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ABSTRACT

Asphaltenes are a group of exotic hydrocarbons found in bitumen and other forms of heavy crude oil derivatives.
These hydrocarbons, with elusive chemistry, give crude oil derivatives (CODs), such as bitumen, its characteristic
properties. In bitumen, they form stable aggregates by interacting with other molecules, called asphaltene ag-
gregates. Attempts have been made to enhance bitumen with nanoparticles, like graphene derivatives. Such
studies have been successful in displaying the enhanceability of bitumen, but no studies have been directly
focused on how the structural stability of asphaltene aggregates present in bitumen is affected by the incorpo-
ration of nanoparticles. The phase stability of the asphaltene aggregates is a pertinent question, which is often
ignored. In this study, we investigate the physical impact of incorporating graphitic nanoparticles on the
structure of bitumen. For this, we utilise graphene oxide (GO). GO is a form of polyaromatic nanoparticle with a
similar structure to asphaltenes, such that both have molecular defects induced by heteroatoms. We have
experimentally investigated the structural stability of the asphaltenes, using XPS, XRD and SEM-EDX to elucidate
the interaction between asphaltenes and GO, and its implications for the stability of bitumen used for e.g., the
surface layer of roads. In roads, asphaltene aggregates exist as stable structures, until GO has been introduced.
The experimental results show that the introduction of GO initiates destabilisation of the asphaltene aggregates,
and we discuss the destabilisation mechanism in this paper. Thereby, we conclude that counter intuitively, the
introduction of graphene or GO has a negative impact on the structure of bitumen, thus hindering any functional
enhancements to bituminous roads.

Abbreviations: GO, graphene oxide; DBSA, dodecylbenzene sulfonic acid; SEM, scanning electron microscope; EDX, Energy-dispersive X-ray spectroscopy; XPS, x-
ray photoelectron spectroscopy; TLC-FID, thin layer chromatography- flame ionisation detection; XRD, x-ray diffraction; FTIR, fourier-transform infrared spec-
troscopy; CNAGC, critical nanoaggregate concentration; CCC, critical clustering concentration.
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1. Introduction

Bitumen is a well-known and comprehensively studied colloidal
system, with a viscosity of nearly a million pascal-seconds (Pa's) [1].
However, even with such a high viscosity, bitumen is a fluid. One
important component in bitumen is the asphaltenes, which exists in the
form of stable aggregates [2]. Asphaltenes are a class of complex poly-
aromatic hydrocarbons and a naturally occurring graphitic structure
with molecular defects, including heteroatomic and other basic sites [3].
Despite that asphaltenes have been widely studied, their precise struc-
ture is still a subject of debate [4-6]. Researchers have used character-
isation techniques such as spectroscopy, diffraction, microscopy and
chromatography to characterise the structure of asphaltenes [7-23]. The
results indicate 3 possible chemical network structures, the so-called 1)
island ii), archipelago and iii) aryl-linked structures, where the domi-
nant network structure is the island structure with minor fractions of the
archipelago and aryl-linked structures [5].

In a recent publication, Chen et al. [5], presented atomic force mi-
croscope images of the island structure of asphaltenes. The results
indicate that asphaltenes have a single polycyclic aromatic structure
with an average size of 7 rings, where about 50% of the asphaltene
structure is aromatic while the remaining of the structures are alicyclic
and open-chain aliphatic, with alkanes existing in the form of
end-functionalised structures [5]. In addition, mass spectroscopy studies
have shown that asphaltenes have a high concentration of heteroatoms,
probably the highest of any petroleum fractions [10-14]. The hetero-
atoms, consisting of carbon (C), hydrogen (H), oxygen (O), nitrogen (N)
and sulphur (S), are predicted to exist as CHO, CHOS, CHNO and CHNOS
molecular series, with an average H/C ratio of 1.75 and a C/O ratio of
0.15 [10-14].

Critical nanoaggregate concentration (CNAC) and critical clustering
concentration (CCC) have been used as thresholds to predict the ag-
gregation behaviour of asphaltenes [5,22-29]. It is highly likely that
these asphaltenes form layered structures through mutual interaction to
form nanoaggregates [5]. These nanoaggregates have a size of approx-
imately 2 nm and are formed when an asphaltene aggregation number of
about 7 molecules is reached. It is also displayed through experimental
examination that the nanoaggregates form clusters on a longer length
scale of about 5 nm when they reach an aggregation number of nearly 10
nanoaggregates. When the cluster size exceeds the CCC, there will be a
phase separation.

In crude oil, the asphaltene nanoaggregates interact with less polar
molecules called resins, that act as surfactants, to form larger aggregates
structures, i.e., asphaltene aggregates. The stability of the asphaltene
aggregates is, except for the interaction with resins, also associated with
the solubility parameter, evolution of violates, the ratio of other mole-
cules to asphaltenes (other crude oil fractions) [27-29]. Thus, by
inhibiting the asphaltene growth, more “stable aggregates’” can be
produced [5,30,31]. The stability of asphaltene aggregates is crucial for
the structure, and thereby also for the properties of the bulk material, i.
e., bitumen. Bitumen is the name provided to identify a specific ratio of
saturates, aromatics, resins and asphaltenes, the so-called SARA frac-
tions [2]. With its high viscosity, bitumen is the most viscous crude oil
derivative (COD), categorising it as a heavy COD [1]. It is the asphaltene
aggregates that mainly contribute to the viscosity of heavy CODs.

The production and transportation of heavy CODs, such as bitumen,
has become increasingly important [32-44]. Since, bitumen is strongly
adhesive and resistant to water it is commonly used as the surface layer
of roads. To be able to transport bitumen, and for workers to be able to
lay roads, bitumen has to be less viscous. This means that bitumen has to
be maintained at high temperatures (150-180 °C) and, consequently,
produced close to the working site. This processing/transporting tech-
nique is therefore both energy demanding and inefficient.

