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Abstract

Asphaltenes are known to cause severe flow assurance problems in the near-wellbore region of
oil reservoirs. Understanding the mechanism of asphaltene deposition in porous media is of great
significance for the development of accurate numerical simulators and effective chemical
remediation treatments. Here, we present a study of the dynamics of asphaltene deposition in
porous media using microfluidic devices. A model oil containing 5 wt% dissolved asphaltenes
was mixed with n-heptane, a known asphaltene precipitant, and flowed through a representative
porous media microfluidic chip. Asphaltene deposition was recorded and analyzed as a function
of solubility, which was directly correlated to particle size and Péclet number. In particular, pore-
scale visualization and velocity profiles, as well as three stages of deposition, were identified and

examined to determine the important convection-diffusion effects on deposition.
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Introduction

Asphaltenes have been referred to as the “cholesterol of petroleum™' because they can
precipitate out of crude oils and plug pipelines.” Recently, of particular interest is asphaltene
deposition in the near-wellbore region, which represents the porous media of reservoir rock near
the wellbore tubing and casing. By understanding the asphaltene deposition dynamics in porous
media, especially at the pore scale, better oil flow processes can be designed.

Generally, asphaltenes are defined as the species in crude oils that are soluble in
aromatics (i.e., toluene) and insoluble in n-alkanes (i.e., n-heptane).” The specific molecular
structure of asphaltene molecules typically cannot be uniquely defined due to their general
classification based on solubility. Theoretically, various equations of state or mixing free energy
models, such as Flory-Huggins theory, have been utilized to describe the solubility and oil-
asphaltene bulk-phase equilibria.’ Experimentally, refractive index measurements have been
used to describe changes in the solubility of asphaltene.”’ If the pressure, temperature, or
composition of crude oil are varied, the solubility parameter of asphaltenes will be altered, and
the asphaltenes can be destabilized to precipitate and aggregate out of the oil, causing deposition
problems in pipelines and porous media.™’

Numerous studies have examined the arterial deposition of asphaltenes in glass and

stainless steel capillary pipes.”'* '

Diffusion is typically assumed to be an important mechanism
leading to asphaltenes deposition. Nabzar et al. proposed a colloidal model for asphaltene
deposition in the diffusion-limited and shear-limited regimes.'® Vargas et al. proposed that there
is a competition between the flocculation and deposition of asphaltenes in well production.'” It is

believed that asphaltenes will either aggregate to form large colloidal systems that can readily

flow through a pipe or deposit onto the surface. Asphaltene deposition in porous media has been



less investigated, and various deposition mechanisms such as hydrodynamic bridging must be
considered. Coreflood tests have been widely utilized to analyze the effects of miscible and
immiscible fluid injections on permeability impairment and formation damage.'® However, only
macroscopic properties, such as the permeability reduction due to asphaltene deposition, can be
obtained; the dynamics of asphaltene precipitation and deposition within porous media have not
been visualized at the pore scale.

Recently, microfluidic devices have been utilized to provide insight into oil flow
processes.'** Asphaltene contents in crude oil samples have been characterized using glass
microfluidic devices.”"*> A microfluidic packed bed reactor has been utilized to study the
kinetics of asphaltene deposition and dissolution in a porous media system.”** A detailed
understanding of how their solubility influences the deposition of asphaltenes at the pore scale
has not been studied. Here, we investigate the dynamics of asphaltene deposition after
destabilization by the precipitant of n-heptane in a microfluidic channel of porous media by high-
speed optical microscopy. Model oil with a known asphaltene content is utilized in the
experiments because other intrinsic components in crude oil are known to influence asphaltene
stability.” >’ The solubility parameter of the oil-precipitant mixture is used to generalize the
effects of precipitant concentration with respect to the model oil. The resulting asphaltene
aggregates are further identified by their Péclet number for the analysis of deposition dynamics.
The deposition rate is found to vary nonlinearly with precipitant fractions. The pressure drop
across the porous media is measured to correlate the deposition dynamics with the decrease in
permeability. The velocity and shear rate profiles within the pore are obtained to explain the

pore-scale dynamic deposition process based on the convection-diffusion effect.



