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Abstract: Bridging the gap between laboratory-scale experiments and actual oilfield operations
is a complex task that requires a compromise between real (authentic) fluids and model systems.
Commercial products (i.e., asphaltene inhibitors and dispersants) are often designed to target a wide
range of operating conditions and compositions of crude oils, which means that the performance
becomes almost case-specific. Through Atomic Force Microscopy (AFM) imaging and Transmis-
sion/Backscattering signals (T/BS), the morphology of asphaltene deposits and the mechanisms that
eventually lead to precipitated material were evaluated. Two different models (starting solutions)
with four different n-alkanes were used to induce variability in asphaltene agglomeration and sub-
sequent precipitation paths. It was found that increasing the carbon number shifted the observed
precipitation detection time (T/BS data suggested a shift in the order of ~ 1000 s when comparing
low and high carbon numbers) and influences the density of the precipitated material under static
and a sufficiently high concentration of solvent conditions. Further analysis on the morphology of the
resulting material after the addition of commonly used chemicals showed that asphaltene stability
through inhibition (i.e., blockage or crowding of potential active sites) led to smaller complexes.
One of the additives (PIBSA) reduced the average height in ~ 33% and the mean square roughness
in ~ 72%. On the other hand, stability through dispersion (i.e., hindering agglomeration) leads to a
polymer-like network bigger in size, noting that in both cases the system remains soluble. The use of
APR resulted in an increase of ~ 41% and ~ 54% for the same parameters. This insight sheds light
on how to devise efficient chemical strategies to prevent flow assurance issues.

Keywords: asphaltenes; precipitation; inhibitors; dispersants; kinetics; aggregation; stability

1. Introduction

Major challenges in the petroleum industry arise when processing, transport, refining
and storage conditions allow asphaltene fractions to exhibit their interfacial properties
and multiple colloidal interactions involving different surfaces/interfaces [1,2]. During
extraction operations, these indigenous components of crude oil are known to aid in the
formation and stabilization of water-in-crude oil (W/O) and crude oil-in-water (O/W)
emulsions by forming a mechanically robust skin around the droplets [3-5]. During produc-
tion, asphaltenes can alter the wettability of different surfaces by irreversible adsorption,
making enhanced oil recovery processes more complex [6]. When significant changes in
pressure are present, they can abruptly stabilize foams due to the sudden emergence of
another phase in the foam lamellae, an undesirable situation [7]. In transportation, they
are known to phase transition, precipitate and, if the pressure/temperature conditions are
favorable, they can deposit at solid-liquid surfaces, forming layers that could eventually
damage the inner lining of pipelines as well as create rigid plugs [8-10]. These events lead
to flow assurance issues that negatively affect operational costs [11].

Attempts to prevent and mitigate the negative effects due to the presence of as-
phaltenes during transportation of crude oils include: (i) heating, where thermally insulated
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pipelines and electrical heaters keep the fluid at a medium-to-high temperature to reduce
viscosity and maintain the asphaltene fraction in a single phase. The main drawback is
economic feasibility due to large power demands. (ii) Dilution, where other oil fractions
such as naphtha, low molar mass n-alkanes and lighter oils are mixed with the main fluid
to improve mobility and modify the asphaltene concentration. Although attractive as a
strategy, the costs associated with the diluent tend to be high and the original properties
of the extracted fluid are modified. (iii) Upgrading with synthetic oils, which is normally
a costly operation. (iv) chemical treatments, where surface-active compounds known as
inhibitors and dispersants are used to maintain asphaltenes in a type of colloidal stability,
preventing precipitation and future deposition [12-15].

