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ABSTRACT: Asphaltenes can cause operational challenges in
petroleum production facilities and adversely affect production by
adsorption on mineral surfaces and alteration of the oil wettability
of reservoirs. Therefore, understanding asphaltene adsorption
mechanisms and their effects is crucial to improving the efficiency
of oil production and reducing costs. In this study, we focus on
understanding the impact of asphaltene concentration and the
depositing environment of asphaltene adsorption on solid surfaces
using the quartz crystal microbalance with dissipation (QCM-D)
technique. The initial and long-term kinetics of adsorption at
different concentrations were examined on three different solid
surfaces including silicon dioxide to represent quartz mineral,
stainless steel, and gold. The frequency−dissipation data showed
evidence of monolayer adsorption initially, followed by multilayer formation. At short times, the adsorbed mass increased linearly
with time, suggesting that the process was kinetically controlled rather than diffusion-controlled. The results were reproducible and
did not depend on convection velocity but did depend on the surface material. At later stages, the monolayer development appeared
to follow the random sequential adsorption (RSA) theory. Once multilayer adsorption commenced, the rates agreed well with the
two-layer model of Zhu and Gu, 1990. The impact of asphaltene adsorption on the wettability of the surface was examined using
contact angle studies, which showed decreasing water wettability with an increase in the adsorbed mass. The contact angle of water
after 12 h of adsorption leveled off at around 100° on all three surfaces. Contact angle measurements were also used to evaluate if
brine salinity causes the wettability alteration of surfaces with the adsorbed asphaltene. The results indicate that at 3% NaCl solution,
the contact angle decreased only slightly by less than 2°.

1. INTRODUCTION
Asphaltenes comprise heavy crude oil molecules containing
compounds with a broad range of molecular weights, exhibiting
increased polarization and surface activity.1 Asphaltene
molecules from various oils have been documented with weights
ranging from several thousand to a few hundred grams per mole,
typically falling between 40,000 and 300 g/mol.2 However, it is
widely acknowledged and accepted that petroleum asphaltenes
typically exhibit a median molecular weight within the range of
550−750 g/mol.3 They dominantly form sheet-like structures
with one aromatic sheet system per molecule called the “island”
model with interconnected heteroatoms.4 A polarizable and
surface-active fraction of crude oil, asphaltenes, is formed of
polycyclic aromatic hydrocarbon sheet with peripheral chains,3

which can adsorb on surfaces affecting oil−gas production and
separation processes. Asphaltene adsorption mechanisms and
the effects on interfacial properties are poorly understood and
are under investigation. Asphaltenes are classified as a solubility
class that dissolves in light aromatics but remains insoluble in
paraffins.5

The adsorption of asphaltenes onto the mineral surfaces of
reservoir rocks is recognized as one of the most destructive
problems in the oil reservoir and challenges in oil reservoir
management.6−8 Wettability is the tendency of one fluid to
spread on or adhere to a solid surface in the presence of other
immiscible fluids.9 One of the main factors found to influence
the wettability alteration is the adsorption and deposition of
polar and asphaltene fractions on the rock surface.10−13 A shift in
wettability toward a more oil-wet system was observed with an
increase in polar and asphaltic fractions in crude oil.13 The
rupture of the water film on the rock surface and adsorption of
asphaltenes were found to be the main cause of wettability
alteration of the reservoir rock.14 Furthermore, the adsorption of

Received: November 27, 2023
Revised: March 1, 2024
Accepted: March 6, 2024
Published: March 28, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

15982
https://doi.org/10.1021/acsomega.3c09294

ACS Omega 2024, 9, 15982−15995

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Archana+Jagadisan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjoy+Banerjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c09294&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/14?ref=pdf
https://pubs.acs.org/toc/acsodf/9/14?ref=pdf
https://pubs.acs.org/toc/acsodf/9/14?ref=pdf
https://pubs.acs.org/toc/acsodf/9/14?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c09294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


asphaltenes can lead to the fouling of pipelines, transportation
equipment, as well as refining and upgrading facilities, resulting
in reduced production efficiency and unexpected downtime.15

Therefore, a better understanding of asphaltene adsorption and
the effect of asphaltene adsorption on the wettability of solid
surfaces is crucial for the better management of asphaltene
impacts in oil production.
Adsorption of asphaltenes on solid surfaces has been studied

using photothermal surface deformation spectroscopy,16 UV
spectrometry,17−20 and a quartz crystal microbalance
(QCM).21−27 The mechanism and kinetics of asphaltene
adsorption were found to strongly depend on the substrate
and the type of interactions it can have with asphaltenes.27 They
show that polar interactions on hydroxyl-terminated surfaces
result in a higher packing density, while alkane-functionalized
surfaces exhibit a substantial delay in adsorption kinetics, and
fluorinated surfaces show rapid monolayer formation.27 The
asphaltene structure was found to impact the adsorbed amount,
and subfractions with increased aromaticity demonstrated
higher tendencies for aggregation and adsorption/deposition.28