The remainder of this article is divided into three (3) sections. Background preparations
for carrying out the experiments are discussed in the next section, followed by presentations and
discussions of the experimental observations and the associated calculations. Finally, concluding

remarks are presented.

Materials and Methods

All chemicals were of reagent grade (purity > 95%), purchased from Sigma-Aldrich and used

without further purification.
Preparation and Characterization of Model Oil

In this study, a model oil composed of toluene and asphaltenes was used in the experiments to
reduce the effects of complex components typically found in the crude oil. The asphaltenes used
in this research were extracted by n-pentane from bitumen samples from the Middle East with an
asphaltene concentration greater than 20 wt%. The extracted asphaltenes were then slowly
dissolved in toluene at 90°C in a 40 kHz ultrasonic bath (VWR) for a minimum of 30 minutes
until a final asphaltene concentration of 5 wt% was achieved. Determining asphaltene
precipitation is a key step prior to studying asphaltene aggregation and deposition. The amount
of precipitated asphaltenes after mixing with n-heptane was measured using the “indirect
method”, a combination of gravimetric and spectroscopic techniques described by Tavakkoli et

al.*® shown in Figure 1.
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Figure 1: Asphaltene precipitation ratio results from the indirect method for the model oil mixed with n-heptane.
Precipitation onset occurs at 37.74 vol% of n-heptane. The average standard deviation (ASD) of absorbance is
1.74%. (m) Absorbance at 1100 nm. (@) Ratio of precipitation.

To generalize the properties of the oil-precipitant mixture, the solubility parameter
following the volumetric mixing rule is used. The solubility parameter was derived by
Hildebrand and defined as the square root of the cohesive energy density.”” Changing the
solubility parameter alters the interactive forces between asphaltenes. Several groups have
adopted the solubility parameter to describe the properties of oil-precipitant-solvent systems.** >
The solubility parameter of the model oil was measured and calculated from its refractive index.
Refractive indices were measured by a refractometer (Anton Paar WR) at the wavelength of the
sodium D line (589.3 nm) with an accuracy of + 1x10™ nD and over a measuring range of 1.30

to 1.72 nD. The solubility parameter for each volume ratio of n-heptane was found to vary from

17.01 MPa" at 40 vol% to 15.8 MPa" at 80 vol% (see Supplementary Figure S1 and Table S1).
Experimental Setup for Asphaltene Deposition

All experiments were performed under ambient conditions at a fixed temperature of 23°C. The

model oil and precipitant (n-heptane) were injected separately by syringe pumps (Harvard



Apparatus PHD 2000), mixing at a T-junction (IDEX, MicroTee Assembly PEEK-1/16 in), and
the mixture subsequently flowed through the porous media microchannel, where the asphaltene
deposition was observed via optical microscopy. The total flow rate of the fluid mixture was
fixed at Q = 60 pL/min, which corresponds to an equivalent superficial velocity of u = 0.028
m/s. The volume fraction of n-heptane in the mixture, @, = Qpeprane/C, varied from 40% to

80%. The experimental time t at different values of ¢, also varied from 10 to 30 minutes such
that the total oil injection volume V,;; = (1 — ¢;,)Qt remained constant. The microfluidic device
was staged on an inverted microscope (Olympus IX 71), as shown in Figure 2a, and the
deposition process was recorded using a high-speed CMOS camera (Phantom V4.3, Vision
Research, Inc.). A differential pressure transducer (Validyne P610) was connected to the
microchannel to measure the pressure drop across the porous media.

