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Abstract. Asphaltenes are an important class of complex carbon-rich molecules found in crude oil.
Their chemical structure varies depending on the geological source but generally comprises fused
aromatic rings, aliphatic substituents and heteroatom functionality, which results in a strong tendency
to aggregate and phase separate within crude oil. Asphaltene ‘drop-out’ owing to phase separation is a
major problem spanning crude oil extraction, refining and application. More specifically, the build-up
of asphaltene deposits can reduce the permeability of porous rock formations, block oil pipelines, and
compromise the efficiency of marine engines. This major technical problem is compounded by the fact
that the chemical composition, structure and colloidal behavior of asphaltenes varies significantly
depending on the origin of the crude oil and the conditions employed for its refinement. As a result,
there has been a concerted effort to (i) understand the morphology of asphaltene dispersions, (ii) identify
the underlying mechanism(s) that lead to asphaltene ‘drop-out’ and hence (iii) design stabilizers to
maintain colloid stability and/or minimize ‘drop-out’. In principle, imaging techniques can be used to
visualize the asphaltene aggregates while light scattering can provide particle size information, but these
techniques only provide rather limited structural information. Asphaltene aggregation involves several
steps and results in highly hierarchical structures including primary nanoaggregates, clusters, and fractal
structures, with characteristic length scales ranging from a few angstroms to several microns. In this
review article, the use of small-angle scattering (SAS) and X-ray diffraction (XRD) to characterize
asphaltene powders, dispersions and aggregates over the past six decades is summarized. These
powerful techniques provide a wealth of structural information about molecular stacking, particle size

and morphology, and fractal dimensions.

* Author to whom correspondence should be addressed, james.jennings @uni-graz.at
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The chemistry of asphaltenes

Asphaltenes comprise the fraction of crude oil that contains the most polar and unsaturated
molecules, which are often referred to as ‘vacuum residues’ owing to their relatively high boiling
points." 2 The chemical structures within this fraction are complex, highly polydisperse, difficult to
separate, and vary widely depending on the geographical source of the crude oil and the precise
conditions used for its cracking and fractionation.’ In general, the physical properties of asphaltenes
(e.g. very high viscosity, high density, low solubility in crude oil, etc.) are governed by their
polyaromatic chemical structure (Figure 1).* Asphaltenes have long been considered to comprise dense
polyaromatic regions that are either arranged as one continuous ‘island’, or as multiple polyaromatic
rings connected by saturated hydrocarbon linkages known as an ‘archipelago’ topology (Figure 1A).
Recently, direct imaging of asphaltene using atomic force microscopy revealed that ‘island-like’

molecules tend to be the major component.®

Asphaltenes are typically characterized by their mean chemical composition. For example, the
hydrogen/carbon (H/C) ratio indicates the degree of saturation, with lower H/C values being
characteristic of predominantly aromatic-rich molecules and higher H/C values for aliphatic-rich
systems. Another important aspect is the fraction and type of heteroatoms (particularly oxygen, nitrogen
and sulfur) that are present in the form of various functional groups such as carboxylic acids, esters,
alcohols, ketones, amines, amides, pyrroles, pyridines, (di)sulfides, thiophenes, and sulfoxides.” ®
Average chemical compositions can be obtained from elemental analysis and NMR spectroscopy, and
functional groups can be analyzed by FTIR and X-ray Photoelectron Spectroscopy (XPS). However,

these variables alone do not predictably govern the physical properties of asphaltenes.

Mass spectrometry studies indicate that asphaltenes contain remarkably broad range of
chemical structures, both in terms of molecular weight and functionality." >° However, the organic
chemistry of asphaltenes lies outside of the scope of this review article. Instead, we focus on the
essential structural features that account for its complex colloidal morphology. There is a large body of

10-12

empirical evidence to suggest that asphaltenes exist within crude oil as stable colloids, although

there is some debate regarding both size and shape of dispersed asphaltene particles.’ Aromatic-rich
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asphaltenes are expected to have low solubility in the more aliphatic-rich fractions of crude oil, such as
the maltenes.> However, naturally-occurring crude oil fractions known as ‘resins’ are believed to aid
the stabilization of asphaltenes in the form of suspensions.® Relatively small changes in solution
temperature, solvent composition, pressure or dissolved gases can affect the colloidal stability of
asphaltenes within crude oil, leading to macroscopic phase separation — otherwise known as ‘drop-out’

— that leads to a multitude of industrial problems.’

At a molecular level, intermolecular n—m* interactions between polyaromatic regions of
asphaltenes lead to the formation of stacks of aromatic layers similar to graphite that are referred to as
primary nanoaggregates, crystallites, or micelles (Figure 1B). These stacks can undergo further
aggregation to form macroscopic precipitates that lead to engine fouling or pipe blockages. The
mechanism of asphaltene aggregation was first described by the Yen-Mullins model, although our
understanding of this process has evolved over the last 50 years.> ''"!'* Various studies have sought to
describe asphaltene drop-out in terms of a liquid-liquid phase separation process, particularly under

high temperature and pressure conditions.!' !¢

Despite their structural complexity at the molecular level, it is widely accepted that the physical
behavior of asphaltenes can be understood by characterizing their morphology over multiple length
scales, rather than by attempting to catalogue their many molecular components.’ Thus, asphaltene
dispersions are often described in terms of their radius of gyration (R;) and molecular weight (M),
which denotes their mean cluster size (at one or more length scales) and average number of molecules
per cluster, respectively. Indeed, specific chemical functionalities can induce subtle changes in
intermolecular interactions that either promote or inhibit aggregation (e.g. heteroatom content® !7).
Correlation of data collected from molecular and colloidal analyses can, therefore, provide powerful

insight into the driving forces for the aggregation processes.
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(Stacked aromatic molecular cores)
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Figure 1. (A) Examples of chemical structures found within asphaltene mixtures: single fused aromatic
cores (left, “island” topology) or multiple aromatic cores interconnected by aliphatic spacers (right,
“archipelago” topology). (B) Schematic representation of the Yen-Mullins model of asphaltene

aggregation, one theory that describes asphaltene phase separation (adapted from the literature). > '-1%

18

Problems and opportunities arising from asphaltene aggregation
Asphaltene ‘drop-out’ causes huge problems across multiple industrial sectors and at every
stage of the supply chain. For example, at the stage of enhanced oil recovery, dissolution of light gases

within crude oil can cause asphaltene deposition onto porous rock formations and tubing, leading to
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environmental problems and production losses for oil wells.!” ' Similarly, diluents are often required
for downstream crude oil processing, and the corresponding change in solvency sometimes leads to
asphaltene fouling of machinery.? In the case of fuel transportation, mixing oils from various sources
with differing compositions can lead to significant pipeline blockages owing to asphaltene ‘drop-out’.*
2l In general, phase separation of asphaltenes may be triggered when (i) the overall solvent quality
changes leading to a reduction in the Hildebrand solubility parameter (3) (e.g. by introducing an
aliphatic-rich solvent),?* (ii) there is a significant change in temperature,? or (iii) there is dissolution of

gaseous lower alkanes or CO, within crude oil.>*

Although asphaltene ‘drop-out’ is clearly undesirable in many cases, the viscoelastic properties
conferred by asphaltene as a result of its complex morphology of colloidal aggregates has been
traditionally exploited to produce useful materials for road surfaces.” In this case, asphaltenes (and
other crude oil fractions) act as a binder for the sand and stone particulates that comprise most of the
‘asphalt’ formulation. More recently, various research groups have evaluated asphaltenes (and
polyaromatic hydrocarbons in general) in the context of organic dye sensitized solar cells?,
supercapacitors,?’ biological imaging,?® and electrocatalysis.? The properties that arise from the highly
conjugated polyaromatic ring systems enable these technologies, allowing the molecules to interact with
light at multiple wavelengths and effectively conduct electrons.®® In principle, understanding the
colloidal aggregation of asphaltenes may not only prevent machinery fouling and pipeline blockages

but could also be desirable for future materials applications.>!

Analyzing the hierarchical structure of asphaltene aggregates

Asphaltene forms hierarchical structures comprising fractal clusters that are in turn made up of
‘nanoaggregates’ composed of a few individual asphaltene molecules (Figure 1B). Therefore, the
rigorous characterization of asphaltene dispersions requires analysis over multiple length scales using
arange of techniques, including light microscopy, electron microscopy, dynamic light scattering (DLS),
small-angle X-ray and neutron scattering (SAXS and SANS), and X-ray diffraction (XRD). Primary
asphaltene nanoaggregates of 1 to 10 nm are technically challenging to image by transmission or

scanning electron microscopy (TEM or SEM). However, AFM imaging has been used to visualize
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individual molecules.® Higher order fractal clusters of asphaltenes possess length scales ranging from
10 nm to several microns can be observed by electron microscopy'® but drying artefacts may affect the
(apparent) extent of asphaltene aggregation, while the ultrahigh vacuum conditions preclude in sifu
studies. However, these limitations may be overcome by adopting sophisticated techniques such as
cryo-TEM 32 and so-called ‘liquid cell’ TEM.** In addition, such imaging techniques invariably suffer
from poor sampling statistics: only a few hundred particles are typically analyzed, and thus the data

may not be truly representative of the whole sample.

Clearly, many of the industrial problems associated with asphaltenes arise from their phase
separation from crude oil. Thus, monitoring the kinetics of this process is of considerable interest.
Techniques that enable in sifu analysis of the evolution in colloidal morphology under industrially-
relevant conditions are particularly informative. The kinetics of aggregation can be monitored
spectroscopically using techniques that distinguish between dispersed and insoluble asphaltene
fractions. For example, the absorption recorded at 400 nm using uv-visible absorption spectroscopy is
proportional to the concentration of ‘dissolved’ asphaltenes,* while optical microscopy can provide
insight into the relatively large asphaltene particles (i.e. > 500 nm diameter) that can form during the
latter stages of precipitation.®> However, although useful for initial screening experiments, these
techniques lack the resolution required to detect structural organization at atomic and molecular scales

and the primary clusters that are formed during the onset of aggregation.

Scattering methods overcome many of the limitations of the other outlined techniques: in situ
analysis across multiple length scales can be conducted on many millions of particles and hence offer
far more reliable statistics. In principle, DLS can yield valuable data when studying the kinetics of
asphaltene particle size growth.>® However, it does not provide insights into structural morphologies.
Thus, this review focuses on the use of X-ray and neutron scattering and diffraction for asphaltene
characterization because such techniques can provide rich structural information over multiple length
scales of hierarchical asphaltene organization. Solid-state NMR spectroscopy can also provide useful

physical insights regarding asphaltene aggregation by probing n-n stacking interactions.*’
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Several recent review articles focus on various aspects of asphaltene aggregation, often from an
industrial perspective.* > 11:12:19.22.38 Of the various characterization techniques that have been used to
study the morphology of asphaltenes, SAXS and/or SANS provide particularly useful information on
the morphology of asphaltenes over multiple length scales (I A to 1 pum), whilst XRD allows
exploration of the sub-nm intermolecular packing. This review article focuses on summarizing the
relevant literature that has informed our understanding of the mechanism of phase separation, likely
aggregate morphologies, and the physicochemical properties of asphaltenes. Data interpretation can be
an issue in scattering experiments because sometimes more than one model can be applied to fit a given
scattering pattern. Thus, we also compare the various modelling approaches that have been applied. By
compiling the structural information acquired to date, we hope to facilitate the design of new scattering

experiments to study asphaltene phase separation processes.

