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Abstract: The compatibility of constituents making up a petroleum fluid has been recognized as an
important factor for trouble-free operations in the petroleum industry. The fouling of equipment and
desalting efficiency deteriorations are the results of dealing with incompatible oils. A great number
of studies dedicated to oil compatibility have appeared over the years to address this important issue.
The full analysis of examined petroleum fluids has not been juxtaposed yet with the compatibility
characteristics in published research that could provide an insight into the reasons for the different
values of colloidal stability indices. That was the reason for us investigating 48 crude oil samples
pertaining to extra light, light, medium, heavy, and extra heavy petroleum crudes, which were
examined for their colloidal stability by measuring solvent power and critical solvent power utilizing
the n-heptane dilution test performed by using centrifuge. The solubility power of the investigated
crude oils varied between 12.5 and 74.7, while the critical solubility power fluctuated between
3.3 and 37.3. True boiling point (TBP) analysis, high-temperature simulation distillation, SARA
analysis, viscosity, density and sulfur distribution of narrow petroleum fractions, and vacuum
residue characterization (SARA, density, Conradson carbon, asphaltene density) of the investigated
oils were performed. All the experimentally determined data in this research were evaluated by
intercriteria and regression analyses. Regression and artificial neural network models were developed
predicting the critical solubility power with correlation coefficients R of 0.80 and 0.799, respectively.

Keywords: oil colloidal stability; petroleum; asphaltenes; SARA; intercriteria analysis; regression; ANN

1. Introduction

Twenty-four years ago, Wiehe and Kennedy postulated the oil compatibility model [1,2].
It was derived on the basis of two hypotheses: (1) the polynuclear condensed aromatic and
naphthenic ring structures with attached alkyl groups and heteroatoms (sulfur, oxygen,
nitrogen, metals), frequently defined as solubility class asphaltenes, precipitate at the same
blend solubility parameter regardless of whether the oil is commingled with another oil or a
hydrocarbon liquid; (2) the blending solubility parameter is calculated following the lineal
mixing volume rule [1]. By employing the solvent–anti-solvent pair (toluene/n-heptane)
and performing toluene equivalent and heptane dilution tests, the solubility and insolubility
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numbers have been determined [3]. Wiehe has applied the oil compatibility model in several
studies, proving its viability [4–6]. The same principle of using the solvent–anti-solvent
pair was set in the standards of ASTM D 7112 (p-value) [7], ASTM D 7157 (S-value) [8], and
ASTM D 7061 (separability number) [9]. Wiehe [3] applied a manual procedure (microscope)
to define the flocculation point during the titration of oil/toluene blends with heptane,
while the standardized methods mentioned above use an optical devise to determine it [7–9].
Frans van den Berg reviewed the historical development of dual-solvent titration methods
over the years with some specific applications of these methods [10]. The standardized
methods ASTM D 7112 [7], ASTM D 7157 [8], and ASTM D 7061 have been applied in
oil refining to monitor the performance of vacuum residue conversion processes [11].
While in high-conversion vacuum residue processes like ebullated bed hydrocracking the
insolubility number expressed by 1-Sa (Sa = asphaltene solubility determined by the ASTM
D 7157 standard) can be very high = 0.70, in visbroken residues, it can be about 0.50, and
in crude oils, it can oscillate between 0.16 and 0.42 [11,12]. These data suggest that the
incompatibility of crude oils can be mainly because of the low oil solubility power instead
of the high insolubility number of asphaltenes. This deduction is supported by the results
reported by Rogel et al. [13] showing a crude oil with a very high fouling propensity, whose
very low p-value = 0.98 is due to the very low oil solubility power (Po = 0.25) regardless of
the relatively low insolubility number (1 − Pa = 0.265). This can explain why light crude
oils are reported by some authors to be more prone to cause asphaltene precipitations than
heavy oils [14–17]. Apart from the abovementioned methods, various predictive models
and experimental techniques have been implemented to estimate oil stability throughout
the years, such as the colloidal instability index (CII) [18–21], colloidal stability index
(CSI) [19,21,22], stability index (SI) [19,22,23], Stankiewicz plot (SP) [19,21,24], qualitative–
quantitative analysis (QQA) [21], stability cross plot (SCP) [21,25], Heithaus parameter (or
parameter P) [26], heptane dilution (HD) [27,28], toluene equivalence (TE) [3,29,30], spot
test [26,31–35] and separability number (SN) [26,36,37], Jamaluddin method (JM) [38–40],
modified Jamaluddin method (MJM) [41], density-based asphaltene stability envelope
(DBASE) [19], in-line filtration method [42], 1D low-field nuclear magnetic resonance
relaxometry and chemometric methods [43,44], and the viscometric determination of
the onset of asphaltene flocculation [45–48]. The advantage of using these predictive
models is that they are simple, need a very small amount of input data, and do not have
computational complexities. Nevertheless, the results obtained by these methods may vary
a lot depending on the test method used and do not coincide with each other [21,23,26,42].
Ali et al. [49] demonstrated that the methods based on SARA analysis (SI, JM, MJM,
CSI, CSI, SP) could show a poor performance in predicting stable and unstable samples,
while the results obtained from the experimental methods are affected by the type of
procedure, stability judgement criteria, and human error. Likewise, Guzmán et al. [26]
point out that the correlations reported in the literature are not adequate when they are
used individually to establish limits on asphaltene stability in crude oils and that they
have low effectiveness for stability prediction. Therefore, researchers continue their search
in an attempt to find a suitable approach for predicting crude oil stability [50–67]. The
viscosity of crude oil to be examined by the oil compatibility tests also needs to be taken
into account [10,68–70]. However, the full analysis of the examined petroleum fluids
has not been juxtaposed with the compatibility characteristics in these research articles
that could provide an explanation for the different values of colloidal stability indices.
That was the reason for us choosing to investigate 48 crude oil samples pertaining to
extra light (SG < 0.8017), light (0.8017 < SG < 0.855), medium (0.855 < SG < 0.922), heavy
(0922 < SG < 1.00), and extra heavy petroleum crudes (SG > 1.00), which were examined for
their colloidal stability by the procedure described in [65,66]. In this procedure, the solvent
power and critical solvent power [34] of the studied petroleum fluids are determined.
True boiling point (TBP) analysis, high-temperature simulation distillation, SARA analysis,
the density and sulfur distribution of narrow petroleum fractions, and vacuum residue
characterization (SARA, density, Conradson carbon, asphaltene density) were performed
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of the investigated oils. All experimentally determined data in this research were evaluated
by intercriteria, regression analyses, and an artificial neural network to seek statistically
meaningful relations between petroleum properties and compatibility characteristics, and
to develop regression and ANN models to predict oil compatibility. The aim of this paper
is to discuss the obtained results.

2. Materials and Methods

Samples of forty-seven crude oils, and an atmospheric residue, derived from forty-two
crude oils were investigated in this research. The bulk properties of the studied petroleum
crudes are presented in Table 1.

Table 1. Density, sulfur, viscosity, and SARA composition of investigated crude oils.

