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ABSTRACT: Petroleum asphaltenes are surface-active com-
pounds found in crude oils, and their interactions with surfaces
and interfaces have huge implications for many facets of reservoir
exploitation, including production, transportation, and oil—water
separation. The asphaltene fraction in oil, found in the highest
boiling-point range, is composed of many different molecules that
vary in size, functionality, and polarity. Studies done on asphaltene
fractions have suggested that they interact via polyaromatic and
heteroaromatic ring structures and functional groups containing
nitrogen, sulfur, and oxygen. However, isolating a single pure
chemical structure of asphaltene in abundance is challenging and
often not possible, which impairs the molecular-level study of
asphaltenes of various architectures on surfaces. Thus, to further
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the molecular fundamental understanding, we chose to use functionalized model asphaltenes (AcChol-Th, AcChol-Ph, and 1,6-
DiEtPy[Bu-Carb]) and model self-assembled monolayer (SAM) surfaces with precisely known chemical structures, whereby the
hydrophobicity of the model surface is controlled. We applied solutions of asphaltenes to these SAM surfaces and then analyzed
them with surface-sensitive techniques of near-edge X-ray absorption fine structure (NEXAFS) and X-ray photoelectron
spectroscopy (XPS). We observe no adsorption of asphaltenes to the hydrophobic surface. On the hydrophilic surface, AcChol-Ph
penetrates into the SAM with a preferential orientation parallel to the surface; AcChol-Th adsorbs in a similar manner, and 1,6-
DiEtPy[Bu-Carb] binds the surface with a bent binding geometry. Overall, this study demonstrates the need for studying pure and
fractionated asphaltenes at the molecular level, as even within a family of asphaltene congeners, very different surface interactions can

occur.

B INTRODUCTION

Petroleum asphaltenes are important surface-active compo-
nents of heavy crude oil, and their ability to interact at and
with surfaces such as minerals, pipe walls, oil—water interfaces,
and catalysts has economic and environmental implications for
reservoir drainage, production, oil—water separation, trans-
portation, and refinery operations."”> Asphaltenes are opera-
tionally defined as material precipitating upon the addition of
excess n-alkanes (e.g., n-heptane is the standard precipitant),
and this precipitate can be dissolved in toluene."” As such, the
asphaltene fraction is composed of innumerable unique
molecules that vary in size, functionality, and polarity, related
only by the low solubility in the defining alkane as well as the
apparent and abundantly researched ability to interact and
“self-associate”.” Asphaltenes are found both in the highest
boiling-point range of the oil (vacuum residue, bp <600 °C)
and in the nondistillable, higher-molecular-weight constituents,
the so-called petroleum heavy ends. There is a severe
economic impact of asphaltenes over the entire oil and gas
industry, with numerous studies performed to identify and
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classify asphaltenes in terms of specific molecular structures
and functionality that may explain the observed physical
phenomenon and mitigate the problems.

Various phenomena during oil production are related to the
adhesion of oil components to surfaces and interfaces. In these
processes, both the wettability of the surface and the enthalpy
of adhesion are important. Herein, we illustrate this on a model
scale using model asphaltene molecules and model surfaces.
Distinct differences are noted.

The impact of asphaltenes at material surfaces has been
studied for decades, but there is still surprisingly little known
about the interaction of asphaltenes with material surfaces at
the molecular level. This lack of information is due to the

Received: May 19, 2021
Revised:  July 19, 2021
Published: August S, 2021

https://doi.org/10.1021/acs.langmuir.1c01338
Langmuir 2021, 37, 9785-9792


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thaddeus+W.+Golbek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+A.+Faase"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mette+H.+Rasmussen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rik+R.+Tykwinski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+M.+Stryker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Ivar+Andersen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Ivar+Andersen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joe+E.+Baio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Weidner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.1c01338&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01338?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01338?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01338?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01338?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01338?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/langd5/37/32?ref=pdf
https://pubs.acs.org/toc/langd5/37/32?ref=pdf
https://pubs.acs.org/toc/langd5/37/32?ref=pdf
https://pubs.acs.org/toc/langd5/37/32?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf

Langmuir

pubs.acs.org/Langmuir

challenge of isolating specific asphaltenes from crude oil
mixtures and the general difficulty of probing the molecular
structure within molecular monolayers. Acevedo et al. have
used many techniques, such as Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS), to study the
structure of unfractionated asphaltene samples and its relation
to precipitation of the process.” They found that smaller
asphaltenes form more organized structures and suffer less
deposition than the larger “archipelago” constituents, which
form less-organized structures with a greater amount of
deposition. Andrews et al. have studied asphaltenes at the
air—water interface using sum frequency generation spectros-
copy.” Sauerer et al. showed that the adsorption of asphaltenes
from crude oil at the oil—water interface leads to a
fractionation of the asphaltenes—hence, molecular properties
of the bulk phase asphaltenes are different from those found at
the interface.” While experiments at water surfaces are
important for technical applications involving bitumen-mineral
emulsions and the chemistry of the production water,
structural data about asphaltenes at solid material surfaces are
extremely important for oil recovery, transportation, and
production surfaces. To date, numerous studies utilizing
atomic force microscopy (AFM) have been conducted on
asphaltenes adsorbed onto solid surfaces.”~"" Despite numer-
ous studies of asphaltene adsorption from solution onto solid
surfaces, the exact nature of these interactions remains
speculative, due to the complexity of asphaltenes and the
potential for preferential adsorption of certain molecular
families over others. To further our fundamental under-
standing, another approach is needed, one that avoids the use
of a mixture of natural asphaltene materials of different origins.
Equally important is the use of surfaces with a precisely known
chemical structure and properties, allowing specific interactions
to be identified, evaluated, and quantified.

Asphaltenes reportedly interact with other substances via
poly- and heteroaromatic ring structures as well as functional
groups containing nitrogen, sulfur, and oxygen. The identi-
fication of such functional groups, as well as an abundance of
mass spectrometric data, provides the natural abundance and
distributions of nitrogen-, sulfur-, and oxygen-containing
compounds (NSO types). Schuler et al. have provided new
knowledge of individual molecular structures in petroleum
heavy ends using AFM."”~'® Although, these works provide
and confirm indirect knowledge of various structural features,
including aromaticity, functional groups, and positioning of
alkyl side chains, they cannot be isolated in abundance,
preventing a determination of the impact of various molecular
architectures and functionality on surface behavior. Because of
the lack of “pure” asphaltene molecules that can be used in
fundamental studies, several lines of model asphaltene
molecules have been constructed.'” Synthetic model com-
pounds that faithfully mirror the asphaltene structure and
functionality can provide molecular-level insight into how and
why the asphaltenes possess unique, peculiar proFerties,
including aggregation behavior and thermal chemistry. *

In this study, we determine the interaction of three model
asphaltenes, AcChol-Th, AcChol-Ph, and 1,6-DiEtPy[Bu-
Carb] (Figure 1), at hydrophobic and hydrophilic model
surfaces using X-ray photoelectron spectroscopy (XPS) and
near-edge X-ray absorption fine structure (NEXAFS) spec-
troscopy. The molecular architecture of the species was
selected primarily to represent nitrogen-containing com-
pounds. AcChol-Th and AcChol-Ph have similar asymmetric
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Figure 1. Structures of the asphaltene model compounds in this study
(AcChol-Th, AcChol-Ph, and 1,6-DiEtPy[Bu-Carb]) and the
structure of the self-assembled monolayer (SAM) surfaces (C12
and COOH).

“naphthenic” hydrocarbon structures fused to a naphthoqui-
none aromatic moiety, differing only in the appended aromatic
ring: a-thiophenyl and phenyl. The other structure, 1,6-
DiEtPy[Bu-Carb], is a C,-symmetric “archipelago structure”
with two pendant alkyl carbazole moieties tethered to the
central pyrene via saturated four-carbon linkers. Utilizing XPS,
the elemental composition of an asphaltene film and the
amount of material adsorbed can be determined, while
NEXAFS spectra interrogate the order and orientation of
adsorbate species. As mentioned, we also selected model
surfaces to mimic either a hydrophobic “oily” surface or one
that interacts mainly through hydrogen bonding but retains a
largely oily surface, ie., hydrophytic. For model surfaces, we
prepared self-assembled monolayers (SAMs) on gold. SAMs
can be used to fabricate reproducible and consistent model
systems where the surface polarity, charge, and chemical
identity can be tailored by changing the chemistry of the SAM
functional group. Hydrophobic surfaces were prepared using 1-
dodecanthiol (C12) with methyl terminal groups, and
hydrophilic surfaces were prepared by using 11-mercapto-
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undecanoic acid (COOH), which carries a terminal carboxylic
acid group. XPS and NEXAFS spectra show that the binding of
asphaltenes is strongly affected by the surface chemistry.

