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Abstract

Asphaltene deposition in crude oil reservoirs and transportation lines affects the
oil recovery and incurs additional operational costs. The current study discusses the
removal of asphaltene from inorganic silica surfaces using hydrodynamic forces. The
deposition of asphaltene was carried out on clean glass slides (proxy material for silica)
from heptane-asphaltene dispersions via aging. For the removal of asphaltene, a parallel
plate channel is fabricated with a pocket to place aged substrates under varying shear
rates. The apparatus enables studying the surface morphology changes on a glass slide
due to controlled flow conditions through physical contact techniques like atomic force
microscopy (AFM). The AFM characterizes the extent of both deposition and removal
of asphaltene from the surface. The results show that large aggregates of asphaltene
are removed from the surface with an increase in flow rates. The extent of removal
of asphaltene from the substrate as a function of shear rate is determined. The study
also discusses the possible mechanism of asphaltene removal from the surface using the
hydrodynamic force calculations. The colloidal interactions calculated from hydrody-
namic forces are reported to be F,q,/(d/2) = 1.29 mN/m. The presence of asphaltene
tends to alter surface wettability. Interestingly the contact angle measurements carried

1

This is a peer-reviewed, accepted author manuscript of the following article: Rizvi, S. H. A., Yadav, A., Phirani, J., & Singh, V. (2021). Deposition and removal studies of
asphaltene from the glass surface. Energy and Fuels, 35(4), 3228-3239. https://doi.org/10.1021/acs.energyfuels.0c03881


vs225@chemical.iitd.ac.in

Deposition and removal studies of asphaltene from the glass surface

out on the asphaltene deposited glass slides and after removal of asphaltene from the
surface showed a negligible change, indicating incomplete removal of asphaltene from

the surface.

1 Introduction

Asphaltenes are naturally occurring heavier components which remain soluble in crude oil.
However, they phase separate as a result of changes in temperature, pressure, and composi-
tion. '™ Asphaltenes are defined based on solubility as the component of the crude oil that
is insoluble in lower alkanes such as n-pentane or n-heptane but soluble in polar aromatic
solvents like benzene or toluene.®% The polar nature of asphaltenes is due to the presence of
naphthenic and aromatic rings in the core and acidic groups at the tails.” When asphaltenes
phase separate, they remain suspended in the crude oil, forming a colloidal system and can
get deposited on the surfaces in contact.® The deposition of asphaltenes causes blocking of
pores in oil reservoirs, clogging of transportation lines, and fouling of refinery equipment.
Therefore, the removal of asphaltene from the surfaces is a significant challenge for the oil
and gas sector.? 12

In the crude oil industry, various chemicals (solvents, detergents, and polymers), thermal,
or mechanical modes are adopted for asphaltene removal. 3% However, there is not a broad
acceptance for solvent removal and thermal treatments due to toxicity reasons and high
operational costs. This study aims to develop an insight into asphaltene removal through
mechanical mode using shear forces.

In this work, we deposited the asphaltene on glass used as a proxy substrate for silica. It
is well known that a borosilicate glass that has SiOy content over 80% is widely accepted to
mimic properties similar to sand found in the crude oil systems.!® The asphaltene removal
from the surface of the glass slide is in an apparatus where changing the flow rate tunes
the shear forces on the surface. The flow inside the apparatus is of the order of Reynolds

number from 2.1 x 10® to 1.4 x 10*. The extent of removal is quantified using the atomic
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force microscopy on the substrate.

Several researchers have been conducting experiments over the past few decades to un-
derstand the mechanism of asphaltene deposition on the surfaces. The studies suggest that
asphaltene aggregate formation and deposition occurs because of the van der Waals, Coulom-
bic, and repulsive exchange interactions!®!7 between asphaltene molecules and asphaltene

1.18 investigated the nature of such asphaltene-asphaltene and

and surfaces. Natarajan et a
asphaltene-substrate interactions. The results suggest the presence of long-range steric re-
pulsion between asphaltene layers and bridging adhesion between asphaltene and hydrophilic
surfaces in organic solvents. Force measurements between asphaltene and silica surfaces in
toluene and aqueous media have also been carried out by Wang et al.'® and Abraham et
al.,? respectively. Wang et al.!® findings suggest that interactions in toluene, such as steric
repulsion, vary with deposition techniques. A more compact or organized film has a higher
and more extended range of repulsive forces. Abraham et al.?® stated that the morphology
of films and forces of interaction is a function of salinity and pH of the aqueous media. The
swelling /stretching of surface asphaltene is due to molecular rearrangements.

In a similar context, Labrador et al.?! also conducted studies with toluene-asphaltene
solutions of concentrations ranging from 200-10,000 mg/L and reported the thickness of
deposited asphaltene films on glass varying in the range of 20-298 nm. In a different study

1.22 reported

with asphaltene solutions prepared in heptane-toluene mixtures, Soorghali et a
the roughness of two distinct substrates characterized by atomic force microscopy to be 168
nm and 56.6 nm, respectively. The authors stated the difference in roughness as a result of

different origins of asphaltene. Both of these individual studies?!??

suggest that asphaltene
aging results in a deposition thickness of a few hundred nanometers on glass surfaces, which
is also a function of asphaltene concentration.