No Crude Oil
Sample Name D15, g/cm3

Kin.
Viscosity at

40 ◦C, mm2/s

Sulphur,
wt.%

T50%
(TBP), ◦C

Saturates,
wt.%

Aromatics,
wt.%

Resins,
wt.%

C7-asp.,
wt.%

C5-asp.,
wt.%

1 Albanian 1.0014 2090 5.64 442 24.5 56.3 6.6 12.6 19.2
2 Arabian Light 0.8581 6.3 1.89 353 61.5 35.1 2 1.4 3.4
3 Arab. Med.–1 0.868 9.8 2.4 366 57.1 39.5 2.1 1.3 3.4
4 Arab. Med.–2 0.8703 2.45 372
5 Arab Heavy 0.8916 17.3 2.967 408 52.1 40.7 2.8 4.4 7.3
6 Aseng 0.8741 8.6 0.258 358 56.5 41.6 1.8 0.1 1.9
7 Azery Light 0.8483 4.5 0.2 323 64.6 34.7 0.66 0.04 0.13
8 Basrah Light–1 0.884 10.9 3.31 390 55.3 39.5 2.5 2.7 5.1
9 Basrah Light–2 0.8772 2.94 385
10 Basrah Med.–1 0.8876 12.5 3.36 400 52.5 38.9 6 2.6 3.4
11 Basrah Med.–2 0.8836 3.1 389
12 Basrah Heavy 0.9133 24.6 4.08 433 47.5 43.7 3.2 5.6 8.8
13 Boscan 0.9953 14953 4.77 558 24.3 59.6 4.6 11.5 16.1
14 Buzachi 0.9065 84.2 1.571 450 47 50.2 1.9 0.9 2.9
15 Cheleken 0.8469 12.1 0.4 345 65 32.8 1.8 0.4 2.2
16 CPC–1 0.7954 1.8 0.55 237 82.7 15.3 1.96 0.04 0.14
17 CPC–2 0.7993 0.53 238
18 CPC–3 0.801 0.56 238
19 El Bouri 0.8913 20.9 1.72 403 51.5 43 2.5 3 5.5
20 El Sharara 0.814 2.7 0.08 253 76.1 22 1.8 0.11 0.5
21 Forties 0.817 4.4 0.679 264 75.1 23 1.7 0.2 0.5
22 Helm_1.2022 0.935 92.4 1.71 448 39.6 54.1 2.6 3.7 6.3
23 Helm_1.2024 0.9348 1.63 455 39.6 53.2 2.9 4.3 7.1
24 Johan Sverdrup 0.8867 12.2 0.82 390 52.7 43 2.3 2 4.2
25 Kazakh 0.8777 6.5 0.4 426 61.5 36.2 1.8 0.5 2.3
26 Kirkuk 0.8538 6.4 2.26 332 56.8 38.7 2.3 2.2 4.5
27 Kirkuk AR 0.9586 316 2.98 531 33.8 54.6 4.7 6.9 11.6
28 Kumkol 0.8209 4.3 0.22 324
29 Kuwait Export 0.8729 12.2 2.69 390 55.9 39 2.4 2.7 5.1
30 Kuwait Light 0.8313 2.4 1.049 289 70.2 27.2 1.6 1 1.6
31 Okwuibome 0.8676 7.2 0.202 309 58.5 39.6 1.85 0.05 0.15
32 Oryx 0.9156 123.2 4.209 448 44.6 42.9 3.9 8.6 12.5
33 Prinos 0.875 5.5 3.71 345 56.2 37.5 2.7 3.6 6.3
34 Ras Gharib 0.9256 95 3.44 486 41.9 48.6 3.3 6.2 9.5
35 REBCO–1 0.874 12.6 1.44 386 55.6 40.5 2.2 1.7 3.8
36 REBCO–2 0.8755 1.49 390
37 Rhemoura 0.8648 7.5 0.75 342 59.3 35.8 2.3 2.6 4.9
38 Sepia 0.8883 25.9 0.41 430 52.3 44.6 2 1.1 3.1
39 Sib. Light 0.8538 6.2 0.57 348 62.7 34.4 2 0.9 2.9
40 SGC 0.8827 27.6 2.26 406 53.8 40.6 2.5 3.1 5.6
41 Tartaruga 0.893 17.1 0.73 415 50.4 45.9 2.1 1.6 3.7
42 Tempa Rossa 0.9401 62 5.35 455 38.3 49.1 3.9 8.7 12.6
43 Vald’Agri 0.8323 3.2 1.96 280 69.8 26.6 2.8 0.8 3.6
44 Varandey 0.8503 6.1 0.625 336 64 32.8 2 1.2 3.2
45 Western Desert 0.8208 2.16 0.26 266 73.7 22.5 3.1 0.7 1.3
46 Es Sider 0.8382 4.85 0.415 321 67.9 28.5 3.1 0.5 3.6
47 Payra Gold 0.8849 14 0.685 380 53.3 41.9 4.6 0.2 1.8
48 KEBCO 0.8741 10.8 1.7 373 56.5 39 1.7 2.8 4.5

Min 0.7954 1.8 0.08 237 24.3 15.3 0.66 0.04 0.13
Max 1.0014 14,953 5.64 558 82.7 59.6 6.6 12.6 19.2

2.1. Analytical Procedures for Crude Oil Assay

The density of the studied crude oils and their fractions were measured by the use
of the digital analyzer Anton Paar equipped with a U-shaped oscillating tube, electronic
excitation system, and temperature control system according to the requirements of the
standard method ASTM D4052 [71]. An energy dispersive X-ray fluorescence analyzer,
manufactured by Tanaka Scientific, was used to determine the sulfur content of the studied
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petroleum oils and their distillate cuts by applying method ASTM D 4294 [72]. An in-house
analytical procedure [11] based on the solubility of the petroleum fractions in different
organic solvents was used to assign SARA analysis of vacuum residues. The asphaltene
density was assessed by a dilution procedure, with toluene described in detail in [73]. The
standard method IP-501/05 based on inductively coupled plasma emission spectrometry
was applied to measure the metal contents (Ni, V, Na, etc.) of the crude oils [74].

Crude oil fractions and TBP distillation characteristics were obtained by the standard
procedures described in ASTM D2892 [75] and ASTM D5236 [76] in ROFA automatic
crude oil distillation systems (15-theoretical plate column and vacuum pot still system).
Also, high-temperature gas chromatography was applied to determine the boiling point
distribution of the studied oil samples according to ASTM D7169 [77].

2.2. Compatibility Indexes and Models for Crude Oil Colloidal Stability Prediction
2.2.1. Compatibility Model of Nemana et al.

The predictive crude oil compatibility model of Nemana et al. [65] was used to assess
the colloidal stability of the investigated 48 petroleum samples. Nemana et al.’s predictive
model comprises the assignation of solvent power (Sp) and critical solvent power (Sp
critical). The analytical procedure includes the determination of heptane insolubles by
centrifugation, boiling point, and density assays. The crude oil Sp was estimated as
described in [65], and it is shown in Equation (1).

Sp =
KCO − KH
KT − KH

× 100 (1)

where

KCO—characterization factor of crude oil;
KH—characterization factor of n-heptane = 12.72 [66];
KT—characterization factor of toluene = 10.15 [66].

Boiling point distribution according to the high-temperature simulation distillation
(ASTM D 7169) and density (D15) of each crude oil was used to calculate the Watson
characterization factor (Kw) (Equation (2)).

KW =

(
3
√

Meabp
D15

)
(2)

where

Meabp—mean average boiling point, ◦R.

The initial sediment precipitation point determined by the dilution test with n-heptane
was used to estimate the critical solvent power of each studied crude oil. The Sp critical
was calculated by Equation (3) using the Kw of the blend of petroleum/n-heptane at the
sludge settling point.

Sp critical =
Kch − KH
KT − KH

× 100 (3)

where

Kch—characterization factor of the blend petroleum/n-heptane at the point of initial sludge
settling.

The solvent power of the petroleum blends (SP blend) was estimated by the linear
mixing rule using the weight part (xi) and Sp of each crude oil in the mixture, as shown in
Equation (4):

Sp blend = ∑(xi × Spi) (4)
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The relative compatibility index (RCI) introduced by Ancheyta [34] was applied to
evaluate the compatibility of the petroleum blends (Equation (5)). The petroleum blend is
considered compatible when the RCI > 1.

RCI =
Sp blend

Sp critical max
> 1 (5)

where

Sp critical max—maximum value of the critical solvent power of the petroleums that are
part of the mixture.

2.2.2. Modified Compatibility Model of Nemana et al.

For the purpose of the current investigation, the Nemana et al. procedure was modified
as follows:

- Characterization factor was estimated using the evaporation temperature of 50% of
crude oil from TBP distillation—T50%;

- Characterization factor of the blend petroleum/n-heptane at the point of initial sludge
settling was calculated using Equation (6) as described in [78–83].

Kch = xco × Kco + xH × KH (6)

where

xco—weight part of crude oil in the blend petroleum/n-heptane;
xH—weight part of n-heptane in blend petroleum/n-heptane at the initial sediment precipi-
tation point.

2.2.3. Colloidal Instability Index

The colloidal instability index (CII) is a widely used method for asphaltenes col-
loidal stability evaluation [18–21]. The colloidal instability index was calculated by using
Equation (7) and the data of the pseudocomponent saturates (Sat), aromatics (Aro), resins
(Res), and asphaltenes (Asph) consisted in the crude oil.