Morphological studies using X-ray scattering and diffraction techniques

XRD

X-rays can provide detailed information on molecular length scales within primary asphaltene
particles by studying their diffraction from asphaltene powders or dispersions at wide angles (i.e. 20 >
10° for the characteristic X-ray radiation of a copper anode). In general terms this technique is called
wide-angle X-ray scattering (WAXS) which also includes diffraction as a special case of scattering.
The latter is usually distinguished as a separate technique called either wide-angle X-ray diffraction
(WAXD) or, more commonly, XRD. Although asphaltenes are classified as amorphous carbons,*- 4
diffraction occurs as a result of the regular packing of asphaltenes within primary nanoaggregates.
While discussing WAXS and XRD, for the sake of both simplicity and consistency with the literature,
the term XRD will be used in this review. XRD can be used to determine morphological parameters for
asphaltene particles by analyzing the position, width and relative area of diffraction peaks (see Figure
2 for a schematic description of these parameters).** XRD patterns of asphaltenes typically consist of
two groups of peaks, one of which arises from the stacked polyaromatic cores and the other, called y-

band, from the packed aliphatic chains. In an analogy to structures formed by stacked aromatic rings,

the first group of asphaltene XRD peaks is represented by 002 and, sometimes, 004 reflections assigned



183

184

185

186

187

188

189

190

191

192

193

194

195

196

by Miller indices corresponding to hexagonal graphite structure and associated with (00/) basal planes
formed by graphene-like layers, as well as by two-dimensional £k diffuse bands such as 10 and 11 bands

assigned similarly to hkO reflections of graphite crystal structure.!

The g value for the 002 peak maximum (goo2) can be used to calculate the mean spacing between

aromatic cores (dm) using the relation dn, = qz—" . Meanwhile, the g position of the y-band (gmax) can be
002

used to estimate the mean distance between aliphatic chains (d;) at the periphery of asphaltene particles

. 2 . . .
from the relation d: = ——. The relative areas of these two peaks also provides an estimate for the

dmax

aromatic fraction (f;) within a given asphaltene sample. Analyzing a full width at half maximum of the

002 peak (fivhmooz) using the Scherrer equation, allows the mean thickness of asphaltene clusters (L)

0.45

to be estimated by L. = (Figure 2). This parameter can then be correlated with the number of

fwhmgo,
asphaltene molecules within a stack (M.) by relating to di, (Figure 2). Finally, the mean aggregate stack

diameter (L), which is related to the size of the aromatic cores within the asphaltene, can be calculated

0.92
fWh.mll.

from fwhm of the 11 band (fwhm1) by L, =
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Figure 2. Schematic representation of the features of asphaltene clusters that can be resolved using
XRD: L, is the mean diameter of the aromatic core; L. is the mean thickness of an aromatic stack (which
is proportional to the number of asphaltene molecules within a stack, M.); dm is the mean distance
between aromatic cores; d; is the mean distance between aliphatic chains on the periphery of the
asphaltene stacks. Equations on the right are those applied to XRD data in order to obtain estimates for

these structural parameters.

The XRD data analysis above was originally developed to characterize a range of amorphous
carbon structures such as carbon black and coals.*> Assuming similarities of the structures, it has
subsequently been adapted to characterize asphaltene XRD data, mostly in the solid powder form

(Figure 3).!8 3 4358 peak-fitting functions are usually used to deconvolute XRD patterns into an

10
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parameters (Figure 2). The literature data calculated from such analyses are summarized in Table 1.
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Figure 3. (A) Typical XRD data recorded for asphaltenes in the solid state, illustrating 002 peak arising

from aromatic stacks and y-band from average distances between aliphatic chains, with 10 and 11 bands

also visible at higher scattering angles.”® (B) Example of a peak fitting protocol applied to an XRD

pattern. %
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Table 1. Summary of stack diameters (L,), stack thicknesses (L), interlayer spacings (dm) and aliphatic distances (d;) derived from analysis of

XRD data reported in the literature.

Entry &

Publication

Variables studied L./A LJA dn/A d./A M.
reference Year
1% 1961 Oil Source 10.0-17.0 17.0 -20.0 3.57-3.60 4.60 —4.90 n/a
2% 1983 Oil Source 8.0-10.3 10.3-13.6 3.60-3.70 4.40-5.20 39-438
34 1996 Oil Source 12.2-18.1 21.8-22.2 3.54-3.57 431-4.47 6.1-63
4% 1997 Oil Source 11.9-13.0 22.7-24.7 3.60 4.40-4.50 74-8.0
5% 2002 Oil Source 99-11.0 143-252 3.50-3.70 5.60-6.20 49-82
Reaction Condition 7.0-9.5 22.4-27.6 3.50 -3.60 4.50-5.90 72-89
64 2004 Oil Source 13.1-16.6 23.7-254 3.51-3.56 4.37-4.40 6.7-1.1
Fraction 129-14.2 26.5-31.2 3.52-3.54 4.10-4.32 74-89
748 2004 Oil Source n/a 252-25.9 3.53 n/a 82-84
Temperature n/a 13.7-25.2 3.53-3.62 n/a 4.8-82
84 2005 Oil Source 11.1-16.7 16.3 -32.7 3.49-3.51 4.32-4.90 n/a
Fraction 10.4-12.8 16.3-19.4 3.44-3.52 4.25-4.69 n/a
90 2007 Reaction condition
n/a 33.5-35.6 3.51-3.58 n/a 10.4-10.6
(pressure)
Reaction condition
n/a 26.3-33.5 3.53-3.60 n/a 83-10.6
(temperature)
Reaction condition
n/a 31.7-349 3.48 -3.60 n/a 10.1-10.7
(flow)
10% 2007 None 17.6 28.2 3.56 4.35 8.0
113 2013 Oil Source n/a n/a 3.45-3.52 4.87-5.13 n/a
Solvent n/a n/a 3.45-3.49 4.87-17.71 n/a
12% 2013 Method 36-4.7 36-52 4.00-4.70 6.00 — 8.00 1.8-23
Oil Source 32-56 36-7.7 4.30-4.70 6.60 — 8.00 1.8-2.8
13% 2015 Oil Source 72-82 12.1-15.0 3.50 4.60 —4.70 5.0

12



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

Reaction condition 6.9-8.0 7.8-14.0 3.50-3.70 4.70 - 5.50 30-50

14> 2016 Fraction n/a 18.0-48.0 343-3.57 4.06 —4.49 7.0-15.0
15% 2016 Additive n/a 9.0-11.0 3.93-4.73 n/a n/a
16° 2017 Fraction n/a 27.0-42.0 3.48-3.50 4.13-4.30 8.0-13.0
1777 2018 Oil Source 94-17.2 20.8-29.8 3.49-3.50 442-4.61 7.0-9.5
18% 2018 Additive n/a n/a 3.44-347 4.45—-4.46 n/a
19" 2019 Additive 6.1-7.1 10.2-13.3 3.26-3.96 4.70 - 5.35 40-5.0
20% 2021 Oil Source n/a 23.7-33.8 3.49-353 n/a n/a
219 2021 Additive 20.6 -21.5 32.6-36.2 3.55-3.62 444 -452 103-11.2

The XRD data of asphaltenes from various geological sources, and often analyzed under
different experimental conditions, exhibit broadly similar dimensions (Table 1). However, there are
discernible differences in the stack diameters, stack thicknesses, interlayer spacing and aliphatic
distances. These dimensions correlate with the primary asphaltene particles, which are sometimes
denoted as ‘crystallites’ in the solid state, or ‘micelles’ in solution. It is perhaps noteworthy that most
XRD experiments on asphaltenes have been conducted in the solid state, however one report studied
them in concentrated solutions.> This is undoubtedly because the amorphous background arising from
any solvent can often dominate the scattering contribution from asphaltene. On the other hand, the
degree of solvent swelling of the primary aggregates reported for various asphaltene dispersions cannot
be precisely assessed by a solid state approach, therefore XRD data collected from asphaltene powders
should be considered a post mortem result. Nevertheless, there is generally good agreement between
the structural parameters calculated from SAXS/SANS analyses of primary asphaltene aggregates in
solution and those obtained by solid state XRD (vide infra, Tables 1 — 3). This suggests that analyzing
the stacking of asphaltene molecules after removal of the solvent can provide valuable insights into

structures that were present in solvent.

Given the broad range of asphaltene sources, the various preparation conditions used and

differing instrument set-ups, quantitative comparison between various studies should only be attempted

13
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with appropriate caution. Nevertheless, it is clear that (i) the source (and hence chemical composition)
of a given asphaltene, (ii) the method by which it was processed, (iii) the conditions of analysis
(primarily temperature) and (iv) the presence of any additives can each affect the asphaltene aggregate
morphology observed in the solid state (see Table 1 for a summary of the data obtained with each of

the listed variables).

Yen and co-workers analyzed asphaltenes that had been isolated and processed from various
crude oils using identical protocols.*® Such asphaltenes differed significantly in the fraction of aromatic
carbon atoms within the material (aromaticity, f.), which ranged from 0.14 — 0.59, but their structural
morphology remained relatively constant (Table 1, entry 1). In particular, all dn, values fell in the range
of 3.55 — 3.60 A, as expected for amorphous carbon materials. Similarly, d; and L. values were also
relatively invariant (e.g. L. = 17 — 20 A), suggesting similar numbers of asphaltene molecules per stack
in all cases. However, the mean stack diameter (L,) varied more significantly (10 — 16 A), and with little
correlation to asphaltene aromaticity. This early study suggests that, despite the differing chemical
compositions of these asphaltenes, their primary aggregate morphology was almost constant. Later, the
Yen group applied the same XRD techniques to coal-derived asphaltenes processed using five different
protocols.* Core diameters (L, = 8.0 — 10.3 A) and mean stack thicknesses (L. = 10 — 14 A) were
significantly lower than those in their earlier study,*® indicating that morphological differences can arise

from the asphaltene origin (i.e. whether extracted from solid coal or crude oil).

Christopher et al. used XRD to study the structure of asphaltenes derived from bitumen
processed at three different refineries.** Two samples exhibited remarkably different L, values (ca. 12
and 18 A), while all other parameters were relatively invariant (Table 1, entry 3). Moreover, the 002
peak was absent in the third sample, suggesting little correlation between aromatic groups. The authors
proposed that this indicated smaller, randomly oriented aromatic domains. 'H and *C NMR
spectroscopy studies indicated on average fewer aromatic rings per sheet within the third sample, which

would rationalize the disordered structure observed by XRD.

Shirokoff et al. studied four asphaltenes of varying heteroatom (i.e. N, S and O) content and
aromatic character.*> Despite these chemical differences, similar structural parameters were calculated

14
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for each asphaltene (Table 1, entry 4). Moreover, most of these values were in good agreement with
those reported in earlier studies. The exception was the mean stack thickness L., which was determined
to be 22.7 — 24.7 A, larger than measured by Yen and co-workers.* ** In a more recent study into the
influence of heteroatoms, Hemmati-Sarapardeh et al. conducted XRD analysis of asphaltenes obtained
from three different crude oils.’” Mean aromatic and aliphatic distances remained relatively constant,
but the L, and L. values varied significantly depending on the asphaltene origin (9.4 — 17.2 A and 20.8
~29.8 A, respectively). The asphaltene containing the fewest heteroatoms comprised stacks of fewer
molecules (i.e. lower M.). This observation contradicted the findings of Shirokoff et al., suggesting
heteroatom-based interactions in asphaltene stacking can affect the extent of T-* interactions between
aromatic rings and should not be overlooked. Very recently, Hemmati-Sarapardeh et al. studied three
crude oils by XRD to assess their ‘thermal maturity’, which is a geochemical parameter that quantifies
the degree of chemical aging that takes place over time.*° This technique indicated that greater aromatic
character, an increase in intermolecular spacing (dw) and a reduction in L. serve as useful markers for
enhanced crude oil maturity. Moreover, such XRD data was in good agreement with Raman spectra

and conventional thermal maturity analytical methods.

