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ABSTRACT: The work demonstrates the results of the first experimental ~ Pulsed-Field Gradient NMR

PFG NMR study in situ of the complex phase behavior of asphaltenes in the M CO: + Asphaltene /\
presence of high-pressure CO,. To perform the experiments, a series of
sealed, thick-walled quartz capillaries were prepared with a mixture of CO,
and asphaltenes dissolved either in chloroform or benzene at different initial
concentrations. Then, the temperature dependence of the diffusion 1
coefficients of the asphaltene aggregates was measured for each sample
after the mixture reached its equilibrium state, at which, in accordance with
the solubility limit, only part of the initial asphaltenes remained dissolved.
Despite quite low residual asphaltene concentrations in solution, ),
experimental data clearly demonstrated the presence of aggregated structures

(up to 70—80 wt %) attributed solely to nanoaggregates, with no signs of the presence of macroaggregates in the samples.
Temperature dependencies of aggregate diffusivity clearly showed that the scenario, according to which the evolution of the
asphaltene aggregates will develop, strongly depends on the initial asphaltene concentration, mass fraction of CO, loaded into the
system, and chemical nature of the solvent used. In particular, the most diluted asphaltene solution, expected to be the most resistive
to the aggregation processes in a high-pressure CO, environment, revealed the most pronounced aggregation-dependent
translational dynamics as compared to those with a moderate initial asphaltene concentration. Contrarily, the concentrated
asphaltene solution may not show drastic aggregation processes if the mass fraction of the CO, loaded will not appear to be so high.
Finally, the experimental results provide evidence that the temperature-triggered structural transformation of asphaltene aggregates
due to the noncovalent bond breakup is not hindered under high-pressure CO,, but instead becomes more emphasized. The results
obtained shed new light on asphaltene aggregate dynamics and brought new knowledge about the fundamental behavior of
asphaltene in high-pressure CO, conditions.

Article Recommendations

1. INTRODUCTION

The gradual depletion of conventional oil resources, along with

Among the listed EOR methods, gas-based techniques seem
to be the most attractive due to their low costs, high efficiency,
and positive environmental impact. Thus, according to the US
Department of Energy, gas injection accounts for nearly 60% of
EOR production in the United States.” The gas EOR is based

the decline in the number of new oilfield discoveries, actively
stimulates the petroleum industry and engineering toward
increasing the efficiency of hydrocarbon recovery from a

reservoir. It is well known that the residual oil saturation in
reservoirs after the primary and secondary recovery stages may
reach as much as 50—60% of the original-oil-in-place
(OOIP)."™* Evidently, to meet the growing energy demand,
oil recovery efficiency must be sufficiently increased. The most
prominent approach which can greatly improve the efficiency
of hydrocarbon recovery after primary and secondary oil
production stages is the application of enhanced oil recovery
(EOR) techniques.””~” This approach utilizes various
processes such as thermal treatment, gas injection, and
chemical flooding that modulate the fluid properties such as
oil viscosity, miscibility, and interfacial tension of injected and
reservoir fluids or affect the rock-fluid wettability.

© 2023 American Chemical Society
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on the injection of carbon dioxide (CO,), nitrogen (N,),
natural (mostly CH,), and flue gases into an oil reservoir.
Despite the diversity of gases which could be potentially used
for EOR, mainly CO, injection has been actively used for
decades in either academic studies or industrial practices due
to its substantial effects on enhancing oil production.””"?
These effects include oil viscosity reduction, oil swelling,
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reduction of interfacial tension, partial extraction of light
hydrocarbons, and increasing the mobility of crude oil, all of
which results in improving the sweep and oil displacement
efficiency.”' """ It is important to note that the application of
CO,-EOR is also favorable due to substantial contribution to
decreasing greenhouse gas emissions.' "¢

Many advantages that CO,-EOR provides during oil
production are challenged by serious drawbacks associated
with the undesirable deposition of heavy organic components
in the crudes. Thus, injection of CO, into the formation alters
the equilibrium conditions of the reservoir and fluid properties,
which may result in the destabilization of asphaltenes.'” ™"
Destabilized asphaltenes precipitate out of the crude oil, which
causes pore throat plugging, decreasing the permeability,
changing the wettability of the rock surface, further resulting in
damaging the wellbore region, and a dramatic reduction in the
recovery factor.'”~>* In addition to the downhole problems,
precipitated asphaltenes form deposits on the internal surfaces
of pipelines, pumps, oil tanks, and other surface facilities, which
requires regular remediation procedures. Evidently, all this
significantly increases the operating costs of oil production and
processing, making them economically inefficient.'” To meet
the demand for higher oil recovery efficiency, a proper
prediction of reservoir performance during the CO,-EOR
becomes of great importance, which cannot be achieved
without a deep understanding of the processes contributing to
asphaltene destabilization.

A key step in addressing the challenge of undesirable deposit
formation is elucidating the complex physicochemical proper-
ties and phase behavior of asphaltenes in the presence of high-
pressure CO,. Asphaltenes are typically defined as the heaviest
and most polar fraction of crude oil, which are insoluble in n-
alkanes but can completely be dissolved in light aromatics like
benzene and toluene.”*** This definition is widely accepted,
though it poorly characterizes the phase behavior of dissolved
asphaltenes. From a structural point of view, asphaltenes are
considered to be formed by a system of polycondensed
aromatic rings with aliphatic chains attached to them.”®”’
They can also contain some heteroatoms (such as nitrogen,
sulfur, and oxygen) and metals in trace amounts (nickel and
vanadium) in proportions depending upon the origin of the
sample.”® The complex molecular structure of asphaltenes
determines their strong propensity toward self-association even
in “good” solvents: the asphaltene molecules begin to form
nanoscale (3—5 nm) aggregated structures at very diluted
concentrations of 50—150 mg/ L>3° or even 1ower,31 which
then undergo clustering at higher concentrations (2—5 g/L)
with the formation of fractal particles in the size range of S—10
nm.”>~** Asphaltene aggregates appear quite stable, and no
precipitation, either in crude oil or model solutions, usually
occurs until the temperature, pressure, or chemical composi-
tion of the system is changed.””*>™*” For example, the addition
of n-heptane (or, more importantly, sub- or supercritical CO,)
to the asphaltene solution causes destabilization of aggregated
structures and further increases their size up to a few microns,
followed by asphaltene precipitation and deposit forma-
tion.”® ™" Since the formation of aggregates from the
individual asphaltene molecules triggers the overall precip-
itation process in the presence of CO,, primary attention
should be focused on studying the aggregate dynamics and its
phase behavior.