CII =
Sat + Asph
Aro + Res

(7)

2.2.4. Oil Compatibility Model

Wiehe and Kennedy [1] introduced the oil compatibility model that includes
two reduced-solubility parameters: solubility blending number (SBN) and insolubility
number (IN). The SBN of each crude oil was estimated using Equation (8) and the sol-
ubility parameter values of crude oil (δCO), toluene (δT = 18.3 MPa 0.5), and n-heptane
(δH = 15.2 MPa 0.5) [65]. A correlation reported by Correra et al. [84] (Equation (9)) and
crude oil density at 20 ◦C (d) was applied to determine the crude oil solubility parameter.

SBN = 100
[

δco− δH
δT − δH

]
(8)

δco = 24.042 ∗ d0.5 − 4.5989 (9)

The ratio SBN
IN

was directly determined by the dilution test with n-heptane and Equation (10).
The point without precipitating asphaltenes at a maximum volume of n-heptane (Vh, mL)
at a certain volume of oil (Voil, mL) was used to compute the ratio SBN

IN
.

SBN
IN

= 1 +
Vh

Voil
(10)
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The solubility blending number of the crude oil blends (SBNmix) was estimated by
applying Equation (11) [65].

SBNmix =
∑ Vi ∗ SNBi

∑ Vi
(11)

where

Vi—volume of i crude oil in the blend, mL;
SBNi—solubility number of i crude oil in the blend.

The crude oil mixture is considered to be compatible when the solubility parameter of
the petroleum blend (SBNmix) is higher than the flocculation solubility parameter of each oil
component (INmax), as shown in Equation (12):

SBNmix > INmax (12)

2.3. Intercriteria Analysis

The intercriteria analysis (ICrA) theory well described in references [85–87] is based
on intuitionistic fuzzy sets and index matrices. As incoming data, ICrA needs m × n table
of observations or scores of m objects on n criteria. It recalls a n × n table of intuitionistic
fuzzy pairs determining the grades of the relationship between each pair of criteria, hence
the name “intercriteria”. In the interest of terminological precision, the ICrA avoids the
term “correlation” between criteria and instead uses the terms “positive consonance”,
“negative consonance”, and “dissonance”. In ICrA, a second function νA(x) is instilled in
intuitionistic fuzzy sets to determine, respectively, the non-membership of the element x to
the set A, which can co-exist with the membership function µA(x), both having values in
the interval [0; 1]. For µ = 0.75 ÷ 1.00 and υ = 0 ÷ 0.25, a region of statistically meaningful
positive consonance is obtained, whereas at µ = 0 ÷ 0.25 and υ = 0.75 ÷ 1.00, an area of
statistically meaningful negative consonance is derived. All other cases are considered to be
dissonance. A comprehensive description of ICrA application in oil refining is given in [88].

3. Results and Discussion
3.1. Heptane Dilution Test Results

Figure 1 shows a graphical presentation of n-heptane dilution tests performed with
extra light, light, medium, and heavy crudes.

The data in Figure 1 show that the flocculation starts at a different content of n-heptane
in the blend with diverse crude oils. As discussed in the work of Guzman et al. [26],
crude oils with a low asphaltene content encounter difficulties in determining the onset
of asphaltene precipitation. This is confirmed with the graphs in Figure 1a–c indicating
no precipitation of asphaltenes during the n-heptane dilution test with the extra light and
light crude oils.

Table 2 summarizes the obtained values of the RCI, modified RCI, solubility blending,
and insolubility numbers, the content of n-heptane indicating the beginning of asphaltene
precipitation, and the solubility parameter of the investigated petroleum oils. The range
of the variation in all the oil parameters reported in Table 2 shows that it is wide enough
to use these data for statistical analysis. To study the relations between the different n-
heptane-based oil compatibility indices, ICrA evaluation was performed. Tables 3 and 4
present the µ-values and υ-values of the ICrA evaluation of the data in Table 2.
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Figure 1. Crude oil sediment content relation to n-heptane content in the blend crude oil–n-heptane
for the crude oils Azeri Light (a); CPC blend (b); Kuwait Light (c); Arab. Medium (d); Basrah Heavy
(e); Sepia (f); Prinos (g); Kirkuk (h); El Bouri (i).
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Table 2. Compatibility indices of studied crude oils.

No Crude Oil Name Sp Sp
cr. RCI Kw Kw

Blend
Sp

(Mod.)
Sp cr.

(Mod)
RCI

(Modified)

n-Heptane
Content in the
Blend with the

Crude Oil, wt.%
(at Onset of
Asphaltene

Precipitation)

SBN/IN SBN IN δCO CII(C7) CII(C5)

1 Albanian 93.5 53 1.8 10.85 11.82 74.7 37.3 2 50 2 137 69 19.5 0.59 0.78
2 Arabian Light 35.6 27.2 1.3 12.11 12.38 26.1 15.6 1.7 40 1.6 80 51 17.7 1.70 1.85
3 Arab. Med.–1 43.1 37.1 1.2 12.06 12.39 28.1 15.5 1.8 45 1.7 84 49 17.8 1.40 1.53
4 Arab. Med.–2 49.6 35.1 1.4 12.07 12.47 27.8 12.5 2.2 55 2.1 85 41 17.8
5 Arab Heavy 59.9 33.5 1.8 11.99 12.43 30.7 13.8 2.2 55 2.1 94 45 18.1 1.30 1.46
6 Aseng 43.3 26.8 1.6 11.93 12.31 33.3 18.3 1.8 45 1.7 86 50 17.9 1.30 1.40
7 Azery Light 43.3 1.2 12.06 12.35 28.3 1.6 76 48 17.5 1.83 1.84
8 Basrah Light–1 51.9 36.7 1.4 11.99 12.39 30.9 15.4 2 50 1.9 91 48 18 1.38 1.53
9 Basrah Light–2 50.8 42.7 1.2 12.05 12.42 28.6 14.3 2 50 1.9 88 47 17.9
10 Basrah Med.–1 37.2 29.7 1.3 12 12.36 30.4 16.7 1.8 45 1.7 92 53 18.1 1.23 1.27
11 Basrah Med.–2 50.8 42 1.2 11.99 12.35 31 17.1 1.8 45 1.7 90 52 18
12 Basrah Heavy 63.7 47.4 1.3 11.85 12.32 36.3 18.1 2 50 1.9 102 54 18.4 1.13 1.29
13 Boscan 69.5 47.9 1.5 11.48 12.4 50.5 15.1 3.3 70 3.3 135 41 19.4 0.56 0.68
14 Buzachi 45 35.8 1.3 12.04 12.45 29.1 13.1 2.2 55 2.1 100 47 18.3 0.92 1.00
15 Cheleken 36.8 22.8 1.6 12.22 12.56 21.8 8.7 2.5 60 2.3 75 33 17.5 1.89 2.05
16 CPC–1 22.1 1 12.21 12.33 22.3 1.2 53 44 16.8 4.79 4.83
17 CPC–2 35.6 1.2 12.16 12.16 24.4 1 55 55 16.9
18 CPC–3 29.9 1 12.13 12.13 25.3 1 55 55 16.9
19 El Bouri 42.8 39.5 1.1 11.97 12.21 31.7 22.2 1.4 30 1.4 94 68 18.1 1.20 1.33
20 El Sharara 28 13.9 2 12.05 12.58 28.5 8 3.6 72 3.1 61 20 17.1 3.20 3.27
21 Forties 37.8 18.7 2 12.09 12.45 27 13.2 2 51 1.9 62 34 17.1 3.05 3.10
22 Helm_1.2022 52.6 30.2 1.7 11.65 12.22 43.8 21.9 2 50 1.9 111 57 18.6 0.76 0.85
23 Helm_1.2024 59.5 43 1.4 11.7 12.3 42.2 19 2.2 55 2.1 111 52 18.6 0.78 0.88
24 Johan Sverdrup 45.8 34.3 1.3 11.95 12.46 32.3 12.6 2.6 61 2.4 92 38 18 1.21 1.32
25 Kazakh 29.5 16.2 1.8 12.29 12.49 19.3 11.6 1.7 40 1.6 88 55 17.9 1.63 1.76
26 Kirkuk 45 41.5 1.1 12.04 12.19 28.8 23 1.3 20 1.2 78 64 17.6 1.44 1.58
27 Kirkuk AR 55 34.1 1.6 11.79 12.29 38.5 19.3 2 50 2 121 62 18.9 0.69 0.83
28 Kumkol 38.1 37.4 1 12.47 12.5 12.5 11.2 1.1 10 1.1 64 59 17.2
29 Kuwait Export 55.2 41.8 1.3 12.14 12.4 25.1 15.1 1.7 40 1.6 86 54 17.9 1.42 1.56
30 Kuwait Light 37.7 1 12.07 12.43 27.8 1.8 68 37 17.3 2.47 2.55
31 Okwuibome 48.4 28.1 1.7 11.7 12.24 42.1 21 2 50 1.9 84 45 17.8 1.41 1.42
32 Oryx 59.7 49.9 1.2 11.9 12.21 34.2 22.2 1.5 35 1.5 103 69 18.4 1.14 1.33
33 Prinos 60.2 38.2 1.6 11.83 11.98 36.9 31.3 1.2 15 1.2 87 75 17.9 1.49 1.67
34 Ras Gharib 47 21.5 2.2 11.98 12.3 31.2 18.7 1.7 40 1.6 107 66 18.5 0.93 1.06
35 REBCO–1 47.8 31.9 1.5 12.1 12.51 26.5 10.6 2.5 60 2.3 86 37 17.9 1.34 1.46
36 REBCO–2 44 31.5 1.4 12.1 12.51 26.5 10.6 2.5 60 2.3 87 38 17.9
37 Rhemoura 51.9 38.6 1.3 11.95 12.2 32.3 22.6 1.4 30 1.4 83 60 17.8 1.62 1.79
38 Sepia 43.4 20.5 2.1 12.17 12.67 24.1 4.8 5 80 4.6 92 20 18.1 1.15 1.24
39 Sib. Light 41.9 27.1 1.5 12.14 12.53 25 10 2.5 60 2.3 78 34 17.6 1.75 1.91
40 SGC 52 37.6 1.4 12.1 12.41 26.6 14.6 1.8 45 1.7 90 52 18 1.32 1.46
41 Tartaruga 47.6 40.7 1.2 12.02 12.33 29.8 17.9 1.7 40 1.6 94 59 18.1 1.08 1.18
42 Tempa Rossa 71.1 59.6 1.2 11.63 12.04 44.7 29.1 1.5 35 1.5 113 75 18.7 0.89 1.04
43 Vald’Agri 42.6 25.5 1.7 11.99 12.47 30.9 12.4 2.5 60 2.2 69 31 17.3 2.40 2.76
44 Varandey 39.4 34.6 1.1 12.12 12.32 25.9 18.1 1.4 30 1.4 76 56 17.6 1.87 2.05
45 Western Desert 32.5 1 12.05 12.2 28.6 1.2 64 53 17.2 2.91 3.00
46 Es Sider 36.3 31 1.2 12.21 12.44 22.2 13.3 1.7 40 1.6 71 46 17.4 2.16 2.51
47 Payra Gold 11.94 12.7 32.8 3.3 10 90 9 91 10 18 1.15 1.23
48 KEBCO 12.04 12.42 28.9 14.4 2 50 1.9 86 46 17.9 1.46 1.56