B EXPERIMENTAL SECTION

Model Compounds. Samples of AcChol-Th,"® AcChol-Ph,'” and
1,6-DiEtPy[Bu-Carb]*° were synthesized as previously described.

Sample Preparation. Silicon wafer substrates (1 X 1 cm) were
cleaned by soaking in Milli-Q water overnight followed by rinsing
with Milli-Q water and then acetone the next morning. The silicon
substrates were then further cleaned by sonication sequentially in
DCM (dichloromethane), acetone, and ethanol and then dried under
a stream of nitrogen and stored until E-beam deposition [Polyteknik
explorer 500 GLAD (glancing angle deposition) e-beam deposition
system, 0° tilt angle, no rotation]. Substrates were prepared by E-
beam deposition of 4 nm of titanium (Kurt J. Lesker, 99.995% pure)
followed by 100 nm of gold (Dansk Zdelmetal, GU1119, 99.999%
pure) onto a clean silicon wafer. Gold-coated wafers were immersed
in ethanoic solutions of 1 mM 1-dodecanthiol (C12, Sigma-Aldrich)
or 2 mM 11-mercaptoundecanoic acid (COOH, Sigma-Aldrich). The
samples were backfilled with nitrogen, sealed with parafilm, and stored
in the absence of light for 24 h. After 24 h, the samples were
thoroughly washed with ethanol and dried under nitrogen.

For the adsorption of model asphaltene compounds, 0.2% w/w
solutions were made by dissolving the compounds AcChol-Th,
AcChol-Ph, and 1,6-DiEtPy[Bu-Carb] in toluene. The prepared
solutions were set on a shaker overnight (16 h). The prepared SAMs
of C12 and COOH were then submerged in the prepared asphaltene
solutions for 10 h. The SAMs were then washed with toluene, dried
with nitrogen, and stored until the surfaces could be analyzed.

X-ray Photoelectron Spectroscopy (XPS). XPS experiments
were performed on a Kratos AXIS Ultra DLD instrument equipped
with a monochromatic Al Ka X-ray source (hv = 1486.6 eV, 300 W,
15 kV). All spectra were collected in hybrid mode at a takeoff angle of
0° (angle between the sample surface plane and the axis of the
analyzer lens) and corrected to the Au 4f,, emission of the
underlying gold substrate at 83.95 eV, and a linear background was
subtracted for all peak area quantifications. An analyzer pass energy of
160 eV was used for compositional survey scans of C 1s, O 1s, S 2p,
and Au 4f. High-resolution scans of C 1s and S 2p elements were
collected at an analyzer pass energy of 20 eV (energy resolution <0.7
eV). Error in the reported data is calculated by the standard deviation
of the atomic percent average of the three spots. The peak areas were
normalized by the sensitivity factors provided by the manufacturer,
and the surface compositions and fits of the high-resolution scans
were calculated in CasaXPS (Casa Software Ltd.).

The amount of adsorbed asphaltenes on the surface of the SAMs
can be followed by the carbon atomic percent determined from the C
1s signal. Here, we are interested in knowing the carbon amount of
just the overlayer, which will allow calculation of the thickness of the
asphaltenes adsorbed to the surface of the SAMs. Since the SAM
substrate contains carbon, the contribution of the C 1s from the
underlying SAM layer must be removed in order determine the
asphaltene layer thickness. Thus, the carbon from just the asphaltene
layer can be calculated by examining the attenuation of the Au 4f
signal from the surface of the gold substrates after asphaltene
adsorption to the surface by eq 1.7

C

norm

= C, — C(Au,/Au,) (1)
where s denotes the SAM substrate; o denotes the asphaltene
overlayer; C; and Au, are the measured C 1s and Au 4f atomic
percent, respectively, from either the COOH or C12 SAM on gold
prior to asphaltene adsorption; C, and Au, are the measured C 1s and
Au 4f, respectively, from the SAM on the gold substrate after
asphaltene adsorption; and C,,., is the C Is atomic percent that
accounts for just the adsorbed asphaltenes.

Next, by utilizing the fact that elemental gold is only found in the
substrates and not in the surface overlayer, we can use it to estimate
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the thickness of the adsorbed asphaltenes. Equation 2 was used to
determine the overlayer thickness:**™>*

I I (—d/Acosf)

overlayer — Lsubstrate (2)
where I is the flux of the electrons, d is the overlayer thickness, 4 is the
density of the advantageous carbon (a reasonable assumption that is
similar to the theoretical carbon overlayer in the adsorbed
asphaltenes), and 0 is the photoelectron takeoff angle. A density of
1.1 g/ cm® was assumed.””

