Downloaded via MISSOURI UNIV SCIENCE & TECHNOLOGY on November 28, 2022 at 22:39:55 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

energy:fuels

pubs.acs.org/EF

Long-Time Kinetic Impact on Key Factors Affecting Asphaltene
Precipitation

Ato Kwamena Quainoo and Abdulmohsin Imqam™

Cite This: Energy Fuels 2022, 36, 11108-11122

I: I Read Online

Article Recommendations |

ACCESS | [l Metrics & More | @ Supporting Information

ABSTRACT: The employment of predictive techniques combining kinetic and o
thermodynamic analyses is the succinct solution to effectively control asphaltene
precipitation during crude oil production. Although thermodynamic processes
and conditions have been well studied in the literature, the effect of long-time

kinetics on the key factors affecting the precipitation of asphaltenes was not “.
critically studied. This work employed a model oil for asphaltene precipitation
long-time kinetic observations. Filtration and confocal microscopy experimenta-

tions for time periods of 0—7200 min were utilized to study asphaltene yields and Size
sizes at room and high temperatures (25, 50, and 70 °C), rotation speeds (60 and

150 rpm), and precipitant concentrations (50 and 60 wt %). The results from

both experiments were fitted with DLVO models. The experimental results .
confirmed that the effects of temperature, rotation speeds, and precipitant e e

compositions on asphaltene precipitation were significantly affected by time. The

asphaltene yields increased from 27 to 83% within 7200 min when the heptane

concentration increased from S0 to 60 wt %. Conversely, increasing temperatures from 25 to 70 °C reduced the cumulative
asphaltene yields by 20—40% when observed for a long time (0—7200 min). Significant reductions in the mean equivalent diameter
(MED) of precipitating asphaltenes upon increasing temperature within the studied timeframes were observed via the confocal
experimentations. The rotation speeds also showed an inverse relationship with asphaltene yields and particle size. A reduction from
30 to 50% of the yield was observed as the rotation speeds of the system were increased from 60 and 150 rpm. The results of this
work confirmed the significant impact of contact time on the precipitation of asphaltenes. In addition, DLVO theory employed to
predict the experimental data obtained from the confocal microscopy fitted the data with mean absolute errors ranging from 4.44 to
S.1S5, which showed significant limitations upon increasing temperature. This development is progress toward enhancing the
predictability of a production route devoid of asphaltene-related problems.

1. INTRODUCTION

The application of enhanced oil recovery (EOR) processes
such as miscible gas flooding proved to improve oil recovery
from reservoirs challenged with pressure depletion.'”* The
intrusion of the gas composition during EOR destabilizes the

thermodynamic parameters known to strongly influence
asphaltene precipitation.'*

The effects of these thermodynamic parameters on the
precipitation of asphaltenes were proven to be time-dependent.
However, the extent to which time impacted the precipitation

asphaltene content of the crude resulting in the precipitation of
asphaltenes.”® Although the initial particle size of precipitating
asphaltenes lies within the diametric size of nanometers to
microns, their abilities to flocculate and aggregate into large-
diameter particles (to several hundreds of microns, >100 pm)
is the real challenge in the industry.”® These large particles
with adsorption affinity for solid surfaces cause flow assurance
problems such as clogging of production facilities, wells,
pipelines, and subsurface formations.” ™' Creek et al.'”
highlighted that over 1.2 million dollars are lost per day due
to asphaltene precipitation-related problems. Previous studies
aimed at resolving asphaltene precipitation during oil
production highlight that asphaltene precipitation is strongly
influenced by the varying thermodynamic nature of the
medium in which they are contained." Temperature, pressure,
fluid composition, and particle concentration are the common
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ability of these parameters was often neglected in the literature.
Most studies investigating asphaltene precipitation by
thermodynamic parameters were conducted under short-time
scales ranging from 1 to 2880 min.'>'® Recent studies over the
past two decades hinted at the over-prediction of asphaltene
precipitation by several short-time kinetic experimentations.17
Beck et al.'® indicated that asphaltene yields would gradually
increase as long as the medium is observed. The lack of long-
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time asphaltene precipitation experimentations highlighted a
significant area for research to holistically understand the
mechanisms of asphaltene precipitation. An accurate study will
lead to the generation of precise thermodynamic models with a
high degree of certainty in predicting asphaltene precipitation.

Magbool et al."” initiated the study of long-time effects on
the precipitation of asphaltenes via centrifugation experimen-
tation. Their study confirmed the continuous precipitation of
asphaltenes from several days to even months before reaching
their thermodynamic limit. Magbool et al.'” also investigated
the effect of temperature (25—50 °C) for a long time (0—52 h)
and observed the continuous precipitation of asphaltenes.
They observed that temperature significantly influenced
asphaltene precipitation by improving its solubility in its
medium. Increasing solubility therefore led to less precipitation
of asphaltenes. By contrast, Ghanavati et al.’’ stated that
increasing temperature increases the solubility of the resins and
reduced the viscosity of the oil system. These then lead to an
increase in asphaltene precipitation and aggregation. For
clarity, long-time kinetic studies investigating the effect of
increasing temperature under mimicked reservoir conditions
on asphaltene precipitation are needed. Furthermore, Magbool
et al."” employed a direct centrifugation method to determine
the amount of precipitating asphaltenes for their entire studied
time. This method was challenged by several complexities such
as numerous heptane washings of the filter cake on the walls of
the centrifuge tube and the application of a temperature
evaporation process. This method could be difficult to
replicate. To address the complexities regarding the direct
centrifugation technique, authors proposed indirect methods
such as magnetic resonance imaging, focused beam reflectance
measurements, ultraviolet—visible spectroscopy, and near-
infrared (NIR) region.”' However, the indirectness of these
methodologies were not sufficiently validated to accurately
mimic asphaltene precipitation yields and sizes.”> Studies of
asphaltene precipitation with simple and direct techniques
under long-time experimentations are needed to address the
complex issues with high validations. Rogel and Moir*
employed a direct filtration technique to study the effect of
time and solvency power on asphaltene yields. Although they
employed a suitable direct experimentation, the impact of
temperature, rotation speed (agitation of the system), and
composition on asphaltene yield and particle size under long
time scales were not investigated. The effect of long time on
the factors that influenced the precipitation of asphaltenes
during oil production is lacking in the literature.