min 22.1 13.9 1 0.8 237 10.9 11.8 12.5 3.3 1 0 1 53 0.56 0.68
max 93.5 59.6 2.2 1 558 12.5 12.7 74.7 37.3 10 90 9 137.4 4.79 4.83

Table 3. µ-values obtained from ICrA evaluation of parameters reported in Table 2.

µ Sp Sp cr. RCI Kw Kw
Blend

Sp
(Mod.)

Sp cr.
(Mod)

RCI
(Mod.)

n-
Heptane SBN/IN SBN IN δCO CII(C7) CII(C5)

Sp 1.00 0.78 0.43 0.22 0.29 0.75 0.68 0.42 0.42 0.44 0.75 0.65 0.73 0.24 0.27
Sp cr. 0.78 1.00 0.23 0.31 0.27 0.67 0.72 0.33 0.33 0.35 0.69 0.72 0.67 0.30 0.33
RCI 0.43 0.23 1.00 0.44 0.58 0.45 0.32 0.61 0.62 0.62 0.43 0.30 0.42 0.48 0.46
Kw 0.22 0.31 0.44 1.00 0.74 0.02 0.23 0.46 0.47 0.47 0.24 0.33 0.23 0.71 0.71

Kw blend 0.29 0.27 0.58 0.74 1.00 0.23 0.01 0.71 0.72 0.72 0.33 0.13 0.32 0.63 0.63
Sp (mod.) 0.75 0.67 0.45 0.02 0.23 1.00 0.74 0.43 0.43 0.45 0.71 0.63 0.69 0.25 0.26

Sp cr. (mod) 0.68 0.72 0.32 0.23 0.01 0.74 1.00 0.19 0.19 0.21 0.64 0.84 0.62 0.34 0.35
RCI (mod.) 0.42 0.33 0.61 0.46 0.71 0.43 0.19 1.00 0.99 0.97 0.45 0.13 0.44 0.42 0.41
n-Heptane 0.42 0.33 0.62 0.47 0.72 0.43 0.19 0.99 1.00 0.97 0.45 0.13 0.44 0.43 0.42
SBN/IN 0.44 0.35 0.62 0.47 0.72 0.45 0.21 0.97 0.97 1.00 0.48 0.15 0.47 0.41 0.41

SBN 0.75 0.69 0.43 0.24 0.33 0.71 0.64 0.45 0.45 0.48 1.00 0.66 0.96 0.06 0.08
IN 0.65 0.72 0.30 0.33 0.13 0.63 0.84 0.13 0.13 0.15 0.66 1.00 0.63 0.34 0.36

δCO 0.73 0.67 0.42 0.23 0.32 0.69 0.62 0.44 0.44 0.47 0.96 0.63 1.00 0.04 0.06
CII(C7) 0.24 0.30 0.48 0.71 0.63 0.25 0.34 0.42 0.43 0.41 0.06 0.34 0.04 1.00 0.96
CII(C5) 0.27 0.33 0.46 0.71 0.63 0.26 0.35 0.41 0.42 0.41 0.08 0.36 0.06 0.96 1.00

Note: Green color means statistically meaningful positive relation; red color implies statistically meaningful
negative relation. The intensity of the color designates the strength of the relation. The higher the color intensity,
the higher the strength of the relation. Yellow color denotes dissonance.
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Table 4. υ-values obtained from ICrA evaluation of parameters reported in Table 2.

υ Sp Sp cr. RCI Kw Kw
Blend

Sp
(Mod.)

Sp cr.
(Mod)

RCI
(Mod.)

n-
Heptane SBN/IN SBN IN δCO CII(C7) CII(C5)

Sp 0.00 0.20 0.47 0.75 0.68 0.22 0.29 0.48 0.49 0.48 0.22 0.33 0.20 0.72 0.70
Sp cr. 0.20 0.00 0.68 0.67 0.71 0.30 0.27 0.58 0.59 0.58 0.29 0.26 0.27 0.68 0.65
RCI 0.47 0.68 0.00 0.46 0.32 0.44 0.58 0.23 0.23 0.24 0.46 0.61 0.45 0.42 0.43
Kw 0.75 0.67 0.46 0.00 0.23 0.97 0.74 0.43 0.43 0.45 0.71 0.63 0.69 0.25 0.26

Kw blend 0.68 0.71 0.32 0.23 0.00 0.73 0.99 0.19 0.19 0.20 0.64 0.85 0.62 0.34 0.35
Sp (mod.) 0.22 0.30 0.44 0.97 0.73 0.00 0.23 0.46 0.47 0.46 0.24 0.34 0.23 0.71 0.71

Sp cr. (mod) 0.29 0.27 0.58 0.74 0.99 0.23 0.00 0.71 0.72 0.71 0.33 0.13 0.31 0.63 0.63
RCI (mod.) 0.48 0.58 0.23 0.43 0.19 0.46 0.71 0.00 0.00 0.00 0.44 0.77 0.42 0.48 0.49
n-Heptane 0.49 0.59 0.23 0.43 0.19 0.47 0.72 0.00 0.00 0.01 0.45 0.78 0.43 0.48 0.49
SBN/IN 0.48 0.58 0.24 0.45 0.20 0.46 0.71 0.00 0.01 0.00 0.43 0.77 0.41 0.50 0.51