In general, two methods are used as an alternative to the conven-
tional transportation method. Those are deasphalting and emulsification
[32]. By deasphalting heavy CODs, larger structures, such as asphaltenes
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are removed to reduce the viscosity [32-37]. However, heavy CODs
such as bitumen obtains its wanted properties, e.g., viscosity and
viscoelasticity, from the asphaltene aggregates [32], and by the removal
of the asphaltenes, its most important properties are lost. In emulsifi-
cation, the heavy CODs are dispersed in water as droplets stabilized by
surfactants [33], which results in a reduction of the viscosity. In this
case, the asphaltene aggregates contribute to forming stable water-in-oil
emulsions [32-37]. The formation of a viscoelastic, physically
cross-linked asphaltene aggregate network at the water/oil interface
determines the stability of these emulsions [36].

Polymers, surfactants, ionic liquids and nanoparticles have been
used to stabilise such emulsions [32-47] by tailor the stability, size and
surface characteristics of the water-in-oil emulsions [44-47]. The typical
properties of nanoparticles, such as high surface area, high thermal and
mechanical stability, good mobility in porous media and turnability for
task-specific needs have made them attractive components in emulsions
for applications [38-47]. The most commonly used nanoparticles ranges
from inorganics, organic-inorganic and organic nanoparticles and
include, for example, silica-based particles, NiO/poly (DVB) HIPE,
iron-oxide/Chitosan, NiO/ZSM-5a, NiO/AIPO-5, Cardanol/SiO2, carbon
nanotubes (CNTs), iron oxide-CNTs and graphene oxide (GO) [32,33,36,
38-47]. In, for instance, the crude oil industry, organic nanoparticles,
such as CNTs and graphene, have been used to induce an adsorption of
asphaltenes [36].

From a molecular dynamic (MD) simulation it was demonstrated that
n — w interactions, i.e., attractive, noncovalent interactions between
aromatic rings, between asphaltenes and carbon nanotubes are the main
reason for asphaltene adsorption on the nanoparticles [36]. The same
kind of interaction also occurs for graphene, due to graphene’s delo-
calised = orbitals [48].

As described above, in saturates, asphaltenes form asphaltene ag-
gregates by interacting with amphiphiles such as resins [2-4,49-65].
The amphiphiles stabilize the asphaltene nanoaggregates by inhibiting
the growth of asphaltene clusters and producing asphaltene aggregates
with adsorbed amphiphiles on the surface through an acid-base inter-
action [49-65]. The asphaltene cores self-assemble through = — =©
stacking, forming the nanoaggregates. These asphaltene nanoaggregates
interact with less polar aromatic fractions in crude CODs, through
hydrogen bonding and polar-polar interactions, to form stable struc-
tures. Resins (amphiphiles) along with aromatics (organic solvents)
function together to help stabilize asphaltenes [49-65]. Asphaltenes
stabilized by both these mechanisms are dispersed in the saturate phase
of bitumen. It is this that leads to the complex nature of bitumen [1].

Recent studies have indirectly displayed the ability of GO to interact
with asphaltenes in water-in-oil emulsions [38-43]. GO and asphaltenes
have a similar structure, a graphitic structure with molecular defects.
However, while asphaltenes are naturally occurring, GO is produced by
introducing defects to a pristine graphitic structure, such as graphene.
GO is a metastable derivative of graphene with induced defects in which
the sp2 hybridised state is transformed to a sp3 hybridised state [48]. In
GO, oxygen and carbon bond to form i) epoxy bridges and ii) hydroxyl
groups in the bulk, and iii) pairwise carboxyl groups on the edges, and
iv) islands of monoatomic thick graphitic domains [48]. This trans-
formation makes GO both reactive and polar. This means that apart from
the n — m interaction of graphene, GO can also form hydrogen bonds and
dipole moments with other molecules.

The effect of the introduction of graphitic particles on crude oil
emulsions have been experimentally displayed [38-43]. In addition,
calculations and simulations [41-43] have been performed to theorize
the possible mechanism for demulsification of crude oil emulations. The
general conclusions drawn from the results obtained by these studies, is
that asphaltenes at the oil-water interface adsorb onto GO surfaces
through an acid-base interaction, which causes an increase in the
interfacial tension and eventual a phase separation of the emulsion.

Given the importance of asphaltene aggregates for the properties of
bitumen, the adsorption of asphaltene aggregates onto GO and other
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graphitic derivatives leads to three important questions.

a) The adsorption of asphaltene aggregates onto GO, does it have any
impact on the structural reversibility of asphaltene aggregates?

b) What is the impact of adding GO as a demulsification agent to
bitumen, and, in the long term, does it have any influence on the
structure and properties of bitumen, post demulsification [32,33,36,
38-47]?

c) If adding GO (or other graphene derivatives) lead to the removal of
asphaltenes [38-47], through the adsorption onto GO, how does it
then come that many researchers have reported an improvement in,
for instance, thermal and mechanical properties of bitumen [66-77]?

To further elaborate, if nanoparticles, such as GO, can create a more
favourable microstructure in bitumen, it could lead to superior appli-
cations. By this, large amounts of money, energy and resources can be
saved since GO can first act as a demulsification agent and then proceed
to form a favourable microstructure. Thus, it would allow engineers to
extend properties like the durability, mechanical properties and thermal
conductivity. On the other hand, if the normal asphaltene aggregate
structure in bitumen is destroyed by phase separation and/or irrevers-
ible adsorption onto GO, then the entire function of bitumen will be lost
as asphaltenes are the subfraction in bitumen that predominately in-
fluence the properties of bitumen.