This paper employed the direct filtration technique and
confocal microscopy to study the effects of varying fluid
composition, temperature, and rotation speed (agitation) on
asphaltene precipitations in a model oil system observed under
room and in situ conditions. The employment of a model oil
comprising only asphaltenes, toluene (solvent), and heptane
(precipitant) mimicked a system with reduced complexities.
This system enabled a better understanding of asphaltene
precipitation in the absence of many unknowns present in a
given crude oil system.”* Also, the obtained experimental data
were evaluated for prediction with the DLVO models. These
models proved to predict kinetic data with accuracy. The
outcome of this work built capacity for the holistic study of
asphaltene precipitation under in situ conditions, and it aided
in designing a suitable predicting system profitable for
petroleum production projects.

2. MATERIALS AND METHODOLOGY

2.1. Materials Used in This Study. This study focused on
kinetics experimentation via a direct filtration technique using a model
oil system comprising asphaltenes, toluene, and heptane. The model
oil system employed provided a system with reduced interactional
effects between the other constituents of the crude (saturates,
aromatics, and resins) and the asphaltenes. Furthermore, the model
oil system gave a transparent and less viscous fluid composition for
confocal microscopy studies. The model system was proven to be
Newtonian, thus fitting for representing crude.”®

First, the unwashed asphaltenes utilized for the experimentation
were extracted from a Western Missouri asphaltenic crude oil with an
asphaltene content of 13.5 wt %. Herein we employed a modified IP
143 method for the extraction. Although the ASTM D6560 method is
considered the standard test method for the determination of
asphaltenes (Heptane Insolubles) in Crude Petroleum and Petroleum
Products, the modified method employed in this study has been also
considered as a fast and reliable method of preparing asphaltenes in
the laboratory. This method followed the industry standard procedure
used to test for saturates, aromatics, resins, and asphaltenes
(SARA).**

This extraction was done by adding 40 mL of n-heptane precipitant
to a gram of the crude in a conical flask following the experimental
procedure described elsewhere.”**” The crude oil—heptane mixture
was stirred for 1440 min with a magnetic stirrer after which the
resultant solution was filtered with a 2.7 um pore size filter paper
(Whatman’s No. 2) using closed chamber filtration apparatus (see
Figure 1a) for another 1440 min. To prevent heptane evaporation, the

Figure 1. (a) Filtration apparatus used for asphaltene extraction; (b)
wet precipitated asphaltene; (c) dry precipitated asphaltenes.

beaker was capped from the top. The agitated sample was placed into
the filter apparatus, which was then sealed at the top. After 1440 min,
the sample was filtered. The obtained filter cake known as the wet
precipitated asphaltenes (see Figure 1b) was dried to obtain the dry
unwashed asphaltenic particles (see Figure 1c). Toluene was used as
the solvent for asphaltenes, n-heptane was used to initiate the
precipitation of the asphaltenes as precipitants, and lastly, n-hexane
was used as the precipitant for the GC—MS crude oil character-
ization.”® The following calculation was done to obtain asphaltene
weight percent:
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Waf — W

asphaltene weight percent = n

t

where wy; is the weight of filter paper before filtration, w, is the
weight of filter paper after filtration, and A, is the total amount of
asphaltene dissolved in a sample.

All weighing was performed using the Ohaus EX324N/AD
Explorer Analytical High Precision Scale Balance with readability
and repeatability of 0.001 g. The molecular weights and percentage
purity of the chemicals, including the supplier of the chemicals used in
this study, are summarized in Table 1. All the chemicals were used
without further processing or purification.

Table 1. List of Properties and Suppliers of the Chemicals/
Materials Utilized in This Study

chemical M,

w
chemical formula  (g/mol) purity supplier
heptane C,Hy4 100.21 >99%  Lab Alley
Powering
Science
toluene C,H, 92.14 >99%  Fisher Scientific
hexane C¢Hy, 86.18 >99%  Lab Alley
Powering
Science
crude oil Western Missouri
Oil Field
Whatman 2.7 ym OFITE, Inc. Filter
filter paper paper

The light and heavy components of the crude oil utilized for the
asphaltene extraction were also determined using the GC—MS with
the 7683B Liquid Autosampler by Agilent Technologies. Before the
start of each experimental run, 0.5 yL of a 0.05% dilute crude oil
solution (in hexane) was loaded into the instrument under the
following conditions: helium (carrier gas at 0.8 mL/ min); temper-
ature (40—32S5 °C), and injection volume (2.0 L), The injection
port was split at 250 °C and the system capillary column is 30 m X
0.25 mm i.d. X 0.25 um film thickness. The detector was maintained
at 230 °C. The oven was maintained at 60 °C for 2 min, and then the
temperature was increased to 250 °C (10 °C/min); this temperature
was maintained for 20 min. All the peaks were identified from their
mass spectra by comparison with spectra in Wiley6N and NIST98
libraries utilizing their retention times and area %.”” The composition
of the crude is summarized in Table 2.

