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ABSTRACT

Heavy crude oils present major challenges in transportation and front-end processing due to their
extremely high viscosity and low API gravity. This work introduces an integrated experimental—-
statistical-mechanistic framework to evaluate the effect of four low-molecular-weight sol-
vents—toluene, xylene, light naphtha, and n-hexane—on the rheology and density of Missan heavy
crude oil using a high-speed baffled extraction unit designed to ensure uniform mixing. Bench-scale
experiments were performed at solvent loadings of 4-12 wt% and temperatures of 15-45 °C, with vis-
cosity and API gravity measured before and after dilution. Aromatic solvents (toluene) demonstrated
superior upgrading performance, achieving viscosity reductions of 63.2% at 25 °C and 63.4% at 35 °C, and
API increasing of 5.3°API at 12 wt% loading and all operating temperatures. One-way ANOVA confirmed
that solvent type had a highly significant influence on both viscosity and API gravity across all tem-
peratures (p < 0.0001). Predictive viscosity-temperature correlations of Arrhenius type (u = Ae BT,
R? > 0.996) and linear dose-response models (VR = a + bC) captured the observed rheological behavior
with high fidelity. Mechanistic analysis attributes the superior efficacy of aromatic solvents to strong =—=
interactions enabling asphaltene peptization, while aliphatic solvents act primarily through dilution.
The results define solvent-selection and dosage windows relevant to pipeline hydraulics and field op-
erations, and demonstrate that optimized aromatic-aliphatic co-blends provide a tunable, low-

complexity strategy for improving the flowability of Iraqi heavy crude oils.
© 2026 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

1. Introduction

systems, asphaltenes molecules self-assemble via nn stacking and
polar forces, whereas resin is considered a natural peptizing agent

Light and extra-heavy crude oil is one of the most underutilized
parts of the world petroleum reserves and its strategic role keeps
on rising as the light-oil reserves deplete and as oil production
level off in mature fields [1,2]. These dense and viscous crudes
represent a large part of the rest of the hydrocarbon base in the
world and thus improving their ability to be transported and their
upgrading efficiency is an important issue in the petroleum in-
dustry [3,4]. The major challenges that are linked to heavy crude
oils are the high viscosity and low API that are a result of the
complex colloidal microstructure of the liquid. In this type of
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that provides dispersion stability [5,6]. Viscosity increases non-
linearly with asphaltene to resin ratio and the stability window
reduces especially when paraffinic perturbations are introduced or
with different thermal conditions [7,8]. These effects augment
frictional losses within pipelines, heighten energy needs of
pumping, and reduce the operation safety margin before deposi-
tion and foulage in downstream plants [9,10]. Many solutions have
been suggested to address the rheological issues of heavy oil crude,
such as the use of thermal conditioning, emulsification, nanofluid,
ultrasonic upgrading and most significantly the use of light hy-
drocarbon solvents dilution [11,12]. The reason is that solvent
dilution is still appealing based on its ease of operation, its ability
to be compatible with the current transportation network, and its
ability to be incorporated into refinery blending plans [13,14].
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Nonetheless, the extent of success lies heavily on the compatibility
of solvents with crude and the chemical characteristics of the
solvent [15,16]. Toluenes and xylenes are commonly claimed to
increase the solubility of asphaltene by = -interactions, and lower
the viscosity of the crude by dilution, whereas aliphatic solvents
like n-hexane and light naphtha tend to decrease the viscosity of
the crude by dilution and can cause asphaltene precipitation in
large concentrations, beyond the stability limit of the crude [17,18].

Heavy crude oil solvency behavior also has regional variations
with the crudes in the Middle East varying significantly in SARA
distribution and heteroatom content which significantly affect
baseline rheology and solvent response [19,20]. Although this
country has a high rank among the largest oil producers, there is
dearth of comparative information on the behavior of heavy crude
oils of Iraq towards upgrading in the presence of solvents [21,22].
Very high viscosities at ambient temperatures and large decreases
on mixing with light hydrocarbons like naphtha, toluene, xylene,
or kerosene have been reported in the literature on Missan
(Amara) heavy crude, which explain the necessity of a systematic
study under controlled laboratory conditions [23,24]. Crude
comparable results with the Nahr Umr and Halfaya formations are
additional indications of the susceptibility of Iraqi heavy oils to
paraffinic dilution and the potential of destabilizing the asphaltene
framework [25,26]. It is against this backdrop that the current
research gives a comparative study in a systematic and quantita-
tive manner of four commonly used low-molecular-weight sol-
vents, specifically: toluene, xylene, light naphtha, and n-hexane,
who are chosen based on the need to cover a wide spectrum of
aromaticity and solvency strength. Solvents-diluted Missan crude
behavior is explained using a colloidal and thermodynamic
viewpoint, in which the weakening of asphaltene-asphaltene
forces, as well as the decrease in aggregate size, is caused by ar-
omatic solvents, and the decrease in cohesive energy density is
caused by aliphatic solvents, although at higher dosages aliphatic
solvents are able to approach the precipitation limit [27,28]. Be-
sides the rheological enhancements, the paper will cover the
economic, operational and safety implication which affect prac-
tical implementation of solvent assisted upgrading system. Aro-
matic solvents are more volatile and expensive, but highly
effective and aliphatic solvents are more affordable and more
available but need to be carefully optimized to prevent destabi-
lizing the colloidal architecture of the crude. The novelty of this
work lies in its integration of high-shear baffled extraction, sta-
tistical validation using one-way ANOVA, and predictive rheolog-
ical modeling (Arrhenius-type viscosity-temperature correlations
and linear dose-response models), which together establish
quantitative solvent-selection windows for Missan heavy crude
oil. The findings not only give mechanistic understanding on the

Table 1
Baseline properties of Missan heavy crude (representative values).
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interactions of solvents and crude, but also give practical advice
that can be used in the designing of effective, stable, and
economical solvent-blending plans to improve the transportability
of the Iraqi heavy crude oils.

2. Materials and methods
2.1. Crude oil sample

The crude oil of this experiment was the heavy oil, which was
acquired at the oil field of Missan in southern Iraq. It is a heavy
crude with a dynamic viscosity of 84.6 cP at 15 °C and API gravity
0f 23.1 0 at 60 °F (Table 1). These values are in line with the earlier
reported properties of Missan (Amara) heavy crude establishing
the representativeness of the sample. The amber glass containers
with screw tops lined with PTFE to reduce oxidative depreciation
and evaporative losses were used to store the crude oil. The
samples were kept under low headspace conditions, transported
at room temperature and allowed to equilibrate to target tem-
perature after which the solvent was added and the measurements
were carried out.