Tavakkoli et al.26 found that the initial adsorption process is
controlled by adsorption kinetics and is at longer times governed
by diffusion and convective transfer. Other studies found that
the initial adsorption kinetics were diffusion-controlled.24,29 At
early times, asphaltene adsorption was found to be independent
of flow rates, indicating a negligible effect of convective transfer
on the adsorption process.26,29 Despite this, there is no
consensus on the kinetics of asphaltene adsorption on different
metal surfaces. Moreover, the long-term adsorption kinetics
have been relatively less researched and understood.
No straightforward relation was found between the adsorbed

mass of asphaltenes and the surface coating based on the results
from several reports,21,24,26,29−31 which could be due to the use
of different solvents and different asphaltene concentrations in
these studies. The concentration of asphaltene solution,19,24 the
solvent used to dissolve asphaltenes,24,32 and asphaltene
polydispersity26 are shown to impact the adsorbed mass of
asphaltenes on solid surfaces. When the solvent and
concentration were kept constant, Tavakkoli et al.26 found
that the mass adsorbed on carbon steel and iron oxide surfaces is
higher in comparison to a gold surface. Cold lake and Athabasca
asphaltenes are reported to have twice as high adsorption on
stainless steel surface than on iron surface.20 With an increase in
heptane/toluene ratio, the corresponding amount of adsorbed
mass increases due to a decrease in asphaltene solvent instability
and formation of aggregates until a certain extent. A further
increase in heptane ratio resulted in a decrease in adsorbed
mass.24,26 The formation of significant agglomeration and
precipitation at a very low aromaticity of the solute is suggested
as the cause of this phenomenon. The degree of surface
wettability influences the deposited amount of asphaltene,
where superhydrophobic coatings reduced asphaltene deposi-
tion.33

Several asphaltenes in toluene have been reported to exhibit
multilayer adsorption on silica surfaces.24,30,34,35 Liu et al.24

found that the adsorption isotherm exhibited multiple regimes,
suggesting a transition frommonolayer to multilayer adsorption.
Using QCM-D, Ekholm et al.21 investigated the adsorption of
asphaltenes and resins onto hydrophilic gold surfaces and
reported that at moderate concentrations, asphaltenes form a
hard layer on the surface. Ellipsometry measurements for
asphaltene films on glass surface showed layer thicknesses
ranging from 20 to 298 nm, which grew over time, suggesting

multilayer formation.35 The multilayer adsorption has been
attributed to the formation of asphaltene aggregates.17When the
water film on silica ruptures, toluene-solubilized asphaltene
attaches to the silica surface, and the adsorption is irreversible.36

The irreversibly adsorbed mass from asphaltenes in toluene was
rigidly attached to silica, while weakly bound asphaltenes
desorbed.36 The fundamental physics of asphaltene adsorption
mechanisms on solid surfaces is still poorly understood and
warrants investigation.
One of the most commonly used enhanced oil recovery

(EOR) techniques is water flooding,37 which involves injecting
water into the reservoir to push the remaining oil toward the
production wells. However, the success of water flooding
depends on the wettability of the rock surface.38−42 One of the
theories is that if the rock surface is oil-wet, water flooding can be
ineffective because water tends to bypass the oil and flow
through the rock pores without displacing the oil. In recent
years, researchers have found that the salinity of water impacts
the results of water flooding and that injecting low-salinity water
into oil reservoirs can increase oil recovery. Some studies have
shown that the low salinity water displaces the connate water
and alters the surface properties of the rock, making it more
water-wet.41,43,44 This change in wettability reduces the capillary
forces that trap oil in the rock pores, making it easier to displace
and recover. However, the effect of salinity on the wettability of
asphaltene surfaces is less explored and not understood clearly.
To better understand asphaltene adsorption on surfaces, we

use QCM-D to perform an experimental study of asphaltene
adsorption on stainless -steel, silicon dioxide, and gold. The aim
is to investigate the impact of surface type and the effects of
asphaltene concentration on adsorption kinetics. The silicon
dioxide surface serves as a representative of the quartz rock
surface, while stainless steel and gold are included in the study to
assess the potential impact of the surface material on the
adsorption process. We make an assumption that when the
water film inside the rock pores ruptures, it creates conditions
that are somewhat similar to adsorption onto dry rock surfaces.
This is because, after the water film rupture, the rock surfaces are
no longer in direct contact with the water phase, and they
become available for interaction with other components, such as
asphaltenes present in the crude oil. These asphaltenes can then
adsorb onto the exposed rock surfaces. We also study the impact
of asphaltene adsorption and brine salinity on the wettability of
surfaces and how these relate to the amounts deposited. These
investigations are meant to contribute to the management of
asphaltene issues in upstream crude oil production by a better
understanding of how asphaltenes are deposited on various
surfaces and how the adsorbed asphaltenes affect wettability.
Understanding the wettability changes induced by asphaltenes
and the effect of brine salinity can help in developing effective
EOR techniques that can increase the amount of oil recovered
from reservoirs. Further work is being conducted on additives to
the water flood to improve the water wettability of surfaces
exposed to asphaltene adsorption and will be the subject of a
subsequent paper.
Although the existing research in this field is extensive, a