The precipitation of asphaltenes in the lower alkane systems is higher than toluene-based

systems because of polar asphaltene and non-polar solvent interactions.??* A higher amount

of asphaltene phase separates from a pure heptane system compared to the toluene-heptane
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system leading to more extensive depositions of asphaltene on all contact surfaces. The effect
of aging time, i.e., the period of deposition, also plays an essential role in determining the
degree of deposition.2%?426 The present study considers a constant aging time of 24 hours
for sufficient deposition of asphaltene on the surface.

Mechanical forces, such as the fluid-induced shear forces, have been used in the past

127,28 129

to remove colloida and aerosol®’ particles from surfaces. For particle removal, the

hydrodynamic forces applied have to overcome the adhesion forces between the particle

30,31

and the surface. Researchers have also used this method for the removal of polymeric

32,33 500t particles from exhaust pipes,3* and for latex and

materials from metallic surfaces,
polystyrene microspheres from glass and poly-acrylamide surfaces. 3*3% Meinders et al.?” also
observed adsorption and removal of the colloidal polystyrene particles on glass in a parallel
plate channel and found an enhanced removal on increasing the shear rates.

We discussed in brief the background about the work conducted so far. The majority
of the studies in the literature have systems in which asphaltene is present in a preferably
soluble state with toluene. In this work, we are interested in observing the deposition of
asphaltene dispersed in a non-polar pure n-alkane system with hydrophilic silica substrates
to mimic for higher deposition of asphaltene in reservoirs or pipelines. The next section
describes the methodology used in the study for the extraction of asphaltene and preparing
substrates. In the same section, we have provided detailed design of the parallel plate
channel and experiments to observe the removal of asphaltene from the substrates. The
continuing section shows the results of these experiments after the atomic force microscopy.
The morphology (height sensor) and phase angles of the asphaltene substrates is related to
the amount of asphaltene on the surface. The reduction in surface roughness, in general,
corresponds to the relative removal of asphaltene as a function of shear rates. The study also
suggests estimates of colloidal interactions (adhesion forces and hydrophobic interactions)

based on the hydrodynamic forces implemented for asphaltene removal. The estimation

of magnitudes of these forces is through generalized correlations for adhesion and removal
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of particles from the surface. The analysis of AFM images provides an approximation of
particle size for such calculations. The study also holds substantial industrial significance

suggesting removal modes of asphaltene from silica surfaces using shear forces.

2 Experimental

A systematic process is adopted to investigate the interaction of asphaltene with surfaces. We
have used glass slides as a proxy material for silica present in contact with the crude oil in the
reservoirs or pipelines. The clean substrates are aged in dispersions of asphaltene and heptane
for surface deposition (Figure la) of asphaltene. After aging in the heptane-asphaltene
mixture, the slides are rinsed (dipped and removed immediately) in pure heptane to ensure
the removal of free asphaltene in the film on the substrates that may cause inconsistency of
results (Figure 1b). The substrates to be investigated for deposition only are directly sent to
drying for 24 hours and analyzed through atomic force microscopy (Figure 1c). In the other
set of experiments, the deposited asphaltene is removed from the surface using hydrodynamic
forces in a parallel plate channel. The parallel plate channel has a carved pocket such that
any substrate having dimensions that of a glass slide (75 x 25 mm) can be inserted (Figure
1d). The substrates from the parallel plate channel are dried (24 hours) and then sent to
the AFM. The extent of deposition/removal is quantified in terms of change in the surface
roughness. The presence of asphaltene also alters the wettability of the surface.33%39 The
experiments also involve the measurement of the contact angle of a water droplet on the

substrate at each step.

2.1 Asphaltene Extraction

Asphaltene extraction is done in-situ from 55% bitumen emulsion with kerosene (Shalibond,
provided by STP Ltd) via ASTM D2007-80 standard procedure. >4 A pre-defined amount of

bitumen is added to n-heptane (HPLC grade, Fisher Scientific) in the ratio 1:40 (w/v). This
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Figure 1: Process diagram: (a) Method for deposition of asphaltene on glass slides: The
glass slides are held upright in a stainless steel assembly placed inside a beaker containing
asphaltene in a model-oil solution. The beaker is covered to prevent solvent vaporization.
The solution is stirred on a magnetic stirrer operating at 450 RPM and 90°C. (b) Rinsing of
aged substrates to remove free asphaltene. The glass slides are completely immersed in each
vial and removed immediately. (c¢) Drying of substrates deposited with asphaltene at 90°C
for 24 hours, followed by AFM characterization. (d) Removal of asphaltene in a parallel
plate channel and AFM characterization after drying the substrates.

mixture is sonicated for 45 minutes and equilibrated for 24 hours, proceeded by filtration
on a 0.45 um pore size paper (Whatman). The retentate on paper is further washed with
recycling heptane (vapor) in a Soxhlet extractor to dissolve the heptane soluble impurities.
The content is further diluted in 1000 ml of toluene (HPLC grade, Fisher Scientific) and
filtered to remove toluene insoluble components. The vaporization of toluene is carried out
in a rotary vacuum evaporator. The left-over black colored solids (asphaltene) are weighed

and properly stored away from moisture until further use.

