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ABSTRACT: Asphaltene-related flow assurance problems are prevalent in oil production processes and are at the heart of
issues such as the plugging of pipelines, the damage of rock formations, and the stabilization of viscous water-in-oil emulsions. A
comprehensive understanding of the interfacial behavior of asphaltenes, from a physical−chemical perspective, is required for an
accurate design of solutions to these challenges. In this work, we elucidate the deposition dynamics of various asphaltene
subfractions in a porous media microfluidic model. Extrography fractions from the interlaboratory sample known as PetroPhase
2017 asphaltenes, reported to be a mixture of abundant island and archipelago motifs, and Wyoming deposit C7 asphaltenes,
known for being island type dominated, are investigated. The deposition rate increases when the compositional ratio
archipelago/island motif increases for PetroPhase 2017 derived fractions, whereas Wyoming deposit asphaltenes appear to
exhibit stronger aggregation for fractions whose composition is uniformly island type. In general, the deposition rate is
consistent with the amount of precipitated asphaltenes. However, the correlation is not merely a linear one and the pore-scale
morphology changes even with similar deposition rates. Estimated diffusivity, the relative ratio of convection and diffusion, and
fluid flow profiles are used to explain the dynamic growth of the deposit at the pore scale.

1. INTRODUCTION

Asphaltenes are significant contributors to flow assurance
challenges because they play a critical role in the stabilization
of water-in-oil emulsions and the deposition of solids in
petroleum production systems.1,2 Asphaltenes exist in the oil
matrix as relatively stable nanoaggregates. Several works
suggest that a combination of intermolecular interactions
such as π stacking between aromatic cores, van der Waals
interactions between aliphatic moieties, and hydrogen bonding
between polarizable functionalities results in strong nano-
aggregation.3−5 Destabilization of these stable nanoaggregates
occurs when physicochemical/thermodynamic conditions
change, such as the alterations in temperature, pressure, and
composition incurred during transportation.1,6−12

Crude oil composition also changes in CO2 or steam
injection for enhanced oil recovery (EOR)13−17 and during the
mixing of various crude streams.18 The attraction between
nanoaggregates increases, which results in microaggregation.
The combination of destabilization and microaggregation is
known as precipitation.19 During precipitation, asphaltenes
tend to either deposit on a surface or form larger particles.20

This deposition can cause flow assurance problems in pipelines
and near-wellbore regions by plugging small-pore throats via
mechanical trapping or depositing on rock surfaces, which
depicts the complexity of asphaltene deposition to flow
assurance.21,22

Operationally, asphaltenes are defined as the petroleum
species soluble in aromatic solvents such as toluene and
benzene and insoluble in n-alkanes such as n-pentane and n-
heptane.6 The specific molecular structure of asphaltene

molecules cannot be uniquely defined due to their general
classification by solubility. Therefore, asphaltenes are an
ultracomplex mixture with possibly over 80000 unique
elemental compositions.23−25 The molecular structure of
asphaltenes is proposed to be island, one aromatic core with
alkyl side chains, or archipelago, several aromatic cores linked
by covalent bridges. Mullins et al. proposed a modified version
of the Yen model, concluding that island structures are
dominant in petroleum asphaltenes regardless of geological
origin and thermal maturity.26,27 This hypothesis has been
supported by Schuler et al., who used atomic force microscopy
to access individual molecular structures in virgin and
thermally modified asphaltenes. In these studies, hydrogen-
deficient (0.40 < H/C < 0.60), highly aromatic, and alkyl-
deficient island structures were shown to be dominant in both
virgin and thermally cracked asphaltenes. Also, few archipelago
structures with bridges consisting of one single bond were
observed for the first time.28,29 On the other hand,
comprehensive characterization by a novel extrography
fractionation and ultrahigh-resolution mass spectrometry
demonstrates that asphaltenes comprise a structural continuum
of island and archipelago motifs.30−32 The reason behind the
extensive, but incorrect, support of mass spectrometry for the
exclusive dominance of island structures is rooted in selective
ionization. Moreover, on the basis of asphaltene bulk behavior
in mild pyrolysis and thermal cracking, it is hypothesized that
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the dominant structure (island or archipelago) is sample
dependent.
Sample complexity as well as the dominance of diverse