A theorized model for the GO adsorption mechanism, based on the
three points above, can have significant implications on the potential
use of GO as a demulsification agent in bitumen-water emulsion and/or
as a bitumen modifier. Thus, it is important to experimentally observe
the theorised adsorption of asphaltenes on GO. It is equally significant to
examine the reversibility and characteristics of the potential adsorption.

It should be noted that like asphaltenes, resins are chemically com-
plex. Therefore, resins are often replaced by other simpler chemical
molecules, of which 4-Dodecylbenzene sulfonic acid (DBSA), which is an
acid of linear sodium dodecylbenzene sulfonate, is the most commonly
used surfactant [49]. DBSA is an alkyl aryl sulfonate with a hydrophilic
sulfonate acid and a 12-carbon tail [49]. It has previously been stated
that the sulfonic acid head of DBSA will strongly interact with asphal-
tenes [49,51] and that, in non-polar solvents such as oils, electrostatic
forces between the two species will dominate over other forms of in-
teractions. Extracted asphaltenes can be redispersed with DBSA to pro-
duce an asphaltene aggregate system. DBSA reveals its effective
amphiphiles for interaction with asphaltenes by an acid-base interac-
tion. Numerous publications have shown that DBSA is more efficient in
the interaction with asphaltenes compared to naturally found molecules
in bitumen (such as resins)[49-65].

When DBSA molecules are dispersed in polar solvents, they will
deprotonate. This leads to the formation of dodecyl benzenesulfonate. In
such circumstances, polar—polar interactions, © — = stacking, hydrogen
bonds, and tail—tail interactions will become the main driving forces
[62]. Bin Jiang et al. [62], postulate in their model that ionized DBSA
can reduce asphaltene nanoaggregate clusters to monomeric cores,
while Al-Sahhaf et al. [63], reported that a drastic increase in the
amount of heptane is required to destabilize asphaltene aggregates
produced by non-ionic DBSA. High-resolution transmission electron
microscopy (HR-TEM) images of asphaltene aggregates by Goual et al.
[49], show evidence of inverse prolate filament like aggregates at a
concentration of 1000 ppm of DBSA. At a concentration of 10000 ppm of
DBSA, these aggregates form long-range agglomerates [49]. In their
work, Mahmoud Alhreez et al., [64] used a fraction of 4% DBSA and
performed XRD and TEM analysis to display the size and characteristics
of the asphaltene aggregates formed. Therefore, the same volume frac-
tion of DBSA was also used in this study.

In this work we have experimentally investigated the theorized effect
[38-43] of GO on asphaltene aggregates and the implications for the
structural properties of bitumen. However, in order to experimentally
study the effect of GO on the asphaltene aggregates (and then the
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implications for the properties of bitumen), it is necessary to isolate the
influence of GO on the pure water-free asphaltene aggregate system.
Therefore, the n-heptane insoluble asphaltene fraction (C7) was
extracted from bitumen and used in the sample preparations [3,5,23,24,
28]. It should be noted that the extracted asphaltene fraction is proposed
to exist in a low energy state, i.e., in the form of nanoaggregates [2-6].
From the results it is obvious that asphaltenes adsorb on GO irreversibly
and thereby GO will cause detrimental effects of bitumen properties,
although the high viscosity of bitumen makes the physical interaction
between GO and asphaltenes difficult to observe on a macroscopic scale.

2. Experimental section
2.1. Materials

For this study, M-grade XGnP graphene nanoplatelets (GnP), pur-
chased from XGScience were used. The GnP has a surface area of
120-160 m2g™, a thickness of 6-8 nm, a density of 2.2 kgem™ and a
diameter of 25 um. Bitumen, obtained from Skanska Sweden AB, was
used as a source for the asphaltene aggregate extraction. Analytical
grade n-heptane (99.9%), n-hexane (99.9%), toluene (90%), hydro-
chloric acid (35%), potassium permanganate, sodium nitrate, sulfuric
acid (95-97%) and hydrogen peroxide (35%) were purchased from
Sigma Aldrich and Fisher Science.

2.2. Asphaltene nanoaggregate extraction

In order to increase the asphaltene content before the extraction,
bitumen was aged in a so-called rolling thin-film oven test (RTFOT)
setup [78] at 180 °C for 50 min. The aged bitumen was then heated and
poured into an Erlenmeyer flask and weighed. Thereafter, n-heptane
was added in a ratio of 100 ml to every 1 g of bitumen. A magnetic
steerer was placed in the flask and the flask was subsequently placed in a
sand bath. The entire set up was placed on a heating/magnetic steering
plate and a Dimroth reflux condenser was placed on top of the Erlen-
meyer flask, and then the entire setup was sealed using a lab clamp. After
this, the reflux condenser was connected to a water supply with
appropriate pressure. The bitumen solution was then heated to 95 °C
and allowed to steer for 1 h, and the heater was thereafter turned off.
The solution was poured into a 30 ml conical centrifuge tube and
centrifuged at 4000 rpm for 5 min using a Sigma 4-16 centrifuge. The
solution was decanted, and the precipitate was air dried for 24 h to
ensure that the extracted material was completely dry of any solvent,
including toluene and water molecules.

2.3. Preparation of GO

Graphite platelets (25 pm) were exfoliated using a shear-mixer. The
shear-exfoliated graphite was converted into GO using the so-called
“modified Hummers method”. Accordingly, 0.5 g graphene was mixed
with 3 g potassium permanganate and 0.5 g sodium nitrate in the
presence of 23 ml sulfuric acid and steered in an ice bath for 4 h. After
which 46 ml of di-ionized water was introduced and the mixture was
steered at 98 °C for 2 h. The mixture was thereafter allowed to cool, and
100 ml of sulfuric acid was then added. Thereafter also 50 ml of
hydrogen peroxide was added. This mixture was thereafter filtered and
5% HCIl was poured on the GO filter until the pH was neutral. A 20 pm
filter was used post neutralisation to collect only larger flakes of GO
from the dispersion.