It is clear that the main issues related to asphaltenes, which eventually lead to flow
assurance problems, are phase transition—that is, changes in pressure and temperature that
draw asphaltenes out of solution and allow them to aggregate, precipitate and deposit [16,17].
Even though there are still areas open for discussion about the mechanisms behind self-
association and phase transitions, there seems to be a consensus on the different steps that
could result in a deposited asphaltene layer. These steps are, first, the destabilization of
asphaltene monomers (nanoscale level) that allow them to keep growing in size by interacting
with other monomers. The extent of the interaction is dominated by the solubility conditions
of the media [18]. Second, a subsequent set of interactions that lead to a change in scale,
that is, from the nanometer to the micrometer size. Third, the phase transition that occurs
at the micrometer scale with an asphaltene aggregate or cluster when they are no longer
stable in the bulk solution [19]. Finally, fourth, asphaltene aggregate adsorption onto a
solid surface, a physical phenomenon that can be described through an equation of state
or determined experimentally by measuring the adsorption enthalpy [20]. Evidently, these
steps do not necessarily need to be sequential or chronological, meaning that asphaltene
nanoaggregates or monomers, if present, do have the ability to adsorb and negatively impact
flow assurance not only in transportation, but also during injection (porous media, pore
throats) and production (lifting systems) [21,22]. Asphaltene monomers, though typically
loosely bound, tend to follow kinetic-limited adsorption at short times, while aged networks
at longer times seem to follow diffusion-limited models [23,24].

The processes and events that follow adsorption and that can eventually lead to a
macroscopic asphaltene plug (e.g., in an oil pipeline) are diverse, but it is clear that the
clusters increase in size under turbulent flow conditions possibly as a result of orthokinetic
aggregation and a balance with the fragmentation that occurs through hydrodynamic
stresses (shear) [25,26].

Asphaltene aggregation and self-association (under favorable and unfavorable solubil-
ity conditions) have been extensively studied using multiple techniques (optical microscopy,
UV-Vis spectroscopy, ultrasmall-, small- and wide-angle scattering, refractive index mea-
surements, quartz crystal resonator (QCR) High Resolution Transmission Electron Mi-
croscopy (HRTEM)) [27-33], indicating that the governing forces driving this phenomenon
are primarily of the Van der Waals type, Hydrogen bonding, acid-base interactions and
1t — 7 stacking [34-36]. The origin of these interactions is the nature of the asphaltene
fraction, functionally defined in terms of solubility (soluble in aromatics but insoluble in
n-alkanes) and the presence of multiple components (polyaromatic cores, metals, aliphatic
chains, heteroatoms and functional groups such as hydroxyl, carbonyl, amine and nitrile,
among others) that add to their molecular complexity [37-39].

Asphaltene precipitation studies have shown that slow kinetic aggregation plays an
important role; however, long detection times make it difficult to establish accurate stability
regions [40,41]. One possible explanation for this is the reduction of the free surface energy
by self-association [42]. Geometric population balance equations have been used to obtain
robust values for the Hildebrand solubility parameters and these results can be used as
inputs for modeling parameters and better estimation of detection times [43—45]. Finally,
asphaltene deposition and dynamics have been studied under a wide range of techniques
such as capillary and Couette flow cells [46-48], quartz crystal microbalance measurements
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(QCM, QCM-D) [22,49,50], calorimetry [20], Field Emission Scanning Electron Microscopy
(FE-SEM) [51] and other apparatus [52]. For instance, Campen et al. [49] evaluated the
behavior of an asphaltene inhibitor under favorable and unfavorable solubility conditions
using QCM-D and found that the deposited mass is altered depending on the n-heptane
volume fraction, suggesting a change from asphaltene flocs (60 vol%) to aggregates of
the micrometer scale (80 vol%). Goual et al. [53] studied asphaltene aggregation under
unfavorable solubility conditions (HepTol) and the influence of alkylphenols by means of
HRTEM and molecular dynamics (MD). They showed differences in the morphology of the
deposited material (e.g., from globular to filamentary), a decrease in the aggregate size after
exposure time and a possible route of additive-asphaltene interaction through peripheral H-
bonding. Furthermore, Goual and Sedghi [54] studied the effect of dodecylbenzenesulfonic
acid (DBSA) on asphaltene aggregation using the same techniques and showed that DBSA
interacts in a very different way compared to alkylphenols to form similar thick filaments.