comprehensive understanding of the fundamental mechanisms
behind asphaltene adsorption on solid surfaces remains limited.
Current studies have often been confined to specific materials or
kinetic stages. There is also a lack of consensus on the kinetics of
asphaltene adsorption across various metal surfaces and
timescales. This study introduces significant advancements in
the understanding of asphaltene adsorption. This research
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delves into the multidimensional kinetics of asphaltene
adsorption, encompassing distinct temporal stages�early,
intermediate, and extended time frames�offering a compre-
hensive exploration of this process. This study also explores
multiple surfaces�stainless steel, silicon dioxide, and gold�to
discern how various materials influence asphaltene adsorption
kinetics, providing insights into material-specific behaviors.
Additionally, it investigates the correlation between asphaltene
adsorption and surface wettability alterations along with the
impact of brine salinity on the asphaltene behavior. This
research significantly bridges the gaps in understanding the
relationship between the adsorbed asphaltene mass and the
surface wettability.

2. EXPERIMENTAL SECTION
2.1. Materials. For the QCM-D studies, the asphaltenes are

dispersed in a model oil phase that contained 15% toluene
(99.8+%, ACROS Organics) and 85% aliphatic base oil by
volume. The aliphatic base oil is chosen as the synthetic base oil
of Nexbase 2002 from Neste Oil, Finland, which consists of
oligomers of decane with different mass weights and is additive-
free. The base oil is chosen because of its oxidation and
temperature stability, in addition to nontoxicity. Without further
purification, toluene (99.8+%, ACROS Organics) is used as the
solvent. High-purity argon gas is used for drying after the
cleaning process, and Millipore water is used for cleaning and
rinsing. The viscosity of the model oil and toluene is measured
using a 2° cone and plate configuration on a TA Instruments AR
2000 ex rotational rheometer at room temperature (298 K) at a
shear rate of 100 s−1 and is given in Table 1. The shear rate is
controlled by varying the rotational speed of the rheometer’s
spindle or the motion of the plates between which the material is
sheared.

2.2. Sample Preparation. The asphaltene precipitation
involved preparing a solution of crude oil and n-heptane in a
ratio of 40:1 (v/m). This was sonicated for 60 min and left at
room temperature for 24 h. Filtration occurred in two stages:
1200 mL filtered initially, followed by the addition of 10% of the
initial volume of n-heptane for washing. After 45 min of
sonication and 18 h of rest, a second filtration was performed.
The filtered cake was washed with n-heptane for 5 days or until
the solvent became colorless.45,46 A stock solution containing
1000 ppm asphaltenes in toluene is made by sonicating it for 5
min, and then it is placed in a sealed glass vial for storage. To
protect it from light exposure, the vial is covered by an aluminum
foil. Before usage, the stock solution is sonicated for 5 min.
Depending on the desired concentration in a 50 mL sample, the
required amount of stock solution is diluted with toluene and
then further diluted with Nexbase oil 2000 series. The prepared
asphaltene solution is sonicated further for 5 min. The prepared
solutions are discarded after 24 h to avoid bias caused by long-
term phase segregation.
The choice of asphaltene concentrations used for this study

was based on our insights into the aggregation behavior of
asphaltenes in the model oil solution (85% aliphatic oil base and
15% toluene) in previous research findings.47 Using liquid-state

1H NMR, we found a distinctive change in the trend of the slope
of mass fraction dependence of the NMR asphaltene signal. We
observed a consistent linear increase in the asphaltene signal
with respect to the asphaltene mass fraction, maintaining this
trend until reaching 80 ppm. Beyond this concentration, while
the signal continued to rise, the rate of increase notably slowed
down, persisting up to the maximummass fraction tested, which
was 500 ppm. This observation notably contributes to our
understanding and supports the determination of the critical
nanoaggregation concentration (CNAC) of asphaltene in the
model oil to be approximately 80 ppm. Therefore, in lower
asphaltene mass fractions (below the apparent CNAC in model
oil, i.e., below 80 ppm), it is anticipated that there will not be
further aggregation. Conversely, at higher mass fractions
(exceeding 80 ppm), there is a likelihood of more aggregate
formation or, potentially, the initial aggregates may begin to
flocculate. Moreover, our dynamic light scattering (DLS) data
further corroborate these insights, revealing the particle size
changes that align with our expectations.47 Notably, immedi-
ately post-mixing, all solutions showed particle sizes of ∼75 nm
and are found to be largely independent of the mass fraction.
Over time, the particle size increases for asphaltenes above 80
ppm, while sizes remain almost stable below this concentration.
In our current experiments, we have deliberately maintained
concentrations below this critical threshold. This strategic
choice was made to avoid aggregation effects and ensure the
stability of asphaltene properties throughout our investigations.
The decision to discard the prepared solutions after 24 h is
primarily precautionary and based on the available DLS data,
which extends up to 200 min.