Many hundreds of research works dealt with asphaltenes,
but the effects of CO, injection on the phase behavior of

asphaltene aggregates are still poorly understood. From a
practical point of view, the majority of experiments were
carried out to observe deposition processes and reveal the
onset of asphaltene precipitation, ie., provide information
about how much CO, can be injected into reservoirs before
asphaltene begins to precipitate.”' ™" Similarly to this point,
the kinetics of deposition were also studied, providing
information about how much the rate of asphaltene
precipitation depends on the mole fraction of injected CO,,
asphaltene concentration, temperature, and pres-
sure.”>>%3%%647 However, information about the onset and
rate of asphaltene precipitation is not sufficient for a deep
understanding of the mechanisms of CO,-induced asphaltene
aggregation. Only a few studies were devoted to the latter
issue. According to the results obtained, three general
mechanisms of asphaltene aggregation in the presence of
CO, were unveiled.

The first one is a mere decrease of asphaltene solubility upon
dilution by carbon dioxide, which is similar to those widely
observed when considering the flocculant (i.e., low molecular
weight alkanes)-induced asphaltene precipitation.”*” Another
relevant mechanism is associated with the role of resin acting
as a peptizing agent for asphaltenes in crude oils:** ™ injected
supercritical (sc) CO, causes selective extraction of resin and/
or reduction of the resin/asphaltene ratio, which leads to
asphaltene destabilization followed by aggregation and
eventual precipitation.”® The last and much more specific
mechanism that was not commonly presented in conventional
asphaltene precipitation studies is the intermolecular inter-
actions of carbon dioxide with asphaltenes. Thus, Gabrienko
and co-workers found that asphaltenes containing C—O—R
and S=O functional groups capable of specific Lewis acid—
base interactions with CO, were observed to precipitate after
CO, dissolution in crude oil”>* Also, a larger number of
oxygen-containing fragments and lower aromaticity in CO,-
induced asphaltenes were also observed.”® Moreover, it was
recently shown that the amine group can ultimately form an
amide functional group through reaction with CO,, disturbing
asphaltene stability in the oil matrix.*® The diversity of physical
interactions and chemical reactions, which are both capable of
triggering the cascade of asphaltene aggregate transformations
into solid deposits in the presence of CO,, does complicate the
whole picture, which is still far from a complete understanding.

Unfortunately, despite the evident importance of this issue,
asphaltene aggregates and their phase behavior are beyond the
list of studies so far. To the best of our knowledge, none of the
published articles considered directly the structure, local
dynamics, phase behavior, or interactions of asphaltene
aggregates in high-pressure CO, conditions by any of the
experimental techniques. A very promising approach that could
shed light on this issue is the application of modern
experimental techniques in situ since only under such
conditions will the new data obtained provide relevant
information.”” One of the experimental techniques which
could probe the behavior of asphaltene aggregates in situ is
pulsed-field gradient (PFG) NMR. This method appears to be
superior for accurate measurements of translational motion
(i.e., diffusion coefficients) and probing the structural and
dynamic properties of the diffusing species, their interactions
with the surroundings, and the spatial morphology of the
network through which the diffusion path lies.”® Since the PFG
NMR method is inherently sensitive to the architecture of
asphaltene aggregates, it has been successfully used previously
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Figure 1. Procedure of sample preparation: a general scheme, photos of the assembled gas line, a quartz tube with frozen asphaltene solution + dry

ice, and finally sealed capillaries.

Table 1. Samples of the Asphaltene + Solvent + CO, Mixture Sealed in Thick-Walled Quartz Capillaries

notation® solvent asphaltenes (mg) solvent (mg) CO, (mg)
Ch7 CHCl, 0.8 181 122
Ch2s CHCl, 2.9 17§ 108
Cds4 CDCly 42 117 94
Ch150 CHCl, 17.9 18§ 70
B48 C¢H, 3.9 72 87

initial asphaltene concentration (g/L) mass fraction of CO, loaded (%)

7 40.2
2§ 37.1
54 43.7

150 28.7
48 53.4

“Ch, Cd, and B refer to normal chloroform, deuterated chloroform, and benzene, respectively.

for investigation of the aggregate size and aggregation
mechanisms,”” ™' the interrelation between the structure and
aggregation properties of asphaltenes,62 and temperature-
triggered structural rearrangement of asphaltene aggregates.®®
On the other hand, PFG NMR proved to be a highly efficient
technique for diffusion measurements performed at high-
pressure conditions, including scCO,.°*® It makes the PFG
NMR method the proper choice for studying the behavior of
asphaltene aggregates in a high-pressure CO, environment.