The picture, however, remains incomplete. Some gaps need to be bridged, for instance:
(i) the use of well-defined solid surfaces (e.g., gold) which are significantly different from
uneven, aged pipelines made of other materials; (ii) the use of model solutions (e.g., toluene,
HepTol) which do not fully capture the dynamics induced by authentic fluids made up of
thousands, even millions, of different molecules (e.g., crude oil and crude oil solutions);
and (iii) the lack of inclusion of high molecular weight polymer-like additives which are
more common in the oil and gas industry than short alkyl-chain molecules.

For these reasons, field operations and experimental results at the laboratory scale
need to be bridged by implementing the use of commercial products specifically made
to meet different customer needs. In this study, the effect of a set of four commercially
available inhibitors and dispersants on asphaltene precipitation and deposition was eval-
uated. Two different media for asphaltenes were assessed, one attempting to mimic a
dilution strategy from a Colombian heavy crude oil and the second from a re-solubilized
asphaltene extraction with different solvents. Atomic Force Microscopy (AFM) and trans-
mission/backscattering signals were the main techniques used to follow the changes on
morphology and colloidal stability of the systems.

2. Materials and Methods

A heavy crude oil with a high asphaltene content from a Colombian oilfield was used
for asphaltene extraction and for model oil preparation. The main properties of this oil are
listed in Table 1.

Table 1. Properties of the Colombian heavy crude oil used in this work.

Parameter Method Value
Saturates (%wt) 74
Aromatics (%wt) 37.8
Resins (%wt) IP 469 [55] 15.3
Asphaltenes (%wt) 39.5
Density (kg/m?) at 15.5 °C ASTM D7042-19 [56] 954
Density (°API) at 15.5 °C ASTM D7042-19 [56] 13.6

TAN (mg KOH/g) ASTM D664-18e2 [57] 0.134

A set of four commercially available inhibitors/dispersants of different chemistry and
architecture were purchased from Sigma Aldrich and used as received. The main properties
of these compounds are listed on Table 2.

Asphaltene extraction. Asphaltenes were extracted following the standard procedure
ASTM D 6560 [58]. In this method, C7 asphaltenes are precipitated directly from crude oil by
mixing it with n-heptane (Sigma Aldrich) in a 40:1 mass ratio. This mixture is mechanically
stirred at ambient temperature for 24 h. The mixture is then vacuum filtered using a 0.45 pm
HVLP (Millipore) membrane filter. Recovered asphaltenes are then put into a nitrogen
atmosphere degasser and dried for 48 h. Solid asphaltenes were weighted every 12 h until
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the mass was constant to ensure complete evaporation of n-heptane. The solid asphaltenes
can then be dissolved in toluene to prepare the below-mentioned asphaltene solutions.

Table 2. Compounds used as inhibitors/dispersants.

Commercial Family Molar Mass Density
(Name Used in this Work) (Kg/mol) (Kg/m?3)
Ethoxylated nonylphenol
(ENP) 396 1027
Dodecylbenzene sulfonic acid
(DBSA) 326 1060
Alkyl phenolic resin
(APR) >1200 900
Polyisobutylene succinic
anhydride derivative >800 936
(PIBSA)

Solvents. To evaluate the effect of different solubility conditions in the final morphol-
ogy and colloidal stability of asphaltenes, four n-alkanes were used, namely n-dodecane,
n-decane, n-heptane and n-hexane (Sigma Aldrich). Additionally, toluene (Sigma Aldrich)
was used as a diluent for crude oil.