2.2 Asphaltene Deposition on the Glass Slides

Before the deposition of asphaltene, the glass slides are pre-cleaned with rinsing in the
surfactant solution (Teepol, CDH Fine Chemicals) and DI water to remove dirt, fingerprints,
and grease. The procedure for cleaning is as follows. The slides are first rinsed in a surfactant

solution and then thoroughly cleaned with DI water. These slides are later sonicated with
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isopropanol (Fisher Scientific) and DI water again for 10 minutes in each. The clean glass
slides are dried with nitrogen and later used for the deposition of asphaltene on the surface.

A schematic diagram of the setup used for asphaltene deposition on the glass slides is
shown in Figure 1la. The glass slides are held vertically inside a beaker containing the aging
mixture for deposition on the glass surfaces. A cylindrical stainless steel holder with annular
spacing is used to support six glass slides at a time. The top view of Figure 1a shows the slide
holder carrying the glass slides. The aging mixtures are dispersions prepared in n-heptane
with an asphaltene concentration of 0.03 g/L (constant for all the experiments). The steel
holder, along with the glass slides, is immersed in the beaker containing the aging mixture.
The cling film firmly wraps over the beaker mouth to prevent solvent vaporization. The
aging (deposition) is carried out at 90°C under continuous stirring at 450 RPM for 24 hours.

The asphaltene concentration is chosen based on no visibility of precipitates at the bottom
of the beaker after four hours of mixing at 90°C. In the absence of stirring during deposition
at 90°C, asphaltenes settle at the bottom of the beaker with the heptane solution being nearly
transparent. This suggest that the aggregate sizes are at least to the tune of at least a few
hundred nanometers and larger in the suspension. With stirring, but at lower temperatures,
asphaltene aggregates tend to settle in the dead zones of stirring assembly. We agree that
the temperature of 90°C may slightly affect the dynamics of adsorption/deposition, though
it is suited for the study. The downhole temperatures can rise to around 180°C,*? which

reduces to 50-70°C during drilling processes.*3

2.3 Setup for Asphaltene Removal

A parallel plate channel fabricated from stainless steel (SS316 grade) is used to study the
removal of asphaltene from the glass surfaces. The channel has a pocket to place a glass
slide. The pocket has a cap, tightened through screws to prevent leakage during the flow
experiments. The slide rests at the height of four mm from the bottom plate and 300 mm

from the inlet where the fully developed flow is assumed. Figure 2 shows the top view and
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Figure 2: Top view and lateral view of a section of the parallel plate channel. The schematic
mentions the dimensions of the channel. At the channel pocket, two glass slides are placed
adjacent to each other. That pocket has a cap, tightened through screws to prevent leakage
during flow experiments.

lateral view of a section of the parallel plate channel, highlighting the pocket for substrate
placement. The pocket can hold two microscopic glass slides adjacent to each other. In our
experiments, the asphaltene aged substrate is at the first slot in the direction of flow. A
clean glass slide occupies the other slot.

The parallel plate channel operates as a continuous system, as shown in Figure 3. For
each run, the setup operates for 20 minutes, where DI water is pumped across the channel
by a centrifugal pump. The steel cooling jacket reservoir maintains the temperature of
the circulating water at the ambient value. A gate valve controls the flow rate, and a
rotameter records it. The corresponding shear rates on the glass slide surface are calculated
by simulations on ANSYS Fluent using the x — ¢ model. The turbulent model simulates
the high Reynolds number (Re) flow conditions used in the experiments for the removal of

asphaltene.! Table 1 shows the obtained shear rates from the simulations performed.

!The Reynolds number is defined as, Re = w, where, 4h is twice the separation between the plates,
Vaug 18 the average velocity at the cross-section where the substrate is placed, p and p are density and
viscosity of water, respectively.



Deposition and removal studies of asphaltene from the glass surface

|

Flow Control
Valve

I Centrifugal
Pump

H Rotameter l

£
] Pocket for _>l f, ¢ 290 mm 3
substrate ()
n Parallel Plate H
Channel :@:I//
| Flanged
I | Joint
500 mm

Figure 3: Schematic of flow assembly. Water can be pumped from the reservoir across the
parallel plate channel where substrates can be placed. The desired flow rate is maintained
through pump and valves, and a rotameter records the value.

Table 1: Shear rates close to the glass slide surface inside the parallel plate channel obtained
from ANSYS Fluent simulations using the k — ¢ model.

Flow Rate | Reynolds Number | Shear Rate (%)
dm3.h1 [—] st
250 2.08x 103 1.23x103
450 3.75x10? 3.03x103
850 7.08x103 5.46x10°
1250 1.04x10* 1.69x10%
1650 1.37x10* 2.37x10*

2.4 Characterisation through Atomic Force Microscopy (AFM)

In this study, the AFM analyzes the glass slide’s surfaces after the completion of the flow
experiments. The atomic force microscope (Model Bruker Dimension Icon with ScanAsyst)
works in the non-contact mode for the collection of the height sensor (morphology) and
the phase (stiffness) images across the samples. The terms height sensor and phase for
images are specific to Bruker’s Nanoscope analysis software. The scan rates are 0.747 Hz,
gathering 256 pixels/line and 256 lines/sample to produce scans of 10 pym x 10 pm. The
AFM characterizations are done after the drying of the substrate in the oven. Section 1 of
the Supporting Information gives details about the scanning procedures.

