubility prediction models will significantly reduce
the number of real experiments for both scientific and industrial purposes. Absolute accu-
racy is not required from such models, since in any case, experimental verification of the
results is necessary.
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