2.4. Preparation of asphaltene aggregate system

0.5 g of 1 g/ml of DBSA was dispersed in 10 ml saturates to produce a
micelle precursor with ~ 4.7% v/v (1:20 DBSA: saturates). 5 mg of
asphaltene was dispersed in 1 ml of toluene. The dispersant was soni-
cated, centrifuged and dried under reduced pressure. Asphaltene was
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thereafter dispersed in 5 ml of the DBSA micelle precursor. 5 mg of
asphaltene was dispersed in 5 ml of the micelle precursor. The sample
was vigorously shaken and sonicated for 15 min to produce the
asphaltene aggregate system used for the experiments.

2.5. Preparation of GO incorporated asphaltene aggregate system

10 mg of GO was dispersed in 10 ml of methanol and sonicated for
45 min in a water bath, and thereafter centrifuged at 4500 rpm for 5
min. The process was repeated twice, and GO was then dried under
reduced pressure to remove any residual water. A mixture of GO and
asphaltene aggregates were prepared (with the same mass fraction as
used in Section 2.4), by adding GO to 5 ml asphaltene aggregate system.
The sample was vigorously shaken and sonicated for 15 min and then
used for the experiments.

2.6. Transmission light microscopy

The transmission light microscopy was performed by an Olympus
BX53 microscope. Prior to each measurement, a smaller amount of the
asphaltene aggregate and the precipitate samples were placed on a glass
slide. The microscope was operating in the transmission mode at an
ambient temperature. Magnifications of 2X, 10X, 20X and 50X were
used to observe the samples. In addition, brightfield, phase contrast, and
polarised light modes were used for the measurements.

2.7. SEM-EDX imaging

A JEOL JSM 7800 FPrism (field emission gun) SEM was used for
microscopy analysis. For these measurements, specimens were dispersed
in hexane and washed 3 times to remove any residual saturates. The
washed samples were dispersed on an activated silicon substrate and air
dried before loading the sample into the microscope. The samples were
analysed with an accelerating voltage of 2.5 kV. A lower electron de-
tector was used to obtain the electrons generated in the secondary
electron analysis.

EDX is a method to analyse surface elemental composition. The
technique is based on the Ka radiation of the elements, which means that
an accelerating voltage of the electron gun has to be higher than the
elements of interest. However, to analyse elemental sulphur on the
surface of the agglomerate, the accelerating voltage of the electron gun
has to be higher than 2.307 kV because sulphur has a Ko of 2.307 kV
(carbon = 0.277 kV, nitrogen = 0.392, and oxygen = 0.523 kV). This
leads to two disadvantages. One is that long exposure times can lead to
the sample burning. The second, and more important, is that the X-rays
penetrate sub-surface layers. This implies that the EDX maps of the el-
ements will be analysed from the surface and sub-surface layers of the
precipitate.

2.8. X-ray diffraction

Samples were scanned using a Bruker D8 HRXRD. A PSD-LynxEye
detector was used for acquiring the signals. All samples were in the
form of a powder and placed on a silicon wafer. The scans were per-
formed for 26 between 5° and 70°, with a step of 0.04° and a scanning
time of 5 s/step. The sample holder was rotating at 15° per scan. The
emission gun had a Cu source with a characteristic wavelength of 1.5 A.
The electron gun was set to 40 kV and 20 mA. The baseline was sub-
tracted from each scan.

2.9. XPS measurements

A PHI5000 VersaProbe III- Scanning XPS microprobe was utilised to
study the samples. For the measurements a monochromatic Al source
with an energy of 1486.6 eV and a beam size of 100 um was applied.
Dual charge compensation or argon ion gun (+ve) and electron
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neutraliser (-ve) were used because the samples were non-conductive.
The system was aligned with Auaf;,2 (83.96 eV), Agsds,2 (368.18 eV)
and Cuyps,2 (932.62 eV) and the measurements with the sp2-hybridised
carbon in graphene at 284.5 eV. Two scanning modes were used. The
survey scan was performed from 0 to 1399 eV with a step size of 1.0 eV
and a narrow scan was performed to study the chemical state of each
element. The measurements were performed with a step size of 1.0 eV.
Separate samples were prepared to study adsorbed asphaltene and
adsorbed DBSA on GO. This was done to avoid signal overlap from
asphaltene and DBSA because of the beam size. 4 samples were
measured, i) GO, ii) GO deposited with DBSA, iii) GO deposited with
asphaltenes, and iv) asphaltenes.

2.10. Experimental flowchart

The procedure of the sample preparation is shown in Fig. 1 as a
flowchart. The different steps are: i). graphene is converted into gra-
phene oxide ii). asphaltene is extracted from bitumen iii). asphaltene
aggregates were produced from saturates, DBSA and asphaltenes, and
iv). graphene oxide was introduced to asphaltene aggregates.

For the study, 6 characterization techniques were used (TLC-FID,
FTIR, transmission light microscopy, SEM-EDX, XPS, and XRD) to obtain
information about the parent material or the prepared samples. The
motivations for utilizing the characterization techniques are presented

Sample Preparation

’ Graphene Bitumen
v
Graphene
Oxide Asphaltene Saturates -
~ e
. .. N s
i). ii). ~

Dried (water/solvent) h 4
free -

iii).

Precipitate

iv).

Fig. 1. A flow chart of the sample preparation. In the study, i). graphene was
converted into graphene oxide, and ii). asphaltene was extracted from bitumen.
Two samples were produced and used in this study iii) asphaltene aggregate
and iv) asphaltene aggregate + graphene oxide.
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Used Characterisation Techniques &
Purpose

TLC-FID : Identify the SARA fractions and the volume

Bitumen .
fraction.