We use AFM parameters, R,, the root-mean-square of roughness, and R,,,,, the distance

between highest and the lowest point calculated using a datum line to analyze our results
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for the entire slide. Section 1.1 of the Supporting Information provides expressions and
details for the calculation of R, and R,,,, from pixel data. The parameters, R, and R4,
in our study reflect the information about the morphology over the entire scan area of 10
pm X 10 pum. For a more detailed analysis, we also carry out cross-section analysis using
the Section Analysis tool on AFM analysis software. The cross-section analysis is used to
acquire information about the fraction of asphaltene on the surface by analyzing pixel-wise
information from the scan. The pixel height data is extracted by sketching 36 lines, each of
length 3 pm, across the image. The procedures for carrying out the cross-section analysis
using the Section Analysis tool are given in Section 1.2 of the Supporting Information. The
cross-section analysis also highlights the change in the height distribution of asphaltene
structures on the glass slide. The results reported in the entire study are obtained from
AFM analysis of a set of eight different experiments carried out under the same conditions.
This includes the section analysis, which is used to predict the percentage coverage and the

volume analysis.

2.5 Contact Angle Measurements

The Kruss DSA-100S records the contact angles at several locations in intervals of five
minutes on a single slide. A sessile drop is placed on the glass slide (clean or otherwise
asphaltene treated) through a micropipette dispensing a volume of 2 pL. The drop is allowed
to rest for one minute to attain equilibrium shape. The equipped camera captures the live
view of the droplet at 200 fps for an image of 1200 x 800 pixels. The determination of baseline
and contact angles are through the assisted software after the image is frozen. Figure S1 in
Section 2 of the Supporting Information shows schematic of a droplet placed on a substrate
highlighting the contact angles on the left and right of the droplet. The software estimates
the contact angles on the left () and right (fr) by drawing tangents at the drop outline
and the baseline intersections. The water contact angle, 6,, reported in this study, is the

average of measured contact angles #;, and i along with their standard deviations from 20
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measurements per sample.

3 Results and discussion

From the AFM analysis of the untreated glass slide, we report the roughness (R,) of glass
slide as 7+1 nm, which reduces to about 0.3 nm after cleaning. The R,,,, value did not
exceed 1 nm for the clean glass slide. A much narrower range of phase angle of £2°, further
confirms the cleaning of the slide. A wider range of phase angle in AFM images is obtained
in the case of heterogeneity in constituents on the surface. 4445 The recorded contact angles
are also less than 5°, suggesting a highly hydrophilic nature of clean glass slides. 46

We report a similar surface analysis and contact angle measurement of the substrates for
all proceeding experiments involving deposition and asphaltene removal. After 24 hours of
aging in the asphaltene dispersion (Figure 1a), the substrates are dipped in pure heptane in
three different vials to rinse-out free heptane-asphaltene dispersion from the surface. The
tendency of toluene to solubilize asphaltene deposited on the substrates can render the slide
ineffective for any further removal studies.!® Hence, using toluene for substrate rinsing is
avoided. Once done with the heptane rinsing process, we test the effect of hydrodynamic
forces in the parallel plate channel resulting in the removal of asphaltene from the surface.
The drying of the substrates follows for the next 24 hours in the hot air oven at 90°C
before the AFM characterizes the substrate for morphological changes on the substrates.
The drying of the substrates at 90°C for 24 hours ensures the removal of heptane or any
unbounded water from the surface asphaltene. The subsequent sub-sections discuss the

results from the deposition and removal experiments of asphaltene from the substrate.

3.1 Deposition of Asphaltene

The asphaltenes tend to aggregate, leading to phase separation in a non-polar solvent like

n-heptane.*” Upon introducing a silica surface in such a system results in the deposition

11
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of asphaltene aggregates on the surface. The deposition is due to the binding of polar
polyaromatic rings and heteroatomic groups with the silica surface wherein van der Waal
interactions play major role. The resulting non-uniform deposition on the surface leads to
an increase in surface roughness of the substrates. 184849

The earlier section mentions the method of asphaltene deposition by suspending the glass
slides in a heptane-asphaltene dispersion (Figure 1a). The root-mean-square of roughness, R,
for the asphaltene substrates after rinsing with heptane, is found to be 38+8 nm. The results
presented here are from experiments repeated eight times. Figure 4 shows representative
height sensor and phase images of a substrate aged in heptane-asphaltene dispersions. The
wide variation in the surface roughness in the height sensor image suggests the deposition
of asphaltene aggregates of different sizes along with regions of no deposition. The wide
range of phase angle obtained from AFM, as shown in Figure 4b, supports the argument of
heterogeneous deposition at length scales observable by AFM imaging. The lighter contrast
corresponds to the higher stiffness (substrate) region, and the darker region represents lower
stiffness material corresponding to asphaltene deposition.?*®! The mean contact angle, 6,, —

83.85+3° , is obtained for the substrates a change in wettability from water-wet to oil-wet,

due to the presence of asphaltene on the surface.??

