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⊥Novosibirsk State University, Pirogova str. 2, Novosibirsk 630090, Russia

*S Supporting Information

ABSTRACT: The tendency of asphaltenes for aggregation followed by precipitation and deposition plays a crucial role in the
petroleum industry since these processes present severe problems during the production, recovery, and processing of crude oils
and fossil hydrocarbon feedstocks. The dynamics of oil asphaltene aggregates dissolved in chloroform at different concentrations
varied in a wide range that was investigated at temperatures from 0 to 55 °C using the Pulsed-Field Gradient NMR technique.
The components attributed to nanoaggregates and macroaggregates were successfully resolved, which allowed us to measure
their diffusion coefficients. The diffusion coefficients for all types of aggregates grow as the asphaltene concentration decreases,
whereas the partial weight of the aggregates increases with the increase of asphaltene concentration. The difference in diffusion
behavior of the aggregates of different types was registered when passing the critical concentration range 10−20 g/L. The nano-
and macroaggregates behave independently when the asphaltene concentration is higher than 20 g/L (concentrated regime),
while below 20 g/L (semidiluted regime) the components related to the different types of aggregates cannot be properly
resolved. It was found that regardless of the asphaltene concentration, the diffusion coefficients for nano- and macroaggregates
demonstrate similar temperature behavior giving the straight lines in the Arrhenius coordinates which change their slopes when
passing the temperature range 20−30 °C. The phenomenon evidences the thermally induced cleavage of noncovalent bonds
with subsequent rearrangement of asphaltene aggregates that is observed for all concentration regimes covering the existence of
asphaltene aggregates of all types. The data obtained are well consistent with the modern concept of asphaltene aggregate
structure and fairly agree with the data obtained earlier. We believe these results will contribute essentially to a better
understanding of the fundamental behavior of asphaltenes and their aggregates, providing a deep insight into aggregate
transformation triggered by the temperature.

1. INTRODUCTION

Abundant worldwide production of light oil along with the
depletion of conventional oil resources actually shifted the
focus of the petroleum industry and technology toward
processing of heavier crude oils and residues.1 Heavy crude
oils are among the most complex existing natural fluids. These
feedstocks are more difficult to process, in comparison with
light oils, because of the higher content of heavy constituents
such as asphaltenes and resin and greater quantities of
nondistillable hydrocarbons having many heteroatoms and
metals.2 The main problem when processing heavy oils lies in
the inevitable deposition of heavy organic compounds.
Consequently, there is a strong necessity to refine permanently
pipelines, internal surface of reservoirs, and catalysts in reactors
from the deposits during heavy oil production and processing.
Among the thousands of components present in crude oil,3

asphaltenes are highlighted to be the most important group of
compounds that undergo deposition during processing,
refining, and transportation of heavy oil.4 They are typically
defined as a nonvolatile fraction of crude oils which are

insoluble in n-alkanes but soluble in benzene and toluene.5,6

This definition captures the heaviest and the most polar
fraction of oil, which is composed of various molecules having
a strong tendency for the destabilization and phase separation.
Although asphaltenes have been extensively studied over the
decades, their composition and molecular structure remain
under discussion so far.7−9 In particular, such fundamental data
as molecular weight, size, shape, and molecular structure are
not clearly established and still is a big challenge in the
characterization of asphaltenes.10 Usually asphaltenes are
considered to be formed by a system of polycondensed
aromatic rings with aliphatic chains attached to them.9,11 They
also contain some heteroatoms (nitrogen, sulfur, and oxygen)
and metals in trace amounts (nickel and vanadium) in
proportions depending upon the origin of the sample.12

Based on numerous experimental findings, two main structural
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models have been proposed for asphaltene molecule: the
“continental” (or equivalently − “island”) and the “archipela-
go” models.7,9,12−14 According to the continental model, the
asphaltenes are considered as a condensed aromatic molecule
composed of a single aromatic core substituted by some alkyl
chains, whereas, in the archipelago model, the asphaltene
molecule consists of several smaller aromatic cores inter-
connected via alkyl chains and thioether bridges. The evidence
in favor of each of the models are widely presented in the
literature, and in turns are used by different authors to support
particular experimental data concerning aggregation behavior
of asphaltenes.15

Aggregation of asphaltenes followed by precipitation and
deposition under certain external factors, such as temperature,
pressure, and chemical composition changes,6,16−18 plays a
crucial role in the petroleum industry since these processes can
present severe problems during the production and recovery of
crude oils as well as for processing and catalytic refining of
fossil hydrocarbon feedstocks. Therefore, the formation of
aggregates from the individual asphaltene molecules is an
essential stage in the overall precipitation process that deserves
closer consideration. Nowadays it is widely accepted that
asphaltenes can aggregate even in heavily diluted solutions of
“good” solvents such as toluene.9,12 According to a simplified
one-step concept,19 the asphaltene molecules begin to form
nanoscale (3−5 nm) aggregated structures at concentrations of
50−150 mg/L, where the upper and lower limits are defined
primarily by the particular experimental techniques used for
detection of the aggregated structures.20−24 However, the
existence of several aggregation stages at sufficiently lower
concentration (as low as several mg/L) has been repeatedly
demonstrated by various experiments.19,25−28