XPS : Elemental composition.
FTIR: Potential compounds and functional groups.
XRD : Structure

Asphaltene >

Graphene
Oxide

XPS : Elemental composition.
FTIR: Potential compounds and functional groups.

Saturates > FTIR: Potential compounds.

FTIR: Functional group.

ion light mi : Stability in saturates.
XRD: Structure

T ission light mi  Stability/phas
separation in saturates.

SEM-EDX: Adsorption of asphaltene aggregates.
XRD: Structure

Precipitate >

Special s

GO-DBSA, in
saturates
GO-

Asphaltene, in {— -
saturates

_, XPS : Adsorbed compounds, and corresponding
functional groups.

Fig. 2. A flow chart of the characterization techniques used in the work and the
expected experimental outcome for each studied sample.

in Fig. 2.
3. Results

In order to verify the preparation procedure, the different compo-
nents for the sample preparations (GO, DBSA, asphaltenes and saturates)
were examined by Thin-layer chromatography (bitumen), ATR-FTIR
(GO, DBSA, asphaltenes and saturates), and XPS (GO and asphal-
tenes). The results are shown in Figs. S1 (Thin-layer chromatography),
S2 (FTIR), and Table S1 (XPS) in the Supplementary Information (SI).
The results from the XPS measurements show (Table S1) the percentage
of elements in GO and asphaltene. Furthermore, FTIR indicate that the
functional groups present in asphaltene, DBSA and GO will play the most
significant role in their interactions, as will be further discussed below.

3.1. Microscopic visualisation of the precipitate

Already a macroscopic visual inspection, shown in Fig. 3, indicates
that an introduction of GO to an asphaltene aggregate system destabil-
ises the structure of bitumen and causes immediate phase separation
through the process of precipitation. From the examination of the
asphaltene sample without GO, by transmission light microscope
(Fig. 3a), it can be observed that for the asphaltene aggregate system, the
image visualises a homogenous system with some small weak black dots
or particles, which are assumed to be the asphaltene aggregates. Due to
the size of these asphaltene aggregates, they were imaged using a
polarised light filter. The asphaltene aggregates is the circular fringe
pattern (ripples) in the image (Fig. 3a). The precipitated structure in the
asphaltene aggregate system (after the introduction of GO) was also
imaged, see Fig. 3d. These images were taken using phase contrast. In
contrast to the observation of the sample without GO (Fig. 3a), large
structures are now observed. These structures do not display any long-
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range order and can be seen to have a size distribution ranging from a
few microns to up to 50 pm. The glowing ring around these structures is
the boundary between the phase separated structure and saturates.

To check the stability of the particles found in the solvent phase of
the precipitated sample (i.e., the asphaltene aggregate system after the
introduction of GO), the samples was centrifuged (at 3500 rpm). From
the images it is obvious that, in contrast to the sample with GO, which is
completely precipitated (Fig. 3f), the sample with only asphaltene
aggregate remained stable (Fig. 3c) This indicates that the particles
found in the solvent phase of the asphaltene-GO sample (Fig. 3d) are less
stable structures compared to that of asphaltenes without GO (Fig. 3a). It
can therefore be stated that, after sufficiently long time, the particles
will precipitate. Thus, already a macroscopic visual inspection strongly
suggests that an introduction of GO to an asphaltene aggregate system
destabilizes the structure of bitumen and causes immediate phase sep-
aration through the process of precipitation.

To get a deeper understanding of the nature of the precipitated
structure seen in the lower panel of Figs. 3(d-f), i.e., the GO-asphaltene
aggregates in the system, SEM imaging was conducted. From the results,
shown in Fig. 4, it can be observed that the precipitated sample contains
large agglomerated structures with smaller particles adsorbed on the
surface, Figs. 4a. Fig. 4c shows that these particles, with a size of less
than 100 nm, have a different contrast compared to the bulk of the
agglomerate. Thus, from this initial observation, it can be predicted that
the large agglomerated structures seen in Figs. 3d and 4 a are sheets of
GO.

To verify these results an elemental analysis, by EDX, of the pre-
cipitate was performed. The results, which are shown in Fig. S3 of SI,
reveal peaks for carbon, oxygen, sulphur, and nitrogen. This finding
together with the results from ATR-FTIR of asphaltene (Figs. S2 of SI),
which showed that nitrogen, oxygen and sulphur compounds are present
in asphaltenes, is a strong indication on that the adsorbed particles are
asphaltene. From Fig. S3 of S, it can furthermore be observed that even
if sulphur peaks are found profoundly on the particles adsorbed on the
surface, they are also found throughout the surface of the agglomerates.
The presence of sulphur on the entire agglomerate surface can be
attributed to two primary sources, asphaltenes and DBSA. The uniform
distribution of sulphur on the surface of the agglomerate is therefore
most likely due to DBSA.

3.2. Surface analysis of particles adsorbed on the precipitate

To reach a deeper understanding of the molecular nature and the
bonds formed by heteroatoms on the precipitate surface also XPS mea-
surements were performed. The results are shown in Fig. 5, where
Figs. 5a and d showing GO, Figs. 5b, e, g and h showing GO-asphaltene,
and Figs. 5¢, f and i showing GO-DBSA. From Fig. 5a there is a strong
indication on that GO exists as a monolayer with a near proportion of
sp2 hybridised carbon (peak1) and oxidised carbon species (peaks 2 and
3).

By comparing Figs. 5a and c it is obvious that after DBSA is added it is
adsorbed on the surface of GO because of the appearance of a
1 — n * satellite (peak 2 in Fig. 5c). Moreover, it can be observed that
oxidised carbon species are not visible in the spectrum of GO-DBSA
(Figs. 5c and f). Instead, a doublet peak appears at 168.8 eV and
169.9 eV, for Sy, from the sulphonic group (peak 1 and 2 in Fig. 5i).

