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ABSTRACT: Wax crystallization represents one of the main factors [ Wax + Asphaltenes, PPD |
impacting flow assurance during oil production. Pour point |
depressants (PPDs) and asphaltenes present in crude oil have been NMR

linked to modifications in wax crystallization behavior by cocrystalliza-
tion and formation of complexes with wax. Wax precipitation has | |
recently been assessed by low-field nuclear magnetic resonance High CPMG Pulsed field
(NMR) techniques. However, improvements remain to be made o Cowfed gt
regarding the mechanism of the interactions between wax and the ¢l \ll
components that can alter the precipitated crystal network. In this |, ¥ Aspheo—crystal
article, wax—asphaltene and wax—PPD interactions were quantified by PPDy PPDeocrystal
combining, for the first time, different low- and high-fild NMR v
methods. First, the variation in the concentration of asphaltenes and
PPD in solution with temperature was determined by a high-field
NMR approach in model systems in the presence and in the absence
of wax. Cocrystallization was demonstrated by observing a reduced content of asphaltenes and PPDs when wax was present. Second,
the ratio between asphaltene monomers and nanoaggregates was quantified by low-field NMR relaxation time methods. Above a
threshold asphaltene concentration, all asphaltenes were present as nanoaggregates. The same threshold concentration was
associated with faster wax crystallization and an increase in the number of low-mobility dissolved wax molecules, interacting with the
wax crystal network. Last, the impact of wax—PPD and wax—asphaltene crystallization patterns on the diffusion of the solvent
through the wax network was quantified by using low-field NMR diffusion methods, followed by tortuosity calculations. Diftusion of
solvent through the crystal network increased at higher asphaltene concentration and increased even further in the presence of PPD,
indicating that these components lead to more open network structures. These new methods and breakthroughs about the wax
precipitation mechanism may be extended to future studies of real crude oil systems.

Solvent diffusion =
f (wax, asphaltene, PPD)

c
‘ ASphbulk < Asphnanoaggregates ‘

1. INTRODUCTION

Paraffin waxes are n-, iso-, or cycloalkanes with carbon chains
. . 1
between C,g and C,y, or sometimes higher.” They are present

depressants (PPDs).* PPDs are designed to show high affinity
for the nonpolar moieties of wax, which often leads to
cocrystallization or formation of complexes. These complexes

in crude oils in varying concentrations, usually dependent on
the oil field. There are 2 main types of waxes: macrocrystalline
and microcrystalline. Macrocrystalline waxes have more linear
structures and usually between 18 and 40 carbon atoms.” On
the other hand, microcrystalline waxes contain iso-alkanes and
cycloalkanes and usually have more than 40 carbon atoms.”
Each waxy crude oil has a wax appearance temperature
(WAT), at which wax starts to precipitate upon cooling.
Subsequent gelation and deposition have a negative impact on
flow assurance during crude oil production and transport.
Several known effects are reduction of the crude oil flow in the
pipeline, pressure abnormalities, pipeline restart issues,
increased fluid viscosity, changes in the composition of the
reservoir fluid, and in the worst case, a complete blockage of
the flow.’

A conventional method to delay wax crystallization and to
decrease the pour point below the industrial operating
temperatures is the use of wax inhibitors, such as pour point
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undergo a crystallization mechanism different from that of pure
wax crystals. The consequences are often higher solubility and
altered crystal properties, such as lower aspect ratio and surface
area.”

The presence of asphaltenes, polar components of crude oil,
has also been demonstrated to affect wax precipitation.
Asphaltenes are high molecular compounds in crude oil,
insoluble in low molecular weight n-alkanes, such as hexane,
but soluble in aromatic solvents, such as toluene.” At low
concentrations, asphaltenes dissolve as monomers in toluene
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or other aromatic solvents. However, as the concentration
increases, asphaltenes start forming nanoaggregates (2—5 nm)
at a concentration point often referred to as critical asphaltene
concentration in the wax network (C.A.C.) or critical
nanoaggregate concentration (C.N.A.C.).*” As concentration
increases further, the amount of asphaltene nanoaggregates will
grow and secondary aggregation will begin through the
formation of nanoclusters (>S5 nm). These nanoaggregates
and nanoclusters have often been referred to as nucleation sites
for wax, generating more finely dispersed, smaller wax crystals
inside the wax—asphaltene crystal network. While aggregated
asphaltenes act as nucleation sites, the nonpolar groups of
monomer asphaltenes are expected to act as connectors
between the wax crystals, speeding the gelation process and
increasing the gel strain but weakening the wax crystal
network. "> Although the modified crystals allow for better
crude oil flow, they mi%ht increase WAT and the wax
precipitation rate.”>”'*'>"" As expected from the opposing
effects of asphaltenes, results of multiple studies generate
contradicting conclusions about the role of asphaltenes during
wax precipitation.'' Some articles showed that asphaltenes
inhibit wax precipitation in certain concentration regions but
promote wax precipitation in other concentration regions,
specific to each type of crude oil or wax—asphaltene model
system.”'® The pattern of the concentration ranges for
crystallization inhibition or promotion is in most cases
irregular, probably because of the polydisperse character of
asphaltenes and variable chemical composition of asphaltenes
in each individual crude oil."""” The exact mechanism behind
the impact of asphaltenes on wax precipitation is not clear.
That is the reason why this study aims to cover gaps in the
literature by introducing a direct method to demonstrate
cocrystallization of wax and asphaltenes. A second scope is to
quantitatively investigate the effect of asphaltene nano-
aggregation on wax precipitation.

Wax nucleation is affected not only by asphaltenes and PPDs
but also by the addition of wax with different chemical
compositions. Microcrystalline waxes are known to form gels
with lower yield strength that precipitate at a lower rate than
macrocrystalline wax.”” Therefore, crystallization of macro-
crystalline wax (linear alkane structure) has been investigated
with and without the presence of microcrystalline wax
(branched alkane structure).”’ When present, the microcrystal-
line waxes weakened the macrocrystalline wax crystal networks
through spatial hindrances that prevent interlocking. This
phenomenon leads to the formation of smaller and more finely
dispersed macrocrystalline wax crystals, which make the system
behave like a microcrystalline %el, despite the dominant
macrocrystalline wax composition.”'