Design and Fabrication of Porous Media Microchannel

To mimic the porous media of the near-wellbore region, a homogeneous pore network of circles
was designed such that the diameter of the circular posts and the smallest pore-throat spacing
were both 125 pum, as shown in Figure 2b. All microfluidic devices were made of NOA-81
(Norland Optical Adhesive), a thiolene photopolymer with known solvent resistance and
temperature tolerance.”>* Standard lithography protocols were followed to fabricate a SU-8
2015 (Microchem Corp) photoresist template that was a 20 micron tall negative relief of the
porous media pattern. Then, a liquid polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning),
mixed in a 10:1 ratio of elastomer base to curing agent, was poured onto the SU-8 mold, cured at
60°C, and removed to form a negative relief. NOA-81 was subsequently poured on the negative
relief as well as a blank PDMS layer, and both were cured under a UV lamp. Both the NOA-81

porous media patterned layer and blank NOA-81 base were then released from the PDMS layer.



The blank NOA-81 base was mounted on a clean glass slide. The patterned NOA-81 layer and
blank base were bonded by treating with O, plasma.>® A representative microfluidic device with
the corresponding fittings is shown in Figure 2c. The length of the porous media (L,) is 10 mm.
The permeability of the micromodel is approximately 5.23 Darcy, similar to that of a sand pack
or a gravel pack.’® The surface contact angle of the NOA microchannel was 79.50°+2.67, making
the channel slightly water-wet, as measured by the sessile drop method (KSA CAM 200). The

devices were used only once per experiment.
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Figure 2: (a) Schematic of experimental setup. (b) SEM image of the porous media used to study deposition. (c) A
complete NOA-81 microchannel. The white scale bars represent (b) 200 um and (c) 1.0 cm.

Data Analysis
The experimental images were processed using ImageJ’’ and the Python image-processing
module scikit-image.*® First, the location of each post in the porous media was identified by

image registration, and the pixel count associated with asphaltene deposition around each post



was determined by image thresholding using Otsu’s method.”” Next, the pixel count was
converted to a coverage area and multiplied by the microchannel height, h = 20 pm, to obtain an
average asphaltene deposition volume. The mass of deposition, m;, was calculated by
multiplying the deposition volume by the average asphaltene density p =1200 kg/m™ Finally, the
average deposition over multiple posts was determined. Note that this calculation assumes that

asphaltene deposition spanned across the microchannel.

Results and Discussions

Deposition Rate of Asphaltenes in Porous Media

Representative images of asphaltene deposition for varying n-heptane volume fractions at a fixed
injection volume are shown in Figure 3. The flow occurred from left to right and the front (left)
side of the post made first contact with the incoming fluid mixture. The particle size distribution
(PSD) was obtained by dynamic light scattering (DLS) measurements (see Supplementary Figure
S2). At n-heptane volume fractions ¢, < 50%, submicron asphaltene aggregates were observed.
Upon increasing ¢y, the mean aggregate size increased, and micron-sized aggregates dominated
at @y > 65%. The PSD was further used to calculate the range of Péclet numbers, using Eqns. 1-
2, for each volume fraction to compare the relative ratios of convection to diffusion (See

Supplementary Table S1).

2uR
Pe = # (1)
BM
_ kgT
DBM - 61T[1.Rp (2)

R, is the particle radius (~100-1000 nm), Dgy, is the Brownian diffusivity (m*/s), u = 0.028

m/s is the superficial velocity, u is the dynamic viscosity of the fluid (~0.42—0.51 cP), and kg =



1.38x10™ (m? - kg)/(s? - K) is the Boltzmann constant. A range of Péclet numbers is provided
to illustrate the relative contributions of convection and diffusion, whereby convection becomes
more dominant at high ¢,. Optical microscopy images show that when ¢, > 50%, asphaltenes
were deposited on each post in a cone-like pattern against the direction of fluid flow, as shown in
Figure 3a. At higher ¢}, the cone shape continued to be a characteristic of the deposition pattern
ahead of each post, and deposition on the backside of the post was observed. Of particular
interest is the variation in the aspect ratio of the cone shape. At ¢, > 70%, significant bridging
was observed between the posts, as shown in Figure 3e. For ¢;, = 40%, an insignificant amount

of deposition of the submicron aggregates was observed (data not shown).