2.2. Solvents

To indicate a wide variety of aromaticity and solvency proper-
ties associated with asphaltene stabilization and viscosity reduc-
tion, 4 commercially available, low-molecular-weight solvents
were used: toluene, xylene (mixed isomers), light naphtha, and n-
hexane. The solvents were selected on the basis of their high ca-
pacity to facilitate the asphaltene peptization through = - = in-
teractions, the fact that the aliphatic solvents would decrease the
viscosity largely through dilution and a decrease in the density of
cohesive energy. All solvents were taken as received and used by
their respective certificate of analysis (COAs). Table 2 summarizes
their important physical and chemical properties.

2.3. Experimental procedure

Solvents blends were prepared at solvent loadings of 4, 8 and
12 wt% on a crude basis. Masses of the required masses obtained
were measured within an error margin of &+ 0.01 g with a cali-
brated analytical balance. All mixtures were mixed for 15 min
using a high-speed overhead baffled mixer with a four-blade
impeller that rotated at 1000 rpm and four vertical baffles on the
sides. The 15-min mixing duration was selected because the high-
speed overhead system equipped with baffles generates strong
shear and suppresses vortexing, promoting rapid homogenization.
The baffles were effective in suppressing the formation of vortices

Property Value Unit Test method/instrument

API gravity (60 °F) 231 degree API DDM 2911 PLUS (Rudolph Research Analytical, USA); ASTM D4052; API MPMS 11.1
Specific gravity (60 °F) 0.915 - Calculated from API (API MPMS 11.1)

Density (approx., 60 °F) 915 kg-m—3 Calculated from API

Density (20 °C) 922 kg-m~3 ASTM D4052

Dynamic viscosity (15 °C) 84.6 cP Glass capillary viscometry; ASTM D445 (viscometer complies with D446)
Kinematic viscosity (15 °C) 92.5 cSt From dynamic viscosity and SG

Kinematic viscosity (37.8 °C) 341 cSt ASTM D445

Total sulfur 3.5 wt% EDXRF (PETRA 4294, X0S, USA); ASTM D4294

Nickel (Ni) 25 mg-kg™! RDE-OES (SpectrQil 120, Spectro Scientific—AMETEK, USA)

Vanadium (V) 85 mg-kg ! RDE-OES (SpectrOil 120)

Asphaltenes (n-C7 insolubles) 54 wt% ASTM D6560

SARA fractions (Sat/Aro/Res/Asp) 35/25/34/6 wt% ASTM D2007 (or IP 469)

Water & sediment 0.10 wt% ASTM D4007
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Table 2
Solvent specifications (typical COA/literature values).
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Solvent Type Purity Density (20 °C) Boiling range (°C) Key identifiers/notes [lustrative supplier
Toluene Aromatic >99.8% (ACS) 0.867 g-cm 3 110-111 CAS 108-88-3 Merck/Sigma-Aldrich
Xylene (mixed) Aromatic >99% (ACS/tech) 0.86-0.88 g-cm > 137-144 CAS 1330-20-7 Fisher/Equivalent
Light naphtha  Aliphatic (Cs-C;) Per COA <0.70 g.cm—> @15 °C  D86: IBP >35; 50% > 85; Paraffins >70 vol%, naphthenes Refinery stream
95% < 125; FBP <150 >10 vol%, olefins <2 vol%;
S < 0.03 wt%
n-Hexane Aliphatic >95-99% 0.659 g-cm 3 68-69 CAS 110-54-3 Merck/NIST typical

and increasing the uniformity of mixing which was tested in early
optimization experiments. Blending and testing were done with
15, 25, 35 and 45 °C in a thermostat bath with a stability of 0.1 °C.
Each sample was left to stabilize at the target temperature at least
10 min before measuring it. All the analysis was done in triplicate
(n = 3), the reported values are the mean standard deviation. Fig. 1
gives a schematic representation of the high-speed baffled mixer.
Physical and chemical characterization was done as follows: (1)
Density and API gravity were measured by the oscillating U-tube
densitometer (DDM 2911 PLUS; Rudolph Research Analytical, USA)
in compliance with ASTM D4052 with API gravity at 60 °C calcu-
lated in accordance with API MPMS 11.1. (2) Glass-capillary
viscometry was used to measure kinematic viscosity after
following ASTM D445, and viscometers were used in accordance
with ASTM D446 specification. (3) Accurate total sulfur content
was determined by the energy-dispersive X-ray fluorescence
(EDXRF) in a PETRA 4294 analyzer (XOS, USA) in compliance with
ASTM D4294. (4) Nickel and vanadium concentrations were
ascertained by rotating-disk electrode optical emission
spectrometry(RDE-OES) by the SpectrOil 120 device (Spectro
ScientificcAMETEK, USA) calibrated with certified petroleum
standards that span the range of anticipated concentrations. The
quality control was done on a daily basis by checking with the
reference standards of viscosity and density and keeping the order

Four-blade impeller

L

Digital for mixing

Power
Missan heavv crude/‘\

of measurement constant (density/API — viscosity —elemental
analyses) to guarantee the reproducibility of data and main elim-
inating systematic errors.

Preliminary mixing-time experiments were achieved across
method development to verify that the selected mixing duration
was sufficient and best to reach a steady rheological state. These
experiments showed that, under high mixing rate of 1000 rpm, the
majority of viscosity reduction achieved rapidly within the first
several minutes of mixing (3-5 min), followed by a plateau toward
15 min. Increasing mixing duration above 15 min did not show
additional viscosity reduction within experimental uncertainty,
confirming that 15 min exhibits a conservative steady-state mixing
condition rather than a kinetic limitation.