The asphaltene nanoaggregates were found to have a single
stack of polycyclic aromatic hydrocarbons in the interior with
alkanes on the exterior.29,30 These nanoaggregates have limited
aggregation numbers and size because of molecular architec-
ture: the alkyl chains attached to asphaltene aromatic cores
produce steric repulsion; thus, only a few (<10) molecules can
aggregate, forming a structure with repulsive alkanes exposed
to the outside.9 At significantly higher concentrations (about
2−5 g/L) than those needed for nanoaggregates formation, a
secondary aggregation process takes place: the clustering of
nanoaggregates.12 The concentration at which this process
occurs has been referred to as the critical cluster concentration
(CCC).31,32 While the asphaltene nanoaggregates were
extensively studied by numerous techniques,20−24,29,30 the
nanoaggregate clusters formation has mainly been supported
by the measurements of surface tension,33 DC-conductiv-
ity,24,31 and oil reservoir vertical asphaltene concentration
gradients.12,34 Based on the experimental data, the cluster
aggregation numbers were found to be approximately ten, and
the cluster was determined to be fractal with the size range 5−
10 nm.29,32,35 As the asphaltene nanoaggregates and their
clusters determine the kinetic of flocculation process upon
system destabilization,9,12 it is very important to measure
accurately the dynamics of the aggregates, and to probe their
structure and possible phase transitions. Despite the sufficient
progress in asphaltene science over the past few decades, some
questions regarding the aggregates behavior are still not
resolved and not fully elucidated. For instance, it is not clear
why clusters growth appears to stop at ∼5 nm, or which type of
morphological change in cluster periphery is required to yield
coalescence.31,36

A variety of techniques have been used to study asphaltene
aggregates at different time and length scales: small-angle
neutron scattering (SANS),16,29,37 small-angle X-ray scattering
(SAXS),16,21,29,38 X-ray diffraction (XRD),39,40 numerous
NMR and ESR methods,41−52 dynamic light scattering
(DLS),53,54 AC/DC-conductivity measurements and centrifu-
gation,24,31,36 nanofiltration,55 high-Q ultrasonics,22 etc.56−58

Using these methods the different parameters were elucidated
in either model asphaltene solutions or native crude oils
including aggregation number, size, and shape of asphaltene
aggregates. The modern NMR techniques such as pulsed-field
gradient (PFG) and its high-resolution versiondiffusion
ordered spectroscopy (DOSY)have been successfully
applied to get important structural and dynamic information
about the asphaltene aggregates via the measurements of their
translational motion (self-diffusion).46,47,59−64 The PFG NMR
method is inherently sensitive to the architecture of asphaltene
aggregates which determines their translational motion and
interactions with each other. Using this method the aggregates
size,46,61 aggregation mechanisms,47 the interactions between
asphaltenes and naphthenic acids,62 and the interrelation
between the structure and aggregation properties of
asphaltenes63 were investigated. It should be noted that
attention was mainly focused toward the dependence of
aggregates size and their assumed structure on the concen-
tration of the asphaltenes in solution or solution-to-flocculant
ratio, whereas the changes in the temperature-dependent
dynamics of the aggregates have been largely ignored within
certain temperature ranges. However, the temperature appears
to significantly affect the asphaltene aggregates structure and
dynamics,65−67 causing the phase transitions of supramolecular
assemblies in model systems and native crude oils.68

In the present study, the dynamics of aggregates of oil
asphaltene dissolved in chloroform at different concentrations
above the critical nanoaggregates concentration (CNAC) was
investigated within the temperature range from 0 up to 55 °C
using the Pulsed-Field Gradient NMR technique. The
influence of the asphaltene concentration on their diffusion
coefficients was studied mainly to check the consistency of the
aggregates dynamics with those present in the literature, while
attention was mainly focused toward the investigation of the
temperature behavior of the asphaltene diffusion coefficients.
The data obtained concerning the concentration-dependent
dynamics of asphaltene aggregates agree well with those
reported previously. However, the temperature dependencies
of diffusion coefficients demonstrate remarkable phenomena
which have not been previously observed. We believe that the
results of this work contribute to the understanding of the
fundamental behaviors of oil asphaltene aggregates and will
stimulate new experimental studies to elucidate the detailed
mechanism of the thermally induced trigger responsible for
asphaltene aggregates rearrangement.

2. EXPERIMENTAL SECTION
2.1. Samples Preparation. Asphaltenes used for investigation

were extracted from heavy oil produced in Tatar Republic (Russia)
following to ASTM method D6560-00 (Standard Test Method for
Determination of Asphaltenes (Heptane Insolubles) in Crude
Petroleum and Petroleum Products69), substituting n-heptane and
toluene as solvents for hexane and benzene, respectively, to facilitate
distillation. All solvents used were reagent-grade or higher. The real
density of the separated asphaltenes measured by a helium
pycnometer was 1.178 g/cm3. The measured maximum solubility of
the asphaltenes in toluene was about 20 wt %.
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For the measurements of the diffusion coefficients, the solutions of
asphaltenes in chloroform were prepared. The deuterated toluene-d8
is most commonly used for the NMR measurements of asphaltene
solutions; however, some trace amount of the normal (C6H5CH3)
toluene is always presented in solution with the −CH3 peak position
found nearby the broad shoulder originating from the protons of
aliphatic side chains of the asphaltenes. Along with other proton-
containing impurities which inevitably present in the solid asphaltene
powder and/or liquid solvent, this might slightly affect the registered
signal attenuation curves by gaining the apparent contribution of
faster diffusing components. Since the behavior of asphaltenes in the
chlorine containing organic solvents is similar to that observed in
aromatics74,75 and the CHCl3 proton line in the NMR spectra does
not overlap the resonance signal from the asphaltene at 0.7−1.9 ppm
(an example of proton NMR spectrum of asphaltene solution in
CHCl3 is presented in Figure S1 where the aromatic, aliphatic, and
solvent NMR signals can be seen), this substitution seems reasonable.
To check the concentration effect, the series of asphaltene solutions