The effect of wax inhibitors on wax crystallization was
initially researched using multiple analytical methods such as
differential scanning calorimetry (DSC), cross-polarized
microscopy (CPM), and isothermal titration calorimetry
(ITC). The analysis of wax precipitation by low-field NMR
was introduced by Pedersen et al., who calculated wax content
in crude oil, from relaxation time data.”* In recent years, wax
crystallization has been characterized by an adapted Carr—
Purcell-Meiboom—Gill (CPMG) sequence,””** which focuses
on the effect of asphaltene and PPD in model wax-based
systems. The temperature dependence of the percentage of
solid in model wax and wax—PPD systems was assessed by
Zhao et al. with NMR CPMG.” Ruwoldt et al. extended the
range of PPDs used in the wax-based systems and considered

the influence of asphaltenes for the first time.”® An advantage
of NMR compared to DSC was the use of fewer
thermodynamic assumptions to determine the wax content.
In this study, the authors identified for the first time a
transition of a low-mobility dissolved wax. The newly formed
wax—asphaltene particles interact with dissolved wax mole-
cules, trapping them and decreasin§ their mobility. Starting
from this finding, Savulescu et al."” proposed a method to
characterize both the evolution of wax precipitation rate and
the evolution of dissolved wax mobility in wax—asphaltene and
wax—PPD model systems. Their study found that a threshold
asphaltene concentration generated an increase in the amounts
of both precipitated wax and dissolved wax trapped inside the
crystal network. Formation of asphaltene nanoaggregates
acting as nucleation sites for wax and interactions between
the altered wax—asphaltene crystal network and dissolved wax
were indicated as potential causes for these observations.
Regarding the PPD, its presence was observed through a low
mobility peak, which disappeared once wax precipitation stars,
due to complex formation and subsequent cocrystallization
between wax and PPD.

The previous studies referred to cocrystallization and
complex formation without providing quantitative proof. This
article aims to remove this ambiguity and comes as a
continuation of the previous work.” The first focus is the
demonstration of wax—asphaltene and wax—PPD cocrystalliza-
tion with high-resolution NMR. Second, a quantitative link
between asphaltene nanoaggregation state and wax precip-
itation was studied using an adapted CPMG sequence. Last,
the focus shifted toward the diffusion of the solvent to
understand the effect of PPD and asphaltenes on flowability
during wax crystallization. The restricted and unrestricted
diffusion coeflicients were calculated using diffusion-focused
low-field NMR. The sum of these three sections improved the
knowledge of the wax crystallization mechanism in the
presence of asphaltenes or PPD.

2. EXPERIMENTAL SECTION

2.1. Materials. The solvents used in this study were
deuterated toluene (anhydrous, 99.6% deuterated), toluene
(anhydrous, 99.8%) from Sigma-Aldrich, Norway, and extra
pure deuterated toluene (99.94%) from ChemSupport AS,
Norway. Macrocrystalline and microcrystalline waxes were
provided by Sasolwax from Sasol, Germany (wax 5405 and
3971, respectively). The composition and properties of these
wax samples were presented previously.’® Asphaltenes were
precipitated from a crude oil (API 19°) originating from the
Norwegian shelf of the North Sea, using n-hexane (HPLC
grade, >97%), and the same procedure as reported before."”
Properties of the asphaltenes precipitated from this crude oil
were also published previously.””** The pour point depressant
was based on polycarboxylate (proprietary) from BASF,
Germany, and was presented as PPD A by Ruwoldt et al.*
and as PPD by Savulescu et al.'” The PPD was solvent-purified
using the procedure detailed previously.”® All concentrations
presented in this study are in weight percentages (wt %).

2.2, Experimental Techniques. 2.2.1. Sample Prepara-
tion. To prepare the samples for high-resolution NMR
analysis, PPDs and asphaltenes were first dissolved in
deuterated toluene (99.6%), obtaining stock solutions with
concentrations of 1.05 and 2.1 wt %, respectively. These were
shaken overnight at 200 rpm to ensure complete dissolution.
Then, a range of wax—PPD and wax—asphaltene solutions
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were prepared by dilution of the initial solutions, and the
desired macrocrystalline wax content was added. A range of
wax-only solutions was also prepared by dissolution of wax in
deuterated toluene. All wax-containing systems were heated at
60 °C for 1 h and shaken thoroughly. Last, the NMR tubes
were filled to a line of 40 mm. The solubility of asphaltenes at a
high concentration (2%) in the wax—asphaltene system was
further confirmed with an optical microscope. For wax—PPD
mixtures, macrocrystalline wax was chosen, while for wax—
asphaltene mixtures, microcrystalline wax was used. Each type
of wax was scanned individually with high-resolution NMR.

For NMR CPMG, a stock solution of 2% asphaltene was
prepared in extra pure deuterated toluene (99.94%) to ensure
an extremely low content of residual hydrogenated solvent
(max 0.06%) in asphaltene-only solutions. Dissolved asphal-
tene monomers and hydrogenated toluene have NMR signals
in the same relaxation time region (high mobility). Therefore,
the low concentrations of asphaltenes used in this study
determined the necessity of reducing the residual hydro-
genated solvent to the highest achievable extent. A range of
asphaltene solutions with concentrations ranging from 0.2 to
2% was prepared by diluting the stock solution. All of the
solutions were shaken overnight at 200 rpm to optimally
dissolve the asphaltenes. Then, 3 g of each was transferred into
NMR tubes for scanning.

For the tortuosity measurements, there were 3 differences in
preparation of the solutions compared to the sample
preparation for high-resolution NMR. The first is that the
solvent was hydrogenated toluene, instead of deuterated
toluene. The second is that for tortuosity measurements, the
quantity of solution in the measurement tube was 3 g. The last
difference is that the type of wax for all systems was a
macrocrystalline wax.