Near-Edge X-ray Absorption Fine Structure Spectroscopy.
Carbon K-edge near-edge X-ray absorption fine structure (NEXAFS)
spectra were collected at the 7-ID-1 SST-1 beamline at the National
Synchrotron Light Source II (NSLS II, Brookhaven National
Laboratory, Upton, NY) using an elliptically p-polarized (~85%)
beam. The beamline is equipped with a monochromator and a 1200
L/mm grating that provides a full-width at half-maximum resolution
of better than 0.1 eV at the carbon K-edge (285 eV). The
monochromator energy scale was calibrated using the 285 eV C 1s
— 7* transition on a graphene grid while partial electron yields were
divided by the beam flux of a gold grid during data acquisition. A
detector with a bias voltage of —150 V monitored partial electron
yields. All samples were mounted to allow rotation about the vertical
axis, thus allowing the NEXAFS angle, the angle between the incident
X-ray beam and the sample surface, to change. Previously, we ruled
out the possibility of beam damage by repeatedly scanning between
the 280—290 eV energy range while monitoring the partial electron
yield at 285 eV. No changes in the spectra were observed within 15
min, which exceeded the exposure time in the longest carbon scan.

B RESULTS AND DISCUSSION

NEXAFS Analysis of Asphaltenes Interacting with C12
and COOH SAMs. The structure of the model asphaltenes
when bound to hydrophobic and hydrophilic SAMs was
probed by NEXAFES spectroscopy. Carbon K-edge spectra
recorded at 90° and 20° for asphaltenes bound to COOH
SAMs are presented in Figure 2. The neat COOH spectrum
displagrs all expected resonances for a mercaptoundecanoic acid
SAM.*® A sharp resonance near 288 €V and a shoulder near
286 eV can be assi§ned to a convolution of 7*C=0 and
0*C—H transitions.””*® Broader resonances at higher photon

—20° 90° Carbon K-Edge Difference Spectra
COOH
C=Qn* 1,6DIEtPy[Bu-Carb]
8 | C=Cn*
>
B
s *
£ C-Co"  AcChol-Ph
£ C-Hg A S
S
z
AcChol-Th
280 290 300 280 290 300

Photon Energy (eV)

Figure 2. (left) NEXAFS spectra recorded at 90° and 20° X-ray
incidence angles for COOH SAM with and without exposure to
asphaltene model compounds. (right) Difference between the 90° and
20° NEXAFS spectra.
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energies can be assigned to C—C and C—O moieties within
the SAMs. A very weak peak at ~285.2 eV is also observed.
This peak is tentatively assigned to an excitation into alkane—
substrate orbitals.””>°

Angle-dependent variations of the spectral intensities, the so-
called linear dichroism of X-ray absorption, is an effective
probe of molecular alignment. The positive dichroism
observed for the C—H resonance and the corresponding
negative dichroism for the C—C transitions, also highlighted
in the difference spectra (Figure 2), clearly show that, as
expected, the COOH SAMs are well-aligned and the chains
oriented upright. The strong negative feature related to the
terminal carboxyl group shows that the C=0O bond is pointing
away from the surface and aligned with the alkyl chains.

Upon exposure to model asphaltenes, all COOH SAM
spectra exhibit a significant 7*C=C resonance near 285 eV
related to the aromatic bonds. AcChol-Th shows an additional
shoulder near 285.5 eV, likely related to the thiophene ring.
Since COOH SAMs do not contain aromatic groups, this
clearly shows the presence of asphaltenes on the SAM surfaces.

The intensity of the #*C=OQ feature decreases for all
COOH SAM/asphaltene assemblies, which indicates that the
relative amounts of molecules at the surface without C=0
bonds have increased, again confirming asphaltene binding.
Interestingly, the dichroism related to the C=0 bonds is also
significantly reduced. The disturbance of the order of the
carboxyl groups at the SAM surface is direct evidence for
interactions of asphaltenes with the outermost SAM region,
such as intercalation, steric repulsion, and charge interactions.
The dichroism related to the C—H moieties remains largely
unchanged for 1,6-DiEtPy[Bu-Carb] and AcChol-Th SAM,
but it is reduced for binding the AcChol-Ph model
asphaltene—a clear indication that the phenyl functionality
disturbs the order of the alkyl chains, likely by penetrating
partly into the SAM structure.