in chloroform were prepared with the following set of concentrations:
120 g/L, 80 g/L, 40 g/L, 20 g/L, 10 g/L, 5 g/L, 1.9 g/L, and 0.5 g/L
(i.e., in range of 7.45−0.03 wt %); the concentration of asphaltenes in
all samples studied was much higher than those typically attributed to
possible CNAC,7,9,12,20−24 ensuring the presence of the aggregated
structures in solution. To study the temperature-dependent behavior
of asphaltene aggregates the samples with asphaltene concentration of
120 g/L, 40 g/L, 24 g/L, and 7 g/L were studied in the temperature
range from 0 to 55 °C. The upper limit of the temperature range is
defined by the boiling point of the chloroform (61 °C); near this
temperature, the convection becomes very strong and the interference
no longer can be suppressed by appropriate PFG NMR techniques.
Measurements at temperatures lower than 0 °C are impractical, since
the most vital processes for the asphaltene science occur at
temperatures higher than 0−10 °C (flow of heavy oil in the pipelines,
heavy oil upgrading, and others). Each sample was prepared
independently by dissolving the weighed portion of asphaltene
powder in the certain volume of chloroform but not via diluting the
concentrated solution of asphaltenes as usual. After careful mixing and
equilibration, the solution with given asphaltene concentration was
poured into a 5 mm NMR tube with a sealed cap to avoid possible
evaporation of the solvent.
2.2. PFG NMR Measurements. The PFG NMR experiments

were carried out using a Bruker Avance III 500 MHz spectrometer
equipped with a Bruker GREAT 60 gradient unit and a z-gradient
probe Diff30 capable of producing high strength gradient pulses (up
to 1800 G/cm) with short duration and ramp times. This allowed us
to keep the gradient pulse duration reasonably short, avoiding
sufficient signal loss from the heaviest (i.e., the least mobile)
asphaltene aggregates as they typically have the shortest spin−spin
relaxation time T2. The pulse sequence used for the diffusion
measurements was a double stimulated spin−echo (DSTE) where the
gradient pulse duration (δ) and the experimental observation time
(diffusion time, Δ) were kept constant at 1 and 100 ms, respectively.
This pulse sequence was used to remove the potential effect of
constant flows (convection) in the sample since the majority of the
measurements were carried out at elevated temperatures (i.e., higher
than 20 °C). The value of the pulsed field gradient (g) was varied
from 0 to 400 G/cm to obtain a 100-fold signal attenuation. In all
experiments 16 linear gradient steps were used to obtain the signal
decay with 16 or more scans for each value of g to provide a
reasonable signal-to-noise ratio. As a result, the diffusion measure-
ments data were recorded as a pseudo-2D spectrum containing the set
of 1D spectra acquired at different values of the pulsed field gradient.
The real temperature inside the probe was carefully calibrated in

the range 0−60 °C at a given air flow rate using an external sensor.
The gradient strength was calibrated using a known diffusion
coefficient of water in a H2O/D2O mixture. In addition to described
experiments the number of the measurements was repeated using a
Bruker Avance III 600 MHz spectrometer equipped with conven-
tional spectroscopic probes capable of producing the gradient pulses
up to 50 G/cm. The diffusion coefficients were measured in a similar

way using a stimulated echo pulse sequence with bipolar gradients
(STEBP), and δ and Δ parameters of 4 and 100 ms, respectively. This
was done to ensure that no equipment/pulse sequence-related effects
were brought into measured signal attenuation decays.

2.3. Data Analysis. Generally, in a PFG NMR experiment two
gradient pulses are applied with a time separation (Δ), when the
probed molecules are diffusing freely in space. In the case of
translational self-diffusion and a single diffusion coefficient the signal
attenuates according to a well-known Stejskal−Tanner expression:76

γ δ δ= − Δ −I I ( g D( 3))exp /2 2 2
0

where I is the intensity of the signal, I0 is the signal intensity at g = 0
(i.e., the signal intensity obtained from the first spectrum in pseudo-
2D data set), D is the self-diffusion coefficient, and γ is the
gyromagnetic ratio. Thus, in the case of single diffusing species the
logarithm of the normalized signal attenuation (I/I0) versus b =
γ2g2δ2(Δ − δ/3) results in a straight line with a slope D.

However, in the complex systems such as asphaltenes solution in
chloroform, the diffusing species are neither single nor monodisperse.
Due to this fact the signal attenuation decay no longer can be fitted by
a single exponent. One of the first approaches employed to resolve the
issue is to apply the log-normal (or stretched exponential in some
cases) distribution function for the analysis of the attenuation
curves.59,62,77 This approach assumes the presence of a broad
distribution of the diffusion coefficients in the system and provides
mathematically correct fitting of the experimental data. Unfortunately,
the broad monomodal distribution being well suitable for polymer
and surfactant systems is poorly consistent with the results of
numerous scattering experiments on asphaltene solutions which
distinctly indicate the presence of bimodal aggregates size distribution
with characteristic maxima in the range 1−3 nm and 5−7 nm.

Later this fact was evidently confirmed by DOSY NMR
spectroscopy for asphaltene solution in toluene: clear separation
between two families of aggregates of asphaltenes was observed for
concentrations higher than 3 wt %.46,62 Actually the attenuation curve
represents a decay which can be perfectly described by a sum of
several modes (either delta-functions or distribution functions)
instead of a broad monomodal distribution. To process PFG NMR
data in this case, an inversion of Laplace transform (ILT) must be
performed. That is a classical ill-conditioned problem of resolving
components of a multiexponential decay:78 within the experimental
error bar or under the condition of low signal-to-noise ratio, the
solution may not be unique (i.e., several solutions may be found
simultaneously which satisfactorily reproduce the original data), may
not exist, and may not depend continuously on the data.