asphaltene structures, island or archipelago, complicates the
study of deposition dynamics. To tackle this problem, the
scenario of deposition is considered as the particle/colloid
deposition in which particles or aggregates are transported by
the bulk fluid and adsorb on a surface. Along these lines, two
steps for asphaltene deposition are required: first, asphaltene
aggregates migrate from the bulk solution to the solid surface
by both convection and diffusion based on Brownian motion
and fluid flow. When the aggregates are close to the surface,
colloidal interactions are dominant in determining if the
aggregates would attach on the surface. These interactions
mainly depend on the solution chemistry as well as the
properties of the aggregate exterior and the surface. The
interactions consist of several components, including electrical
double layer, van der Waals, and steric forces which are within
a short range between the aggregate and the surface.33

Asphaltene deposition has been previously examined in
capillaries,10,19,34−40 microfluidic porous media,9,41−45 and
packed bed columns.46,47 Diffusion is assumed to be a critical
factor leading to asphaltene aggregation and deposition.39,46,48

Microfluidic devices are known for the ease of visualization, the
ultralow sample consumption, and the ability to analyze flow
processes in great detail and have been used for investigating
various oil-related systems such as North American asphal-
tenes, naphthenic acids, and bitumen.41,49−53 In this work, we
turn to microfluidic micromodels to investigate the effect of
variously characterized asphaltene subfractions on deposition
dynamics. With the molecular composition known, the

deposition behavior is correlated to the molecular structure
and chemistry.

2. METHODS AND MATERIALS
2.1. Materials. n-heptane (Hep) and toluene (Tol) were reagent

grade (purity ≥99%) (Sigma-Aldrich (St. Louis, MO, USA)) and
used as received. C7 asphaltenes used in this study, Wyoming deposit
and PetroPhase 2017, were supplied by Nalco Champion and Total.
The precipitation, fractionation, and characterization were imple-
mented by the Complex Mixture Group at Florida State University
and reported elsewhere.30−32 The extracting solvents for the
extrography fractionation are acetone, heptane, 1/1 heptane/toluene
mixture (Hep/Tol), toluene (Tol), 1/1 toluene/tetrahydrofuran
mixture (Tol/THF), tetrahydrofuran (THF), and 4/1 tetrahydrofur-
an/methanol mixture (THF/MeOH).

2.2. Model Oils and Precipitation Tests. Model oils were
prepared by slow dissolution of whole C7 asphaltenes and their
subfractions in toluene at a concentration of 0.1 wt %; dissolution was
assisted by heating at 90 °C and sonication (40 kHz, ultrasonication
bath, Branson) for a minimum of 30 min. Asphaltenes were forced to
precipitate out of the model oil by the addition of 80% v/v of n-
heptane, which was well above the reported instantaneous
precipitation point.9,43 The mass percentage of precipitation of
whole samples and subfractions was determined at 80 vol % of
heptane. The precipitation measurement was conducted with the
centrifugation method reported by Maqbool et al. with a mixing time
of 2 min in order to match the flowing time in the microfluidic system
used in this study.54,55

2.3. Microfluidic Studies. A porous media micromodel was
utilized to investigate asphaltene deposition. UV-curable thiolene-
based polymer (NOA 81, Norland Optical Adhesive) was chosen as
the material of the micromodel with the advantage of high solvent
-resistance.56,57 The detailed fabrication process was described
previously.9 Model oils and n-heptane were coinjected by a syringe
pump (Harvard Apparatus PHD 2000) and mixed at a T-junction