Table 2. Composition of the Asphaltene-Free Maltene
Fraction of the Crude Oil

composition mass % composition mass %

C, 4.90 Cyy 11.61
Cs 1.60 Cis 17.05
Cg 2.97 Cyy 2.29
C, 3.61 (O 10.27
Cg 10.49 Cy 12.65
Cy 0.46 Cy, 4.60
Cyo 1.68 Cyy 0.76
Cp 1.90 Cyo 1.25
Cp, 221 total 100%
Cy; 0.92

2.2. Asphaltene Yield vs Time Measurements Using
Filtration Experiments. In this study, a direct filtration technique
was employed to measure the amount of aggregating asphaltenes at
varying times. First, S wt % asphaltenes were dissolved in toluene and
sonicated for 60 min to ensure a homogeneous mixture. We do
understand that asphaltene contents in typical light oil reservoirs are
<4.56 wt %; however, the aim of this work was to investigate the
kinetics of asphaltene precipitation under harsh experimental

conditions of moderate-high asphaltene contents (using S wt %
asphaltenes) before simulating actual field conditions. This will
provide the understanding of asphaltene precipitations in actual
visible systems. After the mixture of toluene and asphaltenes was
made, a known volume of heptane was added to the asphaltene—
toluene mixture gradually; the mixture was steady-shirred inter-
mittently to achieve a homogeneous mixture. The selection of the
heptane concentration ratio was largely dependent on the
concentration of the solvent used (toluene). Research studies suggest
that the onset of asphaltene precipitation in model oil systems is
stimulated at concentrations of the precipitant equal to and above the
solvent concentration (50%).>° This work employed two systems.
The first contained heptane at thermodynamic equilibrium
(heptane:toluene concentration of 50:50%), and the other contained
heptane concentrations above the solvent concentration (heptane:to-
luene concentration of 60:40%). The latter system is more likely to
stimulate the flocculation of asphaltene particles needed for
precipitation studies.

Next, the precipitation of the asphaltenes in the homogeneous
mixture of heptane, toluene, and asphaltenes were evaluated for the
entire studied time upon varying conditions of rotation speed, filter
papers, and temperature. The varying rotation speeds accounted for
the effects of extremely low and high pipeline shear during
production.”® Varying temperatures monitored the effects of room
and high temperatures on the precipitation of asphaltenes,
respectively, and the varying filter papers monitored the effects of
reservoir pores on asphaltene precipitation. The asphaltene yield
measurements were obtained via timely carried out filtrations using
the Whatman 42 filter papers. The various conditions for the
asphaltene yield versus time experiments are summarized in Table 3.

Table 3. Studied Systems and Conditions for Asphaltene
Yield Versus Time Experimentations

Effect of heptane concentration

heptane:toluene asphaltene shear paper
concentration temperature content rate size

60:40 (system A) 25 °C Swt% 60 rpm 2.7 ym

50:50 (system B) 25 °C S wt % 60 rpm 2.7 ym

Effect of shear rate
60:40 25 °C S wt % 60 rpm 2.7 pym
60:40 25 °C S wt % 150 rpm 2.7 ym
Effect of temperature

60:40 25 °C S wt % 60 rpm 2.7 ym

60:40 50 °C S wt % 60 rpm 2.7 ym

60:40 70 °C S wt % 60 rpm 2.7 ym

Effect of filter paper size
60:40 25 °C Swt% 60 rpm 2.7 pm
60:40 25 °C S wt % 60 rpm 0.45 ym

The volume of heptane added to the asphaltene-toluene mixture
and the conditions under which the model oil systems were prepared
are summarized in Table 4.

2.3. Particle Size Analysis Using Confocal Microscopy. The
size distributions of precipitating asphaltenes under conditions of low
shearing, varying temperature, and precipitant compositions were
evaluated using a super-resolution imaging ECLIPSE Ti2 inverted
laser scanning confocal microscope. Confocal microscopy provided
clear particle size images from a thin section of a thick sample. The
obtained microscopy images were analyzed with Nikon’s powerful
acquisition and analysis software, NIS-Elements. In this study, a
heptol (heptane and toluene) mixture with an asphaltene content of §
wt % and a heptane:toluene ratio of 1.5 was used for the particle size
analysis. Thin sections were analyzed under the microscope for
different time intervals (0—7200 min). The obtained microscopic
images were further processed and analyzed with the advanced
threshold technique from the MIPAR Image Processing tool. Utilizing
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Table 4. Conditions under Which the Yield and Particle Size
Analysis Were Conducted

system A system B
experimentation (60% heptane) (50% heptane)

heptane concentration 60% 50%
toluene concentration 40% 50%
filtration time 180 min 180 min
drying time 180 min 180 min
paper size 2.7 pm 2.7 pm
temperature 25-70 °C 25 °C
pressure 14.7 psi 14.7 psi
volume of filtrate 1-1.5 mL 1.5 mL
stirrer’s rotation speed 60 and 150 rpm 60 rpm
studied time 7200—30,090 min 7200 min
total diluted asphaltenes S wt % Swt %

the processing tool, the mean equivalent diameter and particle counts
were determined for each microscopic image.

2.4. DLVO Modeling of Asphaltene Cluster-Cluster Precip-
itations. In this study, the classical Derjaguin—Ladau—Verwey—
Overbeek (DLVO) theory was employed to predict the colloidal
structural evolution of the precipitating asphaltene particles. The term
classical implied that only the attractive and repulsive interactions
involving asphaltene precipitation were considered. The main
assumptions for this theory included the following: (a) asphaltenes
are solid particles suspending as colloids in the crude oil stabilized by
resin, and (b) the asphaltene precipitation process is a thermody-
namic irreversible process.