Some studies have examined the effect of fractionation on structural parameters of the resultant
asphaltenes. For example, Bansal et al. observed significant differences in the initial mean diameter of
aromatic cores of two sources of asphaltenes containing differing heteroatom content and aromaticity
(see entry 6 in Table 1).*” These asphaltenes were fractionated by column chromatography using
solvents of varying polarity. In general, employing more polar solvents led to thicker stacks within the
precipitated asphaltene (L.). 'H NMR and elemental microanalysis indicated that asphaltene fractions
isolated using polar solvents contained less-substituted aromatic ring structures, enabling more efficient
packing and thicker stacks. Furthermore, higher oxygen contents were detected in the more polar

fractions, suggesting more carbonyl groups that could form H-bonding interactions that favor stacking.

Andersen et al. also used solvent-based fractionation to analyze asphaltene precipitates isolated
from various heptane-toluene mixtures (this binary solvent mixture is often denoted as ‘heptol’).*

Asphaltenes precipitated from four different crude oils in pure n-heptane exhibited significantly
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different L, and L. values (Table 1, entry 8). However, increasing the proportion of toluene in the heptol
precipitation solvent produced no systematic trends with regard to the asphaltene morphology. The
authors critically discussed the use of XRD for microstructural analysis of asphaltenes, in particular the
experimental uncertainties associated with baseline and peak fitting during XRD data analysis. Errors
can be incurred depending on the individual operator and software program, so developing a
standardized protocol is essential for comparison between datasets. For example, they found that much
better fits could be achieved using a Gaussian line shape rather than a Lorentzian line shape, but the
former method required more manual refinement that could introduce greater operator bias. In addition,
aromaticity fractions (f) estimated by XRD analysis were always significantly lower than estimated by
"H NMR spectroscopy and it was suggested that only a fraction of the aromatic rings actually participate

in the formation of asphaltene stacks.

Shirokoff et al. published a detailed XRD study of asphaltenes originating from various
sources,” using several peak functions such as Pearson VII, Pseudo-Voigt and Generalized Fermi.
Good agreement was obtained for most fittings. Generally speaking, dm values were approximately 1 A
larger, and L, and L. values were significantly smaller relative to all other studies summarized in Table
1. This observation may be related to the accelerated aging to which asphaltenes were subjected prior
to their analysis. The authors suggested might lead to significant chemical changes, although no

chemical analysis was undertaken to examine this hypothesis.

Kananpanah et al. studied the effect of temperature used in a thermal ‘de-asphaltene’ process,
whereby heat is used to induce asphaltene aggregation and fractionation within crude oil prior to
filtration.>* Increasing the de-asphaltene temperature from 60 to 120 °C increased the yield and led to
thicker stacks with up to 15 molecules per stack (see entry 14 in Table 1). However, raising this
temperature above 120 °C led to reduced mean stack thickness and a lower yield. Asphaltenes
comprising lower aromatic contents tended to form thicker primary particles, which somewhat
contradicts the findings of Christopher et al.* In a follow-up study, the authors compared products of
thermal ‘de-asphaltene’ to solvent-based precipitation in n-heptane and a ‘thermal-toluene’ method,

whereby asphaltenes retained on filters following thermal precipitation were extracted in toluene,
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followed by evaporation.*® Larger stacks were obtained from the solvent-based method than the two
thermal methods, which was attributed to the longer timescale of n-heptane addition enabling more
molecules to stack together. The authors’ analysis also revealed a correlation between d; and M., with
closer aliphatic packing being observed in stacks containing more asphaltene molecules. This suggests

that more closely associated alkyl chains at the periphery may help promote molecular stacking.

Several studies have focused on the effect of thermal treatment of asphaltenes on their structure,
using experiments designed to represent aging or refinery processes. Siddiqui et al. studied the effect of
thermal annealing on the chemistry and morphology of Ras Tanura (RT) and Kuwait (KW)
asphaltenes.*® A rolling thin film oven was employed for short-term aging studies, while a pressurized
vessel was used for long-term aging (temperatures and pressures not provided). For the RT asphaltene,
the mean aromatic and aliphatic distances (dm, dr) decreased over time, concomitant with an increase
from 5 to 7 molecules per stack. These changes were confined to short-term aging: no further structural
changes were observed during long-term aging. In contrast, the KW asphaltene structure continued to
evolve during long-term aging. The different aging behavior observed for KW asphaltenes was
attributed to the higher heteroatom content and greater aromatic character; such differences are expected

to provide additional reaction pathways for oxidative aging, which lead to looser molecular stacking.

Tanaka et al. reported in situ studies of the effect of temperature on morphology using
asphaltene isolated from three different sources.*® At 30 °C, all three asphaltenes exhibited identical di
values and similar L. (Table 1, entry 7), the latter of which significantly decreased in each case upon
heating (from 25.2 A at 30 °C to as low as 13.7 A at 300 °C). Despite the 50% reduction in the mean
number of molecules per stack, the primary asphaltene particles still persisted at elevated temperatures
relevant to end-user applications. Furthermore, these data suggest that the environmental conditions
have a more significant influence than the chemical composition of the asphaltene on the nanoaggregate

dimensions.

Trejo et al. compared asphaltenes extracted from a crude oil that had undergone catalytic
hydrotreatment under various conditions.>® The process involved flowing crude oil in a diluent over a
particulate catalyst at variable pressure, temperature, and flow rate. Asphaltenes were then isolated from
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the treated crude oil and subsequently analyzed by XRD. The mean number of molecules within isolated
asphaltene stacks was reduced from 20.7 from untreated crude oil to 8 — 11 after catalytic
hydrotreatment, regardless of the conditions employed (see entry 9 in Table 1). In all cases, harsher
reaction conditions led to small but significant reductions in dr. '*C NMR analysis indicated that more
severe conditions led to shorter aliphatic tails and also reduced the mean degree of ring substitution.
Such changes should facilitate more efficient packing between asphaltene molecules, which was
consistent with the observed reduction in the mean interlayer spacing towards the limiting value for
graphite (3.34 A).* However, the authors emphasized that experimental evidence linking the isolated

solid-state asphaltene structure to dispersions in crude oil is lacking.

Al-Humaidan et al. investigated how thermal cracking of vacuum residues impacted the
chemical structure and morphology of asphaltenes.>® Three different vacuum residues were subjected
to nine different reaction conditions at 400, 415, or 430 °C for 30, 50, or 60 min prior to asphaltene
extraction. Contrary to the data reported by Trejo et al.,”* dn and d; both increased as harsher cracking
reaction conditions were employed (Table 1, entry 13). However, the most significant morphological
change was observed in Lc, which was reduced from 13.3 A (untreated) to as low as 7.8 A when
employing the most severe conditions. This observation could be explained by more aliphatic groups

cleaving, resulting in a higher aromatic fraction (increasing from 0.14 to > 0.4 as measured by XRD).

XRD has also been used to study the effect of additives on the structure of primary asphaltene
aggregates. Mousavi et al. investigated the effect of adding a hexadecamide binder to an asphalt-binder
mixture (comprising asphaltene and other components of crude oil) using a combination of XRD and
density functional theory (DFT).> XRD analysis showed that the additive significantly reduced both
the interlayer stacking and the mean stack thickness of the asphalt binder. DFT calculations indicated
that the amide group should form hydrogen bonds with the polar groups in asphaltene, leading to weaker
intermolecular quadrupolar interactions and influencing the nanoaggregate dimensions. Moreover, the
n-hexadecyl chains interacted with the pendent aliphatic groups on asphaltene molecules via van der
Waals’ forces. Afra et al. investigated the effect of adding a mixture of three phenolic amphiphiles

(anacardic acid, cardanol and cardol, denoted ‘ACC’) on asphaltene aggregation.”® These ‘green’
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additives were believed to interact with asphaltenes via hydrogen bonding, stacking, and acid-base
interactions. Although the presence of ACC reduced the crude oil viscosity and significantly delayed
the onset of asphaltene precipitation, XRD studies indicated only minimal changes at the molecular
level (dw increased by < 0.05 A). Meanwhile the measured aromatic fraction decreased, suggested
partial solubilization of asphaltenes. These results were verified by peak-fitting protocols employing

either Gaussian or Lorentzian functions, and potential limitations of this technique were highlighted.

Alhreez et al. used XRD to investigate the effect of p-dodecylbenzenesulfonic acid (DBSA,
Figure 7) on precipitated asphaltene morphology.'® ¢ The d., values increased significantly from 3.26
to 3.65 A in the presence of this additive, while d: also increased from 4.70 to 5.25 A (Table 1, entry
19). Moreover, DBSA addition also reduced the average molecules per stack from 5 to 4, and decreased
the mean stack diameter. These results indicated the formation of looser asphaltene stacks in the
presence of this additive. Asphaltene precipitation could also be controlled by delivering the DBSA in
the form of a microemulsion, which resulted in larger changes in morphology compared to simple
addition of this stabilizer.!® More specifically, d increased to 3.96 A and d. increased up to 5.35 A,
with further modest reductions in L. and L,. Indeed, the overall aromatic fraction of the asphaltene was
lowered from 0.35 to as low as 0.22 for both samples prepared in the presence of DBSA. Based on these
data, the authors proposed that H-bonding and n-m* interactions between the DBSA surfactant and
asphaltene led to steric interference that prevented further m-m* stacking into larger asphaltene
aggregates. The authors also suggested that the sulfonate groups on the dispersant could potentially

react with asphaltenes via electrophilic addition.

Wang et al. designed an amphiphilic copolymer to disperse asphaltene aggregates in crude oil.®!
This copolymer comprised cationic surfactant moieties to impart surface activity, an amphiphilic side
chain containing both polyether and n-alkyl segments to adjust the hydrophilic-lipophilic balance, and
an aromatic/aliphatic tertiary amine to interact with the asphaltene. Precipitated asphaltenes were
vigorously mixed with excess copolymer, resulting in an increase in dy, and a reduction in L. relative to

the control experiment performed with non-interacting polyacrylamide. The authors concluded that the
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rich functionality presented by the amphiphilic copolymer enabled it to form non-covalent bonds with

asphaltenes, thus disrupting intermolecular interactions and effectively reducing the crude oil viscosity.

Each of the above articles involved XRD studies of asphaltenes in the solid state after their
isolation via precipitation. However, Hoepfner and Fogler demonstrated that X-ray scattering analysis
can be performed on 5% (v/v) asphaltene dispersions in toluene, THF, or I-methylnaphthalene (see entry
11 in Table 1).>* After appropriate solvent background subtraction, interlayer stacking distances (dm=
3.45 -3.52 A) were found to be closely related to those previously reported for asphaltenes in the solid
state (Table 1, entries 1 — 10). However, an additional shoulder between the y-band and 002 peak was
observed. This “002-” peak was attributed to the packing of disordered asphaltene cores over longer
length scales (3.8 — 4.1 A). The d. parameter varied with the dispersing solvent, suggesting that the

peripheral aliphatic chains swelled differently in different solvents.

SAXS and SANS

SAS techniques have been employed on numerous occasions to study asphaltene ‘drop-out’. Both
techniques require sufficient contrast between the asphaltene molecules and their surrounding media
for meaningful data to be collected. SAXS relies on the difference in scattering length density (AS),
which is related to the electron density difference between the asphaltene molecules and the solvent
medium in which they are dispersed. The high density of the polyaromatic fused ring structure of
asphaltene molecules usually provides sufficient electron density contrast relative to the lower density,
aliphatic-rich solvent (including the maltene fractions of crude oil). However, in the literature
asphaltenes are usually isolated from crude oil in order to prepare model systems of known
compositions (and also to ensure the removal of other scattering entities such as crystalline waxes and
minerals).* % Sample preparation typically involves the selective precipitation of asphaltenes from
crude oil using a suitable aliphatic non-solvent, followed by washing with the same non-solvent (e.g.
by Soxhlet extraction). In contrast to XRD analysis, dry asphaltene fractions are redispersed in either
an organic solvent or a solvent mixture (most commonly heptol). In addition to simplifying the

background subtraction and data fitting procedures, using a model hydrocarbon solvent enhances the
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electron density contrast between the heteroatom-rich asphaltene cores and the continuous phase, while

simultaneously reducing the A& of aliphatic chains.