3.2 Removal of Asphaltene by Shear Forces

Mechanical forces generated by the flow of water in the parallel plate setup are used to
remove the deposited asphaltene from the glass slide surface. We hypothesize that when the
hydrodynamic forces overcome the adhesion forces binding the asphaltene with asphaltene or
asphaltene with the glass surface, detachment is going to occur. The removal of asphaltene
from the glass surface is quantified using AFM measurements of the substrate. The AFM
measurements are performed at the end of the 20-minute flow cycle that is followed by the
drying of the substrates.

The shear rates are exerted over a range from stagnant (zero) to 2.37x10% s=% (Table

12
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Figure 4: AFM images of a glass slide (a) clean, (b) after aging in heptane-asphaltene
suspension and rinsing in pure heptane. The height sensor and phase images are on the
top and bottom, respectively. The R, increases from 0.38 nm (clean) to 39.70 nm after
asphaltene deposition. The clean glass slides are homogeneous surfaces, having much lower
phase angles and similar contrast. After the deposition the phase angles greatly changed.
The light regions correspond to substrate and dark regions represent asphaltene.

1). Figure 5 shows variation in the R, and R, of substrates as a function of 4. The
results shown here are the arithmetic mean of eight different experiments carried out under
similar conditions for each data point. In the stagnant state, the aged slide is kept inside the
channel under no-flow condition. The channel is filled with water by slowly opening the flow
control valve, as shown in Figure 3, which is closed afterward when water starts trickling
at the other end of the channel. The stagnant state accounts for the effect of water on the
surface morphology of the substrates in the absence of any shear forces. The height sensor
and phase images of the substrates subjected to shear rates from 0 s=! to 2.37x10* s~! are
shown in Figure 6.

For the case of contact of asphaltene substrate with stagnant water, we observe the
increase in roughness from 38 nm (heptane rinsed) to 7046 nm (stagnant). Zhang et al.
observed a similar increase in roughness with the formation of "pancake-like" domains on
mica coated with a thin film of asphaltene contacted with water. The author 3 observed the
thickness of deposition to increase from 1 nm to 19 nm with the introduction of asphaltene

coated surface in an aqueous media of pH 8.5. The increase in roughness and change in

morphology is because of the possible absorption of water molecules and their interaction

13
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Figure 5: AFM analysis of substrates from the parallel plate channel as a function of 4: (a)
R, (@) and (b) R4, (A). The values mentioned are the mean obtained for eight experiments
and the error bars show standard deviations.

with polar groups of asphaltene, which resulted in swelling of aggregates. In this work, while
we do not observe any separate "pancake" structure formation, there is a visible increase in
the size of the aggregates deposited. The overall volume of asphaltene deposited (shown later)
on the surface also increases, suggesting that the increase in roughness of Stagnant substrates
is due to absorption of water molecules and not because of any mechanical forces. We have
also observed the change in the roughness of deposited asphaltene as a function of aqueous
media pH under stagnant conditions, which will be reported in more detail in a separate
work. The pH-dependent change in roughness suggests electrostatic interactions between
asphaltene-asphaltene interface and asphaltene-glass interface to play a role in determining
aggregate size.

At the next higher shear rate of 1.23x10% s7!, we observe that the R, value has further
increased to 83+11 nm. The magnitude of shear forces is relatively small at this stage. The
growth of aggregates is affected by two possible scenarios. First, the interaction with water

molecules with asphaltene causing an increase in the size as observed in the case of the
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Figure 6: Height sensor (top) and phase images (bottom) of heptane rinsed substrates sub-
jected to various shear rates in the parallel plate channel: (a) Stagnant (zero shear rate), (b)
1.23x10% s71, (c) 3.03x10% s71, (d) 5.46x10% s71, (e) 1.69x10* s, and (f) 2.37x10* s~
Stagnant state. Secondly, at this stage, the weathering of larger aggregates initiates with
loosely bound clusters detaching from these aggregates. The frequency of smaller aggregates
to either arrest back to the surface or, in other cases, attach to another aggregate is high
due to the lower magnitudes of hydrodynamic forces. The rearrangement of aggregates also
increases the relative height of the aggregate (R,...) as recorded for the substrate at this
shear rate. However, the overall volume of the aggregates (shown later) decreases, suggesting
that there is a net removal of asphaltene from the substrate. It is to be noted that in our
study, we find asphaltene sizes from a few to a few hundred nanometers, and for consistency,
we are addressing asphaltene clusters as smaller aggregates.

The roughness declines significantly at a shear rate of 3.03x10% s7!, and the trend con-
tinued till 1.69x10* s~!. At this shear rate and beyond, the roughness attained a value
of ~ 15 nm that remained similar even at the maximum shear rate of 2.37x10* s=!. The
height sensor and phase images suggest fragmentation of asphaltene aggregates as the shear
rates are increased. At the highest shear rate, most of the large aggregates (>100 nm) are
removed, as shown by R,,., in Figure 5. However, the cross-section analysis of the substrate
(discussed below) suggests a substantial coverage of the surface with small-sized aggregates.
The contact angle analysis further supports the results where the change in contact angle is

negligible, even for the highest flow rate (Section 2 of the Supporting Information).
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It should be noted here that the redistribution of asphaltene aggregates on the surface
could also explain the reduction of surface roughness (R,) from regions of high concentration
to low concentration resulting in the flattening of the surface. Here, we use cross-section
analysis across the AFM scans to show that the reduction in roughness observed in this
work is due to the removal of asphaltene aggregates, instead of aggregates flattening or
redistributing on the surface. The cross-section analysis of the height sensor image reveals
the height of an individual pixel present on an asphaltene structure in the scan. The volume
of the asphaltene structure can also be obtained by multiplying the pixel height with the
area of a single pixel. The cross-section analysis here accounts for the height distribution
of asphaltene structures on the substrates. The analysis is a modified approach taken by
Raj et al.®! for estimation of the size of aggregates of asphaltene on a mica surface. It is
worth noting that a single pixel recorded does not correspond to an individual particle on
the surface but only a part of the asphaltene particle or aggregate.