Two independent parallels were performed with NMR for
each system to ensure reproducibility. The overall error was
calculated from the variation between the 2 parallels, and it is
displayed in the corresponding figures.

2.2.2. Nuclear Magnetic Resonance: High-Field Analysis.
For the high-field NMR study, a Bruker 600 MHz Avance III
HD equipped with a 5 mm cryogenic CP-TCI z-gradient probe
was used. The chemical spectra were acquired isothermally at
30, 10, and 0 °C, with 15 min allowed for temperature
stabilization before each scan. The selected temperatures were
determined by the wax appearance temperature, which is
between 15 and 25 °C for the selected systems.'”*® The
residual toluene signals were expected to increase with lower
temperature but only as a consequence of signal fluctuation
induced by the temperature change.”” Therefore, they were
considered as a reference to normalize the other signals, which
were used for the quantitative analysis of each species.

The reason for the choice of microcrystalline wax for wax—
asphaltene mixtures (Section 2.2.1) was the inability to obtain
accurate high-resolution NMR data with asphaltenes and
macrocrystalline wax at low temperature. Wax—asphaltene
precipitation generated a sharp drop in diffusion values and a
high level of heterogeneity in the sample, which altered the
consistency of the values for signal intensity: the reference
residual toluene had a drop in signal, although the toluene
molecules remained in the same phase (Figure Slab in the
Supporting Information). This is because of strong radiation
damping effects that distort the liquid signal when
inhomogeneity is present. The high-field NMR is more
sensitive than the low-field NMR and cannot record low

mobility or a low diffusion signal in inhomogeneous systems.
To decrease the heterogeneity of the wax—asphaltene system
at low temperature, the microcrystalline wax with lower
viscosity and a lower precipitation rate” was used.

2.2.3. Nuclear Magnetic Resonance: CPMG Analysis. Low-
field NMR studies were performed using a 21 MHz NMR
spectrometer supplied by Anvendt Teknologi AS, Norway. A
CPMG procedure was used to acquire T, distributions for
asphaltene-only solutions in extra pure deuterated toluene,**
following the procedure presented previously.'” The recycle
delay was in this case S s, while the inter-echo spacing was
selected to adapt for the low signal expected from 0.2 to 2%
asphaltene-only solutions. A first region was selected at 7; of
200 us and with 1000 echoes to account for the short T,
region for low-mobility molecules (asphaltene nanoaggregates)
and a second region was selected at 7, of 600 us and with 3000
echoes for the long T, region for high-mobility molecules
(asphaltene monomers). The number of scans was 128, except
for the 0.2% asphaltene system, where 512 scans were needed
to compensate for the very low signal. After acquiring raw
CPMG data, a map of the proton intensity at each T, was
generated from the multiexponentially decaying curve using
the Anahess/one-dimensional Inverse Laplace Transform
approach.” The proton intensity at each T, is a quantitative
measure of the liquid signal, which allows for the quantification
of high- and low-mobility asphaltene regions. A boundary was
set between the two mobility regions for asphaltene at a T, of
0.5 s. Values above this threshold are specific to pure solvents
at 30°C (hexane and toluene), and therefore, they most likely
correspond to dissolved asphaltene monomers with high
mobility in the analyzed systems or to residual toluene.
However, the amount of residual toluene is very low, since
99.94% pure deuterated solvent was used. Moreover, a
decrease of about 70% in the high peak intensity occurred
when the asphaltene concentration was increased (Section
3.2), demonstrating that the contribution of the residual
hydrogenated toluene in the peak is negligible. Figure S2 in the
Supporting Information confirmed the peaks for hexane and
toluene at high T, (10° to 10" s). The same values could be
observed for high T2 peaks in Section 3.2 in this study for
asphaltene-only systems. Previous studies have confirmed that
model asphaltene monomers have a diameter of around 15—20
A,** which is about 2—3 times higher than for toluene (5—6
A).*' T, values for toluene monomers should be slightly higher
than for asphaltene monomers, but the measurement showed
that they are in the same range (1—10 s). When it came to T,
peaks at values below the threshold at T, = 0.5 s, they were
associated with larger asphaltene nanoaggregates and nano-
clusters, whose mobility and T, value decreased. However,
low-field NMR was not able to distinguish between nano-
aggregates and nanoclusters, as the relation between the exact
molecular size and the T, could not be quantified directly to an
extent that would allow separation between sizes of 2—5 nm
and >$ nm.

The asphaltene experiments were performed isothermally at
30 °C after allowing 15 min for the temperature to stabilize.
The temperature inside the NMR was controlled by using an
integrated temperature controller connected to the NMR
system.

2.2.4. Nuclear Magnetic Resonance: Tortuosity Determi-
nation. A pulsed field gradient-stimulated echo sequence with
bipolar gradients®” was used to acquire the diffusion coeficient
at increasing observation times (A). Also, a pulsed field
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Figure 1. (a—d) 'H NMR spectrum for (a) 5% macrocrystalline wax in deuterated toluene, (b) 5% microcrystalline wax in D-toluene, (c) 1%
asphaltene in deuterated toluene, and (d) 1% PPD in deuterated toluene; (e, f) slices from 10 to 6 ppm in the 'H NMR spectrum for (e) 1%
asphaltene in deuterated toluene and (f) 5% microcrystalline wax in deuterated toluene, with a comparison to 1% asphaltene in deuterated toluene.
Markings for inhibitor-specific peaks indicate the corresponding regions in panels (c) and (d).

gradient spin echo sequence with bipolar gradients” was used
to measure the diffusion coeflicient at the shortest observation
time possible. The sequence for the pulses is summarized
graphically in Figure S3 in the Supporting Information. The
samples were scanned isothermally at 30, 10, and 0 °C, with 15
min for temperature stabilization before each acquisition. The
diffusion was acquired over a range of values, starting from 2.7
ms (the dead time of the instrument) to 1000 ms. The
tortuosity factor is usually calculated as the ratio between free
diffusion (at zero observation time) and restricted diffusion (at
1000 ms).>*** In this study, the tortuosity was calculated using
the point at 2.7 ms for the free diffusion. Extrapolation to 0 ms
would have been inaccurate because of the low number of data
points at very short times (<30 ms). The restricted diffusion
coeflicient is acquired at very long times, at which the
displacement of the diffusing solvent molecules through the

constricting space is much larger than the length scale of the
constricting space.””*° Thus, the measured diffusion coefficient
approached an asymptotic value, independent of the measure-
ment time but dependent on the constricting space, which in
this case was the resulting wax or wax—inhibitor crystal
networks and the corresponding intermediate gels.