2.4. Measurements

All measurements were conducted in a thermostated bath with
a temperature variation of +0.1 °C. Before each test, samples were
warmed at the desired temperature for at least 10 min, followed by
inversion of the samples to ensure that they were not air-trapped.
Data is averaged to give an average of three independent replicates
(n=3)and results are reported as mean =+ standard deviation (SD)
with an acceptance criterion of RSD = 0.5% being set beforehand.
There were certified reference materials to verify the performance

Vessel of low molecular
weight solvents

\ Four baffles
distributed on the wall

Electrical controller for heating

Four blade impeller

High speed overhead buffled mixer

High quality crude oil

Fig. 1. The schematic diagram high-speed overhead baffled extraction unit.
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of each instrument at the beginning of each session to ascertain
consistency of response. Viscosity measurements. The apparent
(dynamic) viscosity was determined on a Brookfield rotational
viscometer (AMETEK Brookfield, USA) with a spindle geometry to
suit heavy oils (e.g. RV/SC4 system). Under each temperature, the
rotating speed was set to have a reading of between 10 and 90% of
the recommended torque ranges. Measurements were made at
60 s of stabilization, and the resulting values have been time
averaged 30-60 s to reduce the drift. In order to capture the
presence of shear-history or thixotropic effects, one of the samples
was exposed to an up-down shear test in order to verify a stable
measurement. In cases where it was necessary, the kinematic
viscosity was obtained by dividing the dynamic viscosity by the
density at the same temperature. Density and API gravity. The
density and API gravity were calculated based on ASTM D287 with
calibrated petroleum hydrometers at 15.6 °C (60 °F). The standard
procedure of adding temperature and meniscus corrections was
followed and API gravity was calculated with the help of APl MPMS
11.1/ASTM D1250 conversion tables. To ensure the quality checks
were made by cross-validating the selected measurements in the
oscillating U-tube densitometry (DDM 2911 PLUS; Rudolph
Research Analytical, USA) according to ASTM D4052, and the re-
sults gave a concordance of the measurements within the range of
+0.2 oapi. Handling and uncertainty of data. The presence of
outliers was detected and eliminated with the help of a Grubbs
test (=0.05) before subjecting the data to statistical analysis.
Combined measurement uncertainty factors included stability in
temperature (+0.1 °C), repeatability of the instrument, and
traceability of calibration standards. With the current conditions,
repeatability had complied with the target limits of RSD indicator
5% viscosity and +0.2 °API density/API.

2.5. Statistical analysis

Experiments were conducted three times (n = 3) and presented
as the mean seen as the standard deviation (SD). To determine the
influence of solvent type (untreated crude, toluene, xylene, light
naphtha, n-hexane) on the viscosity and API gravity at every
temperature and load at every solvent loading, a one-way analysis
of variance (ANOVA) was used. In the case of statistically signifi-
cant differences by ANOVA (p < 0.05), pairwise comparisons of
solvents were conducted by Turkeys honest significant difference
(HSD) post-hoc test. The normality and homoscedasticity as-
sumptions were tested by looking at residual plots and Shapir-
oWilk and Levene tests respectively. The SPSS v.26 was used to
perform the statistical computations at the level of significance
(a = 0.05).

3. Results and discussion
3.1. Viscosity response at fixed solvent loading (12 wt%)

Table 3 and Fig. 2 show the influence of the type of solvent on
the viscosity of the Missan heavy crude oil at constant solvent

loading (12 wt%) and 15 min mixing time. Preliminary mixing-
time checks were conducted during method development. In

Table 3
Viscosity of Missan crude oil with solvents (12 wt%) at different temperatures.
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those checks, viscosity readings stabilized within the selected
mixing time and showed no meaningful additional change upon
extending mixing beyond 15 min under the same temperature and
concentration conditions. This indicates that the reported mea-
surements represent a steady, well-mixed state rather than
kinetically limited behavior.

All four solvents showed large viscosity decreases in the
entire range of temperatures considered (15-45 °C) and it was
evident that the aromatic solvents were doing better than their
aliphatic counterparts. Taking 25 °C as an example, the viscosity
of the untreated crude (68.0 cP) was reduced to 25.0 cP with
toluene (a decrease in viscosity of about 63%) and 28.0 cP with
xylene (a decrease in viscosity of about 59%). Light naphtha and
n-hexane on the other hand lowered the viscosity to 32.0 and
36.0 cP which is equivalent to a decrease of 53% and 47%
respectively. These trends were found in all temperatures and
the rank of solvents in terms of effectiveness did not shift. The
viscosity-temperature curves exhibited a consistent, almost
exponential, downward trend, which is typical of Arrhenius-
type rheological behavior when a heavy crude is involved.
Heat treatment between 15 and 45 °C decreased the viscosity of
the raw crude by almost 50 (84.6 0 41.0 cP), with solvent-dilute
samples showing comparable proportional decreases. This
suggests that both the thermal and solvent induced effects on
the viscosity of the continuous phase are additive, whereby
temperature decreases the viscosity of the continuous phase
and solvents, especially aromatics, alter the structure of the
dispersed phase by enhancing solvation of the asphaltene.
ANOVA indicated that the effect that solvent type had on vis-
cosity at all the temperatures studied was very significant
(p < 0.0001), as indicated in Table 4. The extremely high F-
values (e.g., F = 3626.4 at 25 °C) suggest that the differences in
viscosities between the aromatic solvents (toluene, xylene),
aliphatic solvents (naphtha, n-hexane), and untreated crude are
statistically significant other than due to measurement vari-
ability. The results confirm that enhanced performance of aro-
matic solvents can be reproduced, strong and substantially
associated with their molecular interactions with the micro-
structure of the crude that consists of asphaltenes. Mechanis-
tically, the improved solubility of aromatic solvents is due to the
fact that the solvents can weaken the asphaltene-asphaltene
association due to the =n- = interactions thereby lowering the
aggregate size and numbers. This is in contrast to aliphatic
solvents, which are the major cause to reduce viscosity by
diluting the maltene phase, without a considerable change of
the aggregate architecture. The given solvent efficiency hierar-
chy (toluene Z xylene » naphtha > n-hexane) is also consistent
with past trends in heavy crude systems with the same SARA
compositions [23-26]. Specifically, high aromaticity of toluene
allows further penetration of the system in the asphaltene
clusters and more efficient peptization, and the poor solvency
ability of n-hexane can drive the system to the precipitation
limit at high concentrations, which is in agreement with known
n-C7 asphaltene behavior. All these findings combine to show
that solvent identity, as well as temperature has a significant
impact on reducing viscosity, with aromatics being more

Temperature (°C) Untreated crude (cP) Toluene (cP) Xylene (cP) Naphtha (cP) n-Hexane (cP)
15.0 84.6 32.0 35.0 40.0 45.0
25.0 68.0 25.0 28.0 32.0 36.0
35.0 52.0 20.0 22.0 25.0 29.0
45.0 41.0 15.0 17.0 19.0 22.0
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M Untreated crude M Toluene
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B Xylene

35 45

Temperature/°C

Fig. 2. Viscosity of Missan crude oil after addition of 12 wt% solvents at 25 °C. Aromatic solvents (toluene and xylene) show superior performance compared to aliphatic solvents

(naphtha and n-hexane).

effective at rheological additions and temperature enhancing
the efficiency of a solvent. Operationally, a moderate heating
(35-45 °C) and an aromatic fraction allow a significant decrease
in viscosity at lower solvent doses providing a viable route to
higher flowability and a lower use of pumping energy over field
transportation.