2.3. Theory of QCM-D. Real-time kinetic study of the
adsorbed mass and viscoelastic characteristics of adsorbed films
is possible with the QCM-D system. The fundamental principle
of QCM-D is that a piezoelectric sensor is excited to resonance
by the application of an alternate voltage, and the resonance
frequency, f, is measured and recorded as a function of time.
Changes in frequency, Δf, give information on the deposited
mass on the sensor surface, which can be used to examine the
surface−molecule interaction such as molecular adsorption. In
addition to monitoring frequency changes, QCM-D measures
the system’s energy loss, or dissipation, D. The dissipation value
reflects the mechanical properties of the surface-adhering layer.
Dissipation in conjunction with frequency can be used to
quantify the mass, thickness, and viscoelastic properties of the
soft layers. This capability enables QCM-D to assess adsorption
kinetics and experiments and detect a change from a monolayer
to an aggregate multilayer.
The contribution to the frequency ( f) of the sensor crystal due

to mass loading caused by the adsorption of rigid films can be
calculated using the Sauerbrey equation.48

Mass loading:

f
n m

Cadsorption =
(1)

where C is a constant of the quartz crystal (17.7 ng/Hz cm2 for a
5 MHz crystal), n is the number of the overtone, and Δm is the

Table 1. Measured Density and Viscosity of Samples at a Temperature of 20 °C and Shear Rate of 100 s−1

liquid
density
(g/cm3)

viscosity
(mPa s)

ΔD (measured)
(ppm)

ΔD (calculated)
(ppm)

Δf (measured)
(Hz)

Δf
(calculated) (Hz)

85% Nexbase 2002 + 15% toluene 0.863825 0.545 117 113 −873 −848
toluene 0.771710 3.05 262 252 −1822 −1896
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adsorbed mass. This relation holds true if the adsorbed
molecules are equally distributed, and the adsorbed mass is
minimal relative to the crystal itself.
In QCM, an overtone refers to a harmonic frequency of

oscillation that is a multiple (whole number) of the fundamental
resonance frequency of the crystal. The fundamental frequency
is the first harmonic, and overtones are higher harmonics that
have frequencies at integer multiples of the fundamental
frequency. The increased frequency of higher overtones, such
as the third overtone, makes them more sensitive to small mass
changes on the crystal’s surface. Consequently, they can detect
even subtle interactions or changes, such as the adsorption of
molecules, with greater precision. However, very high overtones
also tend to have weaker signals. This means that while they can
detect very small mass changes, they may produce signals that
are more challenging to measure accurately, especially in the
presence of noise. The choice of the third overtone is a common
practical compromise that provides a good balance between the
sensitivity and signal quality for many QCM experiments. For
this reason, we use the third overtone for the calculations in this
paper.
The shift in frequency is influenced by the adsorption of

molecules as well as the liquid that carries the solid molecules
through the flow module and the liquid trapped inside the
adsorbedmolecules. The contributions of liquid loading49,50 and
liquid trapping50 to the frequency and dissipation of the crystals
because of the adsorption of a rigid film can be calculated using
the following equations
Liquid loading:

f
n f

( )liquid loading
0
3/2

q q
1 1 s s=

(2)

D
n

f1 2
( )liquid loading

0
1/2

q q
1 1 s s=

(3)

Liquid trapping:

f
f

h
2

( )liquid trapping
0
2

q q
1 1 s=

(4)

where f 0 is the fundamental resonant frequency ( f 0 = 5 ×
106Hz), ρq is the specific density of quartz (2650 kg/m3), νq is
the shear wave velocity in quartz (3340 m/s), μq is the shear
modulus of quartz (2.947 × 1010 Pa), hq is the thickness of the
quartz crystal (3.37 × 10−4 m), hl is the thickness of the trapped
liquid, ρ is the density, η is the viscosity, and subscripts 's' and 'l'
refer to the solvent and liquid mixtures, respectively.

2.4. QCM-D Experiment Procedure. The QCM-D
instrument used for the experiments was from Biolin Scientific.
Nanoscience-supplied silicon dioxide-coated quartz sensors
(QXS 303), stainless steel sensors (QSX 304), and gold sensors
(QSX 301) were used as the adsorbents. The sensors were
cleaned before the experiment to ensure the accuracy and
repeatability of the results. The cleaning procedure for the gold
sensor involved performing UV/ozone treatment first for 10
min. This step is used to decompose any trace organic matter
deposited on the sensor into volatile substances by UV rays,
followed by strong oxidation, to remove contamination from the
surface. This was followed by placing the sensor in a 5:1:1 heated
mixture of Milli-Q water, ammonia (25%), and hydrogen
peroxide (30%) to 75 °C. This was followed by rinsing with
Milli-Q water, drying with nitrogen gas, and finally repeating
UV/ozone treatment for 10 min. Similar recommended
protocols from the manufacturer for cleaning the stainless
steel and silicon dioxide sensors were followed prior to
performing the adsorption experiments. Additionally, each
sensor was used no more than five times to ensure repeatability.
The sensors are transferred to a flow module (QFM 401) after
cleaning, which is connected to a peristaltic pump.
For asphaltene adsorption experiments, first, the reference

solvent (85% Nexbase 2002 + 15% toluene) was injected
through the flow module at 50 μL/min for about 2 h, until a
stable baseline is achieved. Once a stable baseline is achieved, the
inlet is then switched to the freshly prepared asphaltene solution
placed on a sonicator, and a new measurement is started. The
changes in resonant frequency and dissipation kinetics of the
first, third, and fifth overtones were measured and recorded
simultaneously. The waste is collected at the other end of the
flow module and disposed off. The tubing from the peristaltic
pump to the flow module is cleaned between experiments. After
each test, the flow module is cleaned by flushing with toluene,
drying in air, and then cleaning with 1 wt % sodium dodecyl
sulfate solution in deionized water. The module is then rinsed

Figure 1. Repeatability of the adsorbed asphaltene mass on a quartz surface (3 runs) under flow conditions.
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with deionized water and dried with argon gas. Asphaltene
solutions of increasing concentration from 10 to 50 ppm were
injected sequentially on the sensor.