3. RESULTS AND DISCUSSION

3.1. Cocrystallization of Wax and Asphaltenes and
PPD. 3.1.1. Choice of Resonance Domain. High-resolution
NMR was used to determine the cocrystallization of wax with
asphaltenes and PPDs quantitatively. This was performed by
determining the variations of the intensity of the NMR peaks
specific to the asphaltenes and wax at temperatures above and
below the wax appearance temperature. The first step was to
compare the spectra of the wax with the spectra of the
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asphaltenes and PPD. The purpose was to determine
asphaltene-specific and PPD-specific regions in the spectra,
which afterward could be used to determine their intensity in
the liquid state in wax—asphaltene and wax—PPD systems.
High-resolution NMR signals focused on the high-mobility
liquid region, so any decrease from the wax (macrocrystalline
and microcrystalline), asphaltene, and PPD peaks could be
linked to the phase change toward very-low-mobility liquid or
solid states. The detection limit remained a limitation of the
method because the exact diffusion value at which the signal is
lost was unknown.

Figures la—d illustrates that a signal specific to chemical
shifts for aliphatic hydrogen atoms developed for all four
systems at 0.8—3 ppm. The distribution of the signal inside the
0.8—3 ppm interval varies for wax, asphaltenes, and PPD due
to different chemical compositions. For macrocrystalline wax,
this corresponds to —CH; and —CH, groups, while for
microcrystalline wax, this most likely corresponds to —CHj,
—CH,, and —CH groups.”"*® The small difference between
relevant chemical shifts and the very high percentage of
protons from wax in wax—inhibitor systems made the
compositional determination inaccurate. Therefore, the focus
for inhibitor-specific regions was placed on chemical shifts
above 3 ppm. For PPD, two weaker peaks were observed at
3.3—3.47 and 4—4.35 ppm, referred to as PPD region A and
PPD region B, respectively. These regions most likely
correspond to alcohol or ester groups present in the structure
of the PPD. The difference between the 2 regions was
associated with the difference between the types of carbon with
which the oxygen atom bonds with. For example, —CH,—0—
groups were expected to generate a signal at a slightly higher
chemical shift than CH;—O— groups. Figure S4 presents a
comparison between the PPD spectrum and the macrocrystal-
line wax spectrum inside the 3—5 ppm region and confirms
that only the PPD generated a positive signal inside this region.
For asphaltenes, a signal was found from 6.5 to 10 ppm (Figure
1 ef). This region overlapped with aromatic components of
residual toluene from 7.5 to 6.75 ppm. These toluene peaks
were deducted from the total signal of the region to calculate
the asphaltene-specific signal. The asphaltene signal in this
region was generated by aromatic components in the
asphaltene structure. One can notice in Figure 1 e,f that the
spectrum for 5% wax only recorded the aromatic part of the
residual toluene in the 6.75—7.5 ppm interval.

3.1.2. Evolution of Inhibitor Content during Wax
Crystallization. After the identification of the inhibitor-specific
resonance domains, the second step of the analysis of high-
resolution NMR results was the quantification of inhibitor-
specific signals with temperature in the wax—inhibitor model
systems.

3.1.2.1. Wax—PPD Cocrystallization. The evolution of the
two PPD-specific regions (A and B) with the temperature is
quantified in Figure 2. The decrease in the PPD signal with
decreasing temperature demonstrated that the parts of PPD
corresponding to region A and region B underwent either
precipitation or a strong decrease in diffusion from 30 to 0 °C
and, in particular, between 10 and 0 °C. This was not the case
for all the chemical species of the PPD, as one can notice in
Figure SS in the Supporting Information. The region between
0.8 and 3 ppm (aliphatic) only recorded an insignificant
decrease from 30 to 0 °C. This showed that regions A and B
behaved different than the rest of the PPD. However, A and B
represented about 1.5% of the total proton signal and

—e— 5% wax, 1% PPD-A
—-o— 5% wax, 1% PPD -B
—e— 1% PPD-A
—-eo— 1%PPD-B
; 120 - L] 30°C reference = 100
@©
< 100 -
—
(=2
‘w80 4
<
Z 60 -
40
20 -
0

30 10 0

Temperature [°C]
Figure 2. Variation of signal with temperature for PPD-specific peaks
A and B in 5% macrocrystalline wax, 1% PPD in deuterated toluene,
and 1% PPD in deuterated toluene. The value at 30 °C is fixed at 100

for all systems, while the values at 10 and 0 °C are normalized
accordingly.

corresponded to polar groups such as esters, which are
connected to a larger chemical structure with a polar and
nonpolar part, the latter of which has a high likelihood to
interact with wax.””

In the wax—PPD system, the relative intensity of region A at
0 °C was 28% lower than that in the PPD-only system. Region
B had a relative intensity at 0 °C that was 42% lower in the
wax—PPD system than that in the PPD-only system. The
decrease in liquid PPD in the presence of wax indicated
cocrystallization and could be agreed with studies in the
literature, which demonstrated complex formation between
wax and PPD in the dissolved state, followed by complex
crystallization. PPDs are also known to modify wax crystals by
being incorporated in the wax crystal network and then
imposing steric hindrance on further wax crystal network
evolution.””