Two models of the DLVO theory [diffusion-limited aggregation
(DLA) model and reaction-limited aggregation (RLA) model] were
employed to fit the time-particle size measurements. The DLA model
was employed when two particles aggregating in solution stuck to one
another upon collision. DLA, therefore, occurred when the colloids’
surface repulsive charges were low. The asphaltene particle size was
described by fast-aggregation kinetics and is described with eq 1, as
follows:

1/d;
R=R|1+ —
P

(1)

where R is the radius of aggregates at any time t; R, is the initial radius
of the particles; dy is the fractal dimension; and 7y, is the characteristic
time of the reaction-limited aggregation.

In contrast, the RLA model suggested that not every contact
between two particles in solution results in them sticking to one
another (repulsion between the colloidal particles); thus, the particle
growth was described by slow-aggregation kinetics, as in eq 2:

1

TR[

R = R exp

(2)

where 7y is the characteristic time of the reaction-limited aggregation.

Genetic algorithm (GA) codes using particle swarm optimization
were employed in MATLAB to generate the adjustable parameters for
the employed models, which were fractal dimension (dy), reaction
time (z;), and diffusion time (z,).

3. RESULTS AND DISCUSSION

The effects of long time on the key factors affecting asphaltene
precipitations were critically evaluated. The literature high-
lighted the significant effects of asphaltene precipitation when
studied upon longer contact times (from days to months)."
For example, the effects of temperature on the precipitation of
asphaltenes were contradicting in the literature. Magbool et
al.'”” highlighted that increasing temperature increased
asphaltene solubility in the crude oil system, thus resulting in
fewer asphaltene precipitations. Their work was however
limited to 50 °C. Ghanavati et al.** hinted that upon increasing
temperature (25—85 °C), the solubility of resins increased and
the viscosity of the crude system reduced. A system of such
nature promoted increasing asphaltene precipitations. How-
ever, the effect of time was not considered.

To clarify the doubts on the effects of key factors (such as
temperature) affecting asphaltene precipitations, the consid-
eration of room and reservoir conditions in a long kinetic time
is needed to ensure that the crude oil system under study
reaches its thermodynamic limit. At this point, no further
increase in asphaltene precipitations was observed; thus,
informed decisions could be made.

3.1. Effects of Heptol Fraction on Asphaltene Time-
Yield Measurements. Filtration experiments were carried
out to monitor the effects of composition on asphaltene
precipitation for long-time kinetics under harsh experimental
conditions. Heptane was used as the precipitant of asphaltenes
in the model oil. Varying portions of the precipitant (60 and SO
wt %) were introduced into the prepared model oil mixture.
The precipitating asphaltenes were monitored and weighed for
varying times (0—7200 min). The effect of heptane
concentration significantly impacted the precipitation of
asphaltenes. An increase of the precipitant from 50 to 60 wt
% in the model oil was observed to induce more precipitation
of asphaltenes.

Plotted graphs of the time-dependent yield measurements
were obtained from the filtration process at a constant rotation
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Figure 2. Asphaltene yields (a) and cumulative precipitated asphaltenes (b) at varying studied times for system A (60:40 heptol concentrations)

and system B (50:50 heptol concentration).
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speed (60 rpm), as shown in Figure 2. The researchers
observed that the heptol fraction significantly affected the
amount of precipitating asphaltenes, including the rate of
asphaltene precipitation. Variations of heptol ratios from 1 to
1.5 resulted in an increased yield of asphaltenes. Yudin et al.”'
also confirmed that the presence of heptane concentrations in
percentages above the threshold value promoted a dramatic
increase in the rate of asphaltene aggregation.

Figure 2b shows that 83% of the total dissolved asphaltenes
in the asphaltene—toluene model oil was precipitated within
7200 min for a 60:40 heptol concentration. However, only
27% of the asphaltenes precipitated for a 50:50 heptol
concentration. Figure 2a shows the continuous precipitation
of asphaltenes upon increasing contact time for the varying
heptane concentrations, thus confirming the need for
evaluating asphaltene kinetic experimentations at sufficient
contact times. The cumulative precipitated asphaltene curves
showed that the 50:50 heptol concentration obeyed a power
law that indicated only a relatively slow change in the amount
of asphaltenes as time increased with an initial amount of 1.89
wt % and an average rate of precipitation at 0.3. Although
system B contained a precipitant (heptane), it suggested that
the solvent (toluene) employed for preparing the model oil
often acted as a barrier limiting the yield of asphaltene
precipitation unless neutralized by a higher amount of a
precipitant. In contrast, system A with a 1.5:1 ratio of heptol
displayed an almost fully linear curve, indicating a significant
increase in yield at varying times in the presence of a high
precipitant-solvent ratio. Pictures of the filter cakes obtained
for each of the studied experiments including the number of
systems studied, the time studied (in minutes), and the
asphaltene yield percent are presented in Figure 3.

Figure 3A shows the crude oil—heptol system containing
60% heptane, and Figure 3B shows the model oil-heptol
system containing 50% heptane. Both figures show a clear
distinction in the effect of higher heptane concentrations in the
model oil systems. More asphaltenes precipitated for the 60%
heptol system as clearly shown in all the pictures in Figure 3A
(1—17), whereas the 50% heptol system did not present visible
precipitation of asphaltenes in Figure 3B (1—13). However,
the varying mass of the filter paper before and after the
filtration process suggested the formation of asphaltenes in the
50% heptol model oil system.