Several numerical algorithms have been implemented to solve this
problem in the context of diffusion data obtained via NMR
spectroscopy, including the DISCRETE and CONTIN methods,79,80

maximum entropy,81 CORE-family algorithms,82 DECRA,83 etc.84

The natural complexity of asphaltenes solution intuitively requests
employing the methods which deal with continuous distribution
regardless of the number of possible modes. Following this idea a
number of DOSY NMR experimental studies were carried out, and
the multimodal distributions of the asphaltene diffusion coefficients
have been presented.47,63,64 Being attractive from the physical point of
view, the distribution however is strongly affected by the
mathematical regularization procedure and the particular method
used for evaluation. For instance, the widely used Tikhonov
regularization method (implemented, for example, in CONTIN)
requires the application of a smoothing functional which eventually
makes the resulting distribution broadened regardless of its physical
width.78 As a result, the obtained distributions are rather qualitative,
while the diffusion coefficient values used for further quantitative
analysis defacto come from the distribution peaks. For this reason, a
multiexponential analysis based on a fast least-squares fitting
procedure has been widely used in recent works, providing reliable
results.46,61,77 Following this approach, our signal attenuation curves
were analyzed within the framework of multiexponential processing
based on nonlinear least-squares fitting, assuming the presence of
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several principal components which would correspond to the peaks
visible in DOSY NMR.

3. RESULTS AND DISCUSSION

3.1. Concentration-Dependent Aggregate Dynamics.
As it is demonstrated in Figure S1, the chloroform line overlaps
significantly the signal of aromatic protons; therefore the
diffusion measurements were carried out using the 0.0−3.0
ppm region in the spectra (Figure S2). The decays of the signal
at 0.0−3.0 ppm region for different asphaltene concentrations
are presented in the Figure 1. These curves obviously are not
single-exponential ones (Figure 1a) as it has been repeatedly
reported earlier: none of the curves measured for different
concentrations can be satisfactorily fitted by a straight line.
According to the data analysis strategy described above in
Section 2.3, the signal attenuation curves were processed by
multiexponential fitting. Previously a two-component model
was proposed for data analysis.46 This model suggests the
presence of two different types of asphaltene-containing
particles (bimodal distribution) formed in the solution:
monomers and aggregates, yielding the fast and slow diffusion
respectively that was well confirmed by numerous experimental
data.7,9,12

Later, the two-component approach was independently
validated by DOSY NMR measurements which showed the
distribution of the diffusion coefficients with several (two or
three, depending on the asphaltenes concentration and the
samples origin) principal components.47,63,64 Since the
concentration of asphaltenes in all measured solutions was
higher than that attributed to CNAC, one should expect the
presence of several diffusing species such as monomers (i.e.,
the least aggregated structures which apparently could be
dimers, trimers, and so forth), nanoaggregates, and clusters.
Consequently the number of the components used for
multiexponential processing was chosen to be three until the
difference between the results of two- and three-component
fitting became negligible, Figure 1b. Thus, in the concentration
range 120−20 g/L the difference is noticeable, but at
concentrations lower than 20 g/L the results of two- and
three-component fitting can no longer be discerned.
The results of the fitting are presented in Figure 2. Within

the concentration range from 120 g/L down to 20 g/L, three-
component analysis revealed the existence of the components

characterized by the diffusion coefficients which differ by two
times or more. The first component with D > 10−9 m2/s (not
shown in Figure 2) is attributed to the smallest species, i.e.
small molecules (impurities), asphaltene molecules, and
aggregates with the lowest aggregation numbers. Also some
toluene and heptane molecules can be noticed in the
appropriate diffusion range (1.2−1.8) × 10−9 m2/s.46,63 The
second component with characteristic D ≈ 1.1 × 10−10−3.4 ×
10−10 m2/s can be attributed to the nanoaggregates. It should
be noted that some intermediate structures (microaggregates)
were previously introduced into the same diffusion scale64

together with nanoaggregates. The third and the slowest
component with the characteristic D ≈ 0.3 × 10−10−1.1 ×
10−10 m2/s is attributed to the macroaggregates (clusters);
those diffusion rates agree well the data present elsewhere.47,64

One can see that the diffusion coefficients of nanoaggregates
and clusters grow as the asphaltene concentration decreases
(Figure 2), whereas the partial weight of the aggregate
components increases with the increase of the asphaltene
content (Figure S3). Within the concentration range 20−120
g/L, a three-component model provides reasonable diffusion

Figure 1. (a) Decays of the signal from the aliphatic hydrogens of asphaltenes dissolved in CHCl3 at 20 °C for different concentrations in the range
120−0.5 g/L. The experimental data are shown as the symbols; the solid lines are the multiexponential fitting. (b) Results of two- (black line) and
three-component (color line) fitting used for the simulation of signal decay for the samples with high and low concentrations of asphaltenes.