To fill the gap in knowledge about asphaltene aggregate
behavior under high-pressure CO, conditions, the first
experimental PFG NMR study of model asphaltene solutions
mixed with high-pressure carbon dioxide was carried out in
situ. To perform the experimental measurements, a series of
sealed, thick-walled quartz capillaries was prepared with a
mixture of CO, and asphaltenes dissolved in deuterated
chloroform, normal chloroform, and benzene at different initial
concentrations. Then, the temperature dependence of the
diffusion coeflicients of asphaltene aggregates for every sample
was measured after the mixture reached its equilibrium state,
where only part of the initial asphaltenes remained dissolved
according to the solubility limit. The results obtained
demonstrate remarkable phenomena which have not been
previously observed. Most importantly, it is clearly shown that
the scenario according to which the evolution of the asphaltene
aggregates will develop strongly depends on the initial
concentration of dissolved asphaltenes and the mass fraction
of CO, loaded into the system. We believe that the results of
this work bring new knowledge about the fundamental
behavior of asphaltene aggregates under high-pressure CO,
that will contribute to an overall understanding of the
phenomenon and assist in better prediction of reservoir
performance during CO,-EOR.

2. EXPERIMENTAL SECTION

2.1. Samples Preparation. Asphaltenes used in this work were
extracted from heavy oil produced in Tatarstan Republic (Russia)
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following ASTM method D6560-00 (Standard Test Method for
Determination of Asphaltenes (He(ptane Insolubles) in Crude
Petroleum and Petroleum Products).”® The composition, properties,
and phase behavior of asphaltenes extracted were comprehensively
studied by numerous experimental techniques and were published
earlier.>” 570367770 At the first stage of sample preparation, the solid
asphaltenes were dissolved in deuterated chloroform (99.8% of D
atoms in CDCl,, Solvex-D), normal chloroform (CHCl;, Merck), and
benzene (C4Hg, Merck) at different concentrations: 7, 25, 48, 54, and
150 g/L. All solvents used were of reagent grade or higher. It is
necessary to note that the deuterated toluene-dg, which is most
commonly used for NMR measurements of asphaltene solutions,
demonstrates some trace amount of the normal (C4H;CH,) toluene,
with the —CHj; peak overlapping the proton signal of asphaltene
aliphatic side chains. Since the signal under study appeared quite low
due to the relatively small residual concentration of asphaltenes in the
finally prepared samples, only those solvents were chosen which had a
proton signal far away from the resonance signal of asphaltenes.

The development of appropriate in situ magnetic resonance
methods for studying processes in the subcritical and supercritical
states is associated with great technical difficulties. In particular, the
sample must be placed in a radiofrequency circuit in an explosion-
proof cell, which is made of a material that does not absorb RF/
microwave radiation and has miniature geometric dimensions (an
inner diameter of several millimeters). Perhaps only thick-walled
glass/quartz, sapphire, and ceramic capillaries or tubes made of
durable PEEK polymer satisfy the listed conditions, which can be used
only at relatively low temperatures. The technical difficulties have now
led to the absence of commercial systems which would allow one to
use NMR methods at elevated temperatures and pressures (>30 atm),
and a homemade approach was then developed to perform the
measurements.

For long-term experiments on measuring the diffusion coefficients
using PFG NMR, the long-term stability of the systems under study is
of fundamental importance. In multicomponent systems, stability is
easier to provide using completely insulated (sealed on both sides)
thick-walled capillaries. This option allows performing the experi-
ments in the mode of constant average density and different pressures,
which depends on temperature. So, the second stage of the sample
preparation consisted of the following steps, Figure 1: loading of the
asphaltene solution into the capillary, freezing of the loaded solution

https://doi.org/10.1021/acs.energyfuels.3c02862
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Figure 2. Proton spectra of 25 g/L asphaltene solution in CDCl; without carbon dioxide (blue line) and CdS4 solution in high-pressure CO,

conditions (red line) recorded at 25 °C.

in liquid nitrogen, inlet of gaseous CO, into the system after
preliminary vacuuming of the frozen asphaltene solution, condensing
of CO, over a frozen solution in the form of dry ice (at the end of the
capillary placed in liquid nitrogen), pumping out the gas line, and
sealing of the top capillary end.

After dozens of sample preparation tests with quartz tubes with
different inner (D,,) and outer (D) diameters, filled with a liquid
with a known equation of state, it was established that the maximum
pressure, Peyjoson Which can withstand the capillary is determined by
the ratio of D,,/D;, and also significantly depends on D;,. To work
with the systems containing CO, near the critical point (31 °C, 73
atm), it is necessary that the capillaries withstand a pressure of at least
100 atm and at the same time have as large an internal diameter as
possible in order to provide the highest possible signal-to-noise ratio
when performing the NMR measurements. These conditions
satisfactorily correspond to quartz tubes with dimensions of D,/
D;, =2 at D, < S mm.

As a result, a series of samples was prepared according to the
procedure described. The initial asphaltene concentrations, type of
solvent, and mass fraction of CO, loaded are listed in Table 1 for
every sample. When the sealed capillaries reach room temperature,
pressure inside the sample increases, which causes partial precipitation
of the dissolved asphaltenes. Thus, only part of the asphaltenes
remained dissolved according to the solubility limit; however, it was
decided to retain the initial concentration value in the sample
notation for convenience (Table 1). In addition to the studied
mixtures, a reference CO, + CDCl; sample was prepared, which
contained no asphaltenes. Prior to running the PFG NMR
measurements inside the probe, all samples were tested at 60 °C to
make sure they were explosion-proof.

2.2. PFG NMR Measurements and Data Analysis. PFG NMR
experiments were carried out using a wide-bore Bruker AVANCE
DPX 200 spectrometer with a magnetic field strength of 4.7 T, which
corresponds to a 200.13 MHz proton resonance frequency, equipped
with a GREAT 3/60 gradient unit, a z-gradient probe Diff50 capable
of producing high-strength gradient pulses (up to 1800 G/cm) with
short duration and ramp times, and a 10 mm proton RF coil. Due to
strong gradient pulses, it became possible to keep the gradient pulse
duration very short, avoiding sufficient signal loss from the least
mobile molecules with the shortest spin—spin relaxation time T,. The
acquisition of 'H spectra of the samples was carried out using a
standard bore Bruker Avance III 600 spectrometer with a magnetic
field strength of 14.1 T, corresponding to a 600 MHz proton
resonance frequency, equipped with conventional spectroscopic
probes.