Figure 1. (a) Schematics of the microfluidic system used for studying asphaltene deposition. The blue rectangle is the recording region. (b) SEM
image of the porous media design. Scale bars are 500 μm. (c, d) Velocity profile and streamlines of the fluid in the porous media by COMSOL. (e)
Schematics of island and archipelago asphaltene molecular structures.
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(IDEX, MicroTee Assy PEEK-1/16 in) before flowing into the
microfluidic device as shown in Figure 1a,b. The length of the porous
media is 10 mm, and the permeability of the porous media is around
5.23 Darcy. Both the pore size and the diameter of the post are 125
μm. All experiments were conducted at an ambient temperature of 23
°C. The total flow rate of the fluid mixture was fixed at 60 μL/min
(equivalent superficial velocity u = 0.028 m/s). The mass flux of
precipitated asphaltenes was approximately ∼5 g/(s m2). The
microfluidic device was staged on an inverted microscope (Olympus
IX 71), and the visualization of deposition was recorded by a high-
speed CMOS camera (Phantom V4.3, Vision Research, Inc.). The
microfluidic devices are capable of visualizing particles which are
larger than 0.5 μm, which is the limitation of the optical microscope.19

The images were taken near the entrance of the porous media,
assuming the blue rectangle shown in Figure 1a. The experimental

images were processed using ImageJ.58 Images were registered by
identifying the location of each post in the porous media. The pixel
count associated with asphaltene deposition was determined using
Otsu’s method.59 The pixel count was subsequently converted to a
coverage area. The velocity profile and streamlines (Figure 1c,d) were
obtained by COMSOL version 4.0 with the assumption that the fluid
is incompressible. A low-velocity region is found at the front of the
post where the streamlines diverge, and a high-velocity region is
located on the top and the bottom of the post with the convergence of
streamlines. A schematic of island and archipelago asphaltene
molecular structures is illustrated in Figure 1e. Asphaltene molecules
are made up of polyaromatic hydrocarbons. The island structure,
which has been known as a dominant structure of asphaltene, contains
a single core of aromatic and naphthenic rings aggregating in a parallel

Figure 2. Isoabundance combined color-contoured plots of DBE versus carbon number for HC, S1, N1, and O1 for (a) PetroPhase 2017 and (b)
Wyoming asphaltenes. Top rows in (a) and (b) present the broad-band spectra composition; bottom rows in (a) and (b) present the composition
for precursor and fragment ions. (c) Relative ratio archipelago/island as a function of fraction for PetroPhase 2017 (gray bars) and Wyoming
asphaltenes (red bars). RA denotes relative abundance. Green dotted lines show the DBE boundaries.
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structure, while the archipelago structure contains multiple small
cores which are cross-linked by alkyl bridges.
2.4. Dimensionless Analysis. The Reynolds number is

calculated as Re = ρuDp/(1 − ϕ)μ ≈ 30, which is in the laminar
region, where Dp = 6(volume)/(surface area) is the equivalent
spherical diameter of the obstacle, ρ is the density of the fluid (∼720
kg/m3), μ is the dynamic viscosity of the fluid (∼0.4 cP), u is the
superficial velocity (0.028 m/s), ϕ is the porosity of the porous media,
and A is the cross-sectional area of the microchannel (20 μm × 1800
μm). Deposition can be described in terms of the Pećlet number (Pe
= udp/DBM), where dp is the diameter of the asphaltene aggregate and
DBM is the Brownian diffusivity (m2/s). This accounts for the relative
contributions from convection and diffusion in the presence of
different subfractions of asphaltenes.9,43,60−62 Brownian diffusivity is
estimated from the diffusion-limited model with a homogeneous first-
order reaction for the deposition derived by Fav́ero et al.46 Equation 1
gives the mass balance of asphaltenes in the channel. Equation 2 is
obtained by solving eq 1 with the initial condition that CA = CA0 at x =
0 and the deposition rate taken as the mass difference between the
inlet and the outlet of the microchannel. By substitution of the
correlation for mass transfer coefficient reported by Wakao and
Thoenes et al., eq 2 can be written as eq 3.63,64 Then, the particle size
can be estimated by the Stokes−Einstein equation (DBM = kBT/
3πμdp).
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where CA is the concentration of precipitated asphaltenes, x is the
distance along the microchannel, ac = 6(1 − ϕ)/ϕ is the area per
volume of the microchannel, kc is the mass-transfer coefficient, and Sc
= μ/ρDBM.