The effect of solvent type on the viscosity of Missan heavy
crude oil when the solvent loading of the solvent was 12 wt% was
statistically calculated with the help of one-way ANOVA. The type
of solvent was found to have a highly significant impact on vis-
cosity in all of the observed temperatures (p < 0.0001). The F-
values are very large and, therefore, this implies that the difference
in the viscosities of the aromatic solvents (toluene and xylene), the
aliphatic solvents (light naphtha and n-hexane), and the untreated
crude is statistically.

One way ANOVA was used to determine the statistical sig-
nificance of the influence of the solvent type on the API gravity of
the Missan heavy crude oil at a constant solvent loading of
12 wt%. The type of solvent had a strongly influential effect on
the API gravity at all temperatures studied as was shown in
Table 5 (p < 0.0001). The large F-values are consistent which
means that the mean differences in API gravity between the ar-
omatic (toluene and xylene) and the aliphatic solvents (light
naphtha and n-hexane) and the untreated crude are statistically
significant. These findings verify that the experimentally
measured changes in API gravity, especially of the aromatic sol-
vents, are neither caused by random experimental error but

Table 4
One-way ANOVA results for the effect of solvent type on the viscosity of Missan
heavy crude oil at 12 wt% solvent loading across different temperatures.

Temperature (°C) df_between df_within F-value p-value

15 4 10 5505.7 1.1 x 10716

25 4 10 3626.4 89 x 10716

35 4 10 2019.6 1.7 x 10714

45 4 10 1322.4 14 x 10713
Table 5

One-way ANOVA results for the effect of solvent type on the API gravity of Missan
heavy crude oil at 12 wt% solvent loading across different temperatures.

rather represent a real and repeatable impact of the solvent
chemistry on the density of crude oil.

3.2. Concentration dependence at 25 °C

The influence of the solvent concentration on the decrease of
viscosity at 25 °C is provided in Table 6 and Fig. 3. At all concen-
trations of 4-12 wt%, the four solvents formed monotonic reducing
viscosities, and a definite dose-response relationship was
observed. Toluene recorded the highest percentage viscosity
reduction (VR%), which rose to 62% at 12 wt% after it recorded 35%
at 4 wt%. Xylene immediately followed with 30%-58% VR at the
same range. By contrast, light naphtha and n-hexane yielded more
moderate reductions (2553% and 2047%, respectively), which is in
line with their lesser solubility ability on asphaltene-rich struc-
tures. The dose response curves indicate a more or less linear curve
of all the solvents in the loading window studied with the aro-
matics curve steeper than the aliphatics. It implies that toluene
and xylene have a greater incremental efficiency per unit added
solvent because they have the capacity to peptize and disperse
asphaltene aggregates through = -pi interaction. Instead, aliphatic
solvents minimize viscosity more by diluting the maltene stage, so
the concentration is not sensitive. These results are consistent
with the previous research on Iraqi heavy crude oils that also re-
ported increased solvency behavior of aromatic diluents and
reduced solvency behavior of paraffinic solvents [23-25]. The
trends of the experiment were well represented as VR = a + bC
(with C being solvent concentration in wt%) by linear regression
models (R? = 0.978 0.998) as given in Table 6. The slopes (b 3.43.5
per wt) were generally similar across solvents indicating that the
overall effect of the increase in dilution is equally similar. Never-
theless, the significantly larger values of the intercepts of toluene
and xylene (a = 22.67 and 17.00, respectively) indicate higher
quality baseline performances even with very low doses of the
solvents. This is characteristic of structural changes in the
asphaltene network, such as the decrease in aggregate size and a

Table 6
Viscosity reduction percentage (VR%) as a function of solvent concentration at
25 °C.

Temperature (°C) df_between df_within F-value p-value Solvent 4 Wt 8 wt% 12 wt%
15 4 10 1308.9 15x 10713 Toluene 35 52 62
25 4 10 1308.9 15 % 10713 Xylene 30 47 58
35 4 10 1301.1 16 x 1013 Naphtha 25 40 53
45 4 10 1296.0 1.6 x 10713 n-Hexane 20 35 47
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Fig. 3. Viscosity reduction percentage (VR%) of Missan crude oil versus solvent concentration at 25 °C. A Steady increase in reduction was observed with the dosage of the solvent

with toluene and xylene being the most effective.

decrease in intermolecular binding, which cannot be attained by
dilution of the matrix itself. Operationally, these findings indicate
the value of solvent selection in the event of economic optimiza-
tion. Even at low concentrations, aromatic solvents will attain a
high level of viscosity reduction and result in a reduction in the
total solvent that can be used to reach the levels of pipeline
transport. Conversely, aliphatic solvents demand more dosages to
have similar effects and this could be costly or could lead towards
the asphaltene precipitation limit. Thus, co-blends of aromatic
with aliphatic components are optimized to offer a promising
approach to balancing the economic and rheological performance
in field applications.

3.3. API gravity improvement

Table 7 and Fig. 4 show that solvent addition has no significant
impact on the API gravity of Missan heavy crude oil with the
loading of 12 wt%. All types of solvents and all temperatures
studied showed an increase in API gravity which suggests that the
process of reducing the density by dilution and improvement of
dispersion of the asphaltene-rich microstructure was successful.
The API 25C crude had a gravity of 23.4° and it changed to 28.7°
with toluene and 28.2° with xylene; indicates a change of about
5.3° and 4.8°, respectively. Much milder increases were observed
in light naphtha and n-hexane (approximately 4.0 and 3.7,
respectively), which is expected of their relative inability to
disrupt asphaltene resin interactions. Solvents were always the
most effective in terms of API improvements, indicating their
powerful solvation properties that can be explained by their ability
to decrease the bulk density due to the disaggregation of asphal-
tene clusters. The temperature effect was cumulative with API
values rising steadily at 15-45 °C irrespective of solvent system.
The effect of this behavior indicates thermal expansion of the
crude matrix as well as a high solvation rate at high temperatures-
trends commonly observed in heavy crude systems [23,24].