Unlike X-ray scattering, neutron scattering depends on differences in atomic nuclei rather than
electrons, therefore contrast in nuclear scattering length density (which is atomic isotope-dependent) is
required for strong scattering. To achieve this in the case of asphaltene dispersions, the solvent or
solvent mixture should be partially or fully deuterated in order to increase contrast relative to the
hydrogenous asphaltene component. Some research groups have conducted SANS studies on crude oil
mixtures, but the most common practice is to isolate the asphaltenes from crude oil via precipitation,
before redispersing them in deuterated solvents such as ds-toluene and/or dis-heptane. The main
disadvantages of SANS are (i) the lower maximum flux achievable at state-of-the-art neutron sources
(relative to synchrotron X-rays) and (ii) the need for expensive deuterated solvents (which may not
capture the complex behavior exhibited by crude oil). In practice, this means that data is acquired more
quickly using SAXS, which hence offers greater temporal resolution for monitoring dynamic processes.
On the other hand, higher contrast can be achieved with SANS compared to SAXS. Owing to the
neutron scattering length density contrast between the aromatic and aliphatic regions of asphaltenes it
is possible to determine more fine structure, for example dimensions of the core and shell of primary

aggregates.® 6

In principle, SAXS and SANS can provide the same morphological and structural data. The ‘small
angle’ formalism typically refers to a scattering angle, 26, of 0.1 to 10° for a radiation wavelength of
about 1 A, which translates into real-space length scales of approximately 1 to 100 nm. Thus, both
techniques enable the analysis of most aspects of highly hierarchical structures such as asphaltenes on
multiple length scales, from nanoaggregate size and shape to cluster size and fractal dimension.
However, Bonse-Hart camera or modern instruments with the sample-to-detector distance of tens of
meters enable data to be collected at 26 < 0.1°. These techniques, termed ultra-small angle X-ray or
neutron scattering (USAXS or USANS), expand the range of accessible real space up to 5-10 um, which

includes macroscopic asphaltene precipitates.

21



453

454

455

456

457

458

459

460

461

462

463

464

465

Scattering data collected from SAXS and SANS experiments require significant data reduction and
processing and the application of an appropriate scattering model to obtain meaningful real-space
information. This is often considered a disadvantage of such techniques, since the same data can
sometimes be satisfactorily fitted using different scattering models. Typically, scattering patterns for
asphaltene dispersions (Figure 4) are presented as double logarithmic plots of scattered intensity (after
background subtraction and normalization) against modulus of scattering vector, g, which is calculated

from
q="sing (1)

A

where 0 is half of the scattering angle and A is the radiation wavelength.
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Figure 4. Literature examples of scattering data obtained for asphaltene samples: (A) in situ USAXS
patterns collected during asphaltene precipitation induced by addition of n-heptane to a dispersion in
toluene;® (B) SANS analysis of asphaltenes in the presence of 0-10% resin by mass;'” (C) comparison
of SAXS and SANS patterns recorded for the same asphaltene dispersion in toluene and ds-toluene,

respectively.®* The additional oscillations observed in the SANS data result from the fine structure
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arising from differing neutron scattering length densities. In some cases data fits according to scattering

models are included (see main text for further discussion).

In general, scattered intensity is a product of two terms - the form factor, P(g), and the structure
factor, S(G). The form factor describes the size, shape, and polydispersity of particles, while the
structure factor is related to the arrangement of scattering particles in space, from which the mean
distance between the particles and the degree of inter-particle structural order can be assessed. Structure
factor contributions are more prevalent at higher concentrations, particularly for charged particles in
polar media (e.g. water). In contrast, structure factor scattering from asphaltenes in non-polar media
such as crude oil, model solvents or solvent mixtures tends to be insignificant. According to Barré et
al., no structure factor should be observed within scattering patterns recorded for dilute asphaltene

).67

dispersions (i.e., below 2% concentration).®’ For colloidal dispersions producing isotropic scattering

patterns, the scattered intensity is described by a scalar function, I(g), expressed as

I(q@) = o(1 = 9)AE*S(@P(q)  (2)

where P(q) and S(g) are scalar forms of the form factor and the structure factor, respectively, ¢ is the
particle concentration and A¢? is the square of the scattering length density contrast between the
asphaltene molecules/particles and the surrounding medium. S(g) in equation (2) can be taken to be

unity for sufficiently dilute dispersions of asphaltene in non-polar media.

Various analytical methods can be applied to analyze scattering from asphaltene dispersions,
and one of the most commonly adopted approaches is derived from Guinier’s law, which relates
scattered intensity to the radius of gyration (R,) of particles (more specifically, the largest hierarchical

object formed in the studied system):®®

2

(@) =105 3)

where 1(0) is scattered intensity at g = 0, obtained by extrapolating the fitted curve to ¢ = 0 (e.g. Figure

5A). For a dilute solution of relatively homogeneous particles this term is expressed as 1(0) = ¢ (1 —
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P)AE? Vpart Where Vy,a,¢ is volume of an averaged scatterer (particle) and the term related to the particle
volume concentration could be simplified for small concentrations as @ (1 — ¢) = ¢. From a plot of
log I(g) vs ¢, the R, can be derived from the low ¢ gradient using equation (3). Taking that the particles

are spherical objects the R, can then be related to the particle radius, R, through the relationship:

e= R @

However, a spherical morphology cannot always be assumed for asphaltene particles, and numerous
studies have evaluated shape-dependent small-angle scattering (SAS) models.** 7 The Guinier
approximation only applies if gR, << 1. The Zimm approximation is an alternative data treatment

method that holds for higher ¢ values (i.e. for gR; up to 3):”!

1 1

_ 2 RE
(@)~ 1(0) (1 tq 3) )

where all parameters have a similar meaning as in equation (3) (Figure 5). It has been argued that the
above treatments cannot be applied to scattering data from asphaltenes owing to their highly

70.72 Alternative approaches including Beaucage (also known as unified fit),”* and

polydisperse nature.
Schultz’% 7775 parametrizations have also been applied to obtain mean dimensions and morphologies
of asphaltene aggregates at different hierarchical levels. If particles have isotropic shape, then its mean
size can be calculated from the R, value [equation (4)]. However, the morphology of asphaltene
aggregates, including primary particles, has been a somewhat controversial topic.’ Several research

groups have compared numerous models,® 70 73 7678

with satisfactory data fits requiring various
assumptions to be made regarding the particle morphology. Sirota has demonstrated that the scattering
from asphaltene dispersions may be rationalized in terms of a binary mixture of phase-separated

liquids.'® In this case, the Guinier region can be described by a Lorentzian line shape arising from

concentraton fluctuations.

Information on the molecular weight, M,,, of asphaltene nanoaggregates can be estimated based

on the intensity obtained from /(0) using the following relationship:
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where it is assumed that the nanoaggregate volume is expressed as Viart = Nap Na is Avogadro’s

number, and pis the mass density of asphaltene.
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Figure 5. (A) SAXS Zimm plot fit (blue) to calculate the radius of gyration (R,) and regions P, and P,
where power laws are determined to obtain fractal dimensions of soluble (higher ¢) and insoluble (lower
q) asphaltene fractions (assigned as 1 and 2, respectively).” The red pattern represents the background,
which comprises the crude oil maltenes from which the asphaltenes were separated. (B) Comparison of

Guinier and Zimm models fit (dashed and solid curves) to SAXS and SANS data (open and solid
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symbols, respectively) recorded for an asphaltene solution in toluene; the Zimm plot clearly offers a

better fit to both SAXS and SANS data at higher ¢.%

The aggregate structure of asphaltene is highly hierarchical.'®!! Although the Guinier and
Zimm approximations provide useful information regarding the size and morphology of the primary
units (i.e. stacks of asphaltene molecules), higher order structures require additional data analysis. The
latter structures are best described as mass fractals, which have a characteristic fractal dimension, dy.
This parameter can be calculated by plotting My, vs R, values obtained by SAS analyses, from a series
of asphaltene dispersions measured under various conditions. The fractal dimension can be calculated

from the gradient (Figure 6A) using the following relationship:
My, < R;Y (7)

An alternative method to analyze fractality is to calculate the gradient, P, of the scattered

intensity in the Porod’s region:

I(@ xq™" (8

A few Porod’s regions could be observed for the hierarchical structure of asphaltenes. In this
case P can be determined from different (high and low) ¢ ranges to calculate the fractality of the
nanoaggregates and larger clusters, respectively (Figure 6B). In general, if 1 < P < 3, its numerical value
is directly related to the fractal dimension (dy) mainly associated with mass fractals of the asphaltene
aggregate, with higher P values indicating denser, less solvated structures. When 4 > P > 3, this indicates
a formation of dense aggregates with a relatively homogeneous internal structures but with a significant
interfacial roughness associated with surface fractals. In this case, the power law exponent in Eq (8) is
related to the fractal structure dimensions as P = 2d; - ds, where d; is the surface fractal dimensions and
dr is about 3. As P tends to 4, this corresponds to smooth sharp interfaces between asphaltene particles

and the surrounding medium® when d; = 2 and dr = 3.
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However, such approaches for estimating fractal dimensions have been criticized by Gawrys et
al.”® These researchers suggest that power law analysis is affected by overlap with different scattering
regions, while the M,, vs R, approach implicitly assumes that all samples possess the same fractal
dimension. Alternative models have been applied to asphaltene SAS data, where a fractal structure

factor is included within the SAS model alongside particle size etc.®!
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Figure 6. Analytical methods applied to scattering data to calculate the fractal dimension of asphaltene
aggregates taken from the literature.®® (A) the power law relationship between molecular weight, M.,
and radius of gyration, R, and (B) by fitting power laws in the Porod region of data recorded over
various g ranges to obtain information regarding the soluble (high ¢) and insoluble (low g) asphaltene
fractions (see pink and blue dashed lines, respectively). (C) Schematic representation of the proposed

evolution of asphaltene structure as the fractal dimension (dy) increases.®?