Figure 2. Concentration dependencies of diffusion coefficients
extracted from two- and three-component fitting of the decays of
the signal. “Two-comp fit” denotes the second component of two-
component fitting; black vertical line divides the graph into 1.9−15 g/
L and 15−120 g/L regions just for clarity of visual representation.
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coefficients which follow the well-established trend47,59,85

(Figure 2, solid color lines). However, at concentrations
below 20 g/L the results of two- and three-component fitting
can no longer be discerned (Figure 1b) and apparent D values
of the aggregates come out of their concentration trends
(Figure 2, dotted color lines). It happens solely due to a
mathematical reason: when the third component of the decay
is physically absent (i.e., its partial weight is close to zero), the
algorithm of the multicomponent analysis provides virtual
values for the respective component which have no physical
meaning. Consequently for this concentration range (<20 g/L)
the two-component model provides more reliable data and the
diffusion coefficients continue following the designated trend,
Figure 2. Disappearance of the third component attributed to
the asphaltene clusters below 20 g/L could indicate either that
the heaviest aggregated structures are really absent or that the
aggregates components can not be properly resolved.
The changes in diffusion behavior of the aggregates when

passing the critical concentration range 10−20 g/L can be
interpreted in two possible ways. The simplest explanation is
that the size distributions of the nano- and macroaggregates
overlap below 20 g/L, resulting in significant overlapping of
the corresponding diffusion coefficients. In this case, the
multiexponential processing is unable to resolve properly the
components, giving just a characteristic value of D which is
much lower than the median value of D attributed to
nanoaggregates. Arguments in favor of this explanation can
be found in other works where the transient regimes with
overlapping distributions were clearly demonstrated.47,63,64,86

Another possible way to explain the phenomena observed
for the 10−20 g/L range was proposed by Durand and co-
workers:47 from the microscopic point of view, if any region of
the system is enriched with asphaltene macroaggregates, the
others become depleted of the macroaggregates, while
nanoaggregates remain free and can diffuse rather fast. As a
result, upon achieving the critical concentration the compo-
nent associated with macroaggregates arises with slow diffusion
while that component associated with nanoaggregates begins
to show much faster diffusion.
Later this explanation was re-examined within the frame-

work of solution theory which states that asphaltenes are
considered to be dissolved in the solvent, rather than being
suspended as colloids. Thus, Painter and co-workers87

confidently argue that observed differentiation in diffusion
behavior is a liquid/liquid phase separation predicted to occur
at asphaltene concentration near 25 g/L (in toluene). There is
no evident contradiction between solution and colloidal
approaches with respect to the possible explanation of the
diffusion results. However, according to this explanation, the
presence of the macroaggregates is not presumed below 20 g/L
but the clusters formation was reported starting from 2 to 5 g/
L.7,9,12 It could mean that in the semidiluted regime (<20 g/L)
the concentrations of the clusters are too small to provide the
microscopic segregation (phase separation) and induce an
increase in nanoaggregates mobility.
Additional information about asphaltene aggregates could

have been obtained through assessment of their size. The
Stokes−Einstein equation relates the diffusion coefficient D
with hydrodynamic radius Rh of the moving particle: D = kT/
6πηRh, where k is the Boltzmann constant, T is the absolute
temperature, and η is the fluid viscosity. This equation was
derived by assuming that a spherical particle of colloidal
dimension (much higher than that of the solvent) moves with

uniform velocity in a fluid continuum and does not interact
with media and other particles. Evidently it is not the case for
the asphaltenes: it is well-established that they are nonspherical
and actively interact with each other via different mecha-
nisms.47,63 Consequently the Stokes−Einstein equation
provides merely a rough estimation of the aggregates size.
Using the data shown in Figure 2, the Rh values 1.1−3.4 nm
and 3.3−10.1 nm were obtained for nano- and macro-
aggregates, respectively (the concentration dependencies of
Rh are present in Figure S4). As is seen, despite the erroneous
nature of the approach used, these values are within the same
range as those present in the literature12,29,32,55 and in our
previous studies.38,50,51,75

The strong concentration dependence of the diffusion
coefficients of asphaltenes has been reported since the early
2000s when the first PFG NMR works46,59−62,88 were carried
out. Measured in a wide range of concentrations, the values of
D were repeatedly shown to increase as the concentration
decreases, being in a broad range of 0.8 × 10−10−3.6 × 10−10

m2/s depending on the sample’s origin and particular method
used of the data analysis. The results obtained in our study are
within the same range: extracted from the multiexponential
analysis, D values of the different components (Figure 2)
match the averaged data extracted from either broad
distribution59,62,88 or simple two-component46,61 approaches
which were employed in pioneer works without proper
resolution of the separate components. The approach based
on DOSY NMR also confirmed the complexity of the diffusion
behavior originated from the different diffusion components
resolved that can be related to the different aggregation states
of asphaltenes.47,63,64,89,90 And our results are well consistent
with the data obtained via DOSY. Thus, the second and third
components of our multiexponential fitting match the peaks of
the distribution of diffusion coefficients attributed to nano- and
macroaggregates respectively, and the dynamics of the different
aggregate types agree well with those revealed by DOSY
NMR.47

The detailed discussion presented above shows that the
majority of the data available in literature concern the
concentration-dependent behavior of asphaltene aggregates
that was rigorously studied in a wide range of concentrations,
for the samples of different origin, and using numerous
techniques and experimental methods. Finalizing this intro-
ductory part of the paper that is actually the basis of the main
results formulated below, we can state that our data are within
the conventional framework. At the same time, we systemized
the overall understanding of the aggregates dynamics: in
semidiluted (<20 g/L) and concentrated (>20 g/L) solutions,
the asphaltenes do aggregate and form differently structured
aggregates with different characteristic sizes. In concentrated
solutions the different types of aggregates behave in similar
waythe diffusion coefficients and the partial weights of the
corresponding components have similar concentration trends.
For semidiluted solutions it is reasonable to use the term
“aggregates” no matter nano- or macroaggregates are presented
in the system, as their dynamics cannot be properly separated
via present analysis.
Based on the results obtained for concentration-dependent

aggregate dynamics, the extreme concentrations of 120 g/L
(high-concentration regime) and 7 g/L (semidiluted regime)
seem to be the most interesting for the measurements of
temperature-dependent aggregate dynamics. In addition to
these two concentration values, the concentrations of 24 g/L
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(intermediate regime) and 40 g/L (somewhere apart from the
boundary) deserve to be examined.
3.2. Temperature-Dependent Aggregate Dynamics.