Figure 7 shows a model approach to the cross-section analysis of a stagnant substrate
by sketching three lines of 3 ym each. The extraction of a datum or the zero line is from a
region (green markers), where using phase image, it is said to be a region of greater stiffness
corresponding to a glass slide. The maximum variation in height between the green markers
is less than a nanometer. The phase angle is also within £1°, which confirms to a region
of no deposition. The other two markers, blue and red, are sketched on a location where
morphology appears to be divergent due to the presence of asphaltene.

Approximate height distribution of pixels on the surface is obtained by simultaneously
sketching 36 lines of 3 pum each, similar to the ones shown in Figure 7, to account for most of
the features on the scan. The normalization of the height distribution of all the pixels with
the datum line (zero) assumes that the datum is in a region of no deposition, also supported
by the phase images. This normalization accounts for estimating the relative amount of
material (asphaltene) on the surface. Figure 8 shows the percentage coverage of the surface

at four shear rates for various size ranges above 10 nm. The percentage coverage of the
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Horizontal Distance. pm

Phase Zopm

Figure 7: Cross-section analysis of substrates from the parallel plate channel at stagnant
(zero) shear rate: (a) and (c) Height sensor and phase image with markers at three different
regions to account for morphology and phase angles along the line. (b) and (d) The height
and phase angles of pixels along the line sketched. The markers are on the same location as
on the left.

surface less than 10 nm, is between 60-70% for all the shear rates, including those not shown
in the figure, and thus not mentioned here. In the figure, the four shear rates mentioned
highlight the relevant scenarios at zero shear rate, the low shear rate of 1.23x10% s71, the
intermediate shear rate of 5.46x10% s, and the highest shear rate of 2.37x10* s7'. The
percentage coverage shown in Figure 8 is calculated as (number of pixels in size range)/(total
number of pixels) x 100. There is a total of 2808 pixels extracted from the cross-section
analysis on each sample. (See Section 1 of the Supporting Information for more details).

The volume occupied by asphaltene on a pixel is calculated as,

V= Ziloum x 10pm
256 x 256

where Z; corresponds to height of the deposited asphaltene on pixel i’ and V; is the volume
of asphaltene on the pixel. The total volume (V;) of asphaltene deposited on 2808 pixels of

the cross-sectional analysis is calculated as

2808

Vi=Y Vi
1
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Figure 8: Height distribution of pixels on the substrates in percentage. The shear rates
shown in the plot are: Stagnant (—), 1.23x103 s7' (--), 5.46x10% s7! (....), and 2.37x10*
57! (-..). The summation of percentage coverage of individual bars representing various size
ranges is an estimation of amount of material (asphaltene) on the surface. The sub-plot is
an enlargement of the scale from 0 to 80 nm.

We further normalize the total volume with respect to volume of asphaltene (Vi|stagnant)
deposited on the substrate at zero shear rate. The total normalized volume at a shear rate
is given by, ‘7t = Vt/ ‘/t‘stagnant-

Figure 8 shows the fraction of the area occupied by the different aggregate sizes of as-
phaltene on substrates. At low shear rates, there is significant coverage of aggregates of
considerable size. As the shear rates increases, the percentage coverage of aggregates greater
than 100 nm significantly reduced. However, the count of smaller aggregates increases at
higher flow rates suggesting that larger aggregates are not getting completely removed, and
part of the aggregate in contact with the silica surface stays behind. At the highest shear
rate of 2.37x10* s71, there is a narrower distribution, size of the largest aggregate is less
than 80 nm, and the percentage fraction of small aggregates in the range of 10 nm to 60 nm
is much more significant than the zero shear rate case. Figure 9 shows the total normalized
volume (V;) of asphaltene for various substrates under different shear rates calculated using

summing up the volume of asphaltene on each pixel (> V;) and normalizing it with the total
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Figure 9: The volume of asphaltene deposited on the heptane washed slide and after cleaning
at various shear rates. The volume V; is obtained after normalizing > V; with the total
volume of asphaltene on the stagnant substrate. > V; is calculated by multiplying the
height of 2808 pixels with the area occupied by the pixel, i.e., (10pum x 10um)/(256 x 256).

volume of asphaltene on the stagnant glass slide. The decrease in the volume of aggregates
signifies the removal of asphaltene from the surface. As discussed earlier, the increase in the
total volume on transferring the slide from heptane to aqueous media suggests an increase in
asphaltene aggregate size due to interactions with the polar solvent. The subsequent reduc-
tion in total volume deposited in the cross-sectional analysis corresponds to a lower amount
of asphaltene on the substrate at higher flow rates.