The pulse sequence used for the diffusion measurements was a
stimulated spin echo,”® where the gradient pulse duration () and the
experimental observation time (diffusion time, A) were kept constant
at 0.5 and SO ms, respectively. The value of the pulsed field gradient
(g) was varied from 0 to 250 G/cm to obtain sufficient signal
attenuation. 16 linear gradient steps were used to obtain the signal
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decay, and >400 scans for each value of g were set up to provide a
reasonable signal-to-noise ratio. As a result, the diffusion measure-
ment data were recorded as a pseudo-2D spectrum containing the set
of 1D spectra acquired at different values of the pulsed field gradient.

Long-time PFG NMR measurements (18—26 h span for one
temperature point) of diffusing species in low-viscosity sub- or
supercritical fluids require homogeneous temperature distributions to
prevent bulk convection within the sample.* Therefore, special
attention was paid to temperature control. Unfortunately, the air flow
mode widely used in NMR probes for sample heating/cooling is
highly prone to creating an inhomogeneous and unstable temperature
distribution within the S mm NMR tube. To address this issue, a
previously developed approach was used:”" the temperature inside the
probe was reached and then maintained by using the water circuit of
the BCU 20 cooling unit, which provided superior temperature
stability within the thick-walled quartz capillary (D;, = 2 mm) and
minimized the possible temperature gradients. Yet the comparatively
narrow channel inside the sealed capillary hindered any potential
convection processes.

The gradient strength was calibrated by using a known diffusion
coefficient of water in a H,O/D,O mixture. Prior to running the PFG
NMR measurements, the sample was kept for 30 min or longer inside
the probe at the designated temperature. Evidently, summing up an
extremely long time of measurements, this ensured complete thermal
equilibration. Taking into account the established values of Pey;qsion for
the thick-walled tubes used, the PFG NMR measurements were
carried out in a temperature range of 8—42 °C. For this temperature
range, the estimated values of pressure inside the sealed capillaries are
as follows: 10 °C—4S5 atm, 20 °C—56 atm, 30 °C—71 atm, and 40
°C—82 atm.

To probe the mean displacement of the disusing species in a PFG
NMR experiment, two gradient pulses with length (5) and magnitude
(g) are applied with a time separation (A) when the probed
molecules are diffusing freely in space. In the case of translational self-
diffusion and a single diffusion coeflicient, the measured NMR signal
attenuates according to a well-known Stejskal—Tanner expression’”

I=1,expl — y’g*8D(A = §/3)] (1)

where I is the intensity of the signal, I is the signal intensity at g = 0
(ie., the signal intensity obtained at zero gradient strength), D is the
self-diffusion coefficient, and y is the gyromagnetic ratio of the
resonating nucleus. In the case of single diffusing species, the
logarithm of the normalized signal attenuation (I/I,) versus b =
7’@6*(A — 5/3) results in a straight line with a slope D. Since the
diffusing species in asphaltene solution should be presented by at least
two different sorts of asphaltene structures (aggregated and
nonaggregated ones), the signal attenuation decay is expected to be
inherently biexponential or even more complex. Previously, it has
been comprehensively discussed” that the results of numerous
experimental studies on asphaltene solutions distinctly indicate the
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Figure 3. NMR signal attenuation decays of 25 g/L asphaltene solution in CDCI; without carbon dioxide and Cd54 solution in high-pressure CO,
conditions recorded at 25 °C (a); comparison of the decays for Cd54 and B48 samples (b). Symbols are the experimental points; lines are two-

component exponential fitting.

presence of bimodal aggregate size distribution with characteristic
maxima in the range 1-3 and 5-7 nm. For this reason, a
multiexponential analysis of the signal attenuation decays, I/I, =
f(b), based on a nonlinear least-squares fitting procedure, has been
widely used in previous works, providing reliable results.*”" %373

3. RESULTS AND DISCUSSION
3.1. '"H NMR Spectroscopy. It is well known that the

majority of the protons in asphaltene molecules are located in
aliphatic side chains on the periphery of the polycyclic
aromatic hydrocarbons (PAHs) core, giving the characteristic
group of broad overlapping lines at 0—3 ppm in the proton
NMR spectrum.”>”* Unlike the aliphatic part, the signal from
the protons associated directly with the PAHs core is rather
weak since their number is relatively small, yet the spin—spin
relaxation times of aromatic protons are quite short due to
proximity to the paramagnetic centers formed by either
unpaired electrons of polycondensed aromatic rings or
porphyrin complexes of vanadyl (VO*).°®”° It makes a
weak signal very broad, further decreasing its apparent
intensity, so the principal analysis of the asphaltene behavior
is to be performed using solely the aliphatic part of the spectra.
As can be seen in Figure 2, the signal of the aliphatic part in the
range of 0—3 ppm is indeed very strong, while the aromatic
part in the range of 6.5—8 ppm is shown by the weak broad
line, overlapping with the single line of residual CHCI,.
Proton NMR spectra of the asphaltene solutions subjected
to high-pressure carbon dioxide demonstrate significant
differences in terms of the integral intensity and position of
the spectral lines as compared to those in the samples without
CO,, Figure 2. First, twice less the diameter of the sealed
quartz capillary causes a 4-fold decrease of the matter quantity
within the RF coil (2 mm for the sealed sample vs 4.2 mm for
the normal glass NMR tubes); second, approximately 50%
dilution of the asphaltene solution by liquid CO, additionally
results in a 2-fold decrease of the signal. Thus, due to these two
factors only, the signal is expected to fade by an order of
magnitude relative to the normal asphaltene solution. Carbon
dioxide introduced into the mixture leads to asphaltene
precipitation and deposition on the capillary walls. Since the
NMR signal of the solid deposits is too broad to be visible in
the narrow-band (10 ppm width) spectra, the narrow lines
observed in Figure 2 (seen in the 1.3—1.5 ppm range) belong
to asphaltenes remaining in solution and a small amount of
water inevitably caught from the air moisture during sample
preparation. The signal of water (1.45 ppm) overlaps the
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asphaltene aliphatic peaks and becomes clearly visible only in
the reference sample containing no asphaltenes or in the B48
sample where benzene was used instead of chloroform. Its
position (1.45 ppm) was found to be slightly shifted as
compared to that in pure CDCly; (1.56 ppm) due to the
presence of liquid CO,. The spectral range, 1.3—1.5 ppm, was
then used for recording the signal attenuation decays during
the diffusion measurement presented below. Using the single
line of CHCIl; in CDCl; as a reference, the residual
concentration of the asphaltenes was assessed to be about
2—4 g/L.

