Downloaded viaNORWEGIAN UNIV SCIENCE & TECHNOLOGY on February 20, 2023 at 12:31:50 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

energy:fuels
Heo®

pubs.acs.org/EF

New Nuclear Magnetic Resonance Approaches on the Evolution of
Wax Mobility during Wax Crystallization

George Claudiu Savulescu,™ Sébastien Simon, Geir Serland, and Gisle Qye

Cite This: Energy Fuels 2022, 36, 350-360 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Wax crystallization at low temperature is one of the
main problems affecting flow assurance during oil production. Wax

High mobility
inhibitors, such as pour point depressants (PPDs), and crude oil dissolved wax
components, such as asphaltenes, are estimated to impact wax
precipitation by both cocrystallization and the formation of

T

complexes with waxes. However, the exact mechanism behind
these interactions is not fully understood. Low field nuclear
magnetic resonance (LF-NMR) methods have rarely been
implemented for the analysis of wax precipitation in crude oil in
spite of very promising results. This paper presents an improved
method focused on the measurement of relaxation times which
characterize the mobility of wax, asphaltene, and PPD molecules.
As a wax crystal network forms at low temperature due to wax
precipitation, dissolved wax molecules display a reduction in mobility as they become trapped in the pores and interact with the
species of solids in the crystal network. The aim of this article is to analyze wax—wax and wax—inhibitor interactions by quantifying
the amount of wax molecules trapped inside the crystal network. This paper focuses on investigating the effect of wax, asphaltene,
and PPD concentrations on the percentage of precipitated wax with temperature and on the intensity of the reduced mobility wax
region. The novelties of this work include the identification and quantification of a low mobility asphaltene nanoaggregate region,
which may be used in future studies to characterize the changes in asphaltene aggregation state over selected concentration ranges.
Additionally, the new NMR method allows us to understand and quantify with high resolution how asphaltenes in evolving
aggregation states or other inhibitors impact the mobility of the dissolved wax within the wax crystal network. The new methods and
breakthroughs about the wax precipitation mechanism may be correlated and extended in future studies to observations in real crude
oil systems.

Trapping inside the
newly formed
crystal network

1. INTRODUCTION composed of low molecular weight n-alkanes (C;s—C,,) with
Paraffin waxes are components of crude oil, consisting of n-, a more linear structure, is expected to manifest high yield
iso-, or cyclo-alkanes, usually with a carbon chain between C,, strength gels, due to larger and less compact crystal structures.
and Cg, or even higher." Wax precipitation occurs in a fluid On the other hand, microcrystalline wax, composed of high
environment at temperatures lower than the wax appearance molecular weight (C4 and above), iso-alkanes and cyclo-
temperature (WAT). This phenomenon negatively impacts alkanes usually generate weak gels due to smaller and more
flow assurance during crude oil extraction. Wax deposition compact crystal structures.’
during continuous flow pipeline restart issues caused by waxy A conventional method to combat wax-related issues is the
gelling and increased fluid viscosity are among the problems use of wax inhibitors, such as pour point depressants (PPDs).6
most often encountered as a result of wax precipitation.” Although it was not completely demonstrated, the wide
Wax crystallization is expected to take place in three stages: perception is that PPDs react with wax by cocrystallization and

nucleation, growth, and agglomeration. When temperature is
gradually decreased, nucleation is delayed by a time lag,
required to overcome the gap from steady-state conditions.
This delay is dependent on the cooling rate,” and thus, the
observed cloud point in such experiments is lower than the
actual solubility point of wax. During the last phase of
crystallization, a gel is usually formed in systems with a high
enough wax content (at least 1%—2%)." The properties of the
gel are dependent on several factors. including the wax
composition. For example, macrocrystalline wax, usually