It is worth noting that in a previous study, it was found by
NMR CPMG that the addition of 1% PPD decreased the
average wax precipitation rate by about 30% at 0 °C."” Using
high-resolution NMR, on the other hand, the average wax
precipitation rate decreased by only 12—15% upon addition of
PPD (Figure 3). The main reasons for the difference between
the two methods are the assumptions behind the calculations

—e— 5% macrocrystalline wax, 1% PPD
—e— 5% macrocrystalline wax
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Figure 3. Variation of signal of aliphatic peak with temperature for 5%
macrocrystalline wax and 5% macrocrystalline wax with 1% PPD, both
in deuterated toluene. The value at 30 °C is fixed at 100 for all
systems, while the values at 10 and 0 °C are normalized accordingly.
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for each of the methods and the detection limit, which is
higher for high-resolution NMR (higher radiation damping).
3.1.2.2. Wax—Asphaltene Cocrystallization. To check
whether the asphaltene-specific aromatic region was represen-
tative for the whole asphaltene sample, its evolution with
temperature was compared with the evolution of the aliphatic
region (Figure S6 in the Supporting Information). A quasi-
similar decrease was noticed from 30 to 0 °C, but there are
some small differences at 10 °C, most likely due to the
polydispersity of asphaltenes. The high proportion of aromatic
signal in the total signal (6—7%) also consolidated the fact that
the asphaltene-specific signal was representative for the entire
range of asphaltene species for the purpose of this study.
The next step was the investigation of the asphaltene signal
in the presence and absence of wax (Figure 4). One can notice
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—e— 1% asphaltene
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Figure 4. Variation of signal with temperature for asphaltene-specific
peak in 5% microcrystalline wax, 1% asphaltene in deuterated toluene,
and 1% asphaltene in deuterated toluene. The value at 30 °C is fixed
at 100 for all systems, while the values at 10 and 0 °C are normalized
accordingly.

a slight increase of signal from 30 to 10 °C, which
corresponded to signal fluctuation induced by the difference
in energy levels of atoms as a result of thermal change.”’
Consequently, one can conclude that no transition toward
solid or aggregate phases occurred at 10 °C. However, when
the temperature was decreased to 0 °C, the asphaltene-specific
peak in the asphaltene-only system decreased by about 15%,
while the one in the wax—asphaltene system decreased by
about 45%. The former could be linked with asphaltene
aggreg:»;ation,38 which caused a decrease in the diffusion of

asphaltenes to very low values, outside of the measured liquid
range. The latter demonstrated a marked decrease in the level
of asphaltene diffusion when wax was present. This emphasized
the interaction between asphaltenes and wax during wax
gelation and crystallization and demonstrated cocrystallization.
The additional decrease in asphaltene liquid signal could also
be associated with a higher rate of nanoaggregate formation
and even flocs, incorporated in the newly formed wax crystal
networks. This supported the hypothesis that nonpolar parts of
the dissolved monomers and nanoaggregate asphaltenes
interact with the nonpolar wax molecules, forming wax—
asphaltene networks that crystallize together.

The rate of wax—asphaltene precipitation was also quantified
using the aliphatic region (Figure S7). This region consisted
mainly of wax due to the weak proton signal coming from
asphaltenes. A reduction of 4—6% in the wax precipitation rate
was noticed at both 10 and at 0 °C. Asphaltenes were therefore
inhibiting microcrystalline wax at these temperatures. More-
over, one can also notice in Figure S7 that wax precipitation
was taking place at both 10 and 0 °C. However, asphaltene
precipitation started between 10 and 0 °C, which implies that
there was a delay between the wax appearance point and wax—
asphaltene coprecipitation point. When analyzed with NMR
CPMG, the same system generated a low-mobility wax region,
corresponding to trapped dissolved molecules inside the newly
formed crystal network, with a similar delay from the start of
wax precipitation.'” This demonstrated that during the gelation
phase, the trapping of dissolved wax is accelerated by the
formation of wax—asphaltene cocrystals.

In their study with NMR CPMG, Savulescu et al.'’
concluded that asphaltenes exceeding a threshold concen-
tration, estimated to be 0.75%, enhanced the amount of low-
mobility dissolved wax trapped inside the crystal networks and
promoted wax precipitation. Formation of larger asphaltene
nanoaggregates and nanoclusters was indicated as a potential
cause of this effect. Findings in Figure 4 present a system with
asphaltenes above the threshold concentration. Thus, the
decrease in asphaltene liquid content observed with high-
resolution NMR was most likely caused by the presence of
larger asphaltene nanoaggregates or nanoclusters, which
interfered with wax crystallization by acting as nucleation
sites or by binding to wax through nonpolar moieties. This
study aimed to quantify the asphaltene aggregation state at
various asphaltene concentrations and link it to patterns in wax
crystallization. Therefore, the second part of the results section
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Figure S. Relaxation time distribution in liquid domain for (a) 0.2% asphaltene in deuterated toluene, (b) 1% asphaltene in deuterated toluene, and
(c) 1.25% asphaltene in deuterated toluene. The red line marks the border between high-mobility asphaltene monomers and low-mobility

asphaltene nanoaggregates.
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will focus on the determination of the monomer/aggregate
ratio in asphaltene-only systems.

3.2. The Effect of Asphaltene Nanoaggregation State
on Wax Precipitation. T, relaxation times measured by
NMR CPMG were correlated with the mobility of hydrogen
species. The higher the mobility, the higher the T,. As the
mobility is a function of the size of molecular species/
aggregates, measuring the T, distribution of a sample allowed
us to probe the size distribution of molecules or aggregates
present in the sample. It is worth noting that the T,
distributions were highly reproducible (Figures S8 and S9 in
the Supporting Information).

Figure Sa presents the distribution of T, relaxation times for
the system with the lowest concentration (0.2%) of
asphaltenes. This minimum concentration was selected after
taking into consideration the limitations of NMR resonance
frequency detection. Figure Sa comprises of 3 signal peaks, a
stronger one that formed in the asphaltene monomer region
(T, > 0.5 s) and two weaker ones in the asphaltene
nanoaggregate/nanocluster region. As the asphaltene concen-
tration was increased to 1%, the distribution of the peaks
changed and the signal in the nanoaggregate/nanocluster
region had higher relative intensity compared to the monomer
signal (Figure Sb). This pattern intensified when the
concentration was increased to 1.25% asphaltenes, where little
to no monomer peak signal was observed (Figure Sc). This
indicated an almost complete shift in equilibrium toward >90%
nanoaggregates/nanoclusters between 1 and 1.25% asphal-
tenes. The total intensity of the signal (Figure 6) also followed
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Figure 6. Total signal and monomer signal as a function of asphaltene
concentration in asphaltene-only solutions in deuterated toluene.

a modified pattern from 1 to 1.25%. The signal varied linearly
with asphaltene concentrations below 1% and above 1.25%.
However, from 1 to 1.25%, the total signal was almost
constant, indicating that part of the asphaltenes aggregated or
clustered to such an extent that they underwent loss of
mobility, which shifted the T, to a value below the measured
range.