3. RESULTS AND DISCUSSION
3.1. Composition and Structure of PetroPhase 2017

and Wyoming Deposit Asphaltenes. Asphaltenes are
ultracomplex mixtures that exhibit heterogeneous aggregation,
and therefore the characterization by mass spectrometry is
biased by selective ionization. Comprehensive MS character-
ization of asphaltenes is achievable by implementing separation
methods that allow sample fractionation based on the
aggregation tendency. Therefore, ionization efficiency in
techniques such as atmospheric pressure photoionization
(APPI) is used. A novel separation method based on
aggregation tendency was developed at the National High
Magnetic Field Laboratory-Florida State University; it was
used to separate PetroPhase 2017 and Wyoming C7
asphaltenes.31,32 APPI coupled to Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS)
provides the elemental composition of thousands of com-
pounds within petroleum samples. APPI is well-suited for the
vaporization/ionization of heavy petroleum fractions such as
vacuum residues and asphaltenes. Once the sample is
transferred to the gas phase, UV photons ionize the gas-
phase molecules, which generates mostly molecular ions
(radical cations M•+) and protonated species [M + H]+. FT-
ICR MS allows access to the compositional space of heavy
petroleum samples, typically represented by isoabundance
color-contoured plots of double bond equivalent (DBE) versus
carbon number. To access the molecular structure, the
complexity of the sample is typically decreased by the selection
of a narrow window of precursor ions through a quadrupole

mass filter located before the ICR mass analyzer. Once the
precursor ions are transferred to the ICR cell, infrared photons
are used to produce fragment ions. A comparison of DBE and
carbon number values, between the precursor and the fragment
ions, is the basis to discriminate between island and
archipelago motifs. This separation method yields a total of
eight fractions: acetone, acetonitrile, Hep, Hep/Tol, Tol, Tol/
THF, THF, and THF/MeOH. The work presented herein
focuses on the whole samples (asphaltenes without fractiona-
tion) and their abundant acetone, Hep/Tol, Tol, Tol/THF,
and THF fractions.
Figure 2 summarizes the molecular composition and

structure for PetroPhase 2017 and Wyoming asphaltenes
accessed by positive-ion APPI Fourier transform ion cyclotron
resonance (ICR) mass spectrometry and infrared multiphoton
dissociation (IRMPD). Figure 2 focuses on the most abundant
fractions: acetone and Tol/THF. Figure 2a (top row) presents
the isoabundance combined color-contoured plots of DBE
versus carbon number for hydrocarbons (class HC, species
containing only C and H), and monoheteroatomic classes S1,
O1, and N1 (species containing C, H, and one heteroatom) for
PetroPhase 2017. The whole PetroPhase 2017 sample exhibits
atypical composition, as evidenced by the detection of species
with DBE < 15, which is not consistent with the Yen−Mullins
model that defines asphaltenes as highly aromatic/alkyl-
deficient species. The PetroPhase 2017 acetone fraction, that
with the highest ionization efficiency in APPI, is enriched with
compounds at the classical asphaltene compositional space,
whereas the composition of the Tol/THF fraction, with
significantly lower ionization efficiency, shifts to lower atypical
DBE values. On the other hand, the molecular composition of
whole Wyoming asphaltenes (Figure 2b, top row, left) is
typical, enriched with species with DBE > 20 and few carbon
atoms in alkyl side chains, as indicated by the narrow range of
carbon number for each DBE value. The acetone fraction, also
with the highest ionization efficiency, resembles the
composition of the whole sample, and the composition of
the Tol/THF fraction, with lower ionization efficiency, shifts
to higher DBE values with a lower content of alkyl chains.
Figure 2a,b (bottom rows) also presents the fragmentation

behavior for whole samples and the fractions acetone and Tol/
THF, by presenting the isoabundance combined color-
contoured plots of DBE versus carbon number for precursor
and fragment ions. The red-dotted ovals highlight the
precursor ions that were externally isolated by a mass-resolving
quadrupole (m/z ∼453−457) and fragmented by infrared
multiphoton dissociation inside the ICR mass spectrometer.
Both whole samples exhibit opposite fragmentation behavior:
fragments derived from PetroPhase 2017 precursors yield
abundant fragments with lower carbon number and lower DBE
(archipelago motifs) and few island-derived fragments, whereas
Wyoming preserves the DBE values of the precursor ions
(island motifs). The acetone fractions are enriched with island
motifs, whereas the Tol/THF fractions exhibit an increased
contribution of archipelago species.
The archipelago−island boundaries were determined for