29



Table 2. Summary of literature reports of the morphological characterization of asphaltenes determined by SAXS and USAXS analysis in

chronological order

SAS model(s)
Entry Variables R M,
Geological Origin(s) for Ry R, /A dy
& ref studied / kg mol!
calculation
Lagunillas, Santa Temperature 34-38
Maria, Tia Juana, Concentration 34 -55
1% Guinier (sol) N/A N/A
Bartlesville, Oil source 31-69
Bachaquero, Rhodes Solvent 33-35
Boscan, Kuwait, Concentration 33-40
Porod and
284 Ragusa, Baxterville, N/A N/A
Guinier Solvent 34 -38
Lagunillas
Grenada,
3% Thin disk Oil source N/A N/A 1.59 - 1.69
Permatang, Safaniya
Schultz Oil source 34 -51
Duri, Ratawi,
474 distribution of N/A N/A
Oriente, Merey Concentration ~29'-34
spheres
58 N/A Guinier Additive 37-75 N/A N/A
6% Athabasca Guinier None 33 N/A N/A
7% Safaniya N/A Solvent N/A N/A 3.37-4.00
8% Safaniya Zimm Fraction 33 -252 24 - 1560 1.99 -2.06
9% N/A Zimm Oil Source 55 -66 75-115 N/A
Fraction 190 — 255 1.57-1.61
10%! South East Mexico Guinier Solvent 192 - 255 N/A 1.57-1.61'
Kinetics 163 — 255 1.61-1.72
1192 Safaniya Guinier/Zimm Temperature 35 N/A 2.05
Ratawi, Oriente, Concentration ~33-36!
1275% Schultz N/A N/A
Merey, Duri Qil source ~30 — 44!
1397 Saudi Arabia Zimm Fraction 63 - 160 198 — 666 2.10-2.20
14% Safaniya Zimm Solvent 66 — 106 N/A 2.10-2.20
Siberia, Tatarstan, Source 2224
15% Guinier N/A N/A
Mongolia Solvent 23-24
16%4* Safaniya Zimm Model 71 16 N/A
Fraction 25-58 20— 148
17% Safaniya Zimm 1.70 —3.00
Temperature 40-58 88— 148
18% Safaniya Zimm Temperature 33-41 47 - 69 1.50
19%% N/A Zimm Concentration ~40 — 80! ~18 — 50! 1.70
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Solvent ~20 - 50" ~20 - 100!
Oil source ~20 — 55! ~20 - 50!
Concentration 34-55 55-84
20% Canada Zimm 1.70
Solvent 34 -47 40 - 55
Concentration 35-46 2.20-2.70
Multi-level
Oil source 27 —46 1.80 - 3.20
217 Brazil unified model N/A
Solvent 24 -31 2.20-3.20
(Igor)
Additive 26 —46 1.50 - 2.40
Solvent ~90 — 190! ~160 — 450" 1.40-1.75
22% Athabasca Guinier Kinetics 4560 — 7160 ~2.4x10°-74x10°%! 3.60 — 4.00
Fraction 95 — 4560 ~450 - 7.4 x 10°! 1.60 —2.50
23% N/A Other Source ~26 — 34!
N/A N/A
Kinetics ~26 — 58!
247 USA Guinier Additive 56 — 150 N/A 2.35-2.96
Kinetics ~83 — 95! 2.30-2.80
25% N/A Guinier Additive ~77 -100" N/A 2.40-3.30
Solvent ~24 — 80! N/A

* = SANS also conducted in these studies (see Table 3), 'numbers estimated from graphical plots. N/A = data not available
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Table 3. Summary of literature reports of the morphological characterization of asphaltenes determined by SANS or USANS analysis in

chronological order

Entry Geological SAS model(s) for R, Variables R, (or other aggregate M,
dy
& Ref Origin(s) calculation studied dimension)/A / kg mol’!
Fraction Dgisx = 130 — 850 16 -89
Concentration Dgigc = 115 - 150 29-50
1% Safaniya Spheroid/disk N/A
Solvent Dyisk =90 — 180 29-177
Oil source Dgisx = 130 — 160 33-59
Solvent 30-32
27 Ratawi Schultz N/A N/A
Concentration 31-32
Temperature 50 -54
370 Arab Heavy Cylinder and Schultz Model 26— 54 N/A N/A
Concentration 50-54
481 Ratawi N/A Concentration N/A N/A 1.80 - 3.00
5% Maya Guinier Temperature 12 47" N/A 1.05
Solvent 61-199 112 - 1200 N/A
6'% Safaniya Zimm
Oil source 144 - 199 569 — 1200 2.05-2.20
788 Safaniya N/A Solvent N/A N/A 3.57
Concentration 30-52 21-55 ~2.00
878 Safaniya Guinier & Zimm Temperature 50 — 80 50— 130 N/A
Model 43 -49 53-54 N/A
Oil source Ryppere=31-42 N/A
Maya, Khafji,
glo1 Guinier and fractal Solvent Rphere =33 - 50 N/A N/A
Iranian light
Temperature Rphere =23 — 46 2.42-2.72
B6, Hondo, Correlation Length = 26 —
Additive
Safaniya, Guinier 128
107 N/A N/A
Canadon Solvent Correlation Length = 43 — 79
Seco Oil source Correlation Length = 40 — 57
Correlation Length = 38 —
Additive 10 - 1000 1.70 - 3.00
110
B6, Hondo,
Solvent Correlation Length = 40 — 90 30 - 200 N/A
Safaniya,
112 Guinier Correlation Length = 30 —
Canadon Oil source 40 — 1000 1.70-2.10
200!
Seco
Correlation Length = 80 —
Fraction 100 — 10000 N/A
450!
Syrian, Correlation Length =26 —
12% N/A QOil source N/A 1.10-3.80
British 65!
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573

574

575

576

577

578

579

Kinetics Correlation Length =26 — 57 1.10-4.10
13%2% Safaniya Guinier/Zimm Temperature 35-65 33115 N/A
147% Ratawi Guinier Solvent 30-31 N/A N/A
Hondo, Oil source 45 -58 2.63-2.76
Canadon Concentration 43 -171 2.52-2.61
157 Numerous models N/A
Seco, Arab
Model 58-75 N/A
Heavy
B6, Hondo, Oil source 51-131 N/A
Arab Heavy, Fraction 62 —-131 N/A
167 Gulf Coast, Numerous models Solvent 63-113 10 - 1000 2.20-3.00
Canadon
Model 73 -109 1.98
Seco
Zimm sphere or Rphercreytinger = 18 — 20
1754 Safaniya Model N/A N/A
cylinder Raen=10-14
Oil source 35-37 2.23-2.67
Temperature 32-37 2.20-2.98
187 N/A Beaucage, Zimm N/A
Model 37-46 N/A
Temperature 3470 — 4690 2.23-2.98
Solvent 15-43 250 — 1000 1.70 - 1.98
Kinetics 23-35 2000 —5000 N/A
19103 N/A Zimm
Oil source 6—43 200 — 1000 1.23-1.98
Fraction N/A N/A 1.69 —2.12
Fraction Correlation Length = 29 — 60 2.20-2.86
20104 Llanos,
Broad peak model Solvent Correlation Length = 26 — 28 N/A 2.86-2.90
Athabasca
Oil source Correlation Length = 25 — 28 2.86-2.99
Solvent 29 -35 14-25
21105 Norwegian Guinier N/A
Concentration 29-32 N/A

* = SAXS also conducted in these studies (see Table 2), 'estimated from graphical plots. N/A = data not available

Given that asphaltene dispersions comprise a broad range of both molecular and aggregate

structures, there is typically significant overlap between the Guinier and Porod regions.”® Consequently,

the best practice usually involves the simultaneous application of multiple models to SAS data over a

broad g range (see Figure 6B). The hierarchical nature of asphaltene aggregation means that different

structural aspects can be analyzed by analyzing an appropriate g range. In practice, this can be achieved

by adjusting the sample-to-detector distance used in the instrument set-up. Typically, for g ranging from

0.001 to 0.5 A", scattering is predominantly from ‘soluble’ asphaltene nanoaggregates (i.e. < 100 nm),
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which enables calculation of R,, M, and dy. For ¢ < 0.001 Al this corresponds to scattering from larger
insoluble clusters, with such data requiring the use of ultra-small-angle scattering (USAS) techniques.5¢
There are many literature reports of data fits to scattering patterns recorded for asphaltene dispersions
over a wide ¢ range. Since these experiments were performed on asphaltenes obtained from a broad
range of sources, analyzed under various conditions and using differing instrumental set-ups,
quantitative comparisons between studies should be made with caution. Nevertheless, there is often
quite good agreement between quantitative analysis in such studies. Tables 2 and 3 summarize the
fitting parameters used for SAS analysis (SAXS and SANS, respectively) that enable comparison of the
morphology of asphaltene aggregates from various crude oil sources, processed by different reaction
conditions or fractionation methods, and analyzed at various temperatures, concentrations, solvents, and

pressure, with or without additives.

Dwiggins was the first to conduct SAXS analyses on crude oils in order to characterize colloidal
structures present.®® In this pioneering study the Guinier approximation was used to calculate the R,,
which ranged from 30 to 70 A for 7 different crude oils. Crude oils were also analyzed at elevated
temperature and after dilution in mineral oil or cis-decahydronaphthalene. Temperature and dilution in
cis-decahydronaphthalene had relatively minor impact on dimensions, but dilution in mineral oil led to
a systematic increase in R,. This observation was attributed to the poor solubility of asphaltene in
mineral oil leading to further aggregation upon dilution. The author briefly discussed the likely particle
morphology and alluded to the possibility of ellipsoidal asphaltene particles in addition to pseudo-

spherical particles.

Pollack and Yen compared the scattering from asphaltenes to structurally-related resin and carbon
black samples.3* Asphaltenes were isolated from several crude oils and analyzed both in the solid state
(by Porod analysis) and as colloidal dispersions (using Guinier analysis). SAXS studies of asphaltenes
in the solid state enabled calculation of mean particle diameters of 300 — 400 A, which were smaller
than values obtained for resins and other amorphous carbons under the same experimental conditions.
For colloidal dispersions of asphaltenes, R, was measured in the region of 33 — 40 A, from which

spherical particles with diameters from 86 — 104 A were proposed [see equation (4)]. These values were
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heavily dependent on the choice of solvent and concentration. Dilution in benzene had little effect,
while dilution with decalin led to an increase in particle size, suggesting that the latter is a poor solvent

for asphaltenes.

Herzog et al.% used SAXS to investigate asphaltenes obtained from 3 geological sources dispersed
in benzene or maltenes. The authors used the power law at low scattering angles to characterize particle
morphology. The difference between experimental data and the theoretical model was accounted for by
porosity within asphaltene particles (ca. 80%). Although quantitative particle size analysis was not
presented, this approach indicated the presence of relatively large, porous disks, calculated to have mean

radii exceeding 800 A.

Ravey et al. were the first to perform SANS on asphaltenes isolated from 5 different sources of
crude 0il.* Analyses were conducted in ds-THF, de-benzene or ds-pyridine after fractionation using
preparative gel permeation chromatography (GPC). Spheroid and disk-like scattering models were
applied to calculate R, and M., values. R, values varied between 30 A or 70 A depending on specific
asphaltene fraction, and satisfactory fits were achieved using either a spheroid model (with diameters
ranging from 80 to 190 A) or a disk model (with diameters ranging from 130 to 850 A). Meanwhile,
the mean spheroid or disk thickness was calculated to lie in the range of 4.5 to 9.0 A, which is lower
than most L. values determined by XRD studies of nanoaggregate dimensions (Table 1). These
structural parameters depended strongly on the choice of solvent but were independent of the geological
source of asphaltene and its concentration in solution. For example, particle diameters determined in
ds-benzene (a non-polar solvent) were more than an order of magnitude larger than those calculated

when using more polar solvents such as ds-THF or ds-pyridine.

Sheu et al.” reported that SANS data recorded for asphaltene dispersions in ds-toluene/ds-pyridine
could be fit to a spherical particle model with a Schultz distribution function. Surprisingly, spherical
particle radii derived from these analyses (30.8 — 32.4 A) were found to be independent of solvent
composition or asphaltene concentration. This lack of particle growth with concentration was attributed
to the packing constraints in asphaltenes preventing further aggregation. Sheu followed up with a study
of temperature-dependent aggregation behavior in toluene, adopting both monodisperse cylinders and

35



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

Schultz distribution of spherical particles models.” Better fits were achieved for the latter model, and
particle radii were found to be relatively constant with both temperature and concentration. The Schultz
model also allowed polydispersity to be estimated, and this value was found to decrease significantly
with both increasing temperature and concentration, suggesting that some larger aggregates dissociated
whilst smaller particles remain unchanged. The authors concluded that the significant polydispersity in
asphaltenes precludes the use of Guinier-type analysis that is commonly used for asphaltene particles.
The Schultz distribution model was also applied to SAXS data recorded for four different asphaltenes
dispersed within the non-asphaltic portion of respective crude oils.”* Mean particle radii ranged from
30 to 60 A (polydispersity = 12 — 20%) with no apparent correlation with the heteroatom or aromatic
content of such samples. However, dilution with crude oil-derived solvent generally produced finer

particles.”