There is only a small dichroism observable for the aromatic
systems associated with asphaltenes. This can be explained by a
combination of an inhomogeneous orientation of asphaltenes
on the surface and the inherent distribution of the orientations
of the aromatic system within the asphaltene molecules. For
1,6-DiEtPy[Bu-Carb], a weak positive dichroism is detected,
which indicates a slight predominance of ring-plane
orientations perpendicular to the surface. AcChol-Th, on the
other hand, displays a weak negative dichroism for the pre-
edge 7* resonance, which points to a more flat adsorption
geometry of the ring planes.

The spectra for C12 SAM with and without exposure to
model asphaltene compounds in Figure 3 show all expected
transitions for an alkyl thiol SAM on gold: a narrow feature
near 286 eV is assigned to C—H moieties, and the broader
06*C—C resonances are also observed. The spectral dichroism
is indicative of a well-aligned alkanethiol SAM with an upright
orientation: a positive dichroism for the C—H-related peaks in
combination with a negative feature for the C—C bonds.”' ~**
After exposure to the asphaltene solutions, the spectra remain
virtually unchanged. No additional surface species are detected,
and the SAM structure is not affected by the interaction with
the asphaltene solution. The NEXAFS results would have
revealed any disturbance of the alkane chains by asphaltene
interaction. Based on the fact that the SAM spectra remain
unchanged, it can be concluded that these model asphaltenes
are not strongly interacting with the hydrophobic C12 SAM.
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Figure 3. (left) NEXAFS spectra recorded at 90° and 20° X-ray
incidence angles for C12 SAM with and without exposure to the
asphaltene model compounds. (right) Difference between the 90° and
20° NEXAFS spectra.

XPS of Adsorbed Asphaltenes on C12 and COOH
SAMs. High-resolution C 1s XPS spectra of the SAMs and
adsorbed asphaltenes to the SAMs are presented in Figure 4,

T T T T
COOHXPS: C 1s C12XPS: C 1s
1,6-DiEtPy[Bu E:ELA 1,6—DiEth[Bu-CarE/\\
S |AcChol-Ph AcChol-Ph
s
K}
=
3
o
o
AcChol-Th A AcChol-Th ‘/\
PR | L PR | n
20 288 286 20 288 286

Binding Energy (eV) Binding Energy (eV)

Figure 4. High-resolution XPS C 1s spectra (o) of carboxylic acid
(COOH)-terminated (left) and methyl (C12)-terminated (right) self-
assembled monolayers (SAMs) before and after the adsorption of
asphaltenes AcChol-Th, AcChol-Ph, and 1,6-DiEtPy[Bu-carb]. The fit
envelopes (black solid lines) and spectrum decomposition (gray solid
lines) are shown. The spectra are offset for clarity.

along with corresponding fits. The C 1s spectra for the COOH
SAM and COOH SAM with the adsorbed model compounds
contain three distinct features, one at 285.0 eV corresponding
to the C—C bonds from the SAM and asphaltenes, and
higher-energy shoulders at 286.5 eV.** The shoulder can be
assigned to the C—O, C—S, and C—N group. A peak near
288.5 eV can be assigned to the O—C=0 terminal group.”

Here, the C—O and C—S groups can be assigned directly to
the SAM, while after the adsorption of the asphaltenes
additional C—S and C—N bonds are added to the feature at
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Table 1. XPS Determined Elemental Compositions for Asphaltenes on Methyl (C12)- and Carboxylic Acid (COOH)-

Terminated SAMs

sample C 1s atom % (std. dev.”)
COOH SAM 47.8 (1.0)
COOH + AcChol-Th 61.0 (09)
COOH + AcChol-Ph 619 (0.8)
COOH + 1,6-DiEtPy[Bu-Carb] 53.3 (0.4)
C12 SAM 47.9 (1.0)
C12 + AcChol-Th 47.1 (12)
C12 + AcChol-Ph 47.3 (07)
C12 + 1,6-DiEtPy[Bu-Carb] 47.3 (1.2)

std. dev. = standard deviation. n.d. = not detectable.

O 1s atom % (std. dev.)

S 2p atom % (std. dev.) Au 4f atom % (std. dev.)