Model systems. Two different model oil systems were built based on the required
kinetics and mechanistic attributes depending on the starting conditions. It has been stated
and observed that the so-called precipitation onset is somewhat arbitrary because it largely
depends on the measured size (technique-dependent) of asphaltene clusters/aggregates
and the nature of the precipitant [40,59,60]. This means that under different solubility
conditions, the paths that the monomers take, the rate of growth and the total amount
of precipitated material will be different. However, in the final state, a thermodynamic
limit is reached, something that can be explained by combining the entropy of mixing the
effects of molecules with different chemistry with the heat of mixing (e.g., Flory-Huggins
model) [61]. Based on this and on previous oilfield procedures [62], the two model systems
are as follows:

Model 1: A 0.5 mL aliquot of crude oil diluted in toluene (10%wt) is added to 10 mL
of one of the four n-alkanes and manually shaken for 30 s.

Model 2: A 3 mL aliquot of an asphaltene solution in toluene (2 g/L) is added to 7 mL
of n-heptane and manually shaken for 30 s.

Transmission and backscattering measurements. A Turbiscan Lab Stability Analyzer
(Formulaction SA, Tolouse, France) was used to follow the transmission (0° from the
incident light beam) and backscattering (135° from the incident light beam) signals from
a pulsed near-infrared light source (A = 850 nm). Measurements at ambient temperature
(22 °C) were performed to assess the colloidal stability and extent of precipitation of the
two models for up to 4 h. The A-backscattering value (%ABS) gives a relative qualitative
measure of how much light hits the precipitated material (as it falls within the measuring
vial) while the transmission (%AT) can be interpreted as how much light manages to
go through the sample undisturbed. The instrument vertically scans the measurement
vial along its height, recording data in 20 pum steps. The freshly prepared samples were
introduced into the instrument vial and pulses every 25 s were taken to record the signals.
Data on later sections will be displayed in terms of %ABS, %AT and height. The latter term
corresponds to the relative position of the signals with respect to the total height of the
instrument vial.

Atomic Force Microscopy (AFM). An MFP-3D-BIO AFM (Oxford Instruments, Asylum
research, High Wycombe, UK), equipped with a closed fluid cell operating in AC mode
under ambient conditions, and a silicon N type doped OMCL-AC240TS micro cantilever
(Olympus, Tokyo, Japan), with a resonance frequency of 70 kHz and a spring constant of
2 N/m, were used to detect and follow the morphology changes of the two model systems.
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The samples were first prepared and left to rest for 2 h to ensure a precipitation detection
time, that is, the required volume of inhibitor/dispersant was added with a micropipette
to a 10 mL sample of freshly prepared model 2 solution. Then, 10 pL aliquots were taken
and deposited onto glass probes for sufficient time (<30 min) for the solvents to adequately
evaporate. Scanning images of 50 x 50 um (model 1) and 20 x 20 pm (model 2) were taken
and analyzed with Gwyddion® (open-source software, Czech Metrology Institute, Jihlava,
Czech Republic) to obtain different morphology descriptor profiles.

3. Results

In this section, results are presented as follows: first, the effect of different n-alcanes
on the precipitation detection time and aggregation kinetics is shown. Second, the effect
of the commercial inhibitors/dispersants on agglomeration dynamics and morphology of
deposited layers is assessed. Third, an evaluation of the performance of the commercial
products is given from an operational perspective.