The decays of the signal collected in the region of 0.0−3.0 ppm
are shown in Figure S5a for the sample with the highest
measured asphaltene concentration of 120 g/L. These decays
(and all presented further) were analyzed in the same manner
as those presented above (Figure 1) according to the strategy
described in Section 2.3. We chose the three-component
model for multiexponential processing, as the difference
between two- and three-component fittings remain noticeable
within the whole temperature range (Figure S5b). The similar
decays were registered also for the asphaltene concentrations
of 40 g/L and 24 g/L (are not shown).
Unlike the high concentration regime, the decays obtained

for the semidiluted regime (7 g/L, Figure S6) were processed
by either two- or three-component fitting depending on the
temperature. It has been shown in Figure 1b that the two- and
three-component fitting approach leads to almost the same
results at concentrations lower than 20 g/L; however, the
decays measured at low temperatures showed the presence of a
discernible third component even in a semidiluted regime (see
the plot at 0 °C, Figure S6b). Following the explanations given
in the section above, this fact could be indicative of the
overlapping of nano- and macroaggregates size distributions,
which was suggested to explain the diffusion behavior of
asphaltenes when passing the critical concentration range 10−
20 g/L. This temperature variation actually is enough to affect
the distributions of diffusion coefficients: while the distribu-
tions overlap at room temperature, the diffusion coefficients
related to the different types of aggregates become resolved at
0 °C. Alternatively, in view of solution theory both the entropy
of mixing and solubility are temperature-dependent parame-
ters. Therefore, rather small variation of the system temper-
ature near the boundary of the phase stability may give rise to
microscopic phase separation similar to that occurred when
passing the critical concentration range.85,91,92

The results of the fitting of the signal decays are shown in
Figure 3. Following the multiexponential analysis strategy
described above, three separate components with particular
diffusion coefficients were clearly resolved in the decays of the
120 g/L sample. The dependences demonstrate similar
temperature dynamics: the D value for every component
increases with the temperature increase, and the data can be

approximated with the straight line in the Arrhenius
coordinates, Figure 3a (the first component related to the
smallest diffusing species is not shown).
Essentially a different situation is observed in the semi-

diluted regime, Figure 3b. At low temperatures when the
diffusion coefficient distributions can be resolved, the
components associated with nano- and macroaggregates
behave separately. Upon achieving the room temperature,
the macroaggregates component no longer can be properly
distinguished, as it was described above. As a result, D values of
the macroaggregates above 25 °C become physically mean-
ingless just being the product of the mathematical fitting
procedure: they appear scattered out of any physical trend,
Figure 3b. In turn, the nanoaggregates component drops down
and continues the dominant trend which came from the
macroaggregates component at lower temperatures. Within the
temperature range 25−55 °C, both second components
coming from two- and three-component fittings are close to
each other and behave similarly.
The analysis of the data for the 40 g/L sample revealed a

similar behavior as compared to the samples with higher
concentrations (Figure 3a). In the case of the 24 g/L sample
the diffusion coefficients behave somehow in between: the
macroaggregates component behaves like that in Figure 3a
whereas the nanoaggregates component is very scattered,
dropping down like in Figure 3b upon achieving the room
temperature.
The main peculiarity clearly seen in Figure 3 is the difference

of the aggregates behavior below and higher than the critical
temperature range 20−30 °C. One can see that with the
approach to room temperature the linear trends in the
Arrhenius plot change their slopes. The data are summarized
in Figure 4 for all studied samples with different asphaltene
concentrations: 120, 40, 24, and 7 g/L. For the simplicity of
the representation, the results of two-component fitting are
displayed since they reflect the behavior of nano- and
macroaggregates. An unambiguous conclusion can be made
that the temperature-dependent diffusion dynamics undergo a
qualitative transition for the samples in a whole concentration
range (in either concentrated or semidiluted regime) which
covers the existence of different types of asphaltene aggregates.
This transition becomes more evident at lower asphaltene
concentrations, whereas at higher concentration it seems to be
less pronounced; also the temperature of the transition likely

Figure 3. Temperature dependencies of diffusion coefficients extracted from two- and three-component fitting of the decays of the signal for 120 g/
L (a) and 7 g/L (b) samples.
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slightly increases with the increase of asphaltene concentration,
Figure 4.
The nature of the transition observed in temperature-

dependent aggregate dynamics must be thoroughly discussed.
By measuring the diffusion coefficient of the species which are
moving freely in space, i.e. there is no physical barriers which
could restrict the translational motion, e.g. walls of the pores,
etc., the translational dynamics of the molecules (or particle in
general) can be probed directly. When the properties of the
particle-containing medium are constant, this dynamic is solely
defined by the size of the moving species and their interactions
with the surrounding medium and each other; such factors as
structure, composition, and surface morphology of the species
affect the dynamics indirectly through the modulation of the
size or effectiveness of attractive/repulsive interactions
between the particles.84 So when the particle experiences the
change in its size/structure, the diffusion coefficient changes
accordingly; for example, variation of the molecular mass (or
equivalently−molecular size) results in characteristic change of
diffusion coefficients.85