)  Flow direction

b

Figure 3: Images of asphaltene deposition in homogeneous porous media. (a) 50, (b) 55, (c) 60, (d) 65, (e) 70, and (f)
0 vol% n-heptane. Flow occurred from left to right. The white scale bar is 500 wm, and the black scale bar is 100
um. The vol% of n-heptane altered the mean asphaltene aggregate size, which altered the relative ratio of convection
to diffusion, as characterized by the range of Péclet numbers (Pe) (a) Pe = 1.9 x 10* - 1.3 x 10°, (b) Pe = 3.3 x 10" -
52%x10° (c)Pe=23x10*-1.9x 10° (d) Pe=9.3 x 10" - 1.8 x 10°, and (e) Pe = 1.5 x 10° - 2.8 x 10°.



The mass ratio of deposited asphaltenes versus precipitated asphaltenes was used to quantify the
asphaltene deposition rate, m,. Figure 4a shows the deposition mass m, (in ug) with respect to
the precipitated asphaltenes mass m; (in mg) in the mixtures passing through. For each ¢y, the
total asphaltene content in the model oil and the ratio of precipitates (Figure 1) remained
constant; hence, m; increased linearly with time, m; = m;t, and m; was obtained from a linear
regression of the my;—m; curve (Figure 4a). As previously described, the onset of precipitation
occurred at a n-heptane volume fraction @, s.; = 37.74%, above which asphaltenes began to
precipitate into submicron- or micron-sized aggregates due to decreased solubility.”® Because ¢y,
= 40% was just above the onset point, the aggegates were nanosized; therefore, the time required
to form deposits far exceeded the residence time in our microfluidic channel. Interestingly,
between ¢, = 40 and 65%, the deposition rate increased and then decreased. It has been reported
that the structure of the precipitates shifts from that of nanoaggregates to that of fractal-like
micron-sized aggregates”, in which case there is a competition between deposition and
convection within the fluid. Finally, the deposition rate increased again from ¢; = 70 to 80% due
to the increasing size of the asphaltene aggregates. Moreover, at ¢, > 70%, deposition occurred
rather rapidly due to bridging between the posts. The measured pressure drop across the porous
media increased as a result of the reduced permeability by asphaltene deposits (see
Supplementary Figure S3). Overall, three stages of asphaltene deposition could be identified as a
function of the Péclet number (Pe): 0 - 55% (small Pe, diffusion-dominated), 55 - 65%
(intermediate Pe, shear removal), and 70 - 80% (large Pe, bridging). A detailed analysis of the

deposition dynamics around a single post is discussed in the following section.
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Figure 4: (a) Asphaltene deposition at different volume ratios of n-heptane. We assumed the average density of

3
asphaltenes was 1200 kg/m . (b) Asphaltene deposition rate (ug/mg), which is the slope of the linear fitting from (a)
versus the concentration of n-heptane (vol%) at the corresponding Péclet number.

Dynamics of Asphaltene Deposition onto a Post

The asphaltene deposition observed is characteristic of particle deposition profiles previously
observed with micron-sized latex particles around a single cylindrical post by varying the Péclet
number.*’ At ¢, =50%, the deposited asphaltenes adopted a broad cone-like shape (Pe = 1.9 x
10* - 1.3 x 10°, Figure 5a). Submicron asphaltene aggregates more readily deposited in the
stagnation region of the post and grew against the direction of flow via convection and diffusion.
The cone elongated and narrowed at ¢y, = 55% (Pe = 3.3 x 10* - 5.2 x 10°, Figure 5b). The cone

was blunted and shortened due to a competition between deposition and erosion at ¢, = 60% (Pe