These features in the spectra indicate that DBSA adsorbs on the
surface through the interaction with the delocalised electrons on GO and
the donation of lone pair of electrons between the functional groups on
GO and DBSA. The lack of oxidised carbon species (Figs. 5c and f) and
the appearance of Sy, (peaks 1 and 2 in Fig. 5i) in the GO-DBSA spectra
indicate that DBSA forms a uniform layer when adsorbed on the surface
on GO. This is also the reason for why a uniform elemental sulphur
spectrum is observed on the precipitate in the EDX analysis (Figs. S3 of
SI). Furthermore, XPS is a surface technique that is efficient for up to
10 at. layers, therefore the lack of oxidised carbon species indicates that
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Without GO

After
Centrifugation

With GO

Fig. 3. Transmission light microscopy images of asphaltene aggregate and precipitate (asphaltene aggregate with GO). a) Asphaltene aggregates can be seen as the
circular fringe pattern (ripples) in the image. Due to the size of the asphaltene aggregate, it was imaged using polarised light filter. b) Stable asphaltene nano-
aggregate dispersed in micelle precursor. c) After centrifugation, asphaltene aggregates solution without GO were still stable. d) The precipitate (after the intro-
duction of GO) was imaged under phase contrast. Large structures were observed. The glowing ring around the structures is the boundary between the phase
separated structure and saturates. e) After introduction of GO to the asphaltene aggregate solution. f) After centrifugation, the precipitate in Fig. 2e and the sus-
pension can be seen to completely precipitate.
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Fig. 4. a). SEM image of an agglomerated structure of the precipitate. Asphaltene nanoaggregates are seen to be adsorbed on the surface of GO. b & c). Zoomed in

images of the agglomerate.
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Fig. 5. The narrow scan results of the Cls (a, b, ¢), O1s (d, e, f), Syp (g, i) and N; 5 (h) XPS spectra of C;g: a) GO, b) GO-DBSA, and c) GO-asphaltene. XPS spectra of a
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the adsorbed DBSA is multi-layer thick (Figs. 5¢ and f ).

From XPS it is also revealed that the spectral pattern of the adsorbed
asphaltenes shows an atomic percentage of 74.2% carbon in the C;
state (Table S1 in SI and Fig. 5b), which is a strong indication on that the
adsorbed species are rich in carbon content. Further evaluation of the
spectra also reveals the presence of multiple functional states of C, S, O
and N (Figs. 5b, e, g and h). The spectra also show oxidised carbon

Colloids and Surfaces A: Physicochemical and Engineering Aspects 630 (2021) 127614

species such as O-C=0 and C-O (peaks 2 and 3 in Fig. 5b and peaks 1,2
and 4 in Fig. 5e). Similarly, a sulphonic group (peaks 3 and 4 in Fig. 5g),
thiol (peaks 1 and 2 in Fig. 5g) and secondary amine (peak 1 in Fig. 5h)
were also observed in the spectrum of GO-asphaltene. The observations
of these functional groups are in coherence with the information ob-
tained from the FTIR spectra of asphaltene nanoaggregates (see Fig. S2
in SI).

Without GO I
—— 002-peak
P —— 010-peak
1 —— 011-peak
14 Constructive peak
> ]
» 014
< ]
()] .
- 4
£ i
g .
g
] 0.01—E
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Logyo (q) mm™
Wlth GO — Y-peak
—— 002-peak
—— 010-peak
011-peak
L E Constructive peak
> ]
‘w 0.1
c 3
(] ]
-
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Fig. 6. In the figure a) shows the deconvoluted curve for asphaltenes and b) the deconvoluted curve for precipitate (agglomerated structure).
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A n — & * satellite for the C; spectra of Fig. 5b is also observed,
indicating that the adsorption mechanism of asphaltene on the surface of
GO shows a similar interaction behaviour to DBSA (Figs. 5b and e). Also,
the disappearance of sp2 carbon (Fig. 5b) and the appearance of het-
eroatomic functional groups (Figs. 5g and h) confirm that the adsorbed
particles are asphaltene. Therefore, it can be concluded that both
asphaltenes and DBSA are adsorbed on the surface of GO and that the
particles observed by the SEM images (Fig. 4) on the precipitate are
indeed destabilised asphaltene aggregates.

3.3. Structural evaluation of the precipitate

To further examine the structure of the precipitate shown in Fig. 4,
also XRD was performed on the extracted asphaltene nanoaggregates
and the precipitated structure. The result is shown in Fig. 6. For the
analysis of the experimentally observed peaks we have used previous
designations, where the peaks have been considered as quasi-Bragg-
peaks caused by crystal-like local ordering [49]. Thus, despite that the
true structure is amorphous, with only local structural ordering, as
further evident from the lack of true Bragg-peaks in the experimental
data, this quasi-crystalline designation has been used to describe the
local crystal-like ordering. Thereby, the peaks shown in Fig. 6 have been
deconvoluted with quasi-Bragg-peaks shown in the figure. Thereafter,
Egs. (1) to (5) were used to extract structural information from the curve
fitting. In the Eqgs. (1)-(3), q is defined as the momentum transfer, d is
the real spacing and h, k and 1 are the Miller indices. The distances be-
tween the atoms in the assumed HCP-like (hexagonal closed packed)
structure are determined by a and ¢ (Eq. (2)).

2
q:7ﬂ2sin® (@]
1 4 a 1
— = = (P 4+ +kh)+ (=) |2 2
. 3( + K +kh) + (c) 2 (2)
1 1

3

% B 27qo02

As shown in Fig. 6a (and Fig. S4 of SI for linear scales), the asphaltene
nanoaggregates exhibit the expected characteristic peaks in XRD [64].
The positions and Full Width at Half Maximum (FWHM) of the different
peaks are displayed in Table 1. As shown in the table, asphaltene
nanoaggregates has a distinct graphitic peak for the 002 Miller plain,
which is due to a relatively regular spacing between the aromatic layers.
The 002 peak position can be used to calculate the Miller indices (Egs.
(2) and (3)) of the hexagonal close packing (HCP) carbon structures and
is therefore used to identify the characteristic structure of asphaltene
nanoaggregates [82].