each sample as reported by Chacoń-Patiño et al.31,32 The
boundary is a DBE value below which the fragments are
considered archipelago-derived. The boundary was calculated
as the weighted average DBE for all precursor ions minus the
weighted standard deviation. The DBE boundaries for all
PetroPhase 2017 fractions range between DBE 13 and 19,
whereas the DBE boundaries for all Wyoming asphaltene
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fractions range between DBE 18 and 21. Specifically, the DBE
boundaries for the whole PetroPhase 2017 sample and its
acetone and Tol-THF fractions are 13, 17, and 19. The
Wyoming whole sample and its acetone and Tol/THF
fractions exhibit DBE boundaries of 19, 18, and 21,
respectively. The sum of the relative abundance of the
fragments with DBE values below the boundary, divided by
the sum of the relative abundance of the fragments with DBE
values equal/above the boundary, yields a relative ratio
archipelago/island motif, which is presented in Figure 2c.
The dominant structural motif for PetroPhase 2017 (whole
sample and three of the most abundant fractions) is
archipelago (archipelago/island > 1), whereas Wyoming
asphaltenes (whole sample and all fractions) are enriched
with island motifs (archipelago/island < 1). Importantly, the
archipelago/island ratio increases as a function of increasing
fraction number for both samples.
3.2. Precipitation Behavior. The mass percentage of

precipitation of various subfractions is characterized at 80 vol
% of heptane, as shown in Figure 3. The amount of

precipitation generally increases with the increase of the ratio
of archipelago asphaltenes for PetroPhase 2017 solids, and the
whole sample resides in the medium range between island-
dominated and archipelago-dominated asphaltenes. Some
previous studies have suggested that asphaltene subfractions
with higher heteroatom content (more polarizable) exhibit
decreased solubility in toluene.65,66 As reported by Chacoń-
Patiño et al., Tol/THF and THF extrography fractions from
PetroPhase 2017 exhibit higher heteroatom content and lower

solubility in toluene.31 However, no observation of a linear
trend is found in the change of the amount of precipitation for
Wyoming fractions. The Wyoming whole sample is found to
precipitate more than the whole sample of PetroPhase 2017.

3.3. Deposition Rate and Morphology of Asphaltene
Subfractions. Asphaltene deposition from each fraction was
examined, and the representative deposition profiles in porous
media are shown in Figure 4 (PetroPhase 2017 asphaltenes)
and Figure 5 (Wyoming deposit asphaltenes). In the presence
of the precipitant, n-heptane, a cone-shaped deposit for the
whole PetroPhase 2017 sample is observed at the front of the
posts, against the flow direction, as shown in Figure 4a. The
cone-shaped deposit can be explained by the velocity and the
streamline profiles presented in Figure 1c,d. Higher velocity
and assembly of streamlines are found on the top and the
bottom of each post, which results in higher local shear stress
that prevents asphaltene aggregates from depositing onto
surfaces. Conversely, lower velocity and diverging streamlines
are obtained at the front of the post, which gives rise to less
shear stress and higher chances for asphaltene deposition. The
PetroPhase 2017 acetone fraction exhibits shorter deposits
with fractal edges (Figure 4b). Cone-shaped deposits are also
found for Hep/Tol and toluene fractions (Figure 4c,d),
whereas Tol/THF and THF fractions present wide stream-
lined profiles (Figure 4e,f). In comparison to Figure 4a−d, this
wide streamlined shape suggests a softer and smaller particle
size since the front tip of the deposit is eroded continuously
and small particles can remain on the side of the deposit.
Whole Wyoming deposit asphaltenes exhibit significantly

larger formations of the cone-shaped deposit, as illustrated in
Figure 5a. Also, the acetone fraction presents a wide
streamlined shape of the deposit with fractal edges (Figure
5b). However, as the fraction number increases and the
archipelago/island ratio motifs are incremented, the morphol-
ogy of deposits becomes narrower (Figure 5d) and shorter
(Figure 5c−f). Interestingly, the streamline behaviors for the
Tol/THF and THF fractions from both asphaltene samples are
similar.
The averaged deposition, or deposition coverage (%), as a

function of time is quantified by imaging analysis and
presented in Figure 6a (PetroPhase 2017) and Figure 6b
(Wyoming deposit C7 asphaltenes). For model oils of
PetroPhase 2017 species, the Tol/THF and THF fractions
exhibit faster deposition growth in comparison to the other
fractions. Interestingly, the growth of the THF fraction follows

Figure 3.Mass percentage of precipitated asphaltenes, whole samples,
and extrography fractions for PetroPhase 2017 (gray bars) and
Wyoming deposit asphaltenes (light blue bars).