SBN 0.22 0.29 0.46 0.71 0.64 0.24 0.33 0.44 0.45 0.43 0.00 0.31 0.00 0.91 0.88
IN 0.33 0.26 0.61 0.63 0.85 0.34 0.13 0.77 0.78 0.77 0.31 0.00 0.30 0.63 0.61

δCO 0.20 0.27 0.45 0.69 0.62 0.23 0.31 0.42 0.43 0.41 0.00 0.30 0.00 0.89 0.87
CII(C7) 0.72 0.68 0.42 0.25 0.34 0.71 0.63 0.48 0.48 0.50 0.91 0.63 0.89 0.00 0.02
CII(C5) 0.70 0.65 0.43 0.26 0.35 0.71 0.63 0.49 0.49 0.51 0.88 0.61 0.87 0.02 0.00

Note: Green color means statistically meaningful positive relation; red color implies statistically meaningful
negative relation. The intensity of the color designates the strength of the relation. The higher the color intensity,
the higher the strength of the relation. Yellow color denotes dissonance.

As shown in the data of Tables 3 and 4, the original RCI does not have a statistically
meaningful relation to both SBN

IN
and modified RCI, while the modified RCI and SBN

IN
have a

strong positive consonance (µ = 0.94; υ = 0.01). The content of n-heptane at the onset of
the asphaltene precipitation point has a strong positive consonance with both the modified
RCI (µ = 1.00; υ = 0.00) and SBN

IN
(µ = 0.94; υ = 0.01), whereas the original RCI exhibits a

lack of a statistical meaningful relation (µ = 0.68; υ = 0.23). Figure 2 exemplifies the good
correlation of the modified RCI to SBN

IN
and the poor correlation of the RCI to SBN

IN
.
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Figure 2. Relation of modified RCI to SBN
IN

(a) and of RCI to SBN
IN

(b).

The data in Tables 3 and 4 also indicate that the colloidal instability indices CII(C5)
and CII (C7) have a statistically meaningful strong negative consonance with the solubility
blending number (µ = 0.06; υ = 0.91) and the crude oil solubility parameter δCO (µ = 0.04;
υ = 0.89). These findings imply that the solubility power of a crude oil increases with a
reduction in the colloidal instability index, as displayed in Figure 3.



Processes 2024, 12, 780 10 of 24

Processes 2024, 12, x FOR PEER REVIEW 10 of 25 
 

 

As shown in the data of Tables 3 and 4, the original RCI does not have a statistically 

meaningful relation to both 
���

��
 and modified RCI, while the modified RCI and 

���

��
 have 

a strong positive consonance (µ = 0.94; υ = 0.01). The content of n-heptane at the onset of 

the asphaltene precipitation point has a strong positive consonance with both the modi-

fied RCI (µ = 1.00; υ = 0.00) and 
���

��
 (µ = 0.94; υ = 0.01), whereas the original RCI exhibits 

a lack of a statistical meaningful relation (µ = 0.68; υ = 0.23). Figure 2 exemplifies the good 

correlation of the modified RCI to 
���

��
 and the poor correlation of the RCI to 

���

��
. 

Figure 2. Relation of modified RCI to 
���

��
 (a) and of RCI to 

���

��
 (b). 

The data in Tables 3 and 4 also indicate that the colloidal instability indices CII(C5) 

and CII (C7) have a statistically meaningful strong negative consonance with the solubility 

blending number (µ = 0.06; υ = 0.91) and the crude oil solubility parameter δCO (µ = 0.04; 

υ = 0.89). These findings imply that the solubility power of a crude oil increases with a 

reduction in the colloidal instability index, as displayed in Figure 3. 

 

Figure 3. Relation of crude oil instability index to the petroleum solubility number. 

Another testimony for the drawback of oil compatibility evaluation by using the orig-

inal RCI was observed during the performance of the n-heptane dilution test, and HTSD 

y = 0.9364x

R² = 0.9988

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

S
B

N
/I

N

Modified RCI a

y = 1.0781x + 0.3493

R² = 0.2919

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0.0 0.5 1.0 1.5 2.0 2.5

S
B

N
/I

N

RCI b

y = 101.78x-0.457

R² = 0.9555

40

60

80

100

120

140

160

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

C
ru

d
e 

o
il

 S
B

N

Colloidal instability index (CII (C7))

Figure 3. Relation of crude oil instability index to the petroleum solubility number.

Another testimony for the drawback of oil compatibility evaluation by using the origi-
nal RCI was observed during the performance of the n-heptane dilution test, and HTSD
analyses served as a basis for the calculation of the Sp and Sp critical for both samples of
Helm crude oil. Figure 3 displays a graph of the dependence of the sediment content on
the concentration of n-heptane in its mixtures with both Helm crude oil samples. The data
in Figure 4 exhibit that the Helm 1.2024 sample needs a higher amount of n-heptane to
be added to start asphaltene precipitation. Therefore, logically, this sample should report
a lower Sp critical than that of the Helm 1.2022 sample. Referring to the data in Table 2,
however, a higher Sp critical value is ascribed to Helm 1.2024 (Sp critical = 43 versus 30.2 of
Helm 1.2022). The reason for this abnormal report obviously lies in the distillation charac-
teristics of the Helm–heptane samples at the point of asphaltene precipitation measured
by the high-temperature simulation distillation technique, as indicated in Table S1. Due to
these distillation characteristics, the Kw-characterization factor of Helm 1.2022–heptane
mixtures (Kw = 11.94) is higher than that of the blend Helm 1.2024–heptane mixtures
(Kw = 11.69), which eventually leads to a higher calculated Sp critical value for the Helm
1.2024 sample.
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3.2. Crude Oil Properties and Compatibility Index Relations

Table S2 presents data of true boiling point (TBP) wide fraction yields of investigated
crude oil samples. The range of the variation in the TBP wide fraction yields is relatively
wide, as shown in Table 5.

Table 5. Scope of fluctuation of TBP fraction yields of studied crude oils.

TBP Wide
Fraction Yields

IBP-110 ◦C,
wt.%

110–180 ◦C,
wt.%

180–240 ◦C,
wt.%

240–360 ◦C,
wt.%

360–540 ◦C,
wt.% >540 ◦C, wt.%

Min 1.2 1.9 2.5 12.8 18.5 5.2
Max 18.1 20.2 13.9 34.9 40.6 50.2

Tables 6 and 7 show the µ-values and υ-values of the intercriteria analysis evaluation
of the data in Table S2 along with the data in Table 2.

Table 6. µ-values obtained from ICrA of parameters reported in Tables S2 and 2.

µ
IBP-110
◦C, wt.%

110–180
◦C, wt.%

180–240
◦C, wt.%

240–360
◦C, wt.%

360–540
◦C, wt.%

>540 ◦C,
wt.% SP SP cr

(Modified)
RCI

(Modified)
IBP-110 ◦C, wt.% 1.00 0.85 0.77 0.66 0.24 0.20 0.32 0.47 0.34
110–180 ◦C, wt.% 0.85 1.00 0.84 0.73 0.23 0.17 0.33 0.49 0.33
180–240 ◦C, wt.% 0.77 0.84 1.00 0.80 0.32 0.12 0.35 0.48 0.38
240–360 ◦C, wt.% 0.66 0.73 0.80 1.00 0.42 0.13 0.36 0.45 0.43
360–540 ◦C, wt.% 0.24 0.23 0.32 0.42 1.00 0.60 0.53 0.44 0.56

>540 ◦C, wt.% 0.20 0.17 0.12 0.13 0.60 1.00 0.66 0.53 0.55
SP 0.32 0.33 0.35 0.36 0.53 0.66 1.00 0.68 0.48

SP cr (modified) 0.47 0.49 0.48 0.45 0.44 0.53 0.68 1.00 0.18
RCI (modified) 0.34 0.33 0.38 0.43 0.56 0.55 0.48 0.18 1.00

Note: Green color means statistically meaningful positive relation; red color implies statistically meaningful
negative relation. The intensity of the color designates the strength of the relation. The higher the color intensity,
the higher the strength of the relation. Yellow color denotes dissonance.