The decrease of asphaltene concentration in the sealed
samples is accompanied by the almost complete disappearance
of the signal from the H, protons (seen as a broad shoulder at
2-3 ppm in normal asphaltene solution), corresponding to —
CHj; attached to aryl rings and aliphatic chain —CH, alpha to
aromatics. Also, line narrowing and their slight drift can be
found: the central asphaltene aliphatic peak shifts to the left
side from 1.28 to 1.44 ppm, Figure 2. The disappearance of the
broad shoulder in the spectrum appears similar to that
previously observed during strong dilution of concentrated
asphaltene solutions at ambient conditions.”’ Line drift and
narrowing can be caused by the precipitation of PAHs, which
are abundant with unpaired electrons and metalloporphyr-
ins,**’%7> which lead to reduction of the paramagnetic
contribution into the chemical shift of the lines and spin—
spin relaxation time T,. Indeed, there are three distinct types of
paramagnetic species in asphaltenes that largely contribute to
relaxation time shortening: ions of metals with partially filled d-
and f-electronic shells (the most widely presented are
vanadium and nickel), delocalized s-electrons of aromatic
rings, and stable organic radicals of the side chains. The
concentration of paramagnetic ions (e.g, VO* in metal-
loporphyrins) varies in a wide range (tens and hundreds of
ppm), degpending on the oil source, and can reach up to
0.1%,”°"7® while the concentration of stable carbon radicals
might be 3—9 times lower.”” However, despite this low
content, the effect of paramagnetic species is enormous since
the magnetic moment of the electron is ~650 times larger than
that of nuclei. As a result, the presence of a small amount of
paramagnetic species strongly affects the relaxation time
values; for example, it is enough to reduce T, of asphaltene
aliphatic protons to tens of milliseconds,” whereas for
common hydrocarbons, typical T, can be tens of seconds.

Analysis of the proton NMR spectra of all samples prepared
revealed that neither initial asphaltene concentration nor
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temperature affect the character of the lines or their position.
The only slight line broadening was observed in the Ch150
sample due to a decrease of sample homogeneity caused by the
high amount of precipitated solid matter. It is necessary to note
that employment of *C NMR spectroscopy to study sealed
samples seems impossible without special isotope enrichment:
the low natural abundance of *C (~1.1%) along with manifold
signal attenuation due to capillary configuration and asphaltene
precipitation both result in extremely weak signals and an
impractical time of spectra acquisition.

3.2. PFG NMR Measurements. Measurements of the
translational dynamics of asphaltenes revealed a remarkable
difference in the diffusion curves of signal attenuation decays
obtained for the sealed samples and normal asphaltene
solution. Due to the low viscosity of the media where
asphaltenes diffuse, the mobility of the species increases
greatly, as can be seen when compared with the normal
asphaltene solution: a decay obtained from the CdS54 sample
declines very fast, while those from the normal solutions
extend much farther, Figure 3a. The most important
observation here is that the diffusion curve of the sealed
sample is not a straight line in In I/I, vs b coordinates, i.e., the
data obtained point to the presence of more than one diffusion
component. It was previously shown that the diffusion curves
of the normal asphaltene solution consist of two or three
distinct components, depending on sample concentration,
where the more mobile first component corresponds to less
aggregated structures (referred to as “asphaltene monomers”
for simplicity despite the possible presence of more complex
structures), while the second and third (in concentrated
solutions) ones correspond to nano- and macroaggregates,
respectively.”> The multiexponential analysis of the signal
attenuation decays of the sealed samples provides the best fit in
the following form:

I/I, = p_exp( — bD,) + p exp( — bD,) )

where p,, D, and p,, D, are the weight fractions and diffusion
coefficients of monomers and aggregates, respectively. Here,
the term “monomers” refers to less aggregated asphaltene
species and low-molecular impurities (such as trace amounts of
water caught from the air during sample preparation), while
“aggregates” actually refer to the complex aggregated structures
formed by asphaltene molecules.

The appearance of more than one component in signal
attenuation decays evidences that the aggregation processes
occurred in asphaltene solution subjected to a high-pressure
CO, environment, despite a quite low residual asphaltene
concentration (few grams per liter). In other words, the small
quantity of asphaltenes remaining in solution after destabiliza-
tion and precipitation of a major part of the matter continues
to form aggregated structures in the presence of high-pressure
CO,. This experimental fact is supported well by the results of
molecular dynamics simulation, which indicate a strong
tendency of asphaltenes to form nanoaggregates in high-
pressure CO, conditions.” It is interesting to note that the
solvent plays an important role in aggregation processes under
high-pressure CO, conditions. Comparison of the signal
attenuation decays of the CdS4 and B48 samples, where
deuterated chloroform and benzene were used, respectively,
shows that the weight fraction of aggregated structures, p,, is in
the range of 70—80% in the case of CdS54, while the benzene
solution B48 revealed the presence of only 40—50% of
aggregates. It can be explained by the greater affinity of the

aromatic solvent to PAHs of asphaltene molecules, allowing a
larger fraction of asphaltene molecules to remain in a low-
aggregated state even in the presence of carbon dioxide. This
finding is well consistent with the very recent observations on
the ability of dilute concentrations of aromatic solvent
(toluene) to act as a CO,-soluble asphaltene stabilization
agent capable of inhibiting asphaltene precipitation during
immiscible CO, injection.”’