Figure 4. Deposition profile in homogeneous porous media taken at 1800 s near the inlet for the PetroPhase solid: (a) whole PetroPhase 2017
sample and the subfractions that were extracted by (b) acetone, (c) Hep/Tol, (d) Tol, (e) Tol/THF, and (f) THF. Scale bars are 200 μm. Flow
direction is from left to right.
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a fluctuating curve, which suggests that its deposition is a
competition between shearing off and growing. Softer
asphaltene deposits that produce such fluctuations are also
observed when the steric repulsion is enhanced by introducing
alkylphenols.43 Regarding Wyoming deposit, the whole sample
and the acetone fraction exhibit a stronger tendency (higher
deposition rate) in depositing onto the porous media surface in
comparison to the other fractions. The Hep/Tol fraction
shows an induction region at the beginning of the deposition
process, which suggests that the deposition process is preceded
by the formation of a primary layer of asphaltenes on the
surface. The deposition rate, obtained from the linear
regression of the growth curves presented in Figure 6a,b, is
plotted in Figure 6c. Overall, the deposition rate is in a
relatively good correlation to the amount of precipitated
asphaltenes (CA), except for the Wyoming acetone fraction,
when it is compared with the precipitation results presented in
Figure 3.
3.4. Deposition Shape. In regard to Wyoming deposit

asphaltenes, it is important to highlight that the shapes of the
deposits are different (Figure 5a,b, whole sample versus
acetone fraction) even for model oils with similar deposition
rates and deposition coverages. It is clear that the correlation
between precipitation and deposition is not a simple linear
relationship. Therefore, more details about pore-scale visual-
ization and fluid properties are required to properly understand
the correlation between deposit morphology and deposition
rate/coverage.
There are several factors that are known to affect the rate of

deposition for the two different types of molecular structures,
including possible increased steric repulsion from alkyl
substituents, different heteroatom contents affecting solubility
in solvents, and stabilizing effects from island motifs on
archipelago fractions. The deposition rate of PetroPhase
fractions generally increases as a function of an increase in
the ratio of archipelago/island motifs. First of all, this
deposition increment is possibly caused by the higher content
of alkyl substituents present in archipelago asphaltenes, which
results in greater steric repulsion and smaller aggregates. A
minimum deposition rate was found to be dependent on the
particle size. Specifically, when the particle size is below a
critical size of approximately 1 μm, thermal motion is able to
keep the deposits suspended. However, for aggregates that are
larger than the critical suspended size, convection results in
more impact with the porous media. This results in a lower
deposition rate for larger sub-micrometer asphaltene aggre-

gates.67,68 Additionally, the increase in the steric repulsion
between asphaltenes results in smaller aggregates and higher
deposition rate in some cases.43 Second, as discussed in section
3.2, Tol/THF and THF extrography fractions from PetroPhase
2017 exhibit higher heteroatom content and lower solubility in
toluene.31 These characteristics could lead to a stronger
deposition in the microfluidic device used in this work.66,69

However, higher heteroatom content and lower solubility
suggest a lack of correlation between the size of asphaltene
aggregates and the rate of deposition. Third, it is important to
highlight that the deposition rate of the whole PetroPhase
2017 sample falls between that of the acetone fraction (island
dominated) and that of the toluene fraction (archipelago
dominated), which suggests that island species act as stabilizers
for archipelago/polarizable structures, leading to a decrease in
the deposition rate for the whole sample. Kilpatrick, Fogler et
al. have also pointed out cooperative stabilization between
asphaltene subfractions obtained by differential precipitation in
Hep/Tol. In their studies, asphaltene subfractions with higher
solubility in Hep/Tol (lower heteroatom content) were shown
to stabilize “polar” (higher heteroatom content) asphaltene
subfractions.65,66