Table 7. υ-values obtained from ICrA of parameters reported in Tables S2 and 2.

N IBP-110
◦C, wt.%

110–180
◦C, wt.%

180–240
◦C, wt.%

240–360
◦C, wt.%

360–540
◦C, wt.%

>540 ◦C,
wt.% SP SP cr

(Modified)
RCI

(Modified)
IBP-110 ◦C, wt.% 0.00 0.12 0.21 0.31 0.73 0.77 0.65 0.50 0.58
110–180 ◦C, wt.% 0.12 0.00 0.14 0.24 0.74 0.81 0.64 0.48 0.59
180–240 ◦C, wt.% 0.21 0.14 0.00 0.17 0.65 0.85 0.61 0.49 0.53
240–360 ◦C, wt.% 0.31 0.24 0.17 0.00 0.54 0.84 0.59 0.52 0.48
360–540 ◦C, wt.% 0.73 0.74 0.65 0.54 0.00 0.38 0.42 0.53 0.36

>540 ◦C, wt.% 0.77 0.81 0.85 0.84 0.38 0.00 0.31 0.45 0.38
SP 0.65 0.64 0.61 0.59 0.42 0.31 0.00 0.28 0.43

SP cr (modified) 0.50 0.48 0.49 0.52 0.53 0.45 0.28 0.00 0.74
RCI (modified) 0.58 0.59 0.53 0.48 0.36 0.38 0.43 0.74 0.00

Note: Green color means statistically meaningful positive relation; red color implies statistically meaningful
negative relation. The intensity of the color designates the strength of the relation. The higher the color intensity,
the higher the strength of the relation. Yellow color denotes dissonance.

The data in Tables 6 and 7 indicate that the oil compatibility parameters Sp, Sp critical,
and modified RCI have no statistically meaningful relation to any TBP fraction yield. It
deserves noting here that the statistically meaningful negative consonances of the vacuum
residue (>540 ◦C) fraction yield with the lighter fractions (light naphtha (IBP-110 ◦C);
heavy naphtha (110–180 ◦C); kerosene (180–240 ◦C) and diesel (240–360 ◦C)) of the stud-
ied crude oils resemble those obtained during the hydrocracking of the vacuum residue,
as shown in Tables S3 and S4. The same similarity is observed between relations of the
Kw-characterization factor of different crude oil fractions and that of oil fractions ob-
tained during vacuum residue hydrocracking (see Tables S5–S8). This similarity between
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oil fraction relation to each other in both hydrocracking fraction yields and petroleum
fraction yields supports the perception that petroleum has been formed by the crack-
ing of higher-molecular-weight organic matter, known as kerogen, accumulated in the
Earth’s bowels [82–86]. It should be noted here that the ICrA evaluation of vacuum residue
hydrocracking data shown in Tables S3 and S4 is related to the hydrocracking of a vacuum
residue derived from a single crude oil. However, when the data of the hydrocracking
of 13 vacuum residues obtained from 13 crude oils are evaluated by ICrA, as indicated
in Tables S9 and S10, the consonances of unconverted vacuum residue and the lighter
oil fractions, although statistically meaningful, are weaker than those observed from the
hydrocracking data of the single vacuum residue (see Tables S3 and S4), and they are
very close to those observed at the petroleum fractions (see Tables 6 and 7). This is in
line with the different classifications of petroleum origin coming from the diverse kerogen
types [89–102], showing that the various kerogens can provide different conversion levels
and different selectivities [92]. Similar to the different colloidal stabilities of the n-heptane
insoluble fraction of the unconverted hydrocracked vacuum residues obtained from di-
verse crude oils [11,73,103], the colloidal stability of the n-heptane insoluble fraction of
the various crude oils can also be different [43,44]. Thus, one may expect that the crude
oils formed from distinct kerogen types may have different stabilities of their n-heptane
insoluble fraction. Another factor that can influence the oil colloidal stability in both crude
oil and vacuum residue hydrocracked synthetic crude oil is the maturity/conversion levels.
The higher the conversion of the vacuum residue hydrocracking is, the lower the colloidal
stability of the hydrocracked n-heptane insoluble fraction is, and the lighter the synthetic
crude oil is [11,16]. The same seems to be valid for the crude oils characterized by a high
degree of maturity, which have experienced a higher extent of cracking reactions in the
Earth’s bowels. They are lighter, with a high content of light oil fractions which make the
residual oil fraction less soluble and therefore less colloidal stable. The extra light crude
oil CPC and the light crude oil Western Desert, which are good examples of high-maturity
crude oils, whose stability was not possible to determine by the n-heptane dilution test (see
Table 2) probably because of their low asphaltene content, by using a spot test, they are
certainly classified as unstable (see Figure 5).

Processes 2024, 12, x FOR PEER REVIEW 13 of 25 
 

 

classifications of petroleum origin coming from the diverse kerogen types [89–102], show-

ing that the various kerogens can provide different conversion levels and different selec-

tivities [92]. Similar to the different colloidal stabilities of the n-heptane insoluble fraction 

of the unconverted hydrocracked vacuum residues obtained from diverse crude oils 

[11,73,103], the colloidal stability of the n-heptane insoluble fraction of the various crude 

oils can also be different [43,44]. Thus, one may expect that the crude oils formed from 

distinct kerogen types may have different stabilities of their n-heptane insoluble fraction. 

Another factor that can influence the oil colloidal stability in both crude oil and vacuum 

residue hydrocracked synthetic crude oil is the maturity/conversion levels. The higher the 

conversion of the vacuum residue hydrocracking is, the lower the colloidal stability of the 

hydrocracked n-heptane insoluble fraction is, and the lighter the synthetic crude oil is 

[11,16]. The same seems to be valid for the crude oils characterized by a high degree of 

maturity, which have experienced a higher extent of cracking reactions in the Earth’s bow-

els. They are lighter, with a high content of light oil fractions which make the residual oil 

fraction less soluble and therefore less colloidal stable. The extra light crude oil CPC and 

the light crude oil Western Desert, which are good examples of high-maturity crude oils, 

whose stability was not possible to determine by the n-heptane dilution test (see Table 2) 

probably because of their low asphaltene content, by using a spot test, they are certainly 

classified as unstable (see Figure 5). 

  

(a) (b) 

Figure 5. Spot test result of CPC crude oil (a) and Western Desert crude oil (b). 

On the one hand, this can explain why the lighter crude oils are more prone to form 

sediments than the heavier petroleum oils [14–17], and on the other hand, this result sug-

gests that the oil colloidal stability is governed not only by the n-heptane insoluble fraction 

characteristics but also by the characteristics of n-heptane soluble oil fraction. 

The n-heptane insoluble fraction of the different crude oils has been formed as a re-

sult of kerogen cracking [104], and its properties can be considered to be a function of both 

pristine kerogen properties and the extent of its conversion. 

The bulk properties of the studied crude oils and some characteristics of their vac-

uum residue fractions shown in Table S11, along with the data from Table 2, were evalu-

ated by ICrA. The μ- and υ-values from the ICrA evaluation are presented in Tables S12 

and S13. The data in Tables 12 and S13 indicate that the Sp critical does not have any sta-

tistically meaningful relation to any of the studied crude oil properties. 

A regression analysis of the crude oil data and Sp critical was performed, and it was 

found that three crude oil properties, density, vacuum residue fraction density, and TBP 

T50 wt.% point, can be used to predict the SP cr.. Considering that the necessary condition 

for linear regression is that the statistical distribution of the dependent and independent 

variables should be normal, the four variables SP cr. (dependent variable), and density, vac-

uum residue fraction density, and TBP T50 wt.% point (independent variables), were eval-

uated for their proximity to normal distribution, where the distribution deviates from the 

normal transformations like xn, ex, ln(x), etc. [105]. Figures S1–S4 display histograms of the 

Figure 5. Spot test result of CPC crude oil (a) and Western Desert crude oil (b).

On the one hand, this can explain why the lighter crude oils are more prone to form
sediments than the heavier petroleum oils [14–17], and on the other hand, this result
suggests that the oil colloidal stability is governed not only by the n-heptane insoluble
fraction characteristics but also by the characteristics of n-heptane soluble oil fraction.