Thiyagarajan et al. reported similar results when conducting variable temperature SANS studies on
asphaltenes dispersed in deuterated 1-methylnaphthalene.” Guinier analysis indicated that R, was
reduced significantly from ca. 47 A to 12 A on heating from 25 °C to 400 °C. Power law analysis at
low ¢ indicated the presence of rod-like particles at room temperature, with modelling suggesting mean
rod lengths of 500 A. Shorter rods were formed at higher temperature, at which ellipsoidal models were
required to fit the data. Only spherical particle models provided satisfactory fits to SANS patterns
recorded at 400 °C. Overall, this study indicates that asphaltene particles seem to undergo a gradual

morphological transition from cylinders to spheres on heating.

Hierarchical structure

The size distributions at different lengthscales in asphaltenes were addressed by Liu et al. through
SANS analysis.®! Models were applied to derive fractal dimensions and the mean number of primary
particles per cluster as a function of asphaltene concentration in toluene. At most concentrations, dr was
determined to be 3.0 but a minimum value of 1.8 was calculated at intermediate concentration.
Interestingly, the mean number of particles per cluster increased from 20 up to a maximum value of 60

over the same concentration range. The authors concluded that fractal clusters were only present at
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asphaltene concentrations above 40% w/w. Preparation of highly concentrated dispersions (> 80% w/w)

led to phase inversion, producing toluene droplets dispersed within an asphaltene matrix.*

Fenistein et al. also used SANS to study the hierarchical structure of asphaltene aggregates.'®
Asphaltenes extracted from either Safaniya vacuum residue or an asphaltene-rich crude oil (with the
latter comprising a higher aromatic fraction) were dispersed in various deuterated heptol mixtures. The
Zimm approximation was used to provided R, values, which increased at higher dis-heptane fraction
for both types of asphaltenes (from either 60 to 200 A from Safinya vacuum residue or from 70 to 144
A for the asphaltene-rich crude oil). However, the superposition of all SANS patterns at higher ¢
suggested that essentially the same primary aggregates (for which R, < 50 A) were present in all cases.
Fractal dimensions were calculated from both a master plot of R, vs. M, and by power law analysis in
the Porod region, with both approaches producing dr values of around 2.0 to 2.2. These values indicated
open fractal structures with solvent-rich internal structures, which was consistent with the effective
molecular volumes determined by viscometry. However, it was recognized that fractal aggregation
processes were likely to continue well beyond the “few hour” timescale of the SANS experiments. The
authors later used SAXS and SANS in conjunction with DLS to study the evolution of asphaltene
morphology in heptol mixtures in siru.®® Distinct regimes were observed depending on heptane ratio,
with solvated fractals observed at low heptane fraction, and large compact structures apparent with
increasing heptane. USAXS analysis showed that the larger fractal structures observed for asphaltenes

powders also existed when dispersed within the “natural” maltene solvent.

Roux et al. used SANS analysis to investigate concentration-dependent asphaltene aggregation in
ds-toluene using Guinier and Zimm approximations.’® Values from Zimm were consistently higher from
Guinier, which was attributed to fitting the upturn in scattering observed at low ¢g. Both methods showed

7072 increasing the asphaltene concentration led to lower apparent My

that, contrary to earlier studies,
and R, values. Furthermore, increasing the temperature from 8 °C to 73 °C reduced the degree of
aggregation and resulted in a systematic reduction in R, from 80 to 50 A A plot of R, vs. concentration

showed that dilute, semi-dilute and concentrated regimes existed, and that an overlap concentration

could be observed. Above this overlap concentration, model fitting effectively measured concentration
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fluctuations rather than R, of individual particles.* A plot of My, vs. R, from data collected over all
concentrations and temperatures had a gradient of 1.9, which indicated the presence of solvent-swollen

fractal aggregates.

Tanaka et al. used SANS to study three asphaltenes in three solvents (deuterated decalin, 1-
methylnaphthalene and quinolone) at 25 °C, 150 °C, 300 °C and 350 °C to produce an extensive set of
structural data.'® Each pattern was fitted using the Guinier approach modified for an ellipsoid of
rotation or solid sphere. R, was calculated to be highest in decalin and lowest in 1-methylnaphthylene,
with quinolone exhibiting intermediate sizes for all asphaltenes. Lower R, values were also observed at
higher temperatures. At 25 °C, a high aspect ratio prolate ellipsoid model provided the best data fit.
However, at elevated temperatures more satisfactory data fits were obtained using a solid sphere model.
Surface fractal dimensions were calculated by subtracting the power law obtained at low ¢ from 6 (ds =
2dy— P, where d; = 3), giving d, values ranging from 2.72 at 25 °C to 2.42 at 350 °C. This was interpreted
as evidence for smoother particle surfaces at higher temperatures, although fractal networks were only
observed for one asphaltene. This particular sample also exhibited a high tendency to generate coke,
suggesting that the propensity to form higher order fractal structures may be related to asphaltene drop-

out in an industrial context.

Mason and Lin time-resolved SANS to address another direct industry problem: the formation of
precipitates on mixing two oils with significantly different solvation power for asphaltenes (e.g., Syrian
crude oil and British paraffinic oils).?! After mixing various volume fractions of the two oils, smaller
particles were observed over time when employing lower volume fractions of the asphaltene-rich crude
oil, suggesting a higher degree of dispersion. Mixtures containing higher fractions of asphaltene-rich
crude oil exhibited relatively constant particle size over time. In addition, surface scattering power law
exponents increased more slowly over the course of a week for colloidal dispersions prepared using
higher asphaltene fractions. Such data could help to understand the aggregation kinetics and make
estimations of repulsive potential barriers between asphaltene particles. Cosultchi et al. also studied the
aggregation kinetics over longer timescales upon addition of either toluene or THF to isolated powders

from two different asphaltene sources.”! After the longest reported timescale of one month, the R, was
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161 + 2 A for both types of asphaltenes in each solvent. However, immediately after solvent addition
the R, ranged from 192 A (THF) to 255 A (toluene). Particle morphologies were also deduced from
Kratky plots and distance distribution functions, where initially spherical particles were produced in
THF, and either spheres or fibres were formed in toluene. Fractal dimensions calculated by power law

analysis tended to increase over time and were higher for asphaltene dispersions in toluene than THF.

Espinat et al. conducted temperature and pressure-dependent SAXS and SANS studies of
asphaltene dispersions in toluene/ds-toluene in an attempt to mimic the conditions experienced by crude
oils during their refinery and transport.”? In accordance with a prior study by Tanaka et al.,'®! these
workers found that Zimm analysis of the SANS data yielded R, values that decreased from 65 A at 30
°C to 35 A at 290 °C. However, full molecular dissolution was not observed even at the highest
temperatures, while increasing the applied pressure up to 240 bar had no discernible effect on the
aggregate morphology. SAXS analysis at 10 °C indicated the presence of relatively large aggregates
with a fractal dimension of approximately 2. The particles formed on cooling were comparable in size
to those formed by solvent-induced flocculation in a previous study (i.e. R, > 100 nm).'® It was
proposed that lowering the solution temperature reduced the degree of solvation while increasing the

strength of asphaltene interactions, thus favoring the formation of larger particles.

Gawrys and Kilpatrick evaluated various scattering models for SANS data recorded for three
different asphaltenes dispersed in ds-toluene, ds-toluene/ds-methanol or ds-toluene/ds-heptane.”” Such
approaches included Guinier approximation, small-particle mass-fractal, monodisperse models
(spheres, prolate cylinders, oblate cylinders) and Schultz polydisperse models (spheres and oblate
cylinders only). The best model fit was obtained for oblate cylinders with a polydisperse radius.
Interestingly, the particle dimensions depended on the asphaltene source, with more sulfur-rich
molecules forming cylinders of smaller mean radii and length, suggesting that the presence of such
heteroatoms disrupts n-n* stacking. Meanwhile, increasing the n-heptane fraction within the heptol
solvent led to the formation of larger cylinders. In a follow-up study, Gawrys et al. applied several
SANS models to study the solvent entrainment within asphaltene particles.”® By modelling the scattered

intensity, it was found that greater aggregation occurred when increasing the n-heptane content of heptol
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mixtures. Polydisperse cylinder models once again produced the best fit to the data relative to Guinier,
Zimm, small particle mass fractal. Fractal dimensions were calculated using this latter model, which
overcame some of the limitations of techniques used in prior studies. In particular, the My, vs R, and
Porod gradient approaches favored by earlier workers were considered to require too many assumptions.
Depending on the asphaltene chemistry and the solvent conditions, the mean fractal dimensionality was
determined to lie between 2.2 and 3.0, with changes in surface roughness being considered to play a
key role. Model fits for the primary nanoaggregates indicated that asphaltenes with larger core diameters
usually formed thicker stacks, and polydispersity was insensitive to the aggregate size. By calculating
apparent M, values, solvent entrainment within aggregates was estimated to lie in the range of 20 —

50% (v/v) depending on the aggregate size.

Headen et al. utilized USANS (here named very small-angle neutron scattering, V-SANS) in
combination with conventional SANS to examine asphaltenes dispersed in either crude oil or ds-toluene
at length scales of up to 0.45 um.” Unfortunately, poor neutron contrast in crude oil led to weak
scattering and hence relatively noisy data for asphaltene dispersions. Nevertheless, Beaucage
parametrization'*® and Zimm’! approximation were employed to calculate primary particle R, between
30 to 50 A, which are comparable to values reported for different SAS models and in model solvents
from other studies (Table 2 and 3). Satisfactory form factor model fits were achieved for rod-like
particles with radii of 16 — 22 A and mean lengths ranging from 117 to 137 A7 Higher temperatures
led to smaller R, values and lower fractal dimensions for these primary particles, but analysis of the low
q regime indicated that the size of larger aggregates was only weakly temperature-dependent. A
reduction in fractal dimension of the primary aggregates from 3 to 1.8 signified the formation of less
dense structures at higher temperatures. However, weaker scattering was observed in the low ¢ regime
at higher temperature, indicating fewer large insoluble components were present. Based on these
observations, the authors proposed that there were distinct populations of smaller and larger fractal

structures, with only 2% of asphaltene molecules existing within larger aggregates at 20 °C.

Turikov et al. reported similar R, values for asphaltene particles dispersed in a range of crude oils

and in toluene. However, the relative fractions of large and small particles differed significantly after
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accounting for the size polydispersity.®* In particular, a major asphaltene particle population (R, ~ 80
A) that was present in all crude oil samples was absent for asphaltene dispersions prepared using
toluene. It was concluded that caution should be exercised when characterizing asphaltene particles in
model solvents such as toluene because such particle size distributions may differ significantly from

those found in crude oil.

Hoepfner and co-workers published two reports shedding further light on the soluble and
insoluble asphaltene populations.’* ' In the first study, SANS was used to study drop-out upon addition
of dis-heptane to asphaltene particles dispersed in either ds-toluene or crude oils.!”® By measuring the
scattered intensity at high g, SANS was used to estimate the reduction in the ‘soluble asphaltene’
fraction that occurs on addition of n-heptane. The fractal dimensionality calculated from power law in
the Porod region was ca. 1.23 — 1.98 for the ‘soluble’ primary asphaltenes, and 2.12 — 2.50 for larger
asphaltene aggregates/precipitates, although there was no systematic correlation of these values with
the volume fraction of n-heptane. R, and M, values calculated for primary nanoaggregates were most
strongly affected for one crude oil, increasing from 15 A to 43 A on addition of 30% w/w n-heptane.
The authors proposed that the asphaltene fraction with lowest solubility in n-heptane were the strongest
neutron scatterers within a given crude oil dispersion. In a follow-up paper, the same team utilized both
SANS and SAXS, in combination with XRD, to study asphaltenes at various concentrations in three
good solvents (THF, toluene or 1-methylnaphthalene).’> THF was found to solubilize the highest
fraction of asphaltenes but insoluble clusters were observed even at the lowest asphaltene
concentrations in all three solvents. Using the Zimm approximation, larger R, values were calculated at
higher asphaltene concentrations in each solvent, concomitant with the presence of a higher fraction of
insoluble clusters. Moreover, all such data fell on the same R, vs. M\, master plot, from which a mean
fractal dimension of 1.7 was calculated. The authors discussed various ways in which residual water
could affect the degree of aggregation and scattering analysis, and the need to use dry solvents in such

experiments was emphasized.