by affecting wax nucleation and solubility.” The presence of
asphaltenes, polar components in crude oil, can also impact
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wax precipitation. Asphaltenes represent high molecular
compounds in crude oil, which are insoluble in low molecular
weight n-alkanes but are soluble in aromatic solvents such as
toluene.® In some cases, asphaltenes were found to
cocrystallize with wax to smaller and distorted crystals, which
creates significant improvements to crude oil flowability.” Also,
asphaltenes can act as a nucleation site for wax, generating
more finely dispersed wax crystals, which a%ain allow better
crude oil flow but might increase WAT.”™"? However, the
exact mechanism behind the impact of asphaltenes on wax
precipitation remains to be further investigated. Previous
studies often have contradicting conclusions. Some works
show that asphaltenes inhibit wax precipitation in certain
concentration regions, specific to each type of asphaltenes, but
they mi%ht promote wax precipitation in other concentration
regions. 1% The pattern of the concentration ranges for
crystallization inhibition or promotion is in most cases rather
irregular, mainly because of the polydisperse character of
asphaltenes,'”” and remains to be investigated with higher
accuracy. In addition to PPDs and asphaltenes, isomer waxes
with more branched alkane composition (microcrystalline)
present in relatively high concentrations (1 wt % microcrystal-
line, S wt % macrocrystalline wax system) have recently been
investigated as a modifier to macrocrystalline wax crystal-
lization patterns.'® The microcrystalline waxes have been
shown to prevent interlocking in macrocrystalline waxes
through spatial hindrances. This phenomenon leads to the
formation of only small and discrete macrocrystalline wax
crystals, which make the system behave like a microcrystalline
gel.'?

Researchers in this field have so far studied the effects of wax
inhibitors on wax deposition with analytical methods such as
differential scanning calorimetry (DSC), cross-polarized
microscopy (CPM), isothermal titration calorimetry (ITC),
and more recently low field NMR.>""~*!

Batsberg Pedersen et al. first introduced low field NMR for
the analysis of wax precipitation in crude oils.”> They
compared the amount of precipitated waxes and the amount
of waxes determined by the acetone precipitation method for
17 crude oils. Throughout time, the procedure has been
extensively developed and improved in accuracy.””**

In recent years, an adapted Carr—Purcell-Meiboom—Gill
(CPMG) sequence (see below) has been used to characterize
crude oil systems. For example, Yalaoui et al.>* investigated the
behavior of the crude oil within the crystal network formed
during crystallization and illustrated the presence of a region
with lower mobility liquid trapped in the crystal network.
However, these regions could not be entirely separated and
quantified due to the strong proton signal generated by the
other liquid components of the crude oil.

Zhao et al. adapted the CPMG sequence to characterize
model wax systems in deuterated toluene in order to prevent
this form of overlapping.”’ Wax precipitation curves, tracking
the apparent solid content, were generated by quantifying the
change in the dissolved wax signal in various wax and wax—
PPD systems. Ruwoldt et al. extended the method to study the
impact of a wider range of inhibitors on wax precipitation,'’
demonstrating the effectiveness and sensitivity of the method.
Direct comparison of wax precipitation curves with DSC
proved that the two methods generated consistent results.

This study aims to create a higher resolution NMR method
which provides additional insight into the interactions behind
the wax inhibition mechanism, such as complex formation
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between dissolved wax and particles in the newly formed
crystal network and cocrystallization of wax and inhibitor
molecules.

2. THEORY

2.1. Nuclear Magnetic Resonance (NMR). When placing
a sample containing protons in an external field, the nuclear
magnetic moment of the protons will align against this field. By
applying for a short time an oscillating magnetic field with a
frequency corresponding to the energy needed to induce
transitions between the nuclear energy levels (the resonance
frequency), the system is brought out of thermal equilibrium.
When switching off this field, the nuclear magnetic moment
will tend to align against the external field again at a rate that is
dependent on the so-called relaxation times. This will produce
a change in the magnetic flux and may generate an electrical
current through a coil, where the current is proportional to the
proton content and the change in intensity is proportional to
the relaxation times.”®”>° This feature is applied to monitor the
characteristics, such as relaxation times, bulk, and solid
fractions of the sample as the temperature is varied.