Multiexponential analysis of the signal attenuation decays
(eq 2) of the sealed samples delivers two values of diffusion
coeflicients, D,,, and D,, listed in Table 2 for different samples

Table 2. Diffusion Coeflicients of the Asphaltene Monomers
(D,,) and Aggregates (D,) of the Asphaltene + Solvent +
CO, Mixture Obtained at 15 and 35 °C

D,, 10°m%*/s D, 107°m?/s D,, 10° m*/s D, 107 m?/s

sample 15°C 15°C 35°C 35°C
Ch7 54 7.3 6.4 6.5
Ch25s 53 8.8 6.7 10.1
Cds4 9.7 9.4 11.8 11.5
Ch150 6.1 8.1 72 10 (8.1)
B48 9.6 8.6 114 11.6

at fixed temperatures of 15 and 35 °C. Temperature
dependencies of diffusion coefficients are presented in Figure
4. Since this is the first time the diffusion coeflicients of
asphaltene aggregates were measured in situ (under high-
pressure CO,), it is difficult to perform a direct comparison of
the data obtained with those previously reported for asphaltene
solutions under ambient conditions. However, some spec-
ulations can be made to provide an indirect assessment. Thus,
translation dynamics depends on the geometry (size and
shape) of the moving particle, the drag force of the
surrounding media (i.e., its viscosity), and specific interactions
between particle and environment. While the geometry and
viscosity factors can be more or less scaled to high-pressure
conditions, the specific interactions of aggregates with the
environment in the presence of liquid CO, may not be similar
to those in normal conditions. Nevertheless, scaling with
measured diffusivity of water trace and solvent molecules gives
diffusion coeflicients of asphaltene aggregates in the range of
2—6 X 107'° m?/s, which is very consistent with the values
numerously reported for nanoaggregate diffusivity.””~°* Also, it
agrees well with the previously measured values for the same
asphaltenes under ambient conditions.”> Consequently, the
diffusivity of the first component (“monomers”) being an order
of magnitude greater is consistent with those previously
known.

As is seen from the experimental data, a two-component
nature of the diffusion curves along with a relatively high
diffusivity value of aggregates (scaled to 2—6 X 107'° m?/s)
testify to the absence of macroaggregates (reported to have
typical values of diffusion coefficients in the range of 0.3—0.6 X
107'° m?/5).®® This finding is intuitively expected due to the
very low concentration of residual asphaltenes: the critical
cluster concentration is reported to be around 10—20 g/L.*® In
addition to nanoaggregates, large asphaltene particles (flocs,
with a characteristic size of up to a few micrometers) could be
expectedly formed during flocculant-induced asphaltene
precipitation. However, the mobility of asphaltene molecules
in the large asphaltene particles probably becomes too slow,
similar to that in the solid state. It is well-known that strong
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Figure 4. Temperature dependencies of diffusion coefficients of asphaltene aggregates (a) and monomers (b). The straight lines are the linear

trends shown for visual guidance.

dipole—dipole interactions between immobilized protons and
the presence of paramagnetic species reduce the apparent T, of
asphaltenes from 30 to 80 ms in solution®’ to 0.2—1 ms in the
solid state,** and even to tens of microseconds below glass
transition temperature.®”** Consequently, the signal from the
large asphaltene particles no longer contributes to diffusion
attenuation curves, which are recorded with comparatively
long gradient pulses, up to a few milliseconds (and delays up to
hundreds of milliseconds). If one suppose retaining sufficient
molecular mobility within the large flocs to provide long
enough T), then according to the Stokes—Einstein equation, an
increase in the size by three orders of magnitude (from 3 to S
nm to 3—S um) caused a decrease of the diffusion coefficient
in the same manner (i.e., slow down to 10™"* m?%/s), which
would be clearly seen as a long fading tail in signal attenuation
curves. Likely aggregated structures larger than nanoaggregates
could have been formed during the preparation of the mixture.
But after preparation, the flocs became precipitated due to the
strong tendency of macroaggregates to further cluster until
micron-sized particles under harsh conditions of high-pressure
CO,.

As mentioned above, the low viscosity of the media results in
a sufficient (approximately by one order of magnitude)
increase in diffusivity as compared to those found in normal
asphaltene solutions. Yet the diffusivity usually increases with
the increase in temperature due to a decrease in fluid viscosity.
However, the results of diffusion measurements demonstrate
an opposite trend of D, for the sample Ch7 prepared from
diluted asphaltene solution, Figure 4a, whereas diffusivities of
either monomers or aggregates in any other samples follow a
common trend.

The observed decrease of D, for the Ch7 sample with
temperature increase can occur in the following cases: the
viscosity of the mixture increases, the hydrodynamic radius of
asphaltene aggregates becomes larger, and intermolecular
interactions between the surface of moving aggregates and
the surrounding media become stronger. Because the other
samples follow a common trend and the D, of the Ch7 sample
also increases with temperature, the viscosity factor can be
eliminated, and the anomalous behavior of D, should be
attributed to the structure and dynamics of the aggregates. The
increase of temperature evidently causes the growth of pressure
inside the sealed capillary and the increase of the flocculating
action of CO,. It could lead to further destabilization of
residual asphaltenes, followed by aggregate size increases and
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precipitation. The argument in favor of this suggestion is the
decrease of weight fraction of aggregates, p,, found for the Ch7
sample in the temperature range studied. The most likely
growth of the aggregate size and decrease of fluid viscosity,
being two independent factors affecting the apparent value of
diffusivity, competitively result in a visible decline of D,. In
contrast to the Ch7 sample, aggregation processes in the Ch25
and Cd54 samples probably are not so intensive, and a factor
of increasing the aggregate size is weaker than a factor of
decreasing the fluid viscosity.