2.5. Measurement of Contact Angle. An Attension Theta
Optical Tensiometer is used for contact angle measurements on
the sensor surface. Contact angle measurements are used to
characterize the wettability of the sensor surface. The sessile
drop method is used to determine the wettability of the surface.
In a sessile drop measurement, a droplet of a few microliters in
volume is deposited onto the sensor surface (stainless steel and
quartz sensors) and imaged by an optical camera. Edge detection
is used to identify the droplet shape from the image of the
droplet and is then analyzed by software to determine the
contact angle between the droplet and the baseline surface
material. The contact angle is averaged over a period of 5 min,
and the contact angle on the right and left sides of the droplet is
averaged.

3. RESULTS AND DISCUSSION
3.1. Validation of the QCM-D Experiment. The

frequency and dissipation change of liquids introduced in the
QCM-D chamber are calculated from the Sauerbrey equation in
Section 3.3. The experimentally determined values of frequency
and dissipation for pure solvent mixtures composed of toluene
and a mixture of 85% Nexbase 2002 and 15% toluene using the

previously described experimental procedure are compared
against theoretically calculated values. Table 1 shows a
comparison of experimental and theoretical values of frequency
change and dissipation data. It can be seen that the
experimentally determined values agree well with the corre-
sponding theoretically computed values. The relative error
between the measured and calculated values are within ±3.9%.
This provides validation for the applicability of the QCM-D
setup and experimental procedure. The third overtone is
considered for Δf and ΔD.
Figure 1 shows threeQCM-D experimental runs on the quartz

surface for 20 ppm asphaltene solution under flow conditions.
Runs #1 and #2 closely overlap, while Run #1 shows an average
error of less than 1 mg/m2 adsorbed mass. This shows that the
experiments are repeatable and provide quality control on the
experimental results.

3.2. Impact of Flow Rate on Adsorption. To examine the
impact of convective transfer on the asphaltene adsorption
process, QCM-D experiments are conducted at varied flow rates.
Figure 2a shows the results for 50 ppm asphaltene solution at
three flow rates, 50, 100, and 150 μL/min. The adsorbedmass of
asphaltenes is displayed in the plot. Figure 2 shows that the rate
of adsorption is nearly independent of flow rates, indicating that
convective transfer has little impact on the adsorption process.

Figure 2. (a) Effect of the flow rate on the amount of adsorbed asphaltenemass onto a gold crystal surface vs time at different flow rates. (b) Close-up of
change in frequency vs time for 50 and 100 μL/min.
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Figure 2b shows the fluctuation of the resonance frequency of
the QCM sensor in contact with the flowing asphaltene solution
pumped using the peristaltic pump for two different flow rates,
50 and 100 μL/min. The results show that smaller frequency
fluctuation is observed for lower flow rates, whereas higher flow
rates result in higher fluctuations. The smaller fluctuations at
lower flow rates could be attributed to the cyclic pressure change
as the peristaltic pump head rotated. For higher flow rates, a
release of accumulated pressure could cause a big frequency
change of the resonance frequency. Although, on average, the
results did not vary significantly between different flow rates, the
noise increases with higher flow rates. Therefore, we use the
lowest flow rate in the peristaltic pump, 50 μL/min, as the flow
rate for our experiments.

3.3. Adsorption on Solid Surfaces.The adsorption kinetic
curves of asphaltene in model solutions on three different
surfaces (stainless steel, silicon dioxide, and gold) are shown in
Figure 3. The adsorbed mass of asphaltenes can be seen to
increase with the increase in time, irrespective of the asphaltene
concentration in the solution. The adsorption initially under-
goes a rapid increase and then slows down at later times. For
both low- and high-concentration asphaltene solutions, the
adsorbed amount increases with the increasing time for the time
frame of the experiment.

Figure 4 shows a comparison of asphaltene adsorption on
stainless steel, silicon dioxide, and gold surfaces. The results
show that for the same concentration, a higher amount of
asphaltene is adsorbed on stainless steel and gold surfaces as
compared to the silicon dioxide surface at lower concentrations.
At 50 ppm asphaltene concentration, the adsorbed mass on gold
and stainless steel surfaces is similar after longer times, while the
quartz surface has a lower amount adsorbed. The adsorbed
amounts observed in our experiments are orders of magnitude
higher than those observed by Hu et al.36 and Gonzales and
Taylor.51 This discrepancy arises from the different exper-
imental conditions. In their studies, asphaltene was dissolved in
toluene for the measurements. In contrast, our experiments
involve dissolving asphaltenes in a model oil and toluene
solution to simulate reservoir conditions. It is worth noting that
the adsorbed mass of asphaltenes is significantly influenced by
the solute. In some of our additional experiments (not reported
in this paper), where toluene was used as the solute, the
adsorbed mass was an order of magnitude lower.
Figure 5 shows asphaltene adsorption on the surfaces after

very long times for 50 ppm solution (12 h). We see that the
adsorbed mass equilibrates at different adsorbed amounts, with
the adsorbed mass on gold and stainless steel being nearly equal
and that on quartz being lower. The rate of change of adsorption