3.1. Model 1: Effect of n-Alcanes on Agglomeration Dynamics

As mentioned in the Materials and Methods section, the transmission/backscattering
signals are taken by the instrument in 20 um steps through pulses every 25 s. Samples
of model 1 were put into the vials and %ABS signals followed for 4 h. Figure 1 shows
the normalized height of the sample (where 0 corresponds to the bottom and 1 to the top
of the measurement vial) as a function of time for all n-alkanes. The changes in height
correspond to the evolution of the %ABS signal where it is dominant. For example, at the
top of the vial, the signal for n-dodecane remained constant for approximately 1150 s and
the %AT signal remained below 0.2 (detection limit of the instrument). After this time, the
%ABS signal starts to decrease and becomes less dominant while the %AT signal starts to
increase (e.g., the sample starts to clarify from the top of the vial to the bottom). It can be
observed that as time progresses, the signals decrease through different paths. This means
that asphaltenes in the freshly prepared samples start to aggregate and precipitate, which
means that backscattering will drop from the top of the sample as no obstacles for light are
present (noting that backscattering will increase at the bottom of the sample as material
accumulates) and the transmission will increase as a consequence of clarification. It can
also be noted that as the carbon number (and size) of the n-alkane increases, agglomeration
kinetics are slowed. This is consistent with previous studies [34,63] where the time required
to detect agglomeration (or the precipitation detection time) changes. The observation
could be attributed to a coupled effect between an increase in the viscosity of the bulk
and reduced diffusivity of asphaltenes. It is important to note that there seem to be
two governing regimes depending on the actual concentration of the precipitant: at high
concentrations (and the case of this work), solubility decreases as the carbon number
decreases, while at low concentrations solubility seems to remain constant [64].

In Figure 1, three different regions can be arbitrarily identified and correlated to the
different phenomena present: a stage (i) of initial agglomeration, where the %ABS signal
tends to remain constant over time; a second stage (ii), where aggregation is sufficient for
sedimentation to occur accompanied by a sharp drop in height (conversely, the %AT signal
increases, an indication of clarification); and a final stage (iii), where precipitated material
accumulates at the bottom of the vial and the height stabilizes again (the values of the %ABS
signal in this region are high due to the accumulated material). The dynamics of these stages
can be explained through a balance between gravitational and diffusive forces, normally
represented by the Péclet number (Pe = 3/4,7:37%‘?53”4 .) which relates these forces in the absence
of flow in terms of the radii of the particles (a), the density difference between phases (Ap)
and the thermal energy (kpT) [65,660]. During (i), initial agglomeration and subsequent slow
sedimentation occur (Pe << 1). Asphaltene-asphaltene interactions are dominated by Van
der Waals attraction forces with colloidal structures maintaining mobility (e.g., low-density
arrested states and Brownian motion). As the aggregates grow in size, the strength of the
gravitational forces increases inducing a fluid phase transition (Pe >> 1, sedimentation
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becomes more relevant) from (ii) to (iii). This means that moderate interactions come
into play and enhance a colloidal crystallization-type of sediment, all mediated by the
differences in carbon number of the precipitant, resulting in denser sediments for systems
of low carbon numbers and vice versa [67]. The trend observed during (iii), where the
height of dominant %ABS is lowest for n-hexane and highest for n-dodecane, precisely
represents the differences in density and the final amount of precipitated material.

—_

n-dodecane
¢ n-decane
» n-heptane
n-hexane

Normalized height [mm]

0 5,000 10,000

Figure 1. Normalized height as a function of time for the n-alkanes used in this work. The shape of
the curves matches the shape of the %ABS signals in the region where %AT is below 0.2.

Similar to other techniques previously mentioned, it is possible to extract certain
semi-quantitative parameters from the data in Figure 1 to establish a precipitation detection
time. Considering the three regions previously described, Table 3 shows the calculated
aggregation time (t1), that is, the time at which the normalized height starts to drop due to
sufficient asphaltene aggregation (the %ABS signal is dominant); the sedimentation time
(t2), that is, the time at which the normalized height remains unchanged; the normalized
final height of precipitated material (h;) and the viscosity of all the n-alkane solutions.

Table 3. Analysis parameters.

n-Alkane Aggregation Time  Sedimentation Time Final Height Viscosity
(t1, 8) (tp, ) (hg, mm) (ps, cP) *
Dodecane 1150 3875 3.7 1.56
Decane 275 870 3.2 0.93
Heptane 100 400 2.2 0.41
Hexane 25 225 1.8 0.32

* Viscosity values were extracted from [68].