3.2. Effects of Rotation Speed on Time-Yield
Measurements for System A Model Oil. The effect of
rotation speed on the precipitation of asphaltenes was
monitored with time. This work employed low and high
rotational speeds mimicking low and high production rota-
tional speeds at the pipelines where asphaltenes are mostly
deposited during crude oil production. Figure 4a shows the
precipitation of asphaltenes under low and high rotational
speeds (60 and 150 rpm) for over 7200 min. Under low
rotating speed (60 rpm), the asphaltenic model oil displayed
varying yield precipitation mechanisms. Both power law and
exponential curves indicated that fast and slow aggregation
mechanisms were observed throughout the entire studied time.
Also, 42% of the asphaltenes dissolved were precipitated from
0 to 2340 min, indicating a power law model (fast kinetics)
before slowing down through an exponential model from 2880
to 5760 min. Only a 22% increase in asphaltene precipitation
was observed. As the time progressed beyond 5760 min to
7200 min, the trend then changed to a power law model (See
Figure 4a,b).

Asphaitene
Yield %
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Figure 3. Filter cakes of precipitated asphaltenes (A) 2.7 um paper
size for 0—7200 min at 60% heptane concentration and (B) 2.7 ym
paper size for 0—7200 min at 50% heptane concentration.

A similar precipitation mechanism was also observed in the
high rotating fluid at 150 rpm (see Figure 4a @ 150 rpm).
These observations were only made from 0 to 2880 min.
However, the high rotating fluid displayed induced asphaltene
reversibility after 3600 min. After 3600 min, the yield of
asphaltenes decreased by 50% (see Figure 4a from 3600 to
4320 min). The decreasing yield of asphaltenes fluctuated
between 29 and 52% for the remaining studied time, implying
that high rotation speeds induce asphaltene precipitation
reversibility, thus causing the disaggregation of asphaltenes in
solution leading to their solubility. Increasing rotation speeds,
therefore, enhanced asphaltene solubility leading to reduced
precipitations. The same observations were made in the works
of Rastegari et al.”® who highlighted the impacts of rotational
speed on asphaltene model oil systems. They observed that the
precipitation of asphaltene was highly sensitive, and that
asphaltene precipitation could be reversed at a high rotational
speed. However, they did not consider the effect of contact
time on the high rotating fluid, thus limiting the prediction of
the starting time of asphaltene reversibility.

This study was conducted for long times, and the high
rotating fluid displayed asphaltene reversibility after 3600 min
(see Figure 4a). This implied that high rotation speed
permitted slow asphaltene precipitation, and upon increasing
contact times, it induced the reversibility of the precipitated
asphaltenes in the model oil through breakage and enhanced
solubility.”® The rotation speed seemed to destabilize the
clusters of precipitating asphaltenes reducing the particle sizes
of some formed clusters present in the model oil. However,
with increasing contact time, the reversibility of asphaltene
ceased and a continuous irreversible trend was observed.
Figure 5 shows the impact of high rotation on a model oil
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Figure S. Varying trends of asphaltene precipitation upon high
rotation speed (150 rpm) for system A model oil studied for 30,090
min (21 days).

system observed for 21 days (30,090 min) in the presence of
varying filter paper sizes. This suggested that asphaltene
precipitation in the presence of high rotation would follow an
irreversible—reversible—irreversible trend.

3.3. Effects of Varying Pore Sizes on Asphaltene
Precipitation. Fakher et al.'* and Wang et al.>* highlighted
that reservoir properties like pore size contributed to the
destabilization of asphaltenes in a given crude system.
Following their works, the amount of precipitation was
expected to increase as the filter paper was reduced. This is
because the small filter paper size was expected to trap more
flocculated asphaltenes (even the smaller ones) than the larger
sized filter paper.

This study investigated the impact of varying filter paper
sizes on the rate of asphaltene precipitation; thus, varying
volumes of our model oil on the varying filter paper sizes were
employed: 1 mL for the 0.45 ym paper and 1.5 mL on the 2.7
um paper. The 0.45 um paper represented the minimum
flocculating size for the onset of asphaltene precipitation” and
2.7 pum paper for larger flocs of asphaltenes. Both systems were
conducted at a rotation speed of 150 rpm and studied for
30,090 min. Figure 6A,B shows the filter cakes obtained after
the experimentation for both the 0.45 and 2.7 pm filter paper
systems, respectively. The studied time, the number of
filtrations carried out, and the associated asphaltene yields
corresponding to the studied time for the various systems
studied are also illustrated in Figure 6.

Following the slopes of the graph (see Figure 7b), the
studied filter papers did not significantly affect the rate of

asphaltene precipitation (similar trends were observed). This
was observed from the rates of asphaltene precipitation
(calculated from the slope of the yield versus time curve)
observed in both systems (0.0019 for the 2.7 ym paper and
0.0016 for the 0.4S ym paper). Both systems displayed similar
trends indicating similar rates of asphaltene precipitation. The
general trend observed for both systems was the initial increase
in asphaltene yields followed by a sharp decline (indicating
asphaltene reversibility) and then a continuous increase until
the end of the studied time. Although the reversibility trends
observed in both systems can be attributed to the highly
rotated system as discussed earlier in Section 3.2, it was
observed that the sharp decline in asphaltene yields occurred
earlier in the 2.7 um filter paper system (after 3600 min). In
contrast, the 0.45 pum filter paper system maintained the
continuous buildup of asphaltenes until 5040 min (indicating
longer asphaltene irreversibility). It can therefore be implied
that reservoirs with smaller pore sizes are more likely to delay
the reversibility of asphaltenes (see Figure 7a). Furthermore,
the filter paper systems studied suggested that pore size does
not significantly influence the rate of asphaltene precipitation
and flocculation.