This observation was linked to previous findings,"* where
asphaltenes reaching a threshold concentration of 0.75%
promoted wax precipitation and provided reduced mobility
on dissolved wax molecules, which became trapped in the gaps
of the wax—asphaltene cocrystal network or in the wax—
asphaltene cocrzstal pores. This process prevented further
crystal growth."” The asphaltene nanoaggregation state was
highlighted as the reason for the change in behavior. Thus, the
demonstration of the complete shift from monomer to

aggregates/clusters at 1.25% asphaltene confirmed the
explanation in the previous article. However, a gap remains
between the asphaltene concentration at which the shift was
observed: 0.75% in wax—asphaltene systems and 1.25% in
asphaltene-only systems. Two potential explanations arise for
this gap. First, the previous experiments were performed
dynamically from 45 to 0 °C. The change in wax precipitation
behavior and the intensification of the amount of trapped
dissolved wax were observed at temperatures lower than 15 °C
when wax started precipitating. In the current study, the
temperature was isothermally set at 30 °C. The asphaltenes
were expected to form larger nanoaggregates/nanoclusters
with lower mobility at lower temperature,” which would
decrease the threshold concentration. The second explanation
is that the factor triggering the changes in wax precipitation
behavior was not the complete shift toward nanoaggregates/
nanoclusters but the shift toward a threshold nanoaggregate/
nanocluster content relative to the wax content. Figures 6 and
7 solidify this hypothesis. Although the monomer and
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Figure 7. Monomer percentage and average T, (monomer +
nanoaggregate/ nanocluster) as a function of asphaltene concentration
in asphaltene-only solutions in deuterated toluene.

nanoaggregate/nanocluster percentages were quasi-constant
from 0.5 to 1% asphaltene, the amount of nanoaggregates/
nanoclusters was approximately 2-fold in the system with 1%
asphaltene. When the wax concentration was fixed, the ratio
between nanoaggregate/nanoclusters and wax became twice as
high at 1% asphaltene compared to 0.5% asphaltene. The
asphaltene nanoaggregate/nanocluster to wax ratio was thus
likely to dominate the wax precipitation behavior.

Another observation in Figure 6 is the shift in nano-
aggregate/nanocluster percentage that occurred from 0.2 to
0.5%. At a low asphaltene concentration, the nanoaggregate/
nanocluster content was very low. This was associated with a
different behavior of wax—asphaltene systems with a very low
asphaltene concentration. For example, previous studies
concluded that low asphaltene content could lead to wax
precipitation inhibition.””® A lower content of nanoaggre-
gates/nanoclusters could be associated with a lower likelihood
for asphaltenes to act as wax nucleation sites, which explains
why the precipitation was not accelerated. Simultaneously,
asphaltenes were still present in the monomer state, which
implied that they could act as wax binders and modify crystal
networks, preventing normal crystal growth. The equilibrium
between the latter and former effects is most likely a function
of the total asphaltene concentration. Thus, at low asphaltene
concentrations, the former effect dominated, making inhibition
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more likely, while at high asphaltene concentrations, the latter
effect dominated, making promotion more likely.

The results analyzed so far were consolidated through the
quantification of the average T, (Figure 7), which has a
quasilinear trend similar to the monomer percentage. This
observation reaffirmed the choice of T, at 0.5 s as a border
between the monomer and the nanoaggregate: the loss in
monomer percentage accounts for the loss in mobility that
occurs with increasing concentration.

The formation of asphaltene nanoaggregates and nano-
clusters was demonstrated before with SAXS and SANS.***~*
However, the quantification of the monomer:nanoaggregate
ratio represents a novelty in asphaltene research.

3.3. The Effect of Asphaltenes and PPDs on the
Diffusion of Solvent through the Wax Crystal Network.
The previous subsections focused on the evolution of the
molecular mobility of the inhibitors in wax—inhibitor systems.
The last subsection will focus on the diffusion of the solvent to
understand how modifications in the wax crystal networks
affect the mobility of dissolved molecules.

Figures 8 and 9 present the diffusion coeflicient as a function
of time for the liquid species, representing toluene and the
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Figure 8. Diffusion coefficient profile at 10 °C as a function of
acquisition times for wax, wax—asphaltene, and wax—PPD systems in
toluene.
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Figure 9. Diffusion coefficient profile at 0 °C as a function of
acquisition times for wax, wax—asphaltene, and wax—PPD systems in
toluene.

remaining dissolved species (<7%) at 10 and 0 °C (i.e., below
the WAT), respectively. The calculated diffusion coefficients
represented the remaining fluid during wax crystallization and
were mostly influenced by the diffusion of toluene molecules
(>93%). The precipitation of wax was expected to impact the

free diffusion coefficient of the solvent molecules. One can
observe in Figure 9 that at 0 °C, the diffusion coefficient
decreased exponentially at short times and then remained
constant at longer times. The coeflicient at zero time
corresponds to the unrestricted diffusion coeflicient, while
the coefficient at high time is the restricted diffusion
coeflicient, which results from the solvent being surrounded
by the wax crystal network.

The values at the first measured point were closer to the self-
diffusion values for toluene from the literature, but there were
some deviations. For example, the literature value for self-
diffusion of toluene at 0 °C was 1.5 X 10~ m?/s,** while the
unrestricted diffusion values determined at 2.7 ms were in the
range of 7 X 107" to 1.8 X 107 m?/s for the wax-based
systems (Figure 9). One reason for this discrepancy was the
presence of dissolved wax or asphaltenes, which altered the
liquid diffusion value from the toluene value. Another reason
was the restriction imposed already during the dead time (2.7
ms). To demonstrate this, one can notice that the lower the
unrestricted diffusion coefficient, the lower the restricted
diffusion coefficient (Figure 9).