One-way ANOVA was used to check the statistical significance
of these trends, and the results were summarized in Table 5. The

Table 7
API gravity improvement with solvent addition (12 wt%) at different temperatures.

influence of the type of solvent on the API gravity was very strong
at all temperatures (p < 0.0001) and the high F-values (e.g.,
F=1308.9 at 25 °C) regularly indicate that the differences between
aromatic and aliphatic solvents are very strong and cannot be
explained by the experimental variability. The results obtained are
similar to the viscosity measurements determined in the previous
section 3.1 which once again confirm the fact that aromaticity is
the most important factor in determining the efficacy of solvent
upgrading. Mechanistically, the inhibition of intra-aggregate co-
hesions of the asphaltene fraction by 3D interactions with aro-
matic solvents may explain the superior amelioration of API
gravity. This ensures that it is partially disaggregated and will be
incorporated better into the maltene matrix thus lowering the
general density. By comparison, the aliphatic solvents (e.g. n-
hexane) are density reducing mainly by dilution and can be close
to asphaltene precipation limit at higher concentrations which
reduces their upgrading capacity. This mechanistic explanation is
consistent with thermodynamic models of solubility and solvency
gradients of asphaltenes [25,26]. Operationally, API gravity
enhancement has direct impacts on transportability, pumpability
and downstream processing compatibility. The capacity of aro-
matic solvents to provide significant improvements in API at
relatively low concentrations introduces an avenue of greater en-
ergy efficiency in pipe transport and greater blending character-
istics in refinery processes. In the meantime, the discrepancy in
the performance of aromatics and aliphatics reveals the need to
choose solvent blends which are balanced in terms of their sol-
vency power, cost, volatility, and operation.

3.4. Integrated viscosity—API behavior and implications for
upgrading

The unison evaluation of reduced viscosity and increased API
gravity gives a more detailed insight of the upgrading conducted
by solvents since the two parameters control the flow character-
istics and the marketed quality of the heavy crude oil. The viscosity
and API gravity improvements as demonstrated in Tables 6 and 7

Temperature (°C) Untreated crude (API) Toluene (API) Xylene (API) Naphtha (API) n-Hexane (API)
15.0 23.1 28.4 27.9 27.1 26.8
25.0 234 28.7 28.2 274 271
35.0 23.8 29.1 28.6 27.7 274
45.0 24.2 29.5 29.0 28.0 27.8
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Fig. 4. API gravity improvement of Missan crude oil after 12 wt% solvent addition at different temperatures. Toluene provided the highest APl enhancement, followed by xylene,

while naphtha and n-hexane showed moderate improvements.

and Fig. 5 all follow the identical trends as the aromatic solvents at
all concentrations and temperatures showed a higher result as
compared to the aliphatic solvents. This correlation between
rheological and density-based indicators highlights the prominent
role of solvent aromaticity in altering the physicochemical struc-
ture of Missan heavy crude. With a constant loading of 12 wt%,
both toluene and xylene have achieved over 60% viscosity re-
ductions and increased API gravity by up to 6°, which means that
both asphaltene aggregation and maltene matrix dilution occurred
simultaneously. However, light naphtha and n-hexane provided
more modest improvements, as they are less soluble and unable to
break the hierarchical structure of the asphaltene-rich domains.
The similarity in the response of both viscosity and API indicates
both of the above properties share some underlying microstruc-
tural alteration, which is mainly the redistribution of asphaltenes
and resins into a less dense, more dispersed, and less viscous
structure. A colloidal model can be used to rationalize this inte-
grated behavior with asphaltenes in the form of stabilized nano-
aggregates covered by layers of resin. Aromatic solvents are
powerful peptizing agents that reduce the size and abundance of
aggregates reducing the viscosity and density. In the meantime,
aliphatic solvents minimize viscosity by predominantly dilution
rather than by a significant effect on aggregate morphology, and
hence have a limited ability to increase API gravity. These mech-
anistic observations are not only in line with known SARA-based
explanations of heavy-oil upgrading but also indicate past
behavior of heavy crudes of Middle Eastern and Latin American
origin [2426].

Aromatic solvent

l Disruption of

aggregates
Asphaltene
aggregate

Aliphatic solvent

NN

l

Dilution

7-T interactions

Asphaltene ’ ‘

Fig. 5. Aromatic peptization vs aliphatic dilution pathways.

Asphaltene
aggregate
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Operationally, the viscosity and API gravity have been coupled
to make a direct effect on the hydraulics of a pipeline, the pumping
demand, the handling of tankage and the economics of blending.
Viscosity cuts of more than 50% in general correspond to major
reductions in the frictional pressure drop that permit trans-
portation at lower temperatures, and with lower energy con-
sumption. In the same way, the API growth of 4-6 makes it
possible to have better compatibility with refinery feedstock and
conduct more efficient atmospheric and vacuum distillation op-
erations. Such findings also suggest a feasible solvent-selection
plan: to obtain a target viscosity (e.g. less than 35 cP) to facili-
tate pipeline transportation, it is often accompanied by an API
enhancement sufficient to alter downstream processing behavior.
This twofold advantage indicates that the solvent mixtures that
contain aromatic molecules have the potential to reduce overall
solvent consumption because they meet the viscosity and API
performance levels at the same time. On the other hand, the use of
aliphatic solvents can cause over-dilution, high operating cost and
possible destabilization of asphaltene structure. All in all, both the
viscosity-API trends and the viscosity-density trends indicate that
the process of solvent upgrading of the Missan heavy crude oil is
controlled by the joint effects of synergetic physicochemical ef-
fects, where the aromaticity of solvents, concentration, and tem-
perature have a joint control on the rheological and density
behavior of the crude. These results provide a logical foundation of
how to develop optimal solvent combinations that are perfor-
mance, stability, and cost-effective during field use.

3.5. Empirical modeling of viscosity—temperature and solvent
concentration behavior

The result of the experiments was also explained by using
empirical correlations to measure the dependence of viscosity on
temperature and the dose response with the dilution of solvents.
These types of models are predictive models needed in the se-
lection of solvents at field scale, optimization of processes and
hydraulic design. Tables 8 and 9 provide the fitted parameters of
the Arrhenius-type viscosity model and the linear VR concentra-
tion model, respectively.

3.5.1. Arrhenius-type viscosity—temperature correlation

The temperature dependence of viscosity for the untreated and
solvent-diluted crude oils was described using an Arrhenius-type
expression of the form:
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Table 8
Empirical Arrhenius-type correlations for the viscosity of Missan crude oil at
12 wt% solvent loading.

System Correlation u(T) = Ae®T R?

Untreated crude u = 123.1e0:02441T 0.999
Toluene (12 wt%) u = 46.8e0:02496T 0.997
Xylene (12 wt%) u = 50.7¢~0:02408T 0.999
Naphtha (12 wt%) u = 58.8e0:02480T 0.998
n-Hexane (12 wt%) u = 64.8e002363T 0.997

Table 9
Linear dose-response correlations for viscosity reduction percentage (VR%) at
25°C.