Regarding Wyoming deposit asphaltene species, there are no
clear trends for deposition rate and precipitation. As previously
reported, the dominant motif in whole Wyoming deposit
asphaltenes is island (<90%). Among the extrography fractions,
acetone, the most island-enriched virgin sample ever observed
by the group at Florida State University, exhibits the highest
deposition rate in the microfluidic system. These results
suggest that island-enriched asphaltenes can exhibit a higher
deposition rate when the composition is highly uniform/island
type. Interestingly, Hep/Tol, Tol, Tol/THF, and THF
fractions present a lower deposition rate in the microfluidic
system in comparison with acetone. These results are puzzling,
since the later fractions, particularly Tol and Tol/THF, exhibit
the highest DBE and the lowest content of alkyl substituents
and therefore according to the Yen−Mullins model should
exhibit stronger aggregation/deposition.
The diffusivity of each fraction can be determined by fitting

the deposition rate and the amount of precipitated asphaltenes
in the diffusion-limited model (eq 3). The diffusivity of whole
asphaltenes and their subfractions are given in Table 1.
Generally, the calculated diffusivities of PetroPhase 2017
species are smaller than those of Wyoming deposit fractions. It
is important to keep in mind that the Stokes−Einstein
equation takes into account the equivalent particle diameter

Figure 5. Deposition profile in homogeneous porous media taken at 1800 s near the inlet for Wyoming deposit C7 asphaltenes: (a) whole sample
and the subfractions extracted by (b) acetone, (c) Hep/Tol, (d) Tol (e) Tol/THF, and (f) THF. Scale bars are 200 μm. Flow direction is from left
to right.
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and the Pećlet number (Pe = udp/DBM). It is used to determine
the relative contributions of convection and diffusion, since the
determining factor in deposition with submicron aggregates is

assumed to be diffusion. In this regard, when the contribution
of convection increases, the deposition rate decreases.67

Regarding PetroPhase 2017 fractions, the equivalent particle
diameter decreases as a function of increasing the archipelago/
island motif ratios. We hypothesize that this decrease is the
result of the steric repulsion that arises from greater alkyl chain
content.
The equivalent particle diameter for Wyoming fractions is

relatively smaller. Since the structure of Wyoming species is
dominated by island motifs (above 90%), these results suggest
that this smaller size might be caused by the stabilization of
island asphaltenes by π−π interactions from the aromatic
solvent (toluene). However, introducing more archipelago
asphaltenes into the system might result in both stronger and
weaker aggregation for larger and smaller aggregates. The
reason is still unclear and requires more investigations on the
interactions between asphaltene molecules. The estimated
Pećlet number is utilized to explain the pore-scale visualization
in the following section.

3.5. Pore-Scale Visualization of the Deposition Profile
for Various Asphaltene Subfraction. The dynamics of the
pore-scale deposition growth is illustrated in Figure 7 taken at
1800 s. From previous studies, asphaltenes produce cone-
shaped deposits at the front of the post when Pe increases and
create streamlined-shaped deposits when Pe decreases.9 Softer
deposits are also reported when steric repulsion is enhanced.43

Whole PetroPhase 2017 and Wyoming samples exhibit
relatively higher Pe and produce cone-shaped deposits. For
both whole samples, the dynamic growth curves are similar; it
is clear that the deposit grows from a smaller cone into a larger
cone. However, PetroPhase 2017 and Wyoming deposit whole
samples, with Pećlet numbers equal to 1.1 × 103 and 3.4 × 102,
respectively, exhibit a slight difference in the deposition
pattern: Wyoming asphaltenes show deposition at the rear of
the post, which suggests that a smaller Pećlet number results in
higher possibility for aggregates to diffuse and deposit. This has
also been suggested to be caused by the circulation of the flow
at the rear of the post found in numerical simulations by
Kusaka et al.61 The cone-shaped deposits observed in Figure 7
can also be explained by the velocity profile and the pressure,
as illustrated in Figure 8. High-velocity regions are distributed
on the top and the bottom of the post, resulting in strong shear
stress that prevents aggregate deposition. Also, the pressure
changes significantly at the locations with x = −25 μm and y =
±50 μm. This discrepancy of pressure forces the aggregates to
migrate. For both acetone fractions, Pe values are smaller in
comparison to the whole samples; these fractions exhibit fractal
edges as well as streamlined dynamic growth curves (Figure
7b,e). The Wyoming acetone fraction (Figure 7e) shows a
wide streamlined shape with a significantly smaller Pe, which is