The n-heptane insoluble fraction of the different crude oils has been formed as a result
of kerogen cracking [104], and its properties can be considered to be a function of both
pristine kerogen properties and the extent of its conversion.
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The bulk properties of the studied crude oils and some characteristics of their vacuum
residue fractions shown in Table S11, along with the data from Table 2, were evaluated by
ICrA. The µ- and υ-values from the ICrA evaluation are presented in Tables S12 and S13.
The data in Tables S12 and S13 indicate that the Sp critical does not have any statistically
meaningful relation to any of the studied crude oil properties.

A regression analysis of the crude oil data and Sp critical was performed, and it was
found that three crude oil properties, density, vacuum residue fraction density, and TBP
T50 wt.% point, can be used to predict the SP cr.. Considering that the necessary condition
for linear regression is that the statistical distribution of the dependent and independent
variables should be normal, the four variables SP cr. (dependent variable), and density,
vacuum residue fraction density, and TBP T50 wt.% point (independent variables), were
evaluated for their proximity to normal distribution, where the distribution deviates from
the normal transformations like xn, ex, ln(x), etc. [105]. Figures S1–S4 display histograms of
the distribution of the four variables and the transformations applied to make the variable
distribution closer to the normal one. After these transformations, the following regression
was derived to predict the crude oil SP cr. from the crude oil density, vacuum residue fraction
density, and TBP T50 wt.% point.

SP cr. =
[
−16.6768 + 21.12136× COD15 + 4.616382×VR2

D15−
1.9× 10−5 × T2

50
]2 → R = 0.80, relativestandarddeviation = 4.3%.

(13)

where

COD15 = density of crude oil at 15 ◦C, g/cm3;
VRD15 = density of vacuum residue fraction of crude oil at 15 ◦C, g/cm3;
T50 = true boiling point temperature at 50% evaporation of crude oil. ◦C.

Having in mind that the artificial neural network (ANN) approach to model different
oil properties reported a higher accuracy of prediction than that of the regression meth-
ods [106–113], we decided to develop an ANN model to predict the Sp critical of petroleum
fluids. For this purpose, we used more data than those listed in Table 2 and collected data
on 110 crude oils and residues from the literature [34,42–44], as well as some additional
unpublished data of our own. The range of the variation in the oil properties used to model
the Sp critical by ANN is summarized in Table 8.

Table 8. Oil input data for ANN modeling of Sp critical.

Range SG Sat Aro Res n-C7 asp. n-C5 asp. Tb T10 T30 T50 T70 T90 Kw Sp Critical

min 0.773 6.0 7.1 1.4 0.0 1.8 196 98 174 187 193 245 10.6 3.3
max 1.111 91.1 69.2 11.1 36.6 47.7 659 429 639 667 700 984 12.6 62.9

For the development of the artificial neural network model, a three-layer deep learning
neural network with a structure of 13 inputs and 132 neurons in the first layer, 42 in the
second layer, 16 in the third layer, 10 in the fourth layer, 8 in the fifth layer, and 1 in the
output layer was used. Figure 6 presents the basic parameters of the neural network. The
entire training process took 15 iterations, and the performance was 0.057555. The training
process is shown in Figure 7. The regression coefficients of the artificial neural network are
as follows: training—0.79082, testing—0.90587, validation—0.63821, all—0.79535 (Figure 8).
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For the investigated 48 crude oil samples in this study, the ANN model predicts the Sp
critical with R = 0.799 and a relative standard deviation of 4.6%, which is almost the same as
that of the regression in Equation (13). This accuracy of prediction is somewhat better than
that announced by Ali et al. [66], who forecasted asphaltene stability by other metaheuristic
methods (various machine learning algorithms). The accuracy of the regression and ANN
models developed in this work suggests that the available model input oil properties,
similar to the SARA information used by Ali et al. [67], are not sufficiently capable of
predicting very accurately the oil stability expressed by the Sp critical.

The crude oils which, after mixing with n-heptane, did not show any sign of floccu-
lation (see Figure 1a–c and Table 2) cannot be assessed for their compatibility with the
other crude oils because the Sp critical cannot be determined. In these cases, in order
to understand whether the blending of these crudes with other petroleum oils can lead
to sediment formation, it is necessary to perform a compatibility test where instead of
n-heptane being used as an anti-solvent, these crude oils are used. The results of such
compatibility tests carried out with the Kirkuk imported atmospheric residue with CPC,
Western Desert (WDCO), and n-heptane (for comparison reasons) are depicted in Figure 9.

The data in Figure 9 indicate that the flocculation with the three diluents n-heptane,
CPC crude oil, and WDCO starts at 50% content in their blend with the Kirkuk AR. However,
the trend of sediment increment with the three diluents is different. While the n-heptane, as
expected, increases sharply, the sediment content in Kirkuk AR is at 50% n-heptane content,
and then the sediment content does not go up significantly, meaning that the addition of
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CPC crude oil exponentially augments the sediment content, reaching the highest value
among the three diluents. The WDCO addition to the Kirkuk AR demonstrates the lowest
sediment content increment. These data suggest that the concept of the RCI is not applicable
to oils whose Sp critical cannot be determined. Moreover, the sediment formation potential
seems to be different for the diverse diluents exhibiting an extremely high sediment raise for
the blend CPC–Kirkuk AR when the CPC content is higher than 70%. Such a compatibility
test is recommended to be performed before making a decision to process a blend of light
crude oils and heavier oils in order to improve profitability. Such an opportunity may look
attractive for European refiners who have processed lighter crude oils lately [114].
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Figure 9. Kirkuk atmospheric residue sediment content relation to content of n-heptane, CPC crude
oil, and Western Desert crude oil (WDCO).

The modified RCI crude mixture, containing 13 of the investigated petroleum oils, was
juxtaposed against the desalting efficiency of the LUKOIL Neftohim Burgas refinery crude
distillation unit, as it is known that the lower compatibility [65,115,116] of processed crude
oil is related to a lower desalting efficiency, as shown in Figure 10.
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The data in Figure 10 indicate that lowering the modified RCI is associated with
desalting efficiency deterioration. The data in Figure 9 also suggest that when the RCI
is below 1.3, a significant drop in crude desalting efficiency can be expected. Although
the minimum desalting efficiency in this study was 77%, the maximum specified limit
of 5 ppm (1.5 PTB (pounds of salt per thousand barrels of oil)) was almost not achieved
(only three cases with 5.3, 5.4, and 5.6 ppm of salt in desalted crude oil). A decrease in the
modified RCI below 1.3, however, could be considered undesirable because of the expected
deterioration of the crude oil’s desalting efficiency.

The formation of petroleum is quite a complex process in which the different types
of kerogens are cracked in the Earth’s bowels for a different period of time in a distinct
environment that eventually leads to petroleum oils with a highly diverse composition
and properties. Petroleum researchers have concluded that no two crude oils are the
same [117–119]. In this work, all of the 41 studied individual crude oils were evaluated for
their similarity on the basis of boiling point distribution, density, and sulfur distributions,
information extracted from crude oil assays. The maximum positive consonance achieved
for this crude oil dataset was 0.933 for the crude oils of Basrah Light and Basrah Med.
(Tables S14 and S15), which is below 0.95, above which it is deemed that the similarity is
strong, supporting the statements made above that no two crude oils are the same. Even
for the crude oils which have a relatively high consonance such as Vald’Agri and Kirkuk
(µ = 0.914; υ = 0.079), the stability parameters of the modified RCI (2.5 and 1.3, respectively)
and Sp critical (12.4 and 23.0, respectively) are too different. This suggests that the prediction
of the colloidal stability parameters of the individual crude oils would be very difficult, as
was already shown earlier in this research. The experimental determination of the colloidal
stability parameters seems to remain the most reliable tool to determine the compatibility
of any crude oil mixture.

4. Conclusions

After investigating 48 crude oil samples by performing true boiling point (TBP) analy-
sis, high-temperature simulation distillation, SARA analysis, viscosity, density and sulfur
distribution of narrow petroleum fractions, vacuum residue characterization (SARA, den-
sity, Conradson carbon, asphaltene density), and an n-heptane dilution test by centrifuga-
tion, the following conclusions were made.