The effect of a temperature-dependent increase of aggregate
size in the sample prepared from the most diluted asphaltene
solution is not observed in other samples where it could be
expected. It was previously established that the asphaltene
concentration in solution determines the equilibrium of
monomers-nanoaggregates and nanoaggregates-macroaggre-
gates:24’27’28’30’32_%§ atg low concentratioxglg, bgelow 10—20ggg/ L,
the asphaltenes are mostly presented by nanoaggregates. At
higher concentrations, the nanoaggregates begin to assemble
into bigger units (macroaggregates), which stay in dynamic
equilibrium with each other. Thus, when high-pressure CO, is
introduced into the sample, the nanoaggregates turn out to be
more stable than the macroaggregates, which likely precipitate
first. Therefore, in the Ch7 sample, the aggregation process
continues at a higher temperature/pressure, while in more
concentrated samples, the majority of the asphaltenes, initially
in the form of macroaggregates, have already become
destabilized and precipitated. It can be concluded that CO,-
induced aggregation processes in diluted asphaltene solutions
could unexpectedly appear even more pronounced than those
in concentrated systems, depending on particular temperature
and pressure conditions.

It is necessary to point out that the results obtained must be
analyzed carefully to avoid some misleading conclusions. Thus,
a comparison of the absolute values of D, for different samples
could indicate a clear direct proportionality between the
diffusivity and the initial asphaltene concentration, Figure 4a.
However, it is not the case: the D, value is a complex product
of several parameters, such as the viscosity of the system, which
depends on both the initial asphaltene concentration and the
mass fraction of CO, loaded; the size and weight fraction of
aggregates, which also depend on the initial asphaltene
concentration; and the dynamic equilibrium of monomer—
aggregates and aggregates-deposit, which depends on temper-
ature, pressure, solubility, etc. Moreover, the combination of all
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Figure 5. Temperature dependencies of diffusion coefficients of asphaltene aggregates in Ch150 (a) and B48 (b) samples. The straight solid lines
are the linear trends shown for visual guidance; gray dotted lines are taken from the data of the Ch25 and Cd54 samples for better representativity.

these parameters has a positive feedback—changing the
amount of CO, affects first the viscosity and then the amount
of asphaltenes remaining in solution; the latter, in turn,
changes the local viscosity and apparent D,. A similar
misunderstanding may appear when comparing the D, Figure
4b. It can be seen that the values of D,, for Ch7, Ch25, and
Ch150 samples are close to each other, while for Cd54, they
are much higher. It is partially due to the highest mass fraction
of CO, loaded in this sample; also, there is no stabilizing
additive (0.5 vol % of ethanol), which normally is presented in
CHCIl;—the weight fraction of the monomers in CdS4 is
small, and the first diffusion component becomes mostly
presented by the water trace.

Another remarkable effect observed on temperature depend-
encies of diffusion coefficients of asphaltene aggregates is the
abrupt change of D, at a particular temperature, Figure 4a. For
the Ch7 sample, this effect is most pronounced, occurring at 23
°C; for Ch25, the gap between the low and high temperature
parts becomes smaller; and for the Cd54 sample, the gap is not
even seen, but the change of slope retains. The temperature of
the abrupt change slightly increases with the increase of the
initial asphaltene concentration in the samples. Also, in the
vicinity of this particular temperature point, the D, beats
(jumps above the trend) are clearly seen. Nothing similar was
found on the temperature dependencies of D, ensuring that
this effect comes from the asphaltene aggregates dynamics.

The abrupt change in slope of the temperature dependencies
of diffusion coeflicients, D,, is very consistent with our previous
findings obtained for the normal asphaltene solutions, °3 and it
can be completely explained by temperature-triggered
rearrangement of asphaltene aggregates. This structural
transformation in asphaltene aggregates was first proposed by
Evdokimov and coauthors; they performed the rheological
experiments with unconventionally small temperature incre-
ments and observed noticeable structural transformations in
asphaltene colloids, induced by comparatively small temper-
ature variations within the range of 26—28 °C.*** It was
attributed to a first-order phase transition ascribed to an
endothermic breakup of noncovalent (hydrogen) bonds in
analogy with polymer particle shrinkage on heating that
occurred at a specific “lower critical solution temperature”
(LCST).”’=*" However, this brilliant finding was not
confirmed until a comprehensive PFG NMR study of model
asphaltene solutions proved that the temperature-triggered
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reorganization of hydrogen bonding, being a general physical
process not ultimately limited to LCST cases, is also an
intrinsic property of asphaltene aggregate structure (a very
detailed description of the concept of endothermic breakup of
noncovalent bonds and its effect on aggregate dynamics can be
found in ref 63). The results of the current work evidence that
under high-pressure CO, conditions, the structural trans-
formations of asphaltene aggregates are not hindered, but
instead, they become even more highlighted due to the higher
sensitivity of translational dynamics to the smallest changes of
the aggregate architecture in the low-viscosity surroundings. It
can be concluded that the recent “supramolecular assembly”
concept,” which strengthens the role of hydrogen (and other
noncovalent) bonding in overall aggregation processes, can be
extended to high-pressure CO, conditions.

Similarly to the Ch7 sample prepared from the most diluted
asphaltene solution, the Ch150 sample prepared from the most
concentrated solution shows a very peculiar behavior of
diffusion coeflicients, Figure Sa. As can be seen, there is not
only the change in slope of temperature dependence of
diffusion coefficients at ~20 °C but also a series of less
pronounced transformations at 23 and 29 °C, appearing in the
form of small jumps in D, values. When the temperature of the
sample reaches 35—37 °C, the diffusion coefficients suddenly
drop and begin following another temperature trend upon
cooling the sample. Moving down, this trend comes into the
first transformation point at 20 °C, demonstrating a hysteresis
behavior never observed in any other samples.