Figure 3. Adsorption kinetics of different concentrations (10−50 ppm) of asphaltene dissolved in toluene (15 v/v %) and Nexbase (85 v/v %) on (a)
stainless steel, (b) quartz, and (c) gold surfaces.
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is very low in the last 4 h of the experiment and is nearly the same
for all the surfaces, indicating that the adsorption kinetics
become independent of the surface effect.

3.4. Single-Layer vs Multilayer Analysis of Asphaltene
Adsorption. In QCM, materials in contact with the oscillating
sensor surface will cause energy losses. Liquids and soft films in
contact with the surface will deform during the oscillation,
causing the system to lose energy. Energy losses caused by thin
and rigid layers are lower than those caused by soft and/or thick
layers because they do not flex during oscillation. As a result,
high dissipation means that the material in touch with the
surface is soft or viscous, whereas low dissipation means that the

material at the surface is rigid and oscillates. For |ΔD/(Δf/n)| ≪
4 × 10−7 Hz−1, the surface can be treated as sufficiently thin, and
the Sauerbrey equation is valid.52,53 This value comes from
considering the ratio of dissipation change and frequency change
obtained as a solution to the viscoelastic wave equation with no
slip boundary conditions.54

Figure 6a−c shows the plot of dissipation change plotted
against frequency change at different concentrations on three
solid surfaces. The ratio of dissipation change to frequency
change is compared to the reference line |ΔD/Δf | = 4 × 10−7

Hz−1. It can be seen that the curves fall below the reference line
initially, regardless of the concentration or surface type.
Moreover, at initial times and low frequency changes, the
dissipation−frequency curves fall in the same line for different
concentrations, indicating that the molecules adsorbed on the
sensor surface form films with similar structures or properties. At
higher frequency changes, the dissipation-to-frequency ratio
increases beyond the reference line. This shows that asphaltene
layers are becoming softer with more asphaltenes deposited on
the surface of the sensor, potentially indicating a shift from
monolayer to softer multilayer formation of asphaltenes around
25−40 Hz, which is around 4.5−7 mg/m2. The adsorbed mass
of 3.2−6 mg/m2 has been widely reported in the literature to
correspond to a monolayer adsorption regime.7,24,29,31,55−57 For
the subsequent sections on the kinetics of adsorption, we focus
on the monolayer adsorption regime.
Liu et al.24 found that asphaltene adsorption could be

modeled by a two-step model. The two-step adsorption model,

Figure 4. Comparison of asphaltene adsorption on stainless steel, silicon dioxide, and gold surfaces.

Figure 5. Comparison of long-term asphaltene adsorption on stainless
steel, silicon dioxide, and gold surfaces for 50 ppm concentration.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09294
ACS Omega 2024, 9, 15982−15995

15988

https://pubs.acs.org/doi/10.1021/acsomega.3c09294?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09294?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


originally proposed by Zhu and Gu in 199058 (referred to as the
ZG model), provides an explanation for the deposition of
asphaltene molecules onto solid surfaces. According to the
model, the deposition occurs in two steps. In the first step,
asphaltene monomers are adsorbed onto hydrophilic surfaces
via interactions between the π-electrons of polyaromatic
hydrocarbon rings and the surface. This step can lead to the
formation of a Langmuir monolayer on the solid surface, similar
to asphaltene adsorption onto the liquid/liquid interface
observed in previous studies.3,59−62 In the second step, the
adsorption increases significantly as the freshly adsorbed
molecules interact with previously adsorbed molecules to form
aggregates on several active sites. The binding energy between
the already adsorbed and the next layer of adsorbing molecules
decreases significantly due to weak interactions between the
alkyl chains of the polyaromatic hydrocarbons and the
physisorption of the aggregates, which tend to be voluminous
and loose. This creates a large space between adsorbed
molecules, which can accommodate and trap more fluid and
increase dissipation during oscillations.
Asphaltene molecules are suitable for this two-step adsorption

model because of their amphiphilic characteristics, which allow
them to adsorb onto a liquid/liquid interface or aggregate in the
solution. The ZG model has been shown to be successful in
fitting experimental data in earlier studies on asphaltene

adsorption from toluene onto reservoir rock surfaces such as
dolomite and Berea sandstone.63 The adsorption isotherm is
calculated according to eq 5,58