The observed increments in asphaltene yields observed in
Figure 7a were not because the studied filter papers
significantly influenced the rate of asphaltene precipitation
but because of the varying amounts of the model oil filtered in
the various filter papers. The general difference observed in the
yields of both systems (higher yields in 2.7 and lower yields in
0.4S — see Figure 7a) arose from the varying amounts of the
model oil utilized in both systems (1 mL of the model oil
filtered in the 0.45 pm paper and 1.5 mL filtered in the 2.7 ym
paper).

3.4. Effects of Temperature on Asphaltene Yield
Measurements for System A Model Oil. The effect of
temperature on asphaltene precipitation was also evaluated.
The temperature was varied at 25, 50, and 70 °C mimicking
room and reservoir conditions. Asphaltene precipitation, as
shown in Figure 8, was strongly affected by temperature. More
asphaltenes in the model oil solution precipitated at room
temperature. 83% of the total dissolved asphaltenes precipi-
tated out of the solution at room temperature, whereas 30%
and 38% precipitations of asphaltenes were observed at 50 and
70 °C, respectively. Figure 8A—C shows how temperature
affected asphaltene precipitation. A scan of the filtration results
confirmed increased solubility of asphaltenes in the model oil
as temperature increased from 25—50 °C (see Figure 8B).
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and 2.7 um filter papers at 150 rpm and room temperature conditions. 1 mL of the model oil was filtered in the 0.45 um paper, and 1.5 mL of the

model oil was filtered in the 2.7 um paper.

No clear asphaltene precipitations were observed for almost
1440 min of contact time (see the first six pictures of Figure
8B). This confirmed low asphaltene precipitation due to
enhanced solubility as the temperature of the system was
increased from room temperature to SO °C. Conversely,
although the increase in the system’s temperature from 50—70
°C generally improved the solubility of asphaltenes (resulting

11114

in lower asphaltene precipitations) in the system utilized, a
contradicting trend was observed in the early time region (0—
60 min).

From Figure 9a, the model oil systems for 50 and 70 °C
displayed higher asphaltene yields at the early time regions.
The higher asphaltene yields suggested that increasing
temperature promoted the fast nucleation of asphaltenes in
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Figure 8. Filter cakes of precipitated asphaltenes: (A) 2.7 um paper size for 0—7200 min at 25 °C, (B) 2.7 um paper size for 0—7200 min at S0 °C,

and (C) 2.7 um paper size for 0—7200 min at 70 °C.

the given model oil systems. This fast reaction occurred within
the first hour after which a significant reduction in the yield of
asphaltenes was observed. The reduction in asphaltene yield
after initially showing fast kinetic precipitation suggested a
cross-behavior effect of asphaltenes (unstable asphaltenes to
soluble asphaltenes) in the model oil system. Thus, the
observations of temperature-kinetic experiments were there-
fore time-dependent. Observations at low contact times
presented higher asphaltene precipitations; however, as time
progressed, the asphaltenes became soluble in the system,
resulting in lower asphaltene precipitations. Thus, conclusions
of asphaltene precipitation temperature-kinetic experiments at
short time scales are likely to be a misrepresentation of the

11115

general trend, hence the need for longer contact time
experiments.

Figure 9b shows the plot of the cumulative amount of
asphaltenes precipitated at varying times for the studied
temperatures. The rate of asphaltene precipitation was reduced
almost 3 times as the temperature was increased from 25 to 50
°C. They however followed similar linear trends with R*
fittings of 94 and 95% respectively. The system under 70 °C
observed a power law model, suggesting that upon further
studied time, its system would likely reach equilibrium upon
which no further increase in asphaltene precipitation would be
observed due to enhanced asphaltene solubility in the model
system. Therefore, in a thorough comparison of both Figure
9a,b within the studied time frame (7200 min), increased
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Figure 10. (a) Asphaltene particle size distributions studied at 25, 50, and 70 °C from 0 to 7200 min for system A model oil and (b) particle count
distributions observed at 25, 50, and 70 °C from 0 to 120 h for system A model oil.

temperature would significantly reduce asphaltene precipita-
tion until it reached the temperature that promotes fast
nucleation and precipitation.”* More asphaltene precipitations
are likely to occur for a new producing well due to the
promotion of fast nucleation of asphaltenes at early times.
Hence, during such early productions, the introduction of
asphaltene precipitation inhibitors was greatly encouraged in
systems utilized to improve oil recovery. The use of these
inhibitors was bound to decrease sharply as production time
continues due to enhanced solubility of asphaltenes upon
increasing temperature.

3.5. Effects of Temperature on Particle Size-Time
Measurements. In this study, the particle size analysis of
asphaltene precipitation was studied via confocal microscopy at
times varying from O to 7200 min. Figure 10a shows the
particle size distributions of the asphaltenes at varying
temperatures (25—70 °C). In the early time regions (first
360 min), the mean equivalent diameter (MED) followed the
order MED at 25 °C < MED at 50 °C < MED at 70 °C (see
Table S1). Magbool et al.'” confirmed the larger size of
precipitating asphaltenes at 50 °C than at 20 °C for 1440 min.
In this study, the researchers investigated the impact of longer
contact times beyond 1440 min. Although Figure 10a confirms
the fast precipitation of asphaltenes with increasing temper-
ature, a varying trend in asphaltene particle size was observed.
At contact times beyond 1440 min unto the studied time of
7200 min, the MED order reversed as follows: MED at 70 °C
< MED at 50 °C < MED at 25 °C. The variation in the particle
sizes of the precipitating asphaltenes confirmed the temper-
ature-dependent nature of asphaltene precipitation. The

observed variations were dependent on the contact time
studied; hence, the effect of longer contact time should not be
overlooked.