=23 x 10* - 1.9 x 10°, Figure 5¢). Vincent ef al. observed a similar deposition profile with
micron-sized polystyrene colloids under various convection-diffusion conditions.*' Finally, at
©n =70 - 80% (Pe = 10° - 10°), bridging of the asphaltene deposits across posts occurred among
larger asphaltene aggregates. As soon as bridging occurred, precipitated asphaltenes continued to

be entrained. Hu et al. showed that mechanical entrapment is the dominant mechanism for

23,24

insoluble asphaltene deposition in a packed-bed device.

200s

Figure 5: Dynamics of deposition growth at pore scale. (a) Cone-like, 50 vol% heptane; (b) finger-like, 55 vol%
heptane; and (c) tip-like, 60 vol% heptane. The white, red, orange, yellow, and green lines represent the following
times: initial stage, 100 s, 200 s, 300 s, and 400 s, respectively. The scale bar is 50 um.

The dynamics of the deposition growth were governed by the relative contributions of
convection and diffusion. The deposition profiles for the asphaltene aggregate at various times
are shown in Figure 5. The profile for ¢, = 50% shows that the deposition grew against the fluid
flow and broadened laterally, forming a characteristic wide, cone-like deposit. With increasing
Péclet number, the deposition profiles became elongated and narrower at ¢, = 55% as deposition
occurred more extensively in the stagnation region of the flow. The deposition tendency
dominated erosion, resulting in the highest deposition rate. Furthermore, in the first stage (¢, =0
- 55%), the deposition rate also increased with more precipitated asphaltenes due to the lower
solubility of the mixture. At this stage, the removal effect was not significant due to the relatively

small Péclet number. Previous studies have also indicated that submicron aggregates are the



main determinants of surface deposition.'"'”* At ¢, = 60%, a blunt-tipped deposit was
observed due to a balance between deposition and erosion.

The velocity and shear profiles around a characteristic asphaltene deposit on a single post
for ¢, = 50, 55 and 60% were simulated using the lattice Boltzmann method (described in
Supplementary Section S5) and are plotted in Figure 6 to better elucidate the local flow patterns
around the deposited asphaltenes. The deposition grew in the stagnation region (shown in blue)
at the centerline of the deposit against the fluid flow direction. The areas of highest shear rates
(shown in red) occurred at the edges of the deposit. Hence, there was competition between
deposition and shear removal, resulting in the cone-like deposition profiles. Furthermore,
asphaltene particles were carried downstream due to a higher velocity and therefore were not

able to diffuse onto the post surface in the high-velocity region.
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Figure 6: Velocity profiles and shear rate around representative asphaltene deposits at 50, 55 and 60 vol% heptane.
Velocity profile: (a) 50 vol%, (b) 55 vol%, and (c) 60 vol%. Shear rate: (d) 50 vol%, (e) 55 vol%, and (f) 60 vol%.
White area is the post. Brown area is the deposit.



Conclusions

The effect of asphaltene solubility on deposition was examined using porous media microfluidic
devices. We demonstrated that the deposition dynamics varied significantly with different
concentrations of heptane (a well-characterized asphaltene precipitant). We associated the
differences in deposition profiles to changes in the particle size distribution with the
corresponding Péclet number at varying heptane concentrations. Finally, we analyzed the results
obtained by pore-scale visualization with the velocity profiles and shear rate near the deposit to
better understand the effect of deposited asphaltenes on depositing ones. Once the deposit was
formed, the deposits tended to grow against the flow direction (low-shear zone) rather than
laterally (high-shear zone).

To solve asphaltene problems, a fundamental understanding of asphaltene behaviors at
the micro-scale is needed. Well-defined mechanisms governing deposition can be further
incorporated into deposition simulators to accurately predict flow assurance problems and guide

the design of remediation strategies.
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