9.0 (0.3) 1.6 (0.5) 416 (1.2)
9.0 (0.5) 0.5 (0.5) 29.5 (0.3)
8.2 (0.6) nd. 29.9 (0.5)
9.2 (0.7) 0.8 (0.8) 36.7 (0.2)
nd? 1.8 (0.6) 50.3 (0.6)
nd. 0.9 (0.9) 52.0 (0.6)
n.d. 1.9 (0.1) 50.8 (0.7)
nd. 1.0 (0.9) 51.7 (1.4)

286.5 eV, and carbon—carbon type bonds are added to the
feature at 285.0 eV. The C 1s spectra for the C12 SAM and
C12 SAM with adsorbed asphaltenes contain two distinct
peaks, one at 285.0 eV corresponding to the C—C bonds from
SAM and asphaltenes and one higher-energy shoulder at 286.5
eV.>> The higher-energy feature can be assigned to just the
C—S of the SAM. The S 2p spectra for each of the SAM types
(Figure S1), COOH and Cl12, exhibit a single S 2ps, ),
doublet. The binding energy position of the S 2p;,, component
at ca. 162.2 eV is characteristic of thiolate-type sulfur bonded
to a metal such as gold.36 Furthermore, there are no traces of
unbonded or oxidized sulfur in the spectrum.

XPS was also used to determine the elemental compositions
of the SAMs and asphaltene compounds adsorbed to the SAM
surface. These data are presented in Table 1, and survey
spectra are presented in Figure S2. The surface composition
shows the presence of carbon, sulfur, and gold (from the
underlying substrate). However, only the COOH SAM-
containing samples have detectable oxygen. Furthermore,
only the COOH SAM showed a change in the surface
elemental composition upon exposure to asphaltene solutions.
The C12 SAM remained constant for every sample, indicating
no adsorption of asphaltenes to the C12 SAM surface. For the
COOH SAM and adsorbed asphaltenes, AcChol-Th and
AcChol-Ph showed similar atomic percent changes in C 1s and
the substrate Au 4f emission, while 1,6-DiEtPy[Bu-Carb] has
the least amount of C 1s of the asphaltenes.

To determine the amount of asphaltenes on the surface of
the SAMs, the overlayer XPS C 1s data of the SAMs with
adsorbed asphaltenes were normalized to the C 1s XPS data of
just the SAMs.”” This utilizes the concept of inelastic mean
free path (IMFP), whereby X-rays can penetrate deep into the
sample while only electrons, without energy loss, typically
originatin% from the outermost 8 nm of a surface, are
detected.”® For the asphaltenes adsorbed to the SAM surface,
the intensity of the Au 4f will decrease because the only source
of Au 4f is from the substrate, and as the asphaltene overlayer
becomes thicker, fewer emitted gold electrons will be recorded.
The normalization was done by applying eq 1, and the data are
recorded in Table 2. The normalized COOH SAM C 1s with
adsorbed asphaltenes, which is a direct measurement of the
amount of asphaltenes adsorbed to the surface of the SAMs,
indicates that both the AcChol-Ph and AcChol-Th have about
58% more carbon on the surface compared to 1,6-DiEtPy[Bu-
Carb], indicating that more asphaltenes are adsorbed to the
SAM surface. No change in the C 1s of the C12 SAM after
being in the solution of asphaltenes indicates that no
asphaltene adsorption to the C12 SAM surface occurs. The
effective overlayer thickness, apart from the composition
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Table 2. Normalized XPS Determined Carbon Content and
Calculated Layer Thicknesses of Asphaltenes on Methyl
(C12)- and Carboxylic Acid (COOH)-Terminated SAMs

normalized C Is atom % layer thickness [A]

sample (std. dev.?) (std. dev.)
COOH + AcChol-Th 27.1 (1.5) 7.4 (03)
COOH + AcChol-Ph 27.6 (1.6) 7.1 (03)
COOH + 1,6- 112 (16) 2.7 (03)

DiEtPy[Bu-Carb]

C12 + AcChol-Th —2.4 (1.7) 0
C12 + AcChol-Ph ~1.0 (1.5) 0
CI2 + 1,6-DiEtPy[Bu- ~1.9 (2.1)

Carb]

“std. dev. = standard deviation.