Solvent Correlation VR(%) = a + bC R?
Toluene VR =22.67 +338C 0.978
Xylene VR =17.00 + 3.50 C 0.985
Naphtha VR=1133 +3.50C 0.998
n-Hexane VR =7.00+3.38C 0.996
—BT
u(T) = Ae (1)

where A represents the reference viscosity at hypothetical zero
temperature and B reflects the thermal sensitivity of the
crude-solvent system. As shown in Table 8, the fitted correlations
exhibited excellent agreement with experimental data
(R? > 0.996) for all solvent types, confirming that the Arrhenius
relation is appropriate for modeling the rheology of the Missan
heavy crude.

The aromatic solvents (toluene, xylene) significantly reduced
the parameter A, indicating a marked decrease in the base-level
viscosity due to improved solvation and dispersion of asphaltene
clusters. In contrast, the parameter B remained relatively constant
across all systems (~0.024-0.025 °C’!), suggesting that solvent
addition alters the microstructural state of the crude but does not
fundamentally change its temperature sensitivity. This behavior is
consistent with previous studies on thermally activated flow in
asphaltenic crude oils [25,26].

The Arrhenius model therefore provides a compact and physi-
cally meaningful framework for predicting viscosity across oper-
ational temperatures, enabling the calculation of required pipeline
temperatures or the solvent concentration necessary to achieve
specific mobility targets under varying field conditions.

3.5.2. Linear dose-response modeling of viscosity reduction
The effect of solvent concentration on viscosity reduction (VR%)
at 25 °C was captured using a linear expression of the form:

VR(%) = a+ bC (2)
where C is the solvent concentration in wt%. The fitted parameters
are presented in Table 9, with all models exhibiting strong linearity
(R?> = 0.978-0.998), demonstrating that viscosity reduction re-
sponds proportionally to solvent dosage within the studied range
of 4-12 wt%. The slopes (b) were very close across all solvents
(3.43.5) per wt% and it shows that there was similar marginal ef-
ficiency of each unit of solvent added. The linear slope (b) pri-
marily captures the incremental (dose-dependent) effect of adding
solvent mass to the crude matrix within the studied window
(4-12 wt%)—i.e., the additional viscosity reduction obtained per
incremental wt% solvent once the solvent is already incorporated
into the continuous phase. This incremental contribution can be
similar across solvents over a narrow concentration interval
because any added low-viscosity diluent reduces the effective
viscosity through dilution and reduced cohesive energy density of
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the maltene phase. However, the key mechanistic distinction be-
tween aromatic and aliphatic solvents is reflected more strongly in
the intercept term (a) and in the absolute VR% levels (and vis-
cosity/API outcomes) at each concentration, rather than in the
slope alone. Aromatic solvents (toluene and xylene) exhibit
markedly higher intercepts (a values) in Table 9, indicating supe-
rior baseline upgrading at low dosage. We interpret this higher
baseline as the consequence of aromatic-asphaltene n—n in-
teractions that promote peptization and partial disaggregation of
asphaltene clusters, effectively shifting the crude to a lower-
viscosity structural state even before additional dilution in-
crements are applied. In contrast, aliphatic solvents (n-hexane and
light naphtha) act primarily through dilution with limited struc-
tural modification of asphaltene aggregates, resulting in a lower
baseline VR% (lower a). Once that baseline state is established,
further increases in solvent concentration can yield similar in-
cremental improvements (similar b) because the dominant
contribution becomes dilution/viscosity blending within the
tested range.

Besides, the intercepts (a) were found to be much higher in the
aromatic solvents compared to the aliphatic solvents which were
of good performance even in low concentrations. The mechanistic
variation between aromatic and paraffinic solvency is emphasized
by this difference: the aromatics are active, and they can break up
asphaltene aggregates; the aliphatics are more effective by
diluting the continuous phase. It is of practical interest that VR
concentration behavior is linear. When the operator is working on
the field, he is able to quickly determine the dosage of solvent
needed to achieve the desired viscosity by not having to repeat the
research. Moreover, solvent-induced upgrading has a high level of
agreement with the linear model and experimental data, which
proves that solvent-induced upgrading can be included in dilution
planning and pipeline-flow models.

3.5.3. Operational relevance of the empirical models

The two empirical models are used together to give the pre-
dictive toolkit in the process design. Arrhenius correlation can be
added to hydraulic simulation to find optimal transport temper-
atures and dose response model can quickly find the solvent re-
quirements to operate without breaking the viscosity limit under
varying conditions of operation. These correlations together pro-
vide a quantitative basis of balancing the solvent costs, the
pumping energy and the stability factor in the transportation and
processing of the Iraqi heavy crude oils.

Although the Arrhenius and linear correlations were calibrated
using a bounded experimental domain (15-45 °C and 4-12 wt%),
their use for field-scale prediction is supported by the underlying
physical mechanisms governing the system. The Arrhenius
formulation captures the temperature dependence of viscosity
reduction through thermally activated molecular mobility, a rela-
tionship that has been shown to remain monotonic and physically
meaningful beyond narrow laboratory ranges for similar
hydrocarbon-solvent systems. Likewise, the observed linear
dependence on solvent dosage reflects dilution-driven disruption
of intermolecular associations, which is expected to persist at
higher concentrations until phase behavior or saturation effects
become dominant. Importantly, the fitted parameters exhibit
smooth trends without inflection points or nonphysical behavior
at the bounds of the experimental window, suggesting that limited
extrapolation—particularly toward lower temperatures relevant
to pipeline startup—is mechanistically reasonable rather than
purely empirical.

Nevertheless, the extrapolation of these models to conditions
outside the tested range should be interpreted cautiously and
primarily as a first-order engineering approximation. At lower
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startup temperatures or higher solvent dosages, additional phe-
nomena such as non-Newtonian effects, phase separation, or
diminishing marginal viscosity reduction may emerge and are not
explicitly captured by the present formulations. To mitigate this,
the models are intended to be applied conservatively within
moderate extensions of the experimental range and in conjunction
with operational safety factors commonly used in pipeline design.

4. Mechanism of Solvent-Crude interaction

Knowledge of the mechanistic nature of solvent-induced
upgrading is needed to gain insight into the measured increases
in viscosity and API gravity, as well as to develop an optimized
dilution plan to heavy crude oils. The rheology and density
response of Missan crude at aromatic and aliphatic dilution can be
described in the known colloidal model of asphaltenes with mo-
lecular interaction, aggregate structure, and solvent affinity all
interacting to determine the rheology and density response of the
crude.