Morimoto et al. used SAXS to characterize the morphology of asphaltene in toluene,

toluene/pentane (with 10% pentane v/v) and bromobenzene. Bromobenzene is considered to be the best
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for asphaltene on the basis of Hansen solubility parameter relative to asphaltene (46).” R, values
calculated using the Zimm approximation were smaller in toluene than for toluene/pentane mixture, and
increased with asphaltene concentration, which is consistent with Hoepfner’s study.’? However, in
bromobenzene it was only possible to estimate R, for the primary nanoaggregates at the highest
concentration owing to absence of any scattering features at lower concentrations. Exceptionally, large
fractal structures with sharp interfaces existed at all asphaltene concentrations in bromobenzene, as
indicated by a gradient of -4 in the low g region. The authors proposed that the degree of asphaltene
aggregation in this solvent differed significantly from the Yen-Mullins model.'? More specifically, the
molecular components that are normally located at the surface of asphaltene particles are molecularly
dispersed in bromobenzene, whereas the core-forming molecules remain dispersed as rigid aggregates.
A useful positive correlation between 4J and either R, or M,, was observed, from which particle size

could be estimated for a given asphaltene at a particular concentration in a given solvent.

Hoepfner and co-workers later utilized simultaneous SAXS and USAXS to follow morphological
changes in soluble and insoluble asphaltene aggregates during the n-heptane-induced precipitation from
toluene.®® In toluene, soluble aggregates with an R, of 10 A were detected that remained relatively
unchanged over experimental time scales. Initially, the R, of these soluble aggregates increased with
the volume of added n-heptane, but then a reduction in R, was observed above 43% n-heptane as a
larger fraction of asphaltenes became insoluble and hence were no longer detected within the same ¢
range. The fractal dimensions of the soluble aggregates were determined to be 1.6 by two different
analytical methods. In situ SAXS/USAXS analysis after addition of 46% n-heptane indicated that
significant morphological changes were only observed for the insoluble clusters (i.e. within the low ¢
USAXS region). R, and M,, values for these insoluble clusters increased more rapidly over time, which
was suggested to be the result of a nascent precipitate phase seeding further precipitation. During this
experiment, the fractal dimension of the insoluble clusters (measured by power law analysis) increased
from 3.6 to 4.0, suggesting that the initially rough surface fractals became smoother and formed sharp

interfaces with the surrounding medium.
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Fractionation

Various studies have investigated how the morphology of asphaltene is affected by its
fractionation. Fenistein and Barré separated various asphaltene dispersions by ultracentrifugation in
toluene and studied the asphaltene morphology of resulting fractions using SAXS.% Ultracentrifugation
into various mass fractions produced particles with R, values ranging from 33 to 252 A, thus
demonstrating the highly polydisperse nature of asphaltene aggregates. Both R, vs. My, plots and power-
law analysis at intermediate ¢ were used to estimate fractal dimensions in the region of 2. The
mechanism and kinetics of asphaltene aggregation were also discussed, and it was postulated that a
balance existed between short-range attractive interactions between the insoluble fused aromatic cores

and longer range steric repulsion between solvated aliphatic chains.

Barré et al. proceeded to use fractionation by ultracentrifugation as a means to study the relationship
between the length scales measured by SAXS and the solution viscosity of asphaltenes.®” The R, of
primary asphaltene aggregates was calculated by Zimm fitting and found to be independent of
concentration in toluene. The gradient of 2.1 determined at high ¢ was attributed to either fractal
structures or disk-shaped particles, with differences in scattering at low g being taken to indicate
concentration-dependent changes in the larger scale aggregate morphology. The scaling of viscosity
with concentration was not consistent with the presence of disk-shaped particles but could be
rationalized by assuming that asphaltene formed hard sphere aggregates swollen with interstitial
solvent. The same authors subsequently adopted a combination of SAXS and SANS to demonstrate that
solvent trapped within asphaltene fractal aggregates could account for the concentration dependence of
the solution viscosity.%> SANS and neutron reflectivity experiments were also performed on asphaltenes
adsorbed onto solid surfaces and at oil-water interfaces. In such cases R, values were found to be
comparable to those determined in solution, suggesting that asphaltene aggregates formed monolayers

by adsorption at interfaces.

Such a combination of SAXS and SANS was later used by Eyssautier et al. to analyze a range of
asphaltenes in dilute toluene/ds-toluene solutions.®* The data obtained from these two techniques

compared well at low g (i.e. for longer length scales) but oscillations within the SANS data at high ¢
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indicated fine structural details that were not detectable by SAXS (see Figure 4). Contrast variation
techniques were employed for SANS analysis. This involved systematic variation of the H/D isotopic
ratio to rigorously assess the quality of the data fits obtained when using sphere and cylinder models,
which are indistinguishable according to the SAXS data. The cylindrical (or disk) model provided the
best fit to the SANS patterns over a range of H/D ratios, with the corresponding calculated dimensions
suggesting an aromatic core radius of 18.2 A, an aliphatic shell thickness of 14.4 A, and a disk height
of 6.7 A. In general, these structural parameters are larger than those expected based on the modified
Yen model.'"* SLD calculations modelled from SANS data confirmed that the aliphatic shell density
was far greater than that expected for an n-alkane, suggesting the formation of a dense shell as a result
of the close-packed stacks of aromatic cores. This team also characterized the temperature and
concentration-dependent asphaltene morphology when such particles were dispersed in the maltenes
from which they were isolated.”* Again, lower R, and M,, values were obtained at higher temperatures.
This behavior was interpreted as evidence for the desorption of resins from the surface of asphaltene

particles and/or cluster dissociation, which is consistent with the observed viscometric properties.

Eyssautier et al. separated asphaltenes into ‘filtrates’ and ‘retentates’ using porous membranes with
arange of pore sizes.® Asphaltene dispersions in crude oil-based solvents (i.e. maltenes) were subjected
to SAXS and USAXS analyses. As expected, lower R, and M, values were obtained when using
membranes with smaller pores and also at higher temperatures. Moreover, it was clear that asphaltene
aggregates were present up to 300 °C. Such observations suggest that irreducible primary asphaltene
nanoaggregates are present under all conditions, including those corresponding to refinery processing.
Fractal dimensions (calculated from M, vs R, plots) showed two regimes at differing length scales,
suggesting fractal structures at both the nanoaggregate and cluster length scales. USAXS analysis
enabled larger particles to be observed at low g and confirmed that membrane retentates contained large
mineral particles that were absent in the filtrates. Furthermore, the fractal dimension data suggested
similar structural dimensions for asphaltenes dispersed in maltenes as toluene (observed in a prior study
from the same group).% This is an important result, because it suggests that such ‘model’ oils are indeed

useful mimics for understanding the behavior of asphaltenes within crude oil.
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Ballard et al. separated asphaltenes according to their differing surface activities by isolating the
fraction that adsorbed at the interface of a toluene/water mixture.'" This so-called ‘interfacially-active
asphaltene’ (IAA) was compared to the original whole asphaltenes (WA) and the (interfacially-inactive)
remaining asphaltene (RA) fractions by SANS analysis. A shape-independent broad peak model was
applied to SANS data to obtain a characteristic length, which was assumed to correspond to
nanoaggregate radius. This parameter was approximately twice as large for IAA (60 A) as for RA (29
A). Meanwhile, the power law component corresponding to the fractal dimension was smaller for IAA
than for RA, suggesting a less compact structure for the former species. Variations in chemical
composition (particularly sulfur, oxygen and nitrogen contents) between IAA and RA were suggested
to be responsible for these morphological differences. Moreover, the authors postulated that the
presence of S=0 and C-O/C=0 groups should strongly influence the aggregation mechanism and the

resulting nanoaggregate morphology.

Additives

Systems in which additional molecules are mixed with asphaltene to influence their aggregation
and morphology have been studied using scattering techniques on numerous occasions. For example,
Chang and Fogler used SAXS to study the morphology of asphaltenes prepared in the presence of
amphiphiles that stabilize against asphaltene precipitation: p-nonylphenol (NP) and p-
dodecylbenzenesulfonic acid (DBSA).®® Interaction between such putative stabilizers and the
asphaltene aggregates was proven by showing that the X-ray scattered intensity for a solution containing
both asphaltene and stabilizer was higher than the sum of the scattering from solutions comprising the
individual components. Samples were prepared in toluene, n-dodecane or n-heptane, and based on the
similarity between the corresponding SAXS curves it was concluded that the two stabilizers were
equally effective at preventing aggregation in all solvents. R, values were estimated using the Guinier
approximation: aggregate sizes increased from 37 A in the absence of any stabilizer up to 42 A for NP
and 75 A for DBSA, respectively. Analysis of pair distance distribution functions, P(r), which gives a

probability of finding two scattering entities at a distance r, indicated that r values began to increase
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above a critical DBSA concentration, suggesting that aggregation was actually promoted at high

stabilizer loadings.

Spiecker et al. studied the effect of adding resin fractions derived from crude oil on asphaltene
aggregation in various heptol mixtures.!” SANS analysis with Guinier fitting was used to monitor a
reduction in aggregate size from 40 — 60 A to 10 — 20 A on addition of up to 10% resin to four different
asphaltenes. Furthermore, much less intense scattering in the low g region was observed in the presence
of resins, which suggests that a smaller fraction of insoluble clusters formed. As in the study by Chang
and Fogler, neutron scattering from mixtures exceeded that of the individual components, indicating
physical interactions between the resin and asphaltene particles. Resins interacted most strongly with
more polar asphaltene fractions and it was proposed that these fractions were most prone to form
aggregates in solution and also adsorb at interfaces. A follow-up study examined the influence of such

resins on asphaltene precipitation in more detail.'??

The mean correlation length and M, varied
depending on the crude oil source, choice of solvent, and asphaltene fraction (i.e. nanoaggregates vs.
clusters). Asphaltenes with reduced aromatic character generally formed smaller aggregates. However,
the resin content had a significant influence on the correlation length, which was reduced from 110 A
to 38 A. Fractal dimensions ranged from 1.7 to 2.1 in the absence of resin, increasing to a limiting value
of 3.0 at an asphaltene/resin ratio of 2.0. This suggests that the asphaltene particles became saturated
with resin at this ratio. The authors proposed that the resin molecules intercalated between asphaltene
molecules, leading to the formation of denser structures with greater fractal character. The smallest

observed aggregates (correlation length < 20 A) were denoted ‘irreducible oligomers’ that could not be

further broken up, as observed in many other studies.

Larichev et al. studied the development of asphaltene structure that occurred after addition of n-
heptane to six crude oils that differed in their resin content.”® Data fitting produced both R, and Rg cross
(particle cross-section) with the R, cross/Rg ratio providing information regarding the particle anisotropy
or mean aspect ratio. For each oil, R, increased rapidly within the first hour before reaching a plateau,
but the increase in the R, cros/Rg ratio differed significantly between crude oils. Rapid increases were

observed within 1 h for crude oils with the lowest resin content, whereas resin-rich oils exhibited much
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slower growth over 72 h. The same authors subsequently studied the addition of the ‘nitrogen-base’
components of resins on primary nanoaggregates and secondary clusters, both in the solid state and in
toluene solution.”” In the solid state, the position of a broad scattering maximum was used to estimate a
primary cluster size of 36 A, while Guinier analysis was used to characterize the R, of the secondary
clusters. High resin contents reduced the R, of the secondary clusters from 150 to 56 A and led to
attenuation of the broad SAXS correlation peak, which was interpreted in terms of more loosely packed
primary particles. The resins also reduced the fractal dimensions of the primary nanoaggregates (as

determined by power law analysis), suggesting their degradation into disordered diffuse fragments.