The restricted diffusion coeflicient was 5—9 times higher
when asphaltenes were present at 0 °C (Figure 9). The
difference was lower at 10 °C (Figure 8): the restricted
diffusion coeflicient was higher by about 30% when
asphaltenes were added and was not sensitive to the asphaltene
concentration. At both temperatures, the increase in the
restricted diffusion coefficient could be linked to the alteration
of the wax crystal network generated by the asphaltenes.'’ The
higher solvent diffusion indicated less restriction imposed by
the altered wax—asphaltene crystal network on the solvent
molecules. This was consistent with previous cross-polarized
microscopy results that demonstrated smaller, more finely
dispersed crystals when asphaltenes were present.”® An
increased asphaltene concentration (2%) could be associated
with significantly less restriction on the solvent molecules but
only at 0 °C when the precipitation reached a certain threshold
(Figures 8 and 9). This confirmed that high asphaltene
concentration induced more open crystal networks, which led
to higher solvent flowability.

A different pattern can be observed for the wax—PPD system
in both Figures 8 and 9. At 10 °C, it followed a similar
decreasing exponential pattern at low acquisition times (Figure
8). However, there was a shift to a linear increase at high times.
This demonstrates that in the wax—PPD system, the amount of
solid was not high enough at 10 °C to form a network, and
therefore, the system still behaved partially like a liquid. When
the gel forms, only Brownian motion influences the diffusion
coefficient at high times. On the other hand, for liquids,
convection distorts the NMR signal, generating the linear
increase observed for the wax—PPD system at high times.
Consequently, one can conclude that the PPD inhibited gel
formation, which was otherwise undergoing at the same
temperature in the wax system without PPD. When the
temperature was decreased to 0 °C (Figure 9), the linear
increase was not present anymore, which demonstrated that
the newly precipitated solid wax prevented convection. The
restricted diffusion coefficient for wax—PPD was about 13
times higher than that for wax only. The reason was the
formation of a highly altered wax crystal network, with smaller
and more dispersed crystals, as described in the literature.””

Tortuosity values derived from the diffusion coeflicients in
Figures 8 and 9 are presented in Figures S10 and S11 in the
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Scheme 1. Model Schematics for Crystal Networks and Liquid Phases for Wax and Wax—asphaltene Systems at 0 °C
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Supporting Information, respectively. As expected, the
presence of asphaltenes generated a much more significant
decrease at 0 °C than at 10 °C. The presence of PPD had a
comparable effect at 0 °C. This demonstrated that the solvent
pathway through the crystal network became less convoluted
when wax crystals were altered by asphaltenes or PPDs.

The tortuosity analysis can be correlated with results in the
previous study by Savulescu et al.'” The formation of a low-
mobility dissolved wax region at a low temperature was
identified in wax and wax—asphaltene systems. Different trends
were observed for dissolved wax and toluene when asphaltenes
were present. Although the previous study found that higher
asphaltene concentrations increased the amount of trapped
dissolved wax, the tortuosity measurements decreased the
restriction on toluene molecules when the asphaltene content
increased. The explanation for this lies in the nature of the
chemical structures of wax and toluene. The dissolved wax at
low mobility can interact with asphaltene nanoaggregates,
which behave either as wax crystal network binders or as
nucleation sites. On the other hand, toluene does not interact
with the other components during this process.

Asphaltenes and PPDs have a different mechanism of
interaction with wax during precipitation. PPDs reduce wax
solubility through the formation of liquid complexes, which
then precipitate as a modified wax—PPD crystal network.” On
the other hand, asphaltenes are highly unlikely to alter wax
crystals until the gelation phase. This can also be observed in
the results in Figures 8 and 9. The PPD had an inhibiting effect
on the wax precipitation at 10 °C, delaying the formation of a
strong solid network. On the other hand, wax precipitation was
in more advanced stages (higher viscosity) in the wax—
asphaltene systems at 10 °C. At 0 °C, when gelation and

precipitation were rapidly occurring, the restricted diffusion
was 6—9 times higher when asphaltenes were present and
asphaltene concentration had a distinguishable effect.

Another thing to mention is that the restricted diffusion
coefficient for wax—PPD at 0 °C was higher than the restricted
diffusion coefhicient of wax at 10 °C. This illustrated a delay of
over 10 °C in restriction on the solvent movement through the
wax crystal network when 1% PPD was added. The same could
be observed for the system with the highest asphaltene
concentration (2%). One can conclude that although
asphaltenes at high concentration were found to promote
wax precipitation (i.e., higher crystallized amount)'” and to
intensify the amount of low-mobility dissolved wax, the
resulting crystals had modified properties that increased the
restricted solvent diffusion. In real systems, this would translate
to a higher quantity of wax but with more open networks,
giving a better flowability for the liquid components in the
crude oil.

3.4. Interpretation of the Wax Crystal and Network
Structures. Our interpretation of the influence of asphaltenes
and PPDs on the wax crystal and network structures in toluene
is summarized in this section. Scheme 1 shows an overview of
cross sections of the different wax systems below the WAT that
have been studied. The first line (la—1d) illustrates crystal
networks, represented by four crystals for simplicity. The
second line (2a—2d) illustrates part of single crystals with
varying porosity, while single crystals are drawn on the third
line (3a—3d).

The wax network formed with only wax dissolved in toluene
was considered as the reference case. It is well known that
elongated wax crystals form in such systems*® and that these
crystals interlock to form a porous network. This was
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confirmed by the strongly reduced mobility of solvent
molecules (toluene) in Figure 8 and 9. Previously, a population
of wax with intermediate mobility, i.e., mobility between that of
liquid and solid wax, was identified below the WAT.* Several
possibilities for the origin of this population have been put
forward: trapping of wax molecules between the interlocking
wax crystals'"** (illustrated in Scheme 1, 1a), formation of
pores within the precipitated wax crystal containing less mobile
wax' > (illustrated in Scheme 1, 2a), and an amorphous,
softer layer of less mobile wax surrounding the wax crystals**
(illustrated in Scheme 1, 3a). All these mechanisms need
further verification but are nevertheless considered in the
following discussion of how the presence of asphaltenes and
PPD can alter the wax crystal network.