4.1. Asphaltene aggregation and colloidal architecture

Heavy crude oils like the ones found in the Missan field are
composed of asphaltene nano-aggregates, suspended in a
maltene-rich continuous phase that has resins acting as stabilizers.
The asphaltene molecules are inclined to self-assemble by n-n
stacking, hydrogen bonding, and polar interactions involving
heteroatoms, and form multi-layered aggregates, which have a
significant effect on viscosity. These aggregates increase in size and
number density when the resin to asphaltene ratio is lower or the
dissolving medium becomes less solvent and raise intermolecular
friction and bulk density. Such unusually high viscosity of un-
treated Missan crude is consequently a display of closely net-
worked asphaltenes with little mobility within the maltene
framework.

4.2. Aromatic solvent peptization

Aromatic solvents like toluene and xylene have delocalized 7
-electron systems which can interact with the aromatic cores of
asphaltene molecules strongly. Such =-pi interaction prevents the
aggregation of asphaltenes and decreases the binding energy of
aggregates. The smaller the aggregates become, the lower the
effective percentage of dispersed particles and the better the
mobility and lower the viscosity becomes. It is not surprising that
toluene is a superior solvent when compared to xylene because it
is much more aromatic and has a higher solvency parameter
match with asphaltenes, since this allows it to penetrate deeper
into the aggregate structure and more completely peptize. This
process is the direct cause of the greater viscosity decreases and
API increases experimentally.

4.3. Aliphatic dilution and its limitations

Conversely, aliphatic solvents like light naphtha and n-hexane
have significant effect on the crude by diluting the maltene phase,
and do not cause asphaltene aggregates to dissolve. They cannot
form stabilizing n- = interactions and thus aggregate morphology
is largely the same despite reducing the overall mixture to a low-
viscosity state. This is the reason why n-hexane and naphtha will
always exhibit a lower tendency to reduce viscosity and generate
smaller changes in API gravity. At greater concentrations, the
paraffinic solvents can even come close to the asphaltene precip-
itation limit, at which inadequate solvency is sufficient to
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precipitate the flocculation or destabilize the phases. Though in
the conditions of the given research case there was no precipita-
tion, the worse upgrading of aliphatics indicates their less active
interaction with the asphaltene core.

Within the studied solvent amounts (4-12 wt%) and tempera-
tures (15-45 °C), no visual indicators of colloidal instability, for
instance, phase separation, persistent haze, flocculation, and
sedimentation, were showed across the preparation of samples,
equilibration, experiments, or sample analysis. Moreover, the
viscosity change using different solvents at different temperatures
were smooth and monotonic, which is inconsistent with abrupt
asphaltene precipitation or phase instability.

4.4. Temperature-enhanced solvation and structural relaxation

Temperature is synergistic with the type of solvent since it
increases Brownian motion speed, decreases the density of cohe-
sive energy, and increases the mobility of the continuous maltene
phase and the dispersed asphaltene aggregates. With rise of
temperature (15-45 °C) this reduction in the maltene viscosity
increases rate of penetration of aromatic solvents into asphaltene
clusters and enhances peptization effect. This two-fold process,
thermal relaxation, and aromatic solvency, is the reason behind
the near-exponential decrease in viscosity described by the
Arrhenius model and by the steady increase in APl improvement in
all solvents at high temperatures.

4.5. The combination of mechanistic behavior with empirical
models

The Arrhenius-type viscosity-temperature relationship is the
measure of thermal sensitivity of the crude-solvent system. A
decrease in parameter A in the aromatic-diluted samples would be
related to a decrease in the aggregate strength and better disper-
sion. The VR = a + bC linear model also proves that the concen-
tration of solvents affects upgrading in a predictable way that is
related to the aggregate disruption efficiency. In combination,
these models support the fact that the solvent treatment behavior
of asphaltenes is a structurally controlled, thermally aided and
concentration-dependent process.

4.6. Implications for field deployment

The mechanistic insight below justifies the applicant strategic
application of aromatic-rich solvents in field operations aimed at
enhancing the flowability and stable transportation of heavy crude
oils. Aromatic solvents, by disrupting asphaltene aggregates
selectively, instead of simply diluting the maltene phase, achieve a
large drop in viscosity with lower dosage, costing less to operate,
and minimizing the chances of instability. The aliphatic compo-
nents may still be used as mixed formulations to regulate the
volatility, cost, and availability; this is only in combination with a
reasonable amount of aromatic to ensure that the formulations
remain colloidal. This mechanistic understanding offers a logical
ground on the design of solvent mixes based on the chemical
composition of the Iraqi heavy crude oils as well as the optimum
solvent dosage at different thermal and hydraulic conditions.

From economic considerations, solvent consumption exhibits
the dominant operating cost in oil upgrading by dilution. Aromatic
solvents, which are typically more price than aliphatic solvents,
conduct best viscosity improvement at substantially lower
amounts due to their ability to peptize asphaltene aggregates. As
observed in this work, toluene and xylene achieved >60% viscosity
reduction at 12 wt%, whereas aliphatic solvents required higher
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amounts to reach similar improvement. Therefore, aromatic-rich
formulations can be economically competitive or even favorable
despite higher purchase prices. Besides, lower solvent amount
directly reduces pumping power, blending volume, and solvent
handling requirements, which collectively lower operating ex-
penditures in pipeline transportation systems.

Fig. 5 shows diagrammatic illustration of the mechanistic
process of the solvents on heavy crude oil. The asphaltene aggre-
gates react with aromatic solvents (toluene, xylene) via n -n
intermolecular interactions, which disperses them into smaller
molecules, and aliphatic solvents (naphtha, n-hexane), which
mostly dissolve the oil matrix but does not affect the aggregates.

4.7. Comparative assessment with previous heavy-oil solvent
upgrading studies

Table 10 presents comparative assessment with previous
heavy-oil solvent upgrading studies. Despite differences in crude
type, dilution agents, and operating conditions, a consistent trend
emerges across studies: aromatic solvents, including toluene and
xylene, exhibit the best upgrading performance compared to
aliphatic solvents due to their ability to peptize and partially
disaggregate asphaltene clusters, whereas aliphatic solvents pri-
marily affect across the maltene phase dilution. The efficiency of
viscosity reduction and API enhancement varies among different
crudes, indicating differences in SARA composition, asphaltene
contaminates, and resin-asphaltene balance. Compared with
previous works, this study exhibits comparable or higher viscosity
reduction performance using similar or lower solvent amounts,
which can be assigned to the integrated impacts of high-shear
baffled mixing, optimized solvent selection, and controlled tem-
perature conditions.