Temperature variation in the system could affect both the
particles and the medium. When no structural changes/phase
transitions happen in the system (neither with diffusing
particles nor with surrounding molecules), diffusion coef-
ficients normally follow fairly known Arrhenius type of
behavior, or at least demonstrate smooth temperature
dependence like those observed in the case of glass
transition,93 e.g. Vogel−Tamman−Fulcher (VTF) type of
dependence. However, once either the size of the particles or
interactions between them have been changed at specific
temperature, the dependence experiences a nonmonotonic
pattern with the break point at this particular temperature.
Results of our experiments clearly show that regardless the

concentration of the asphaltenes, their aggregates do exhibit
nonmonotonic temperature dynamics of diffusion coefficients.
The majority of cited PFG NMR research papers dealt with the
concentration as the main factor affecting the dynamics of
asphaltene aggregates diluted in chloroform (benzene, toluene,
or other “good” solvents), and their temperature-dependent
dynamics have largely been neglected. There is only one
paper94 which examined the effect of the temperature on the
asphaltene aggregates diffusion coefficients; however, no
transition has been found probably because the registration

temperature was too low as compared to those used in our
study. On the other hand, the effect of the temperature on
aggregates size has been investigated by many researchers
using SANS, SAXS, DLS, photon correlation spectroscopy
(PCS), etc. Generally, these studies showed the decrease of the
asphaltene aggregates with the increase of the temper-
ature;16,95−99 however, no signs of the sharp transitions have
been found until the works of Evdokimov and coau-
thors.66,67,100 They performed the rheological experiments
with unconventionally small temperature increments and
observed noticeable structural transformations in asphaltene
colloids, induced by comparatively small temperature
variations within the range 26−28 °C. In their works,
Evdokimov and coauthors confidently argue that this structural
transformation in asphaltene aggregates is an attribute of a
first-order phase transition ascribed to an endothermic breakup
of noncovalent (hydrogen) bonds in analogy with polymer
particles shrinkage on heating that occurred at a specific “lower
critical solution temperature” (LCST).66,67 However, this
brilliant finding was not confirmed until now by other
experimental techniques and has been mostly ignored by the
scientific community.
Now it is well-known that LCST is observed in copolymers

whose aggregation/solubility is controlled by the strength of
hydrogen bonding.101 The origin of the phase transition at
LCST is mainly associated with the reorganization/destruction
of the hydrogen bonding at higher temperatures, resulting in a
first-order transition to compact nanoaggregates.101−103 The
strength of hydrogen bonding is a determining factor in the
values of LCST, which for a wide range of polymer solutions
are in a moderate interval of “physiological temperatures”: 25−
40 °C67,104−107 which exactly matches the findings on
asphaltene solutions. Surprisingly, measurements of diffusion
coefficients of polymers subjected to coil-to-globule transition
at LCST have demonstrated the temperature dynamics which
is very similar to those observed in our case.108−111

The most important thing is that the temperature-triggered
reorganization of hydrogen bonding is a general physical
process which is not ultimately limited to LCST cases. For
example, transformation of elongated micelles from a straight
to flexible worm-like structure at transition temperatures
similar to those mentioned above is caused by breaking of
the intermolecular hydrogen bonds.112 Yet the phase
transitions and formation of the stable mesophases in
hydrogen-bonded liquid-crystalline complexes occur near
room temperature.113 As can be seen, there are numerous
examples of hydrogen bond breakup at the temperature range
presented which results in structural rearrangement of complex
molecules and their assemblies.
Alternatively, the solution theory of asphaltene state does

not give the obvious recipes to explain the sharp kink on the
temperature dependencies of diffusion coefficients, since the
solubility parameters are smooth functions of the temperature.
Thus, the phase separation has already occurred in the systems
which are beyond the 10−20 g/L boundary, but the diffusion
components of nano- and macroaggregates there (asphaltene
poor and rich phases, respectively, in terms of solution theory)
still behave in a similar manner. It was suggested
previously91,92 that the asphaltenes phase can be separated
into a highly viscous glass-like state which experiences the glass
transition at temperature similar to that in our study. It would
be reasonable to suggest that both asphaltene phases undergo a
glass-like transition at 20−30 °C; however, the diffusion

Figure 4. Temperature dependencies of diffusion coefficients
extracted from two-component fitting of the decays of the signal for
120, 40, 24, and 7 g/L samples.
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dependencies do not follow the well-known VTF type which is
typically seen in such cases.
In view of the concept of endothermic breakup of

noncovalent bonds, it is worth discussing the possible
inhibition of free movement of aggregates due to interparticle
interactions which become significant at high asphaltene
concentrations. It is well-known that the volume transition of
nanoaggregates at LCST significantly affects the interaction
potentials.67 Thus, the breakup of noncovalent bonds facilitates
interactions with surrounding molecules/particles/aggregates
in polymer solutions. The interaggregate interactions are
repulsive at temperatures below the LCST, typical for a hard
sphere contact potential, while above LCST the potential
becomes significantly attractive.114 As a result, at temperatures
above the transition the polymer aggregates attain a higher
surface/interface activity, e.g. much better adsorption/
retention of copolymers at solid surfaces.115 In the case of
asphaltene aggregates, the structural rearrangement similar to
those occurring in polymer systems may yield the enhanced
interparticle interactions.
Thermally triggered rearrangement of aggregates due to

breakup of noncovalent bonds consistently explains the key
features of the phenomena observed. Thus, we can see that the
lower concentration, the greater the effect, Figure 4. This
observation relies upon the type of aggregates involved in this
temperature dependence. Breakup of noncovalent bonds and
subsequent structural rearrangement affect to a much higher
extent the size and dynamics of small units (nanoaggregates),
whereas the macroaggregates, being the cluster composed by
smaller nanoaggregates, change their size to a lesser extent. In
other words, the most dramatic temperature-triggered changes
occur within the basic structural units which prevail in the
solution at lower concentrations. Differentiation in aggregate
types also explains the shift of kink location to higher
temperatures: clusters formation promotes additional non-
covalent bonds in the assemblies that consequently results in a
stronger bonding and higher temperature of phase transition
(this effect is similar to those observed in thermoresponsive
copolymers when increasing the length of monomer chain116).
The next observation is that the slope in diffusivity at low