Summarising the inferences from the cross-sectional analysis and the normalized volume
of asphaltene on the substrate, aggregates are not efficiently remove from the surface at
lower shear rates. As the shear rates are increased, large aggregates are weathered due to
the hydrodynamic forces. At the highest shear rate (2.37x10% s7!), we found aggregates of
sizes greater than 80 nm are absent from the surface. The remnants of the large aggregates
in the form of smaller ones are still left. The height distribution plot and the volume plot,
along with asphaltene roughness results, suggest that the asphaltene has significantly been

removed at high shear rates from the surface.
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The water contact angles on substrates from the parallel plate channel reported hydropho-
bicity in all the substrates. The details of these experiments are in Section 2 of the Supporting
Information. The asphaltene deposited substrates (after drying) directly observed for water
contact angles (/= 83°) are similar to those found in the literature for hydrophilic silica coated
with asphaltene.® Interestingly, we observe an increase in the contact angles (110°~ 125°) on
substrates from the parallel plate channel after removal of asphaltene. With lower amount
of asphaltene on the surface, one would not expect the contact angle to increase which we
observe. The possible explanation for the increase in contact angle for the substrate is again
the reorientation of asphaltene on the surface when substrates are left in contact with water
for some time (20 minutes in our case). We went a step further to investigate the effect of
time on contact angle of a drop when left on the substrate. In this case, the contact angle
did not change significantly over first 30 minutes. However, when the drop is left for an
hour, the contact angle decreases as slightly. The drying of substrates does not affect the
reorientation. As a test sample, substrates without oven drying also showed similar range of
contact angles. The hydrophobic chain on the free surface increases the contact angle. This
kind of reorientation of amphiphilic molecules to minimize the surface energy and increase in
contact angle is also seen in the polymer coated surfaces® and hydrogels.®® The results show
no significant variation in contact angles for either of the substrates treated with asphaltene
even after the removal experiments. An almost constant contact angle is due to a lack of
complete removal of asphaltene from the silica substrate. No correlation could be established

between the amount of asphaltene to contact angles.

3.3 Nature of Interaction Forces

The detailed AFM analysis shows that large aggregates of asphaltene get removed from
the surface at high shear rates. However, the number of small aggregates on the surface
increase, suggesting the removal of asphaltene from the asphaltene-asphaltene layers instead

of the asphaltene-silica interface. It is also interesting to note that the substrate’s surface
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coverage by asphaltene patches after the hydrodynamic treatment is homogeneous and has no
directional preference with respect to the flow. Once the aggregate is removed, it does not get
adsorbed downstream of the flow on the surface. Visser’s?” flow experiments with the removal
of carbon black particles also showed similar homogeneous distribution of particles. Here,
we estimate the adhesive forces holding the asphaltene aggregates using the hydrodynamic
forces applied by the flow.

To estimate the hydrodynamic forces acting on the asphaltene aggregates in the parallel
plate channel, we assume the aggregates to be rigid sphere on a flat wall. In such a repre-
sentation, the asphaltene aggregate of diameter, d adheres to the surface with an effective
contact radius (a.), which is related to the aggregate’s mechanical properties. The detailed
expressions for the calculation of a. are given in Section 3 of the Supporting Information. In
the vicinity of the surface, Reynolds number based on the local velocity and particle diameter
is small, and steady-state simple shear flow is assumed.

Various forces acting on a particle adsorbed on a flat surface in steady state shear flow
are shown in Figure 10. At low Reynolds number, for a freely suspended particle under an
external flow, net force and net torque acting on the particle is zero. However, a net force
and a net torque act on a particle when its held stationary in simple shear flow in a non-zero
velocity plane. A viscous drag force acting on a stationary spherical particle suspended in a
uniform flow of velocity, U is given by 3ruUd. For a stationary particle attached to a wall
in simple shear flow with center at a distance d/2 from the wall, as shown in Figure 10, the

modified drag or sliding force on the particle in the direction of the flow is given by, %%

Fp = 1.67(3npAd?) (1)

At low Reynolds number when a particle is held stationary in a rotating flow field, a

torque acts on the particle. The torque due to the rotational component of the simple shear
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flow when the particle is held close to the wall is given by, "8

Mp = 0.94(2rpryd?) (2)

In simple shear flow a particle also experiences lift force (F7) normal to the direction of
flow and away from the wall when one accounts for the effect of inertia, the lift force is given
by 59

Fu = 162 [(pn)"*5" ] 3)

The above three hydrodynamic forces can lead to the removal of the particle by lift,
sliding, or rolling. Previously, it has been shown that small particles can detach from a
surface via rolling at lower shear rates compared to the shear rates needed for sliding or

lifting, 6061

Our calculations also suggest rolling to be the most feasible mechanism for the
removal of the aggregate. Here we compare the torque due to the adhesive force with the
torque due to the hydrodynamic forces acting on the sphere at point P, shown in Figure 10.
For removal of asphaltene, the hydrodynamic torque should balance torque due to adhesive

forces as given by, 60:62

d
|:MD+(FL'CLC+FD'§>:| > Fagn - ac (4)