4.8. Limitations

(1) Fixed mixing time (15 min). Kinetics at shorter/longer du-
rations was not mapped; some peptization processes may
be time-dependent. Although preliminary observations
showed rapid viscosity stabilization under high mixing rate,
a kinetic examination at shorter or longer mixing durations
was not achieved.

(2) Dosage window (4-12 wt%). Behavior outside this range-
—especially very low dosages for cost optimization and high
dosages near precipitation limits—was not explored.

(3) Solvent management. Recovery/recycling, emissions (VOC),
and closed-loop handling were not evaluated, yet they are
critical to field deployment.

(4) Single feedstock. Conclusions are specific to Missan crude;
crudes with different SARA distributions or metal/hetero-
atom contents may respond differently.
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(5) Standardized asphaltene stability measurements, including
ASTM D7061/D7112 or equivalent, were not achieved in the
present work. Stability measurements were limited to visual
indication and monotonic rheological behavior under
deferent. While no instability was exhibited under labora-
tory experiments, standardized testing is recommended
prior to field-scale implementation.

(6) Techno-economic and environmental quantification. A
detailed quantitative techno-economic analysis (TEA),
including solvent procurement costs, recovery efficiency,
recycle ratios, and energy penalties, as well as the envi-
ronmental aspects, for instance, volatile organic compound
(VOC) emissions and solvent losses, was not examined in
this work. Such analysis requires site-specific design pa-
rameters and operational constraints and therefore falls
outside the scope of the present laboratory-scale study.

4.9. Recommendations for future work

(1) Kinetic mapping. Future work should examine the kinetics
of solvent—crude interaction by varying mixing durations
less or more than 15 min. Quantifying these kinetics ex-
aminations would enable optimization of residence time
and energy consumption in the industrial fields.

(2) Blend design. Systematically screen aromatic-aliphatic co-
blends to identify minimal-solvent envelopes that pre-
serve stability; report simple stability indices alongside
viscosity/APL

(3) Broadened dosage & temperature. Extend screening below
4 wt% (economic minimum) and above 12 wt% (perfor-
mance ceiling and stability margin), and include colder
start-up scenarios.

(4) Comparative crudes. Benchmark Missan results against
other Iraqi and international heavy crudes to assess gener-
ality and refine selection rules based on solubility-
parameter distance.

(5) TEA/EHS integration. Incorporate techno-economic and
environmental/health/safety assessments (solvent recycle,
VOC control, footprint) to establish feasibility at scale.

(6) ASTM Standardized stability analysis. Future works should
examined standardized asphaltene stability measurements,
including ASTM D7061/D7112 methods, to quantitatively
define stability margins for aromatic-aliphatic solvent
blends before field deployment.

(7) Techno-economic and environmental assessment. Future
work should examined a quantitative techno-economic
analysis (TEA) with solvent recovery modeling, for
example, flash separation, distillation, or membrane-based
recovery, to evaluate solvent recycle efficiency, net solvent

Table 10
Comparison of solvent-assisted upgrading of heavy crude oils in the literature.
Crude oil type Solvent(s) used Operating conditions Improvement efficiency Reference
Nigerian heavy crude Kerosene, naphtha, and diesel 25-40 °C and 5-30 vol% solvent  Viscosity reduction of 42-71% [29]
(highest with naphtha at
20-30 vol%)
Iranian heavy crude (Nowrouz field) Condensate, naphtha, and toluene 25 °C and 5-25 wt% solvent Viscosity reduction of 48-76% [30]
(toluene & condensate blends at
>20 wt%)
Multiple Iranian heavy crudes Naphtha and condensate 20-50 °C and 5-25 wt¥% solvent  Viscosity reduction of 30-65% [31]

Missan heavy crude, Iraq Toluene, xylene, naphtha, n-hexane

15-45 °C; 4-12 wt%; high-shear
baffled mixing

(depending on crude and dosage)
Viscosity reduction of 63.2% at
25 °C and 63.4% at 35 °C; API
increases up to 5.3°

Present study
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consumption, and cost per barrel of upgraded crude.
Moreover, environmental and health-safety (EHS) aspects
should be achieved to quantify VOC emissions, solvent los-
ses, and mitigation strategies, including closed-loop
handling, vapor recovery system, and solvent containment.
These investigations are important for translating
laboratory-scale solvent upgrading into safe, cost-effective
viable field operations.

All in all, the discussion and information reveal the following
design rule: aromaticity and moderate heat are the main tools that
one can use to increase transportability and front-end quality. By
operating within the asphaltene stability window and tuning the
aromatic content by operating temperature, operators can make
large cuts in viscosity and high API uplift at workable dosage with
direct ramifications on the pump energy, throughput and cost.

5. Conclusions

This paper established that low-molecular-weight solvents
dilution is a viable and feasible remedy to ameliorating the
transport and processing properties of the Missan heavy crude oil.
The highest improvements in crude oil properties were consis-
tently achieved using toluene, yielding viscosity reductions of
63.2% at 25 °C and 63.4% at 35 °C, along with an increase of 5.3°API
at a solvent loading of 12 wt¥% across all operating temperatures.
Conversely, the improvements achieved in aliphatic solvents were
rather modest as it has limited capacity to modify the asphaltene
aggregate structure. Mechanistic analysis, which showed that ar-
omatic solvents facilitated asphaltene peptization by = = in-
teractions, which weakened the aggregates, reducing viscosity and
density. Aliphatic solvents lower the viscosity by dilution and do
not produce any profound changes in aggregate morphology. The
temperature was found to have a synergistic effect with type of
solvent, giving higher mobility and increasing the solvent effi-
ciency of all the systems studied. One-way ANOVA statistical
analysis revealed that the solvent type has a very significant in-
fluence on the viscosity and API gravity (p < 0.0001), and empirical
modeling with Arrhenius-type viscositytemperature correlation
(R? = 0.996) and linear dose response relationships (R*> = 0.978
0.998) are both powerful predictive instruments in operational
design. These models can be used to estimate solvent needs and
flow characteristics at variable field conditions to provide useful
information on the optimization of transport and processing ar-
rangements. The findings in general confirm the use of aromatic-
rich solvent mixtures as an economically viable and technically
viable method of enhancing the flowability and front-end handling
characteristic of the Iraqi heavy crude oils. The results offer a sci-
entific foundation of determining solvent composition and dosage,
depending on crude chemistry, operational factors, and season
factors, and aid in further refinement of the solvent-aided
upgrading strategies of extensive field use.
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