Amongst the peaks, the y-peak is caused by the aliphatic side chains
in asphaltene nanoaggregates, see Fig. 6a. It can be noted that these side
chains are also giving rise to the distinct alkyl C-H peak between
2800 cm™! and 3000 cm™ in the FTIR spectrum (Figs. S2 in SI). Using

Table 1
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Bragg’s law (Eq. (4)) and Scherrer crystallite equation (Eq. (5)), the
aromatic nature of asphaltene nanoaggregates can be calculated, see
Table 1. The 010-peak and the 011-peak in Fig. 6 provide information
about the size and characteristics of the aromatic sheet.

From the position and width of the 002-peak it can be calculated, by
Eq. (3), that there is a distance of 3.26 A between the aromatic sheets in
the asphaltene nanoaggregates, and a cluster diameter (L) of 14.3 A
(Eq. (4)).

0.45

L=
FWHM o,

(€]

The cluster diameter is equivalent with the total thickness of each
asphaltene nanoaggregate. Dividing the cluster diameter (L) by the
spacing (dy) between the aromatic sheets give that the asphaltene
nanoaggregates used in this study have a thickness (M) of about 4 ar-
omatic sheets (Eq. (5)).

LC
M. = dy )

The XRD data on the precipitate, indicates a substantial weakening
and broadening of the 002-peak when GO is added, see Fig. 6b. The peak
position corresponds to a calculated distance between the aromatic
sheets of 2.98 /0\, which is a value below the atomic distance between
two carbon sheets. This observation together with the broadening of the
002-peak is a clear indication that the observed structure becomes more
disordered, both locally and on a longer length-scale, and thereby even
more amorphous in its nature.

From Fig. 6b another observable change is the decrease in the in-
tensity of the y-peak of the precipitate, which can also be associated with
a loss of structural ordering. The GO sheets, onto which the asphaltene
nanoaggregates are adsorbed, may increase the disorder of the asphal-
tene nanoaggregates and thereby result in a decrease of the intensity of
the y-peak. Furthermore, the intensity of the 011-peak is increased for
the precipitate, in comparison with that of the pure asphaltene nano-
aggregates, which often is associated with an increase in anisotropy.
Therefore, this peak may be associated with a reordering of the GO
sheets. Thus, the high aspect ratio combined with the precipitation can
lead to such structural alterations.

4. Discussion

The XPS, XRD and SEM results, along with the visual inspection,
confirm that GO interacts with the asphaltene aggregates in the system.
The size of the deposited asphaltene nanoaggregates and the uniform
layer of DBSA on GO are two interesting observations. It indicates that
both asphaltene and DBSA adsorb on the surface of GO. However, the
DBSA molecules prefer to adsorb on GO over the asphaltene nano-
aggregates. Without DBSA to stabilise, the asphaltene nanoaggregates
self-assembly to form larger structures. These large asphaltene struc-
tures (i.e., the small, adsorbed particles in Fig. 4) will then adsorb on the
surface of GO. A schematic illustration of this scenario is shown in Fig. 7.

Values obtained from the XRD analysis. The table displays the FWHM and the peak position of the gamma peak, the 002-peak, the 010-peak and the 001-peak of both
the asphaltene nanoaggregates and precipitate. The margin for error in the XRD measurements for asphaltenes is comparatively less prominent when compared to
potential variations in sample data (asphaltenes) due to the possible discrepancy in the chemical characteristics of asphaltene from source to source. Due to this, an

error margin of 10% can be accounted for in the data presented in the table.

Peak FWHM (q) asphaltene Peak position (q) asphaltene Peak Intensity sphaltene FWHM (q) Peak Position (q) Peak Intensity
nanoaggregates nanoaggregates nanoaggregates precipitate precipitate precipitate
Y-peak 9.35 14.02 3.23 7.99 13.74 2.04
002- 213 18.10 1.01 4.57 21.26 0.15
peak
010- 8.54 29.64 0.58 8.77 31.07 0.12
peak
011- 14.30 42.46 0.36 4.77 41.92 0.18

peak




G. Induchoodan et al.

Asphaltene

Colloids and Surfaces A: Physicochemical and Engineering Aspects 630 (2021) 127614

After Adding GO

v

After Adding {
o Vo

— Time >
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Fig. 7. From left to right: the stable asphaltene dispersed in the micelle precursor, after introduction of GO to the asphaltene aggregate solution. Asphaltene ag-
gregates are stable while the sample in which GO is added has precipitated. In addition, an illustration of the precipitated structure and the mechanism of desta-

bilisation and precipitation.

From the results, it can be concluded that if GO is added to crude oil or
crude derivatives such as bitumen, the polyaromatic hydrocarbons
(PAHSs) will be adsorbed on the surface of GO and the structure of
asphaltene containing materials such as bitumen will be lost. Depending
on the viscosity and temperature, this could be observed as a phase
separation or local agglomeration [1].