In the above equation 4, the three terms on the LHS constitute the total hydrodynamic
torque, M), exerted by the flow on the particle about a point, P. The first term is due to the
rotational component of simple shear flow, the second term is due to the lift force, and the
third component of torque is due to the sliding force, respectively. The size of the particle, d
used in equation 4 is the R, obtained from the AFM analysis (Figure 5). Using the above
torque balance we estimate the asphaletene-asphaltene size normalized average adhesive
force acting between a spherical aggregate of asphaltene of size, d with an asphaltene layered
surface to be, Foan/(d/2) ~ 1.29 mN/m. The approximations for the adhesion forces between

asphaltene-asphaltene by van der Waals interactions under different conditions are present
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Figure 10: Interaction forces in asphaltene deposition and removal: F,q,, Fr, Fp, and Mp
are adhesion force, lift force, sliding force, and moment of rotational component, respectively.

in the literature.?%2163 Liu et al.®* estimated the adhesion force between two asphaltene
surfaces in aqueous media at pH 8.5 with 1 mM KCI to be around F,q,/(d/2) =~ 5.7 mN/m.
It should be noted here that in this work we carried out experiments at a pH of 7 with DI
water. Figure 11 shows the comparison of the moment of adhesion using the results from
Liu et al.% with the hydrodynamic torques generated by shear flow.

Here we have used the physical properties of water, i = 8.9 x 10~* Pa.s and p = 1.0 x 103
kg.m™3. As evident from Figure 11, the torque due to the hydrodynamic forces applied by
the flow is lower as compared to the adhesive forces approximated using values given by

Liu et al.%¢

The difference increases as the Reynolds number increases and the size of the
aggregate (R,,q.) adsorbed on the surface decreases. It should also be noted that the moment
of sliding acting on the particle and torque due to the rotational component is much larger
than the moment of the lift force.

Previous works report that in a turbulent flow, the flow in the viscous layer is not steady

28,65 Tn these studies, empirical models

and is continually interrupted by turbulent bursts.
have been developed to explain the particle removal using the turbulent burst mechanism. In

summary, we would like to state that more detailed studies, like direct particle visualization
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Figure 11: Semi-log plot for moment of forces as a function of Reynolds number. Adhesion
torque (®) as approximated by Liu et al.®® The total hydrodynamic torque, M, (0) is cal-
culated as a summation of torque due to the lift force (¢), sliding force (m), and rotational
component (A) mentioned in equation 4. The moment of adhesion are slightly higher than
the moment of sliding and moment of rotation. The moment of lift is much lower than the
adhesion force.

and kinetics of removal, need to be done to ascertain the removal mechanism. Our results
show that rolling is the dominant mechanism for removing small asphaltene aggregates from

a flat surface, with the possibility of turbulent flow in bulk also playing a role.

4 Conclusion

The purpose of the current study was to study the removal of asphaltene using hydrody-
namic forces. It was hypothesized that the detachment or removal would occur when the
hydrodynamic forces overcome the colloidal forces binding the asphaltene with asphaltene
or asphaltene with the glass surface.

The clean glass slides were aged in heptane-asphaltene dispersions under continuous stir-
ring mode for deposition. The removal of asphaltene from the substrates was studied in a
fabricated parallel plate channel with water as the shearing fluid. The shear forces on the sub-

strates were tuned by controlling the flow rate inside the channel. The extent of deposition
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or removal was expressed in terms of surface morphology changes (roughness and percent-
age coverage) and surface composition (phase angles) through atomic force microscopy. To

conclude the major findings of this study:

e In a non-polar solvent, heptane, the asphaltene aggregates deposit on silica surfaces in
the form of patches (aggregates) of uneven thickness. The presence of asphaltene also

resulted in increased hydrophobicity of the surface. 33839

e The size of asphaltene aggregates increase when surfaces were contacted with water.
The diffusion of water molecules,®® and their interaction with hydrophobic alkyl chains
results in the reorientation of asphaltene aggregates,?® causing an increase in the size

of aggregates.

e When hydrodynamic forces were increased, the removal initiates with weathering of
large aggregates into smaller ones on the surface (Figure 8). The removal occurs from
asphaltene layers where the efficiency of removal was found to have increased as a
function of increasing shear rates. Aggregate distribution on the surface was observed
to be heterogeneous, suggesting no migration of aggregates on the surface due to the

flow.

e Balancing the hydrodynamic torque with the adhesive torque, the asphaltene-asphaltene
adhesive forces were estimated to be F,g4/(d/2) = 1.29 mN/m for DI water with pH
7 media. The asphaltene-asphaltene adhesive force measured using the AFM are re-

ported to be F,q,/(d/2) = 5.7 mN/m5% for pH 8.2 and 1 mM KCI solution.

e The removal of asphaltene was possibly due to the rolling of aggregates on the sur-

60,61

face. The much smaller aggregates were sustained on the surface due to limitations

of offered shear rates.

e The contact angle measurements also suggest negligible removal of asphaltene in con-

tact with silica as substrates showed partial wettability°? with almost same contact
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angle for all flow rates.

The scope of further studies can be direct particle visualizations and kinetics of removal to
ascertain removal mechanism.?®% The authors have also investigated the effect of aqueous
media pH and ionic surfactants to compare the relative efficiency of removal and will be
reported in a separate communication. The findings of the current study provided qualitative
information about asphaltene aggregate sizes on the surface and their interaction with the

substrate.
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