In the early time regions (first 1440 min), MED at 25 °C
displayed the lowest trends. This suggested the slow buildup of
precipitating asphaltenes in the studied medium. The gradual
rise in the particle counts of the precipitating asphaltenes as
shown in Figure 10b confirmed the slow buildup. The build-up
of asphaltene particle sizes was not interrupted for almost the
entire studied time at room temperature. Its growth continued
until it reached its maximum size of 12.64 ym at 4320 min
before showing slight declines from 4320 to 7200 min.
Increasing temperatures (at SO and 70 °C) showed fast
precipitation of asphaltenes in the early time regions in the
respective oil systems. This was observed in the sharp rise in
particle counts and number density for both temperatures (see
Table S1). The model oil system observed under 70 °C
showed higher asphaltene precipitation over the model system
under S0 °C in the early-time regions (0—300 min). Table S1
shows the particle counts and particle size distributions of the
confocal images obtained from the 60% n-heptane model oil at
varying times from 0 to 7200 min, and varying temperatures
were found at 25, 50, and 70 °C.

The obtained results confirmed the impact of increasing
temperature on asphaltene size. However, the growth of
particle sizes decreased after reaching its peak MED of 11.54
pum for the first 300 min in the 70 °C model oil system. The
sharp decrease in the particle size was probably due to the
enhancement of asphaltene solubility upon increasing temper-
ature.'” In contrast, the particle sizes of the 50 °C model oil
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Figure 11. Confocal images of the model oil flocculated with (A) 60% n-heptane at varying times from 0 to 7200 min at 25 °C with a scale bar of
50 um, (B) 60% n-heptane at varying times from 0 to 7200 min at 50 °C with a scale bar of 50 ym, and (C) 60% n-heptane at varying times from 0
to 7200 min at 70 °C with a scale bar of 50 ym.

system maintained a consistent buildup for 2880 min reaching temperature of S0 °C was not sufficient to stimulate the
an MED of 13.39 um. This suggested that for 0 to 2880 min, a solubility of the asphaltene content of the studied medium.
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Figure 12. Processed confocal images (A) 60% n-heptane at varying times from 0 to 7200 min at 25 °C with a scale bar of SO ym, (B) 60% n-
heptane at varying times from 0 to 7200 min at S0 °C with a scale bar of 50 ym, and (C) 60% n-heptane at varying times from 0 to 7200 min at 70

°C with a scale bar of 50 pm.

However, after 2880 min, a sharp decline in the MED from
2880 to 7200 min was noticed. The confocal experimentation
confirmed the accumulated yield experiments, which implied
that asphaltene precipitation yielded more regarding decreas-
ing temperature. Irrespective of the fast rate of asphaltene
precipitation upon increasing temperature, the continuous
heating of the model oil systems increased the stability of

asphaltenes in the model oil system. This was the probable
reason for the reversibility observed in asphaltene yields and
sizes upon increasing temperatures.

Figures 11 and 12 show the original and processed images
obtained from the confocal microscope, respectively. At 25 °C,
the confocal images display the slow buildup of precipitating
asphaltenes (see Figures 11A and 12A). This continued until
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Figure 13. Comparison of asphaltene diametric sizes predicted from (a) the general RLA equation with extracted data and (b) general DLA

equation with extracted data. Data was extracted from Yudin et al’!

1440 min. However, the system changed at 2880 min and a
large build-up of asphaltene precipitating was then observed.
At 50 °C, the confocal images displayed early buildup of
precipitating asphaltenes from 120 min (see Figures 11B and
12B). This continued until 2880 min, and then a lower particle
size was observed. At 70 °C, the confocal images started
displaying the early buildup of asphaltene particle size from S
min (see Figures 11C and 12C). This continued until 1440
min, and then a lower particle size was observed. The reason
for the lower particle size was the model oil system
approaching a glass transition point upon increasing temper-
ature. At this point, the system transitioned from a
precipitating state to a solubility state, hence the wavery
nature of the images (see Figure 11C).

3.6. Kinetic Modeling of Asphaltene Precipitation.
Herein, the DLVO models (RLA and DLA) were employed to
fit the particle size data obtained via the confocal
experimentations. These models proved to effectively predict
asphaltene particle size under varying times with a good degree
of accuracy.”® However, the asphaltene precipitation phenom-
enon must be irreversible; thus, conditions such as varying
asphaltene concentrations that significantly affect the irrever-
sibility of asphaltenes precipitation limit the use of the DLA
model. This study’s experimental data for asphaltene
precipitation were collected at varying temperatures (25, S0,
and 70 °C), as shown in Figure 10a. It was observed that
increasing temperature with long studied times (7200 min)
stimulated the reversibility of asphaltenes. This potentially
rendered the DLVO models insufficient for predicting
asphaltene precipitation trends. With this limitation, this
work employed the DLVO models to predict the portions of
the data that did not show reversibility. Confocal experimental
data performed at 25 and 50 °C were utilized for the DLVO
modeling predictions.