The presence of asphaltenes was considered first. The
amount of asphaltenes significantly influenced the wax
precipitation and network structures significantly. Below a
threshold range (about 0.75—1% asphaltenes in 5% wax),
asphaltene monomers were predominantly present. In this
concentration range, asphaltenes induced rounder wax—
asphaltene cocrystals, with less interlocking and wider, less
deep pores (Scheme 1 and Figures 1b—3b). This was shown by
the increase in toluene mobility and ongoing atomic force
microscopy studies. The low amount of nanoaggregates in this
concentration range did not have a significant impact on wax
crystallization in the nucleation stage. The low content of
asphaltenes, relative to wax (<1:7), also induced a lower
likelihood for asphaltene monomers and nanoaggregates to act
as wax crystal binders. This resulted in a crystal network that
resembled wax-only systems in the way that it had similar
capacity to trap wax.'”

Above the threshold range (>1% asphaltene), mostly
asphaltene nanoaggregates and nanoclusters were present.
These acted as nucleation sites for wax due to the formation of
a larger nonpolar region after nanoaggregation/nanoclustering
and/or due to the increased surface area for heterogeneous
nucleation.” During the initial stages of nucleation and growth,
the nonpolar parts of asphaltene aggregates might interact with
the nonpolar wax molecules through London forces'”'" and
lead to cocrystallization of wax and asphaltene aggregates. The
incorporation of asphaltene nanoclusters in the wax crystals
also imposed steric hindrances that restricted their growth,"
resulting in smaller cocrystals with rounder shapes.”® These
cocrystals might be packed closer and formed network
structures with smaller confinements between individual
crystals (Figures 8 and 9). Moreover, higher amounts of liquid
wax with reduced mobility were found in these structures.'’
This wax population occurs due to the same mechanisms as
outlined above: trapping of wax in a more confined space
between the smaller interlocked cocrystals (Scheme 1, 1c), less
mobile wax in smaller pores of the wax—asphaltene aggregate
cocrystals (Scheme 1, 2c), and the presence of a softer,
amorphous wax—asphaltene layer surrounding the cocrystals
that possibly also interacted with dissolved wax (Scheme 1,
3c).

Notably, the population of dissolved wax with reduced
mobility increases, while dissolved toluene had an increase in
mobility in these structures in comparison to the wax-only
system. This demonstrated that the trapping of dissolved wax
was not only caused by spatial hindrance due to gaps in the
crystal networks and pores but could have reduced the
mobility of toluene as well. An additional factor was most likely
interactions of dissolved wax with the species in the altered

wax—asphaltene crystal network or with species undergoing
nucleation/gelation19 (Scheme 1, 2¢—3c¢).

Finally, the presence of polycarboxylate PPD also had a
marked effect on the crystal network formed upon crystal-
lization. Also in this case, interactions between hydrophobic
segments of the PPD and wax during the nucleation and
growth stage were considered to give rise to cocrystallization of
wax and PPD. Steric hindrance provided by the PPD on
growing crystals limited the cocrystal growth, giving smaller
and rounder crystals similar to those formed in the presence of
asphaltene aggregates. The geometry of the resulting cocrystal
networks, however, was markedly different in the way that the
wax—PPD networks had less interconnections between the
cocrystals and hence were more open (Figures 8 and 9). Also,
the wax—PPD complexes in the liquid state were significantly
larger, requiring more space to crystallize, which delayed
crystallization and improved solubility (Scheme 1, 1d): PPD at
1% reduced the wax crystallization rate significantly.'” The
wax—PPD cocrystal network did not trap dissolved wax
molecules.'” The crystal network formation did not follow any
of the 3 mechanisms proposed for wax and wax—asphaltene
systems for dissolved wax trapping. First, there is little
interlocking and wide gaps between individual crystals
(Scheme 1, 1d). Second, ongoing atomic force microscopy
studies show no noticeable pore structure (Scheme 1, 2d).
Last, intermediate amorphous phases were not recorded with
any of the proposed experimental techniques or ongoing
studies (Scheme 1, 3d).

4. CONCLUSIONS

This study highlighted novel approaches that consolidated the
knowledge about wax—modifier interactions using improved
NMR techniques to overcome the limitations of previous wax
crystallization characterization methods:

1 Identification and quantification of asphaltene-specific
and PPD-specific peaks at various temperatures were
performed with high-resolution NMR, leading to the
demonstration of wax—asphaltene and wax—PPD
cocrystallization. This confirmed cocrystallization as a
factor for changes in wax crystal behavior. Moreover, the
approach could be used in future research to compare
the behavior of systems with different degrees of
cocrystallization.

2 Changes in molecular mobility with increasing asphal-
tene concentration were detected with NMR CPMG in
asphaltene-only systems. A shift toward low mobility
peaks was noticed above a threshold concentration. The
same concentration corresponded to the asphaltene
concentration at which the wax—asphaltene crystals
provided spatial hindrance on dissolved wax molecules,
trapping them and preventing further crystal growth.
This demonstrated the nanoaggregation of asphaltenes
and its impact on the modification of wax crystallization
behavior. The determination of the monomer:nanoag-
gregate ratio inside the liquid-specific mobility region
consolidated previous SANS and SAXS studies that
proved the existence of these nanoaggregates.

3 The effect of crystal modification on the tortuosity and
free diffusion of the solvent was assessed using pulsed
field gradient NMR. Higher diffusion of solvent
molecules through the wax crystal network was recorded
when asphaltenes were present, and even higher values
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were obtained with PPD. This represented a quantitative
measure of the effects of wax crystal alteration, weaker,
smaller, and more finely dispersed crystals, which
allowed for higher flowability.
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