( )k C k C

k C k C1 (1 )
n

n

n

1
1

2
1

1 2
1=

+

+ + (5)

where Γ is the amount of adsorbed molecules, Γ∞ is the
maximum possible adsorption at high concentrations, k1 is the
first adsorption step parameter (i.e., the adsorption of
asphaltenes in solution to the solid surface), k2 is the second
adsorption step parameter (i.e., the adsorption of asphaltenes in
solution to those asphaltene molecules that have already
adsorbed to the solid), C is the bulk concentration, and n is
the mean aggregation number of the adsorbed molecules. When
k2 becomes negligible, the equation becomes a Langmuir-type
adsorption isotherm. By using the ZG model and fitting it with
experimental data, the maximum surface coverage and
adsorption parameters can be numerically computed through
the optimization process.
Figure 7 shows the adsorbed mass obtained from asphaltene

solutions at various concentrations along with the fitting curves
obtained using the optimized adsorption parameters and the
maximum mass surface coverage obtained from the two-step
deposition model (i.e., the ZG model). The figure indicates that

Figure 6. Dissipation vs frequency change plot for adsorbed asphaltenes at different concentrations on (a) stainless steel, (b) silicon dioxide, and (c)
gold surfaces.
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the ZG model can effectively model the adsorbed mass
characteristics on different surfaces.

3.5. Asphaltene Structure and Morphology. To get an
idea of how the adsorbed films look, the sensor surfaces were
scanned using scanning electron microscopy (SEM) after 30
min of adsorption at different concentrations. Figure 8 illustrates
the SEM images captured at a magnification of 1000 times,
illustrating the adsorption of asphaltene on a gold-coated QCM
surface at two different concentrations, 10 and 50 ppm. The
SEM images show that the surface at lower concentrations
appears to be more uniform and smoother, while the image at
higher concentrations has more heterogeneity and variations in
thickness, with a rougher texture. This observation suggests that
the adsorption of asphaltene at higher concentrations may occur
in multiple layers, leading to varying thicknesses and a rougher
surface texture. In contrast, the adsorption at lower concen-
trations appears to be a monolayer, leading to a more
homogeneous and smoother surface.

3.6. Initial Adsorption Kinetics. The adsorption kinetics
data are further examined in order to gain a better understanding
of how asphaltenes begin to deposit onto solid surfaces. Figure
9a−c shows a plot of the surface coverage for four different
concentrations of asphaltenes versus time on stainless steel,

silicon dioxide, and gold surfaces, respectively. The plot shows
that the surface coverage (which is proportional to adsorbed
mass) for all concentrations of asphaltenes on all three surfaces
varies linearly with time. After initial times, some curves can be
seen deviating from linearity, indicating that different kinetics
affect adsorption.
From the Filippov quantitative theory of kinetic−diffusive−

convective adsorption in a flow cell,64 the surface coverage (Γ)
of adsorbed molecules for adsorption kinetics can be calculated
as follows

x t
t

R R R

K R c t R

K R
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where R+ and R− are the forward and backward rates in kinetic
expression, Γm0 is the maximum adsorption, c(x, 0, t) is the
surface concentration, Γ(x, t) is the adsorbed amount per unit
surface,m and r are the parameters of adsorption and desorption
kinetics, and Kad and Kdes are the rate constants for adsorption
and desorption, respectively.
Therefore, as per the Filippov model,64 if the slope of

adsorption versus time is a linear function of time for initial
times, then the adsorption process is controlled by the
adsorption kinetics (eq 3).

t St( ) = (8)

where

S K c ( )m r
ad 0 m

0= (9)

S is the slope, c0 is the adsorbate concentration in the bulk, and
Kad is the rate constant of adsorption.
From Figure 9, we can see that at initial times, the surface

coverage is a linear function of time, indicating that the rate of
adsorption depends on Kad and does not depend on the
diffusion-controlled regime. Therefore, the adsorption process is
controlled by adsorption kinetics. Additionally, it can be seen
that at low concentrations, the linearity of surface coverage and

Figure 7. Adsorption isotherm of asphaltene on gold, stainless steel,
and silicon-dioxide vs ZG model fit.

Figure 8. SEM images of asphaltene adsorption on a gold-coated QCM surface at 1000 times magnification at asphaltene concentrations of (a) 10 and
(b) 50 ppm.
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time remains for a longer time as compared to higher
concentrations showing transition to different adsorption
kinetics at earlier times for higher concentrations.

3.7. Long-Term Adsorption Kinetics. The adsorption
kinetics data at longer times are examined in Figure 10a−c,
which shows the plots of surface coverage of asphaltenes versus
time on stainless steel, silicon dioxide, and gold surfaces,
respectively. The plot shows that the surface coverage for all
concentrations of asphaltenes on all three surfaces follows a
power law behavior of ∼1/√t.
A previous study on the kinetics of asphaltene adsorption at

longer times and higher interfacial coverage indicates that when
coverage reaches 35−40%, the surface coverage evolution for
isotropic or quasi-isotropic particles in a random sequential
adsorption (RSA) regime follows a linear dependency of surface
coverage on 1/√t. The asymptotic time variation of the surface
coverage has been derived65−67 as follows

t K
tk C

( ) jam

a

=
(10)

where Γjam is the jamming limit, K is the geometrical constant, ka
is the adsorption rate constant, and C is the concentration.
However, for anisotropic noncircular particles as well as for
nonaligned squares and rectangles, the surface coverage has

been found to vary as a power of ∼ t(−1/3). To estimate the
jamming limit in our data, a reliable estimate of the size and
shape of the asphaltene molecules used in this study is required.
For irreversible RSA with diffusional relaxation, the surface

coverage was found to depend on the deposition probability (p)
or diffusion probability (1 − p).68 It was found that the empty-
area fraction decays according to 1 − θ(t) = B(1 − p)apb(pt)−0.5

for RSA with diffusional relaxation, where θ is the surface
coverage fraction, a and b are the fitting parameters, B is the
proportionality constant, and t is the time.