Figure 6. Deposition curves for model oils comprised of whole
asphaltene samples (black ■), acetone (red ●), Hep/Tol (green ▲),
Tol (orange ◆), Tol/THF (purple +), and THF (pink ×) fractions
for (a) PetroPhase 2017 and (b) Wyoming deposit. (c) Deposition
rate obtained from the linear regression of the curves presented in
Figure 6a and Figure 6b.

Table 1. Calculated Properties of PetroPhase and Wyoming Fractions

whole acetone Hep/Tol Tol Tol/THF THF

PetroPhase
DBM (1012 m2 s−1) 5.14 6.08 4.65 4.96 6.75 8.28
dp (nm) 201 170 223 209 153 125
Pe 1.1 × 103 7.8 × 102 1.3 × 103 1.2 × 103 6.3 × 102 4.5 × 102

Wyoming
DBM (1012 m2 s−1) 9.15 33.62 13.74 5.32 7.87 9.08
dp (nm) 113 31 75 195 132 114
Pe 3.4 × 102 2.5 × 101 1.5 × 102 1.0 × 103 4.7 × 102 3.5 × 102
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consistent with the work by Lin et al., who found that small Pe
values are strongly correlated to streamlined deposits because
the aggregates tend to deposit without being carried/
transported by the fluid flow.43 Interestingly, when the Hep/
Tol fractions are compared (Figure 7c,f), Wyoming deposit
asphaltenes exhibits a Pe 1 order of magnitude smaller than
that of PetroPhase 2017 species. This decrease translates into a
change of the deposit shape, from sharp conelike (higher Pe)
to fractal deposit (lower Pe). Other materials such as latex
particles also exhibit similar trends: smaller Pećlet numbers
correlate with fractal deposits, whereas larger values are
associated with cone-shaped/more uniform deposits.61 The

dynamic growth curve for Wyoming Hep/Tol fraction (Figure
7f) also suggests that a system with a lower Pe tends to
produce deposits that grow in a streamlined pattern. No
observation of the deposit at the rear of the post in Figure 7e,f
even with lower Pe could result from the smaller amount of
precipitated particles, causing a lower deposition tendency.

4. CONCLUSIONS
Microfluidic devices offer a well-controlled platform for highly
surface sensitive and limited materials. The visualizing
capability also provides insightful information on the
fundamental investigation of the asphaltene deposition
mechanism. Two asphaltene solids are fractionated, and the
chemical structure is characterized. These mass fraction
samples are very limited, and therefore microfluidic devices
can be used to study their deposition dynamics. For
PetroPhase 2017 fractions, which mainly consist of archipelago
species, the deposition correlates well with the archipelago to
island asphaltene ratio. Also, the deposition rate of the whole
sample falls between island-type and archipelago-type
asphaltenes, which suggests that the island-dominated
asphaltenes are capable of stabilizing the archipelago-
dominated fractions. Also, the observed streamlined shape
and fluctuating deposition growth suggest a possible softer
formation for archipelago-dominated fractions. However, for
the Wyoming fractions, which mainly consist of island species,
deposition is not well correlated to species ratio. For the
Wyoming sample, the acetone fraction has the smallest Pe and
the highest deposition rate. These results could arouse people
to consider modifying mitigation methods when the type of
asphaltene is known, especially for the design of the asphaltene
deposition inhibitors. On the basis of the results shown in this
study, island-type asphaltenes could be the inhibitors or
stabilizers for archipelago asphaltene dominated oils. For island
asphaltene dominated oil, an increased content of archipelago-
type asphaltenes could potentially reduce the deposition
tendency.
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