temperatures is lower at lower concentrations of asphaltene. It
can be explained by the increase of the size/complexity of
moving species together with an increase of the medium
viscosity at higher concentration of asphaltene. This all leads to
a decrease of particles diffusivity (according to the Stokes−
Einstein equation, the diffusion coefficient is proportional to
the inverse of particle size, 1/R, and to the inverse of medium
viscosity, 1/η) and increase of activation energy of their
translation motion. However, after the phase transition the
rearranged aggregates gain interparticle interactions (as
mentioned above) which are presumably stronger between
the nanoaggregates as compared to those between the
macroaggregates which are just the clusters of rearranged
units. As can be seen, the slopes at higher temperatures are
close for macroaggregates (they prevail at 120 and 40 g/L) and
increases when the partial weight of nanoaggregates increases
(24 and 7 g/L).
Taking into account all these considerations, it is possible to

conclude that the mechanism proposed is strongly supported
both by the results of complementary technique (rheological
measurements performed earlier by Evdokimov and co-
workers) and by multiple examples of hydrogen bond breakup
at a similar temperature range in diverse polymer and

supramolecular systems (with additional evidence coming
from the temperature dynamics of diffusion coefficients of
polymers subjected to the coil-to-globule transition at LCST).
Indeed, polar and hydrogen bond interactions between the
different functional groups presented in asphaltene aggregates,
i.e. hydroxyls, carboxylic acids, aromatic nitrogen moieties, etc.,
play an important role in aggregate dynamics.117−119 However,
for a long time this role has been seriously underestimated
when building the model of asphaltene aggregates structure.
Recently, a new “supramolecular assembly” concept appears
which states that π−π stacking is not the only interaction
responsible for the asphaltene aggregates structure, while acid−
base interaction, hydrogen bonding, metal coordination, and
hydrophobic pockets contribute all into the supramolecular
assembly of aggregates.119 In view of this concept, our finding
is a missing link which allows extension of the general
properties of supramolecular assemblies to the asphaltene
aggregates since it is shown that the aggregates undergo similar
temperature-triggered transitions as those colloids thoroughly
studied before. Also the results explicitly show the crucial role
of the temperature in asphaltene aggregate dynamics, which is
as much important as the concentration of the asphaltenes. It is
obvious that further experimental work is still required to
elucidate all the details of the thermally induced structural
rearrangement of the asphaltene aggregates.

4. CONCLUSIONS
In the present study, the dynamics of aggregates of oil
asphaltenes dissolved in chloroform at different concentrations
varied in a wide range was investigated at temperatures from 0
to 55 °C using a Pulsed-Field Gradient NMR technique.
Within the concentration range from 120 g/L down to 20 g/L,
three components of diffusion coefficients distribution were
resolved which correspond to small molecules (asphaltene
monomers and possible aggregates with the lowest aggregation
numbers), nanoaggregates, and macroaggregates (clusters),
respectively. The diffusion coefficients of all components grow
as the asphaltene concentration decreases, whereas the partial
weight of the components attributed to the aggregated
structures increases with the increase of the asphaltene
concentration.
The difference in diffusion behavior of the aggregates was

registered when passing the critical concentration range 10−20
g/L. The nano- and macroaggregates behave independently in
case the asphaltene concentrations are higher than 20 g/L
(concentrated regime), while below 20 g/L (semidiluted
regime) the components related to the different types of
aggregates cannot be properly resolved. The systematic study
of the concentration dependence of the diffusion coefficients
are well consistent with the recognized model of the asphaltene
state in solution and fairly agree with the results published
earlier, confirming the validity of the applied experimental
approach.
Attention was focused toward the temperature behavior of

the asphaltene diffusion coefficients. In a concentrated (20−
120 g/L) regime, the diffusion components corresponding to
nano- and macroaggregates were successfully resolved in the
whole temperature range of 0−55 °C. In the semidiluted
(below 20 g/L) regime, these components became resolved
below room temperature despite the fact that the distributions
of their diffusion coefficients overlap at higher temperatures.
Regardless the regime, the diffusion coefficients related to the
nano- and macroaggregates demonstrate similar temperature
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behavior, increasing with temperature and giving straight lines
in the Arrhenius coordinates. However, the temperature
dependences demonstrate a sharp kink which differentiates
the diffusion behavior of the asphaltene aggregates below and
higher than the critical temperature range 20−30 °C.
The revealed phenomenon is observed in the whole range of

asphaltenes concentration, which covers the existence of
asphaltene aggregates of different types. This fact points to
the thermally induced structural rearrangements of asphaltene
aggregates probably originated from thermally induced break-
up of hydrogen bonds. This remarkable phenomenon was not
studied previously via PFG NMR and is revealed for the first
time. However, it fits well the recognized picture of asphaltenes
behavior and supported by many other experimental data,
including those obtained via precise rheology study of
aggregated systems using small temperature increments. The
results obtained in our work improve the overall understanding
of asphaltene aggregates behavior in solution, providing deeper
insight into aggregates transformation triggered by the
temperature effect. Actually, the phenomenon revealed can
be considered as a missing link within the modern concept of
asphaltenes structure and their behavior under certain external
conditions. The temperatures within the range from 20 to 30
°C are very important for many industrial processes giving an
additional significance to the phenomenon observed. We
believe that the results of our work give a noticeable
contribution to the better understanding of the fundamental
behavior of asphaltenes and will also stimulate further
experimental studies to elucidate the detailed mechanism of
the structural transformation of the asphaltene aggregates in
real systems.
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