In the absence of GO, the driving force for structural stability be-
tween asphaltenes and DBSA comes from the interaction between the
carboxylic group found on asphaltenes and the sulfoxide group on DBSA
[49-65]. With the introduction of GO, DBSA and asphaltenes will prefer
to accept electrons from GO by forming bonds directly with the
electron-rich functional groups on GO and not between asphaltene and

10

DBSA.
In general, polymers and small PAHs have been shown to adsorb on

the surface of pristine graphene [79,80]. Adsorption of small PAHs on
large graphitic surfaces occurs by offset with the base plane, though
non-covalent interaction [79,80]. In such an interaction, the  orbitals of
GO interacts with the delocalised electrons on PAH structures, such as
asphaltenes, to form n — = system. This interaction will become stronger
if one of the species donates a lone-pair electron to the antibonding
orbitals of the other, as in the case of the GO-asphaltene sample, due to
the functional groups present on GO and asphaltene. As observed by
FTIR and XPS, GO contains functional groups such as hydroxyl and
ketones, which both are good electron donors. Strong acid groups such
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as sulfonic acid and carboxylic acid have high electron affinity, meaning
that the acidic head of DBSA and acid functional groups on asphaltene
can obtain electrons from GO. This occurs through hydrogen bonding,
electrostatic interaction, hydrophobic interaction, and ion bridging be-
tween GO, asphaltene and DBSA. By this mechanism, asphaltene and
DBSA will be able to form layers on top of GO, through the spontaneous
ordering of the molecules at the interface with GO. The observations
from XPS and SEM confirm this argument. Therefore, the mechanism
that causes the GO induced phase separation of the asphaltene aggregate
system is a complex and multistage process, that involves both removal
and re-engagement of bonds. This finding is critical for the under-
standing of the behaviour of asphaltene in bitumen, and thereby also the
properties of bitumen, which to a large extent are lost by the introduc-
tion of GO and the associated phase separation.

Bitumen is dominantly used to construct roads. Most often, bitumen
is heated to temperatures such as 180 °C [1] to reduce its viscosity to
make it suitable for transportation. An alternative to heating is emulsi-
fication [32-37]. However, as mentioned in the introduction, asphal-
tenes contribute to the stabilisation of water-in-oil/water-in-bitumen
emulsions by interacting with water at the interface [32]. From this
study, which is focused on the influence of GO on a pure
water-free/oil-based asphaltenes aggregate system, it is evident that
using GO as an emulsifying agent will cause the asphaltenes in a bitumen
emulsion to be adsorbed on the GO surface. Thus, one finding from this
study implies that the demulsified bitumen will contain irreversible
forms of the structure shown in Figs. 3d-f, instead of the expected
asphaltene aggregates (Figs. 3a—c).

The irreversibility of the precipitated structure was further
confirmed by repeated sonication and centrifugation. Another finding
from this study is therefore an indication on that the agglomerated
structure is detrimental, i.e., it causes a phase separation in which
bitumen loses its asphaltenes and resins. This will directly influence the
structure and function of bitumen, and consequently, cause significant
industrial and commercial losses. For example, while the surface of
asphaltene aggregates is phase compatible with the saturates and aro-
matics present in bitumen, the present results show that the surface of
the agglomerated structure is not. Thus, an effect like in the case of
blending immiscible polymers [81]. So, when the material is under
tribological loading or during long term aging, the surface of roads will
be more prone to dislodging and forming particulate matter [82,83].
These particles can enter air, water or soil to cause detrimental envi-
ronmental impact [84].

When GO is added to bitumen and the temperature is increased the
characteristic viscosity of bitumen is lost and the agglomerates undergo
an irreversible phase separation followed by precipitation, see
Figs. 4d-f. Thus, unlike the asphaltene aggregates, the agglomerate
phase will remain phase separated even after the heat is lowered. This is
a most critical effect as it causes bitumen to lose its characteristic
properties because the asphaltenes and resins will remain adsorbed on
the phase separated agglomerates.

It is well-known that nanoparticles have a high aspect ratio and when
they are introduced in large volumes, they will cause a dominance in the
influence of a material, like the solid phase of bitumen. By incorporating
large volumes of nanoparticles, the solid phase is thus expected to in-
crease [66-77]. By using characterisation methods focused on macro-
scopic properties of the bulk material, e.g., the complete nanomodified
bitumen, the pseudo influence of the nanoparticles, such as saturates
and asphaltenes (which are of much larger size), might be masked. This,
in turn, results in that information about any microscopic structural
changes are overlooked. Thus, the nanomodified bitumen appears to
have undergone a structural and functional enhancement. Therefore, the
results found in the literature showing improvement of bitumen is
possible a misinterpretation of the results. A third important fining is
therefore that earlier reported improvements of the material properties
of bitumen by incorporating GO, can be interpreted as false positive
[66-77]. This can either be a consequence of the nature of the bitumen
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studied or, most likely, due to the characterisation techniques used to
study the influence of modifiers on bitumen, such as dynamic shear
rheometer for viscoelastic changes and infrared photography for heat
flow through bitumen, which all measures more macroscopic properties.

5. Conclusions

This study is the first with the focus on determining how the struc-
tural stability of asphaltene aggregates is affected by the introduction of
nanoparticles, especially GO, with the goal to understand the impact of
using GO as a demulsification agent of bitumen-water emulsion, and its
subsequent impact on the function of bitumen, post demulsification. By
use of different experimental techniques, we were able to observe that
the destabilisation effect by introducing GO to asphaltene aggregate was
immediate, and that the destabilisation was followed by a phase sepa-
ration with a precipitation as a consequence.

From the result obtained by XRD it was concluded that the precipi-
tated structure becomes more disordered, both locally and on longer
length-scales, i.e., the structure becomes even more amorphous in its
nature. The precipitate characterisation by SEM-EDX and XPS show that
asphaltene and DBSA are adsorbed on the surface of GO, and that the
oxygen functional groups present on the surface of GO causes the
adsorption of asphaltene and DBSA. This in turn, causes a clustering of
the polar components.

Thus, the results from this study show that nanoparticles, such as
graphene or GO, in the natural form are unfavourable to be used as
demulsification agents or material-enhancing agents for bitumen. This is
because they interact with asphaltenes through hydrogen bonds, 1 — n
interactions and acid-base interactions.
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