It is difficult to provide a clear and consistent explanation for
the unusual diffusion behavior of asphaltene aggregates in the
Ch150 sample. The only evident thing is that the complexity of
behavior probably stems from the initial conditions presented
in very a concentrated asphaltene solution. At very high
concentrations, >10 wt %, the majority of asphaltene molecules
are certainly assembled into macroaggregates, which are then
destabilized and precipitated under the action of CO,
introduced during sample preparation. Also, the mass fraction
of CO, injected appears relatively low (Table 1), making the
flocculating strength of the media weaker. A combination of
these two factors may result in a relatively slow increase in
aggregates size upon an increase of temperature (and
pressure), which is accompanied by some steplike changes of
particles size at specific temperatures, visible as small jumps of
D,. From this point of view, the hysteresis can be a result of the
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better stability of the aggregates: comparatively larger particles
no longer precipitate at ~40 °C, and when the temperature
decreases, they are kept assembled for some temperature
range.

As described above, PEG NMR measurements in the B48
sample revealed a smaller weight fraction of the aggregate
component as compared to those in Ch/Cd samples.
Moreover, the temperature dependence of diffusion coef-
ficients also differs, though they demonstrate similar trends.
Thus, the absolute values of D, are close to those in previously
discussed samples, and they also increase as temperature
increases with a similar slope of the linear trends, Figure Sb.
However, the structural transformation at 21-23 °C appears
much more pronounced than those in Ch2S and CdS$4
samples, jumping over their difference: the distance between
the low- and high-temperature branches of the dependence
(B48 sample) is equal to the difference between values of D,
for those two (Ch2S and CdS4) samples. In comparison, the
diffusion appearance of temperature-triggered rearrangement
of asphaltene aggregates in the B48 sample is more similar to
those in the Ch7 sample, which probably is the result of a
larger fraction of nanoaggregates in initial asphaltene
solutions—in Ch7, it is due to dilution, while in B48, it is
due to the nature of the aromatic solvent. Very similar
conditions, such as the initial asphaltene concentration in
solution and the amount of CO, loaded, result in rather
different asphaltene aggregate dynamics of the samples Cd54
and B48 due to the different natures of the solvents used.
Along with the conclusion on CO,-induced aggregation
processes in diluted asphaltene solutions that turned out to
be somewhat more pronounced than those in concentrated
systems, it can be stated that the scenario according to which
the evolution of the asphaltene aggregates will develop strongly
depends on the initial concentration of dissolved asphaltenes,
the mass fraction of CO, loaded into the system, and the
nature of the media where the aggregation occurs.

4. CONCLUSIONS

In the present work, the first in situ PFG NMR study of
asphaltene aggregates behavior under high-pressure CO, was
carried out. For this purpose, a series of sealed, thick-walled
quartz capillaries were prepared where carbon dioxide was
loaded into asphaltene solution under high pressure. By means
of PEG NMR, the translational dynamics of diffusing species
was measured in the 8—42 °C temperature range for samples
with different initial asphaltene concentrations and types of
solvent. The introduction of high-pressure CO, into the
asphaltene solution caused asphaltene destabilization and
precipitation. According to 'H spectroscopic data, it was
found that the residual asphaltene concentration in the sealed
capillaries did not exceed 2—4 g/L, ensuring sufficient
deposition of the asphaltenes and a high degree of dilution
of the studied samples. Also, proton NMR spectra revealed an
increase in the share of asphaltene molecules, which remained
dissolved with a more branched “archipelago” structure.
Despite a quite low asphaltene concentration, experimental
data clearly demonstrated the presence of aggregated
structures attributed solely to nanoaggregates, with no signs
of the presence of macroaggregates in the samples. Multi-
exponential analysis of the experimental signal attenuation
curves revealed a very high weight fraction of the aggregate
component, up to 70—80%, in chloroform solution, while
those in benzene solution appear much lower, 40—50%,
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indicating better affinity of the aromatic solvent to asphaltenes
even in high-pressure CO, environments, which can be
potentially used in a field practice for inhibiting asphaltene
precipitation during CO,-EOR.

Temperature dependencies of aggregate diffusivity clearly
showed the strong influence of the initial asphaltene
concentration, mass fraction of CO, loaded into the system,
and chemical nature of the solvent used on the evolution of the
aggregates and their local dynamics. In particular, the most
diluted asphaltene solution, expected to be the most resistive
to aggregation processes under high-pressure CO, conditions,
revealed the most pronounced aggregation-dependent transla-
tional dynamics as compared to those with a moderate initial
asphaltene concentration. Yet, even the extremely concentrated
asphaltene solution may not show drastic aggregation
processes if the mass fraction of the CO, loaded does not
appear so high. By comparing the effects of chloroform and
benzene, it was also established that very similar conditions,
such as initial asphaltene concentration and amount of CO,
loaded, nevertheless may result in rather different asphaltene
aggregate dynamics due to the different natures of the solvents
used.

Finally, the experimental data evidence that in a high-
pressure CO, environment, the temperature-triggered struc-
tural transformation of asphaltene aggregates due to the
noncovalent bond breakup is not hindered but instead
becomes more emphasized due to the higher sensitivity of
the translational dynamics of aggregates to the smallest
changes in their architecture. It means that harsh high-pressure
CO, conditions have virtually no extinguishing effect on
intermolecular hydrogen bonding, and the concept of supra-
molecular assembly of asphaltene aggregates can be extended
to aggregation processes, which may happen during CO,-EOR.
The results obtained shed new light on asphaltene aggregate
dynamics and brought new knowledge about the fundamental
behavior of asphaltene in high-pressure CO, conditions. They
contribute to the overall understanding of the complex and
versatile phenomenon of asphaltene precipitation and hope-
fully will assist in better prediction of reservoir performance
during CO,-EOR.
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