In line with other studies [69-71], the calculated aggregation time (t1) of Table 3 is
consistent with a diffusion-limited cluster aggregation (DLCA) model which corroborates
that the viscosity of the solution and attractive forces are responsible for the initial stages
of these processes. Figure 2 shows the evolution of the %ABS signal as a function of the
height of the sample until ¢; is reached for each n-alkane. It can be noted that for low
carbon numbers, the magnitude of the signal is higher, indicative of an increased size of
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material that will eventually sediment faster. Furthermore, the calculated sedimentation
time () increases with the carbon number, suggesting that asphaltene aggregates require
more time to precipitate and that the effectiveness of the asphaltene—asphaltene collisions,
while the gravitational forces dominate, is higher in precipitants of low carbon number [72].
Table 3 also shows the viscosity of the solutions, extracted from the literature as a reference,
and the final height of the precipitated material in the vial. This is to show that these
remarks are in line with what has been previously observed; as the viscosity of the media
increases with carbon number, diffusivity is slowed and the final precipitated material
forms a less-dense layer in the absence of flow.

6 -
4
(7)) et RN
m
3
o~
o [ —n-dodecane
—n-decane
—n-heptane
n-hexane
0 L 1 L L 1 L n L 1 1 " 1 1 1 1 1 1 L 1 1 )
0 5,000 10,000 15,000 20,000

Height [mm]

Figure 2. %ABS signal as a function of the height of the sample from 0 to t; for all n-alkanes.

3.2. Effect of Inhibitors and Dispersants on Model Systems

In order to assess the possible stabilization mechanisms behind inhibition or dispersion
through AFM measurements, a fully stable system is needed. This is translated to a system
where no asphaltene aggregates or sediments are detected via %ABS/%AT signals. For
this reason, a concentration sweep was performed and the optimal concentration for each
additive and for each model system is presented in Table 4. An important aspect of this
data is that the ENP additive requires a significantly larger concentration to stabilize the
system compared to the others.

Table 4. Concentration of inhibitor/dispersant where both model systems remain stable (no asphal-
tene aggregation or sedimentation detected).

Additive Model 1 [g/L] Model 2 [g/L]
ENP 256 100
DBSA 6 3
APR 0.1 0.1
PIBSA 0.1 0.1

Figures 3 and 4 show the height as a function of the projected length and the morphol-
ogy of the sediment for model 1 and model 2 after solvent evaporation (n-heptane and
toluene), respectively. As a baseline for comparison, Figure 5 shows the same variables for
asphaltene solutions in toluene. The projected length is an arbitrary path line within the
measurement window selected by the AFM software to report the height of the measured



Colloids Interfaces 2023, 7, 3

8 of 15

material. These figures serve as a visual confirmation of one of the initial hypotheses, in
which depending on the starting solution, the aggregation/sedimentation routes follow
different paths. It is clear from the morphology plots that the final states are a result of the
heterogeneities and nonuniform distribution of solubility classes (families of compounds)
within crude oil. These direct observations are in line with what has been previously
described (qualitatively) by association through other techniques [73,74].

500 r

4oo:§, ‘
-v}‘; PR f". &':%

Height [nm]

0 L I L I 1 ) L 1 I 1 I 1 L 1 )
0 10 20 30

Projected length [um]

Figure 3. Height as a function of the projected length and morphology of aggregates/sediment of
model 1 after n-heptane and toluene evaporation. The green icons are the experimental points, the
dashed line is for illustrative purposes only and the image is to show the area where data was extracted.