3.8. Effect of Asphaltene Adsorption on Surface
Wettability.To determine the impact of asphaltene adsorption
on the wettability of the solid surface, contact angles were
measured on the surfaces after they were dried down. The results
are shown in Figure 11. The results suggest that the contact
angle increases with increasing asphaltene concentration and
adsorbed mass for all of the surface types.
Among the different surface types, we see that the silicon

dioxide surface shows a less pronounced increase in contact
angle as compared to gold or stainless steel surfaces. This could
be because the adsorbed mass is relatively lower on silicon
dioxide surfaces as compared to the other two surfaces (Figure
4). This indicates a direct correlation between the adsorbed
mass content on the surface and the wettability of the surface;
i.e., an increase in asphaltene mass adsorbed is directly

Figure 9. Dynamic adsorption vs time for asphaltenes at different concentrations on (a) stainless steel, (b) silicon dioxide, and (c) gold surfaces.
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Figure 10. Surface coverage vs reciprocal of square root of time for different concentrations at longer times for dynamic adsorption vs time for
asphaltenes at different concentrations on (a) stainless steel, (b) silicon dioxide, and (c) gold surfaces.

Figure 11.Contact angle of water droplet on (a) stainless steel, (b) silicon dioxide, and (c) gold surfaces after the adsorption of asphaltenes at different
concentrations.
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proportional to an increase in hydrophobicity of the solid
surface. The heterogeneity in the wetting states of the surfaces
suggests that complete coverage with asphaltenes without
exposure to the surface has not yet been achieved.
Finally, we measure the contact angle of the surfaces after 12 h

in the asphaltene solution. The results are shown in Figure 12.

Figure 13 shows the average values of contact angles measured
as a function of the adsorbed mass. The results show that the
contact angle on all three surfaces converges toward the same
value ∼100°. The wetting homogeneity of the three surfaces as
well as little variation in the contact angles, as observed from the
error bars, suggests that the surface effect is negligible on the
complete and homogeneous coverage with asphaltenes.
The effect of salinity on wettability is tested with a high-

salinity 3% NaCl solution, shown in Figure 14. The results show
that the contact angle decreases slightly by 0.6°, 1.4°, and 0.3° on
stainless steel, silicon dioxide, and gold surfaces, respectively.
However, this change falls in the error range, and thus, the
results are inconclusive. Therefore, there is a need for further
investigation of the effect of different salinities on the wettability
of asphaltene surfaces. A study on the change of interfacial
tension (IFT) between crude oil and aqueous solutions using
brine solutions with different salinities showed that the highest
IFT is measured for DI water/oil system and shows a slight
decrease in IFT for high-salinity brine/oil system.69,70 The
lowest IFT is measured for low-salinity brine/oil systems. A
corresponding change was seen in the contact angles, where

there was a wettability alteration from oil-wet to water-wet in
low-salinity brines.

4. CONCLUSIONS
QCM-D technique was used to study the kinetics of adsorption
of asphaltenes in a model oil solution onto stainless steel, silicon
dioxide, and gold surfaces at a concentration range of 10−50
ppm. The findings demonstrate that for the same concentration,
more asphaltene was adsorbed on gold and stainless steel
surfaces than on silicon dioxide surfaces. A change in the slope of
dissipation versus frequency data was observed ∼4.5−7 mg/m2
of adsorbed mass, indicating a transition from the monolayer to
multilayer regime. In the monolayer regime, initial adsorption
kinetics were found to be consistent with the kinetics controlled
on all three surfaces. At longer times during the monolayer
formation period, the surface coverage for all the concentrations
of asphaltenes on all three surfaces followed a power law
behavior ∼ 1/√t consistent with the random sequential
adsorption (RSA) regime. When multilayer formation com-
menced, adsorption agreed with the two-layer model of Zhu and
Gu.58 The wettability of asphaltene was found to have a direct
correlation with the amount of asphaltene adsorbed on the
sensor surface during the monolayer formation period when
there was incomplete surface coverage. A higher asphaltene
adsorption was found to make the sensor surface more
hydrophobic. At longer adsorption of around 12 h, the surface
type had negligible effect, and the contact angle of water droplets
on the surfaces converged to ∼100°. High-salinity brine did not
show a significant effect on the wettability of asphaltene surfaces.
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Figure 12. Contact angle of water droplet after 12 h in asphaltene
solution on stainless steel, silicon dioxide, and gold surfaces.

Figure 13. Contact angle of water droplet as a function of adsorbed
mass for stainless steel, silicon dioxide, and gold surfaces.

Figure 14. Contact angle of water droplet after 12 h in asphaltene
solution on stainless steel, silicon dioxide, and gold surfaces.
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