analysis, can be determined based off the intensities from the
C 1s and Au 4f ratios using eq 2 and previously reported
attenuation lengths.””*” Following the procedure, we obtain
average thickness values for the asphaltenes adsorbed to the
COOH SAM of 7.4 + 0.3 A for AcChol-Th, 7.1 + 0.3 A for
AcChol-Ph, and 2.7 + 0.3 A for 1,6-DiEtPy[Bu-Carb]. From
this, we observe that subtle differences in molecular structure
between AcChol-Ph and AcChol-Th do not significantly affect
the average thickness. The schematic of asphaltene adoption
can be seen in Figure S. Both AcChol-Th and AcChol-Ph have
similar dimensions, approximately 13 A by 20 A. Thus, for a
dense upright orientation, the layer thickness measured by XPS
would be either approximately 13 A if the asphaltene was lying
on its long axis or 20 A if on the short axis. Combining the XPS
results with NEXAFS, AcChol-Ph (Figure Sb) must lie on its
long axis and partially penetrate into the SAM, while AcChol-
Th (Figure Sc) must lie on its short axis with a nearly flat
orientation to the SAM surface. The 1,6-DiEtPy[Bu-Carb]
asphaltene (Figure 5d) has dimensions of approximately 11 A
by 23 A, and thus, to satisfy the XPS layer thickness for a
monolayer on the COOH SAM surface, the asphaltene must
be lying very nearly parallel to the surface of the COOH SAM.
The other possible configuration could be a bent structure,
where the two pendant carbazole moieties can freely rotate
around the butyl links of the asphaltene, and the central pyrene
structure can lie parallel to the COOH SAM surface. From the
NEXAFS spectra, the asphaltene ring structures were
determined to have a slight preference for a perpendicular
orientation. Together, this strongly supports the bent structure
conformation of the asphaltene, where the central pyrene
structure can lie flat on the surface of the COOH SAM, and
the two pendant carbazole moieties can be perpendicular to
the surface so that the XPS thickness of 2.7 + 0.3 A is satisfied.
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Figure S. Simplified schematic for asphaltene adsorption onto COOH and C12 SAMs. (a) No asphaltene adsorption onto C12 SAM. (b) AcChol-
Ph partially inserted into the COOH SAM and lying on its short axis. (c) AcChol-Th strongly tilted toward the surface of the COOH SAM. (d)
The 1,6-DiEtPy[Bu-Carb] asphaltene has dimensions of approximately 11 A by 23 A, and thus, to satisfy the XPS layer thickness for a monolayer of
the COOH SAM surface, the asphaltene must have a strong tilt toward the surface of the COOH SAM.

The adsorption and positioning of natural asphaltene
molecules at interfaces have been debated from having large
aromatic cores parallel to interfaces to molecules positioned
perpendicular to the interface.”* Some of this apparent
discrepancy is mainly due to the large geochemical variability
in composition, molecular structure, and the observation that
the molecular nature of adsorbed asphaltenes is different from
the asphaltenes in bulk."" Much interpretation has been based
on interfacial tension analysis using the Gibbs—Langmuir
approach estimating an average occupied area/molecule and
the analogy with simple molecules.”” The latter may, even for
simple molecules, show that simple polyaromatics are not
adsorbed with the aromatic sheet parallel to the water—oil
interface but is positioned in some angular ordered fashion.*
Likewise, asphaltenes may be positioned very differently
depegding on molecular architecture as reviewed by Sauerer
et al.

B CONCLUSIONS

In summary, the data allow the conclusion that model
asphaltenes AcChol-Th, AcChol-Ph, and 1,6-DiEtPy[Bu-
Carb] adsorb to hydrophilic COOH SAM surfaces via three
different interactions, whereas asphaltene adsorption to
hydrophobic C12 SAMs is not detected. Our results
demonstrate the need for studying pure quasi-asphaltene
constituents, as shown by AcChol-Ph, AcChol-Th, and 1,6-
DiEtPy[Bu-Carb], which each have different binding motifs
when bound to the model COOH SAM substrate even though

9790

they are all, relatively speaking, from the same family of
asphaltene molecules. This strongly supports the hypothesis
that, with the low solubility of the asphaltenes in n-alkanes, one
should expect that the dense CH,/CHj; environment will have
no significant repulsive interaction with the asphaltene
molecules. Furthermore, our work here demonstrates how
crucial it is to avoid corrosion on the metallic (often iron) well
surfaces, as the presence of oxygen yields a surface that
aromatic asphaltenes can easily stick to. This initial layer of
asphaltenes may attract other asphaltene aggregates, creating
an expensive problem for oil wells.
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