The effects of the inhibitors/dispersants on model 1 and model 2 are shown in Figures 6 and 7,
respectively. The average height (AH, a parameter that describes the changes in height of
the surface) and the mean square roughness (MSR, a parameter that gives an indication of
aggregate size in three dimensions) extracted from the images with Gwyddion® are presented
in Table 5. The first aspect to note is that for both model systems, the final conformation is
bigger in size (compared to the case without any additive) for APR, whereas similar sizes are
obtained for PIBSA. This is evidenced by a higher AH and MSR for APR compared to the
reference value at 0% and conversely lower values for PIBSA. This could be an indication of
the different phenomena present: larger sizes could represent the action of a dispersant and
so the larger aggregate is viewed as a loosely bound asphaltene cluster-dispersant complex
that remains soluble. The presence of an aromatic motif on the APR molecule does not
provide (which might not be the intended action mechanism) sufficient interaction energy
for this compound to bind to the asphaltene cluster. On the other hand, similar/lower
sizes could represent the action of an inhibitor, where some monomers are attached to the
asphaltene clusters, preventing an increase in their size and further aggregation via active
site deactivation (or crowding) and keeping the entire complex fully solubilized [75]. There
is evidence from isothermal titration calorimetry (ITC) of similar molecules providing strong
interaction energies (~ AG = —22 kJ /mol) with asphaltene model compounds, suggesting
H-bonding from the PIBSA molecule and 7t — 7t stacking from the asphaltenes [76,77].
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Figure 4. Height as a function of the projected length and morphology of aggregates/sediment of
model 2 after n-heptane and toluene evaporation. The green icons are the experimental points, the
dashed line is for illustrative purposes only and the image is to show the area where data was extracted.
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Figure 5. Height as a function of the projected length and morphology of aggregates/sediment of an
undisturbed asphaltenes in toluene solution. The green icons are the experimental points, the dashed
line is for illustrative purposes only and the image is to show the area where data was extracted.

Table 5. Average height and the mean square roughness for model 1 and model 2 after addition of
the inhibitors /dispersants APR and PIBSA and 0% of additive for comparison.

Parameter Model 1 Model 2
. 0%: 311 0%: 48
Averﬁfn}]‘elght APR: 440 APR: 75
PIBSA: 208 PIBSA: 51
0, 0/ .
Mean square roughness AOP/IOQ4§5 AOP/ElllB
[nm] . ’

PIBSA: 30 PIBSA: 7
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Figure 6. Comparison of the morphology of the resulting (after evaporation) state compared to
(a) Initial conditions of model 1 after addition of (b) APR and (c) PIBSA.

Figure 7. Comparison of the morphology of the resulting (after evaporation) state compared to
(a) Initial conditions of model 2 after addition of (b) APR and (c) PIBSA.

3.3. Performance of Inhibitors/Dispersants on Stabilization

To further evaluate the performance of the different chemicals in terms of the stabi-
lization of asphaltene aggregates, data obtained from %ABS/%AT measurements were
analyzed. The Turbiscan stability index (TSI) is a relativistic quantity that takes the sum
of the difference between the current value of the signal of interest (/;) with the previous
value (h;_1) and divides it into the total height (H) of the sample (TS I= %) . This
parameter provides an easy-to-use initial approximation of the physical stability of a given
system and can be incorporated as a complementary analysis. Figure 8 shows the TSI
parameter as a function of time for the inhibitors/dispersants and model 1/model 2. It
can be noted that all chemicals perform well in terms of stabilization (a rule of thumb
when analyzing these values is that the system is considered as very stable if TSI < 1),
which means that the asphaltene aggregates maintained their small size. Within the region
of stability, model 1 seems to be more stable than model 2. This is an interesting and
expected result. On one hand, model 1 does contain actual crude oil (as well as other
compounds), which means that this is the result of an averaged behavior, something that is
closer to authentic field operations. On the other hand, in model 2 (extracted asphaltenes),
asphaltene interactions are favored. For model 1, no conclusions on whether inhibition
or dispersion can be drawn but for model 2, it can be said that PIBSA and DBSA act as
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TSI

APR ENP | PIBSA
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AFM images obtained in the previous section.
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Figure 8. TSI as a function of time for the inhibitors/dispersants acting on (a) model 1 and (b) model 2.