1. The determination of the Sp critical by the original method of Nemana calculating
the Kw-characterization factor by using the distillation characteristics of the mixture
crude oil–n-heptane at the onset of asphaltene precipitation may report inconsistent
results. Thus, the modification of Nemana’s method is proposed that calculates
the Kw-characterization of the blend crude oil–n-heptane at the onset of asphaltene
flocculation as a sum of the crude oil Kw factor multiplied by its weight part at the
point of asphaltene onset precipitation, and the Kw factor of n-heptane multiplied by
its weight part in the admixture.

2. The SBN
IN

ratio strongly correlates with the modified relative stability index with a
squared correlation coefficient of R2 = 0.9873, while with the original RCI of Nemana,
it does not correlate well (R2 = 0.2919).

3. By employing intercriteria analysis, it was found that the crude oil characteristics
involved in a crude assay do not exhibit any statistically meaningful relation to the
compatibility indices determined by using the n-heptane dilution test. The Kw-factor
of the vacuum residue fraction of the crude oils that is determined on the basis
of the density and high-temperature simulated distillation of the vacuum residue
demonstrates a negative consonance (µ = 0.24; υ = 0.74) with the insolubility number,
which is very close to the threshold of ICrA defined for statistically meaningful
negative consonance (µ = 0.25; υ = 0.75). This finding is in line with our earlier
research, indicating that the higher the aromaticity of the vacuum residue, the higher
the insolubility number of its asphaltene fraction [12].
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4. By using regression analysis of the data generated in this work, a correlation was
developed that shows that the Sp critical increases with the enhancement of the
vacuum residue fraction’s density, crude oil density augmentation, and crude oil T50%
reduction. This correlation confirms the earlier statement that the higher the vacuum
residue aromaticity (density, Conradson carbon content), the lower its asphaltene
fraction solubility.

5. Artificial neural network modeling was also applied in this work. The ANN model
of the Sp critical, however, in contrast to the reports in other studies modeling other
petroleum properties by ANN, did not show a better prediction ability than that of
the regression model.

6. The ICrA evaluation of the petroleum properties and those of the products obtained
by vacuum residue hydrocracking, whose conversion is thermal, showed a clear
similarity between both, which supports the perception that the petroleum was
formed by thermal cracking in the Earth’s bowels.

7. A future study directed toward searching for the link between kerogen type and maturity
of a crude oil may improve the accuracy of the prediction of oil compatibility indices.

8. It was found that the efficiency of crude oil desalting starts to decline when the
modified RCI drops below 1.4, confirming Wiehe’s conclusion that the ratio SBN

IN
, or

its equivalent modified RCI, should be kept no lower than 1.4 to avoid any fouling or
other incompatibility issues [4].

The crude oils whose asphaltene onset precipitation point cannot be determined by
the n-heptane dilution test can be used as diluents instead of n-heptane in a centrifugation
test to define the concentration at which flocculation start when they are mixed with other
crude oils. The diverse crude oils whose oil compatibility indices cannot be determined
by n-heptane dilution test crude oils may exhibit a different pattern in terms of sediment
formation when blended with heavier oils, even worse than that observed with n-heptane.
Such an example is the CPC crude oil when blended with an imported atmospheric residue
from Kirkuk crude oil.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr12040780/s1, Figure S1: Histogram of vacuum residue fraction
density (a) and that of vacuum residue density (b); Figure S2: Histogram of crude oil density;
Figure S3: Histogram of crude oil T50% (a) and that of T50%2 (b); Figure S4: Histogram of crude
oil Sp critical (a) and that of Sp critical 0.5 (b); Table S1: Data of HTSD and density of both samples
of crude oil Helm and their mixtures with n-heptane at the point of asphaltene precipitation onset,
along with Kw-characterization factor, Sp, and Sp critical; Table S2: True boiling point wide fraction
yields of investigated crude oil samples; Table S3: µ-values obtained from ICrA evaluation of fraction
yields obtained during vacuum residue hydrocracking (vacuum residue hydrocracking data taken
from Ref. [66]. These data are related to a single crude oil source); Table S4; υ-values obtained
from ICrA evaluation of fraction yields obtained during vacuum residue hydrocracking (vacuum
residue hydrocracking data taken from Ref. [66]. These data are related to a single crude oil source);
Table S5. µ-values obtained from ICrA evaluation of Kw-characterization factors of crude oil fractions;
Table S6: υ-values obtained from ICrA evaluation of Kw-characterization factors of crude oil fractions;
Table S7. µ-values obtained from ICrA evaluation of Kw-characterization factors of vacuum residue
hydrocracking fractions (data taken from Ref. [66]); Table S8: υ-values obtained from ICrA evaluation
of Kw-characterization factors of vacuum residue hydrocracking fractions (data taken from Ref. [66]);
Table S9: µ-values obtained from ICrA evaluation of fraction yields obtained during hydrocracking
of vacuum residues originated from 13 crude oils; Table S10: υ-values obtained from ICrA evaluation
of fraction yields obtained during hydrocracking of vacuum residues originated from 13 crude oils;
Table S11: Bulk properties of studied crude oils and some characteristics of their vacuum residue
fractions. Table S12: µ-values obtained from ICrA evaluation of crude bulk properties and some
characteristics of their vacuum residue fractions and oil compatibility parameters; Table S13: υ-values
obtained from ICrA evaluation of crude bulk properties and some characteristics of their vacuum
residue fractions and oil compatibility parameters; Table S14: µ-values obtained from ICrA evaluation
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for similarity of investigated 41 crude oils; Table S15. υ-values obtained from ICrA evaluation for
similarity of investigated 41 crude oils.
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Nomenclature

A Aromatics content
ANN Artificial neural network
AR Atmospheric residue
Aro Aromatics
Asph Asphaltenes
C5-asp Content of asphaltenes insoluble in n-pentane, wt.%
C7-asp Content of asphaltenes insoluble in n-heptane, wt.%
CII Colloidal instability index
CII (C5) Colloidal instability index based on C5 asphaltene content
CII (C7) Colloidal instability index based on C7 asphaltene content
CO Crude oil
CSI Colloidal stability index
D15 Density at 15 ◦C, g/cm3

DBASE Density based asphaltene stability envelope
HD Heptane dilution
HTSD High-temperature simulant distillation
IBP Initial boiling point
ICrA Intercriteria analysis
IN Insolubility index
JM Jamaluddin method
Kco Characterization factor of crude oil
Khp Characterization factor of n-heptane
Kt Characterization factor of toluene
Kw Watson characterization factor
MJM Modified Jamaluddin method
ND Not determined
P Heithaus parameter
PTB Pounds of salt per thousand barrels of oil
QQA Qualitative–quantitative analysis
RCI Relative compatibility index
Res Resins
SARA Saturates, aromatics, resins, asphaltenes
Sat Saturates
SBN Solubility blending number
SCP Stability cross plot
SG Specific gravity
SI Stability index
SN Separability number
SP Stankiewicz plot
Sp Solvent power
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Sp blend Solvent power of petroleum blend
Sp critical Critical solvent power
T10 Boiling point of evaporate at 10%, ◦C
T30 Boiling point of evaporate at 30%, ◦C
T50 Boiling point of evaporate at 50%, ◦C
T50 Boiling point of evaporate at 50%, ◦C
T70 Boiling point of evaporate at 70%, ◦C
T90 Boiling point of evaporate at 90%, ◦C
TBP True boiling point
TBP yield (>540 ◦C) Yield of TBP fraction >540 ◦C, wt.%;
TBP yield (110–180 ◦C) Yield of TBP fraction 110–180 ◦C, wt.%
TBP yield (180–240 ◦C) Yield of TBP fraction 180–240 ◦C, wt.%;
TBP yield (360–540 ◦C) Yield of TBP fraction 360–540 ◦C, wt.%;
TBP yield (IBP–110 ◦C) Yield of TBP fraction IBP–110 ◦C, wt.%;
TBP yield (IBP–360 ◦C) Yield of TBP fraction IBP–360 ◦C, wt.%;
TE Toluene equivalence
WDCO Western Desert crude oil
δCO Solubility parameter values of crude oil
µ Positive consonance
υ Negative consonance
Xi Weight fraction of i component
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