Sheu et al. studied the effect of adding sodium dodecylsulfate (SDS) on asphaltene particle size
using SANS.” The neutron scattered intensity at low g was reduced in the presence of SDS, which is
consistent with the formation of fewer insoluble clusters. However, the size of the primary aggregates
was largely unchanged, suggesting that these fundamental building blocks remain intact in the presence

of such additives.

Padula et al. correlated asphaltene morphology with rheological studies performed in the presence
of additives such as co-solvents, surfactants and polymers.” Unified models were applied to SAXS data
to describe the asphaltene morphology over a range of concentrations in heptol mixtures and maltenes.
For two different sources of asphaltene in both toluene and n-heptane, there was little effect of
concentration on R suggesting the primary aggregates remained constant regardless of the solvent
composition. Meanwhile, more significant size effects were observed in the presence of additives. In
particular, addition of a surfactants such as DBSA or nonylphenol ethoxylate significantly reduced the
asphaltene R, for the aromatic-rich crude oil. This is consistent with prior studies that demonstrated the
ability of suitable additives to stabilize asphaltene dispersions and prevent their precipitation.®* 8¢ 108
Although no quantitative data fitting was attempted at low ¢, the appearance of strong scattering
suggested the presence of relatively large objects (R, > 90 nm). Fractal dimensions determined by power

law analysis of SAXS patterns varied significantly depending on the origin of the crude oil, with

aromatic-rich oils generally exhibiting less fractal character.
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The Hoepfner group conducted in situ experiments to study the effect of inhibitors on asphaltene
aggregation using USAXS.” So-called ‘K values’ were derived from the X-ray scattered intensity to
describe the proportion of insoluble asphaltenes in the presence of inhibitors relative to that in the
absence of any inhibitor, whereby lower ‘K values’ indicate more effective stabilization. n-
Dodecylphenol (DDPh) prevented any precipitation when present at sufficiently high concentration
(5000 ppm), while other additives merely delayed the onset of precipitation. The effect of inhibitor on
both soluble (high g region) and insoluble (low g region) fractions was studied. The power law at low
q increased over time from 2.9 to 3.2 in the absence of inhibitor, indicating evolution from a dense mass
fractal to a rough surface fractal. The presence of inhibitors reduced this increase in dr to a final fractal
dimension of just 2.3 at the highest DDPh loading. It was concluded that inhibitors prevented the
formation of rougher particles that had a higher propensity to aggregate. The mean radius of gyration
of the nanoaggregates was determined by Guinier analysis. Only the highest concentration of DDPh

inhibitor (5000 ppm) led to a significant reduction in Ry (from ~100 A to ~75 A).

Knudsen et al. examined interactions between asphaltenes and a commercial Pluronic-type
triblock copolymer.'® Increasing the fraction of deuterated n-heptane within heptol solutions led to an
increase in Ry and My, as determined by SANS. Neutron reflectometry studies were then conducted on
surfaces on which asphaltene had been deposited. This asphaltene layer was found to be 8 A thinner in
the presence of the Pluronic copolymer. Moreover, this surface was discernibly rougher, which was
consistent with the reduced adsorbed amount indicated by quartz crystal microbalance studies.
However, this study also suggested that the amphiphilic Pluronic copolymer chains were only weakly

incorporated within these layers.

Summary of asphaltene structural information obtained from scattering methods

The various SAXS, SANS, and XRD studies discussed and summarized in Tables 1 — 3 indicate
that the structural dimensions of asphaltenes at multiple length scales (depicted in Figure 1) depend on
many inter-connected parameters that can be difficult to deconvolute. However, systematic studies have

shed some light on various aspects that influence the morphology of these complex materials, including:
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(i) their chemical structure, (ii) solvent composition, (iii) asphaltene concentration, (iv) solution

temperature and (v) the presence of exogenous additives.

Given the many structural variables and considerable heterogeneity within an asphaltene dispersion,
it is extremely difficult to correlate differences in chemical structure with the aggregate morphology.
Nevertheless, the judicious combination of scattering techniques coupled with elemental microanalysis
and NMR spectroscopy can provide important insights on both molecular and colloidal length scales.
Chemical functionality can vary widely depending on the geological origin of the crude oil from which

the asphaltene is derived, as well as the conditions employed for its processing and fractionation.

According to XRD analyses reported in the literature, the morphology of asphaltenes depends on
their aromatic character,** > 47-5* heteroatom content,**#"-37 and alkyl chain length.* % It is generally
accepted that their fused aromatic rings lead to intermolecular aggregation via m-m* interactions.
However, other types of non-covalent interactions can also influence the extent of asphaltene
aggregation, including hydrogen bonding through heteroatoms and van der Waals forces acting between
aliphatic groups. Alternatively, N, O or S atoms can increase the mean stack thickness as a result of

4757 or aromatic ring size.*’ The nature of the aliphatic groups may

stronger intermolecular interactions
also influence the degree of stacking: longer chains enable the formation of thicker stacks,’® whereas
shorter chains promote more efficient molecular packing and hence shorter interlayer distances.
Moreover, asphaltenes containing fewer aromatic rings per molecule tend to form relatively disordered
amorphous aggregates,** while aromatic rings with fewer substituents can lead to more efficient packing
and larger nanoaggregates.”’ Some studies have begun to examine how differing asphaltene reaction

50, 53

pathways can exert a strong influence over asphaltene morphology. For example, heteroatom-rich

asphaltenes appear to follow different oxidation pathways that may lead to more loosely-stacked
aggregates.*® Moreover, asphaltene processing protocols that reduce aromatic character produce fewer

molecules per stack and shorter inter-stack distances.* >

Fractionation of asphaltenes by preparative gel permeation chromatography,®

67.%9 or membrane filtration® indicate significant polydispersity within asphaltenes.

ultracentrifugation
However, in most cases such size-based fractions do not differ markedly in terms of their chemical
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functionality. Interestingly, the most surface-active asphaltenes tend to contain significantly higher
sulfur and oxygen contents and a higher proportion of aliphatic groups. Larger aggregates with lower
fractal dimensions are formed by such interfacially-active asphaltenes, which has been rationalized in

terms of stronger intermolecular interactions.'

According to multiple SAS studies, the solvent composition can strongly influence the asphaltene
morphology.!7- 32 66. 69.70. 72, 74-9. 81. 83, 84, 88, 91. 95, 98. 100-105 Tpy geperal, the Hansen solubility parameter is a
good indicator of asphaltene aggregation behavior. In a good solvent environment (e.g. toluene,
pyridine,*® 7> THF,>2 ®-°! bromobenzene® or 1-methylnaphthalene>> '), aggregates tend to be smaller
and also dissociate further on dilution, suggesting relatively weak intermolecular interactions in such
conditions. In the case of ‘heptol’ solvent mixtures, adjusting the n-heptane/toluene ratio influences
particle size, with larger amounts of n-heptane leading to the formation of larger particles.”® - 8100 Op
dilution with n-heptane-rich solvent mixtures, larger aggregates are formed as a result of greater

flocculation, the opposite case to a good solvent environment.®* Other non-polar solvents such as

benzene® also promote asphaltene aggregation.

Several studies have examined asphaltenes in their ‘natural’ state within crude oils.5% 7 5. 88. 94

Again, the difference in Hansen solubility parameter between asphaltene and maltene solvent (40) is
the key to understanding their aggregation behavior, as recently discussed by Morimoto et al.”> Solvent
quality affects the relative proportions of primary nanoaggregates and fractal clusters, > %1 with the
latter component most likely being responsible for asphaltene ‘drop-out’. Most of these solvent effects
have been elucidated by SAS studies, but XRD analysis of asphaltene dispersions has revealed various

changes within the primary aggregates at the molecular level.>

Various XRD*® and SAS® 70- 73. 78, 83, 92. 94. 101 gy dies have demonstrated that the asphaltene
morphology depends on the solution temperature. For example, larger interlayer distances and fewer
molecules per stack were observed by XRD at higher temperature, leading to smaller primary
aggregates.* This is consistent with the general trend observed in SAS data, which has shown that

smaller particles are formed at higher temperatures.®% 72 73 78. 92. 94. 101

This temperature-dependent
behavior has been rationalized in terms of stronger attractive forces and weaker solvation at lower
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temperatures.”? However, increasing to certain temperatures can result in flocculation and precipitation

of asphaltenes as in thermal de-asphaltene processes.>*
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Figure 7: Chemical structures of various additives (otherwise known as dispersants, stabilizers, or

inhibitors) that can be used to control asphaltene aggregation according to the literature.

SAS studies also confirm that the asphaltene morphology can be significantly influenced by the
presence of additives.!” 1855 38.79.86.98. 102 The Jatter compounds are used to minimize (ideally prevent)
asphaltene aggregation and hence alleviate the commercial problems associated with asphaltene drop-
out.'” These additives are typically amphiphilic, comprising non-polar tails and a polar head-group that
can interact with specific heteroatoms and functional groups found in asphaltene molecules. Indeed,
crude oil contains a fraction known as ‘resins’, which are believed to aid the dispersion of asphaltenes
on the colloidal length scale by intercalation within the aromatic stacks of asphaltenes and presentation
of their aliphatic tails at the surface of the asphaltene aggregates.!” Exogenous additives used to control
asphaltene aggregation possess some common structural motifs, including benzene rings, polar groups
(e.g. alcohols, sulfonates, or ethylene oxide oligomers), and aliphatic chains of various lengths (Figure
7). XRD analyses have shown that such additives increase the mean distance between aromatic rings
(dwm), suggesting their intercalation between the stacked polyaromatic rings. '®°® Other studies suggest
a reduction in the mean number of molecules per stack and hence the mean stack thickness.'® > One

theoretical study proposed that the interaction of additives with asphaltenes can affect their aromatic
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character and therefore their propensity to undergo n-m stacking.>> On longer length scales, results of
SAS studies suggest that additives can increase the R, of asphaltene particles, or even promote their

aggregation at higher concentrations.3¢
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Figure 8: Schematic cartoons to illustrate the interaction and incorporation of additives between

asphaltene stacks, taken from the literature.'

Conclusions and Future Outlook

In situ SAS analysis is a powerful method to study asphaltene aggregation, which is directly
connected to multiple industrial problems. Nevertheless, the development of more sophisticated
analytical models remains desirable. Since more than one interpretation of any given scattering pattern
may be possible, the combination of SAS with other analytical techniques is crucial to avoid ambiguity
in the structural analysis of asphaltenes. Furthermore, scattering experiments are not always conducted
under relevant ‘real-world’ conditions, which may limit data interpretation in the context of asphaltene
drop-out. Developing reliable combinations of analytical methodologies that can be consistently applied
to asphaltenes in both the solid state and colloidal dispersions should enable more meaningful
comparison between data reported by different groups, and hence facilitate a deeper understanding of

the relevant structure-property relationships at the molecular length scale. This is also likely to be
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important when establishing differences in the behavior of crude oils arising from their differing
geographical sources. In addition, meta-analysis of the structural data already reported in the literature
should provide further insight into the structural correlations between different sources of asphaltene
and their behavior under various conditions. Furthermore, detailed studies of the mechanism(s) of action
of various inhibitors are warranted, not least because such additives are essential to prevent the various
industrial problems associated with asphaltene ‘drop-out’. An enhanced understanding of how to
control asphaltene aggregation is most likely required if their potential application within next-
generation materials is to be realized, such as organic dye sensitized solar cells®, supercapacitors,?’

biological imaging,?® and electrocatalyts.”
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