4. Discussion

The first part of the Results section was dedicated to the effect of various n-alkanes on
the precipitation detection time of two different models: model 1 (crude oil and solvents)
and model 2 (extracted asphaltenes re-solubilized in toluene). The results presented in
Figures 1 and 2 show that there is a relationship between the carbon number, the concen-
tration and the precipitation detection time. In line with other studies and consolidating
contrasting results, it was shown that the influence of the carbon number on the diffusion
and subsequent aggregate growth of asphaltene clusters follows two trends depending
on the concentration of the precipitant. At high concentrations (this work), asphaltene
solubility is strongly affected when the carbon number decreases, which translates to low
carbon numbers, inducing early precipitation. At low concentrations, solubility seems
to remain constant, noting that a diffusion limited cluster aggregation (DLCA) model
would potentially be adequate to describe this process. Furthermore, an assessment of
the precipitated material was made, suggesting that besides influencing the solubility of
asphaltene clusters, the carbon number of the precipitant also influences the density of the
sediment. The implications in terms of operations of these observations could mean that
targeted chemical treatments could be developed, and specific chemistries based on simple
parameters could be implemented to prevent sedimentation. Further analysis with the
incorporation of favorable solubility conditions (e.g., a mix between alkanes and aromatics)
could aid in fine-tuning certain aspects for chemical treatment development.

One of the precipitants (i.e., n-heptane) was selected to further analyze the effect of
inhibitors/dispersants on the precipitation detection time. The terms inhibitor and disper-
sant can sometimes be ambiguous. Here, an attempt was made to separate these terms and
relate them to physical mechanisms. Inhibition is to be understood as a mechanism through
which active sites are blocked (either through adsorption or any type of interaction) and
further aggregation is not possible because other asphaltene monomers or clusters do not
have access to such sites. On the other hand, dispersion is to be understood as a mechanism
where interactions are not the main channel for precipitation prevention but instead, the
steric barriers (e.g., a type of polymeric network) that are created by the long chains of the
additives do not allow the asphaltene clusters/monomers to interact with one another.

AFM imaging was used to assess the extent of aggregation and subsequent precip-
itation of model 1 and model 2 under the influence of commercially available chemical
additives normally used as part of the multiple strategies for flow assurance (Figures 3-7).
In this case, only one of the inhibitors (PIBSA) and one of the dispersants (APR) were used.
Results indicated that the inhibitor produced final states (AH and MSR after evaporation)
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that are smaller in size compared to the system without additives, which means that the
inhibitor is capable of reducing the density of the formed complex and prevents it from
further growth. Similarly, the dispersant produced final states greater in size compared
to the system without additive, suggesting a type of thickening of the media which could
hinder cluster mobility, hence further aggregation.

A final evaluation was performed through transmission/backscattering signal analysis
on all the additives proposed in this work and both model systems. Figure 8 shows the
main results, corroborating the initial hypotheses and the possible action mechanisms
behind inhibition and dispersion. Dispersants, even though yielding an increased size
of the evaluated system, prevent sedimentation (and deposition if under flow) to the
same extent as inhibitors. The decision in terms of operations would therefore be made
based on other aspects such as economic feasibility, product availability (supply), ease of
implementation (depending on vendor specifications for application) and sustainability.
Based on the results of this work, a point could be made on which additives would be
the preferred choice. For this particular case (i.e., a heavy crude oil of high acidity, high
asphaltene content and low saturates content) and considering the previously mentioned
aspects, the suggestion would be to use APR as a dispersant and PIBSA as an inhibitor.
Dispersion has the added value of potentially ensuring that other problematic fractions
(e.g., saturates) sensible to pressure-temperature changes do not get a nucleation point for
growth, whereas inhibition could prevent large plug formation. Both systems presented
with TSI < 1, a low dosage for high efficiency and a long-term physical stability. These are
key positive variables, operationally speaking.

This work focused on asphaltenes mainly because severe operational issues are largely
attributed to this fraction of crude oil. However, complex problems can arise when other
components negatively interact with pressure-temperature changes (hydrates, scales) and
should therefore be included in future studies.
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