3.6.1. Developing DLVO Model. First, literature data from
Yudin et al.”' was extracted and employed for developing the
DLVO models’ algorithm. The codes were used to predict the
experimental data and to generate the adjustable parameters of
the DLA and RLA models (df, Tp, Tg)- A correct fitting was
observed with R? values ranging from 0.95 to 0.97 and mean
square errors ranging from 0.0016 to 1.15 for both models.
The obtained reaction times and fractal dimensions for the
RLA equation were 15.78 min and 12.83, respectively, while
the diffusion time and fractal dimension of the DLA equation
were 5 min and 4.63, respectively. Figure 13a,b shows the
quality of the fit of the predicted data to the experimental data.
The extracted data are summarized in Table S2.
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3.6.2. Modeling Prediction Results. The developed
algorithm was utilized to generate the predicted data from
the experimental data. The DLVO models have proven to be
good predictors of asphaltene precipitation data under
irreversibility reactions, so the data for the various models
were fine-tuned to contain only irreversible data. The
experimental data followed a power law equation and fitted
the DLA model equation but with high values of d. A similar
trend was observed by Hung et al.>° The adjustable parameters
of the DLA equation, as predicted by the algorithm, are
summarized in Table 5.

Table S. Parameters of the Predicted Data for the DLA
Mechanisms”

Tp
experimental system (um)  (min)

mean equivalent diameter obtained at 3.39 54.31 16.52 444
25 °C

mean equivalent diameter obtained at 3.41 54.47 9.75  S§.1S§
50 °C

“MAE — mean absolute error; R, — initial radius; 7, — diffusion time;

d; — fractal dimension.

Figure 14a,b (as shown above) shows graphs of the
predicted and experimental data for the varying asphaltene
mean equivalent diameter. Furthermore, literature data was
extracted from Soulgani et al.”’ who investigated the
precipitation of asphaltenes in a similar model oil system
comprising toluene, hexane, and asphaltenes. The data, as
shown in Figure 15a, followed a power law curve representative
of the DLA model. The predicted versus experimental
outcomes utilizing the DLA equation are shown in Figure
15b. The obtained diffusion time and fractal dimension for the
data were 12.99 min and 2.57, respectively. The mean absolute
error obtained was 0.43. Herein, the researchers observed that
the DLVO models did not effectively predict the data trend;
thus, a more accurate model is required to effectively predict
time-particle size asphaltene data.

The DLVO models were incapable of predicting asphaltene
precipitations under high temperatures due to the induced
reversibility trends imposed on the system. Also, the literature
showed other limitations of using DLVO at higher heptol
concentrations. Figure 16a,b shows the varying trends in
asphaltene particle size incapable of DLVO predictions under
higher concentrations and higher temperatures. Alternative
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kinetic models capable of predicting asphaltene precipitations
under harsh conditions are thus needed.

4. CONCLUSIONS

This work investigated the effect of long-time kinetics on the
thermodynamic parameters influencing asphaltene precipita-
tion. Investigated parameters included the composition of the
crude, temperature (room and reservoir conditions), varying
rotation speed, and varying pore sizes under an atmospheric
pressure condition. The following statements concluded the
findings:
a. The effect of time on asphaltene precipitation was
dependent on the type of thermodynamic parameter
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b.

under consideration. For example, it was observed that
the effect of heptane concentration and temperature was
reproduced at times around 2880 min while an extended
amount of time was required for thermodynamic
parameters such as rotational speed and pore size. The
study of short times below 2880 min was prone to
inaccuracies resulting from the initial hysteresis process
of asphaltene precipitation.

Asphaltene precipitation was significantly affected by the
composition of the crude, temperature, and rotation
speed as follows: composition > rotation speed >
temperature. Thus, a system that avoids significant
contact between the CO, and the crude during gas
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flooding, including maintaining a high rotation speed
under reservoir temperature, is more likely to exhibit low
asphaltene precipitation. The studied pore sizes did not
significantly affect asphaltene precipitation.

c. Increasing temperature enhanced asphaltene precipita-
tion in early time regions; thus, more asphaltenes were
likely to deposit in the early times of production. This
reduced production time due to increased solubility of
asphaltenes upon time variations.

d. Increasing temperature enhanced asphaltene solubility
and shortened the onset time of asphaltene precipitation.
Furthermore, the reversibility of asphaltene precipitation
in crude was promoted by increasing the temperature
and rotation speed of the medium where the crude was.

e. DLVO modeling asphaltene predictions did not
effectively predict the particle size trends of the confocal
experimental data, hence the need for new kinetic
models capable of predicting varying literature data.

5. RECOMMENDATION

To clarify the effects of pore size on the rate of asphaltene
precipitation, more kinetic studies with varying filter paper
sizes studied under similar conditions and systems are needed.
Furthermore, the cross-behavior pattern of asphaltene
precipitation caused by increasing temperatures in the model
oil systems requires further study to clarify the exact reason for
the behavioral pattern. Also, investigations of asphaltene
precipitation and depositions in light oils with suitable
asphaltene contents are needed. Next, the incorporation of a
wide array of heptol systems signifying varying composition
(not only 60 heptol content) is needed for investigating
thermodynamic parameters such as temperature, composition,
pore size, and rotation speed. This work employed the use of
unwashed asphaltenes via the modified IP 143 method for
experimentations, and it is thus necessary to investigate the
impact of asphaltene type (washed asphaltenes obtained via
the standard procedure) on the precipitation and deposition of
asphaltenes. Last, studies that involve the use of computational
tools like COSMO-RS or COSMO-SAC that employ quantum
chemical calculation of molecular structures to predict the
thermophysical and chemical properties of solute-solvent
reactions like asphaltene solubility in varying solvents are
also needed.”® ™'
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