2.2. Carr—Purcell-Meiboom-Gill (CPMG) Experi-
ment. To monitor the characteristics of the sample mentioned
above, we use the Carr—Purcell-Meiboom—Gill (CPMG)
NMR experiment.”””' This experiment consists of an initial
oscillating magnetic field pulse, radio frequency (RF), which
brings the net nuclear magnetic moment 90° away from the
direction of the external field (i.e,, in the transverse plane to
the external field). Then a loop of 180° RF pulses are applied,
separated by a time 2 X 7, and the induced current (the NMR
signal) is recorded at the time of the spin echoes™ (Figure S1,
Supporting Information). This NMR signal, I, will decay as a
function of the transverse relaxation time T, and with the
corresponding fraction as follows:

I= Z Iie—ln‘r/Té
i (1)

where I is the component number, T, the relaxation time of
the component, I; the corresponding intensity, 7 half of the
interecho spacing, and n the echo number.’%*! The
experimental data which, in general, has a multiexponential
decay can then be fitted to an inverse Laplace transform®> and
will result in a distribution of T, values and with their
corresponding intensities.

T, and T, values of molecules are therefore influenced by
variations of the NMR interactions due to molecular motion.
As a result, T} and T, measurements have become common
approaches to study molecular characteristics such as
reorientation of molecules and interaction between them.”’
In this study, T, distributions, acquired by CPMG are used to
characterize wax crystallization and the mobility of dissolved
wax molecules with temperature. Liquids display higher T,
ranges, conventionally set at above 3 X 107 s, while solids are
characterized by low T, values (107* to 107° s).

3. EXPERIMENTAL SECTION

3.1. Materials. Solvents used in this study are deuterated toluene
(anhydrous, 99.6% deuterated), toluene (anhydrous, 99.8%), and
hexadecane (anhydrous, 99%) from Sigma-Aldrich, Norway. Macro-
crystalline wax was provided by Sasolwax from Sasol, Germany (wax
540S). The composition and properties of this wax sample are
presented previously.'® Asphaltenes were precipitated from a heavy
crude oil (API 19°) originating from the Norwegian shelf of the

https://doi.org/10.1021/acs.energyfuels.1c03613
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North Sea, using n-hexane (HPLC grade, >97%). Properties of the
asphaltenes precipitated from this crude oil have previously been
published.**** The pour point depressant used in this study was
based on polycarboxylate (proprietary) from BASF, Germany, and
was presented as PPD A previously.'” As a reference, all
concentrations presented in this study are in weight percentages (%
wt).

3.2. Sample Preparation. For asphaltene preparation, the
selected crude oil was heated to 60 °C for 1 h and shaken strongly
before use to ensure homogeneity of the sample. Asphaltenes were
precipitated by diluting the crude oil sample with 40 mL n-hexane per
gram of crude oil and stirring overnight. The resulting mixture was
then filtered through a 0.45 ym HVLP-type Millipore filter membrane
and afterward rinsed with warm n-hexane until the filtrate was clear.
The yield of asphaltenes accounted for 2.3%—2.7% of the crude oil.

The PPD originally contained different petroleum cuts having 80%
active content, according to manufacturer specifications. The
polymers were solvent purified, according to the procedure detailed
previously.'*

In order to prepare the samples used for CPMG NMR analysis,
PPDs and asphaltenes were first dissolved in deuterated toluene,
obtaining stock solutions with concentrations of 1.05 wt %. These
were shaken overnight at 200 rpm to allow for an optimal degree of
solubilization. Then, a range of wax—PPD and wax—asphaltene
solutions were obtained by dilution of the initial PPD and asphaltene
solutions if needed and then by addition of the desired macrocrystal-
line wax content. A range of wax-only solutions were also prepared by
dissolution of wax in deuterated toluene. All wax-containing systems
were heated at 60 °C for 1 h and shaken thoroughly. Lastly, 3 g of
each solution were introduced into a NMR tube. The solubility of
asphaltenes at high concentration (2%) in the wax—asphaltene system
was further confirmed with an optical microscope. Two independent
parallel experiments were performed with NMR for each system in
order to ensure reproducibility. The overall error was calculated from
the difference in results obtained with the two parallel experiments
and is displayed in the corresponding figures presented in this study.

3.3. Nuclear Magnetic Resonance: CPMG Analysis. NMR
experiments were conducted on a low field (21 MHz) NMR
spectrometer, which was supplied by Anvendt Teknologi AS, Norway.
A CPMG sequence was used to acquire T, distributions.® In this
study, two types of experiments were employed: dynamic experi-
ments, involving a temperature decrease between the measurement
points, and some static experiments at constant temperature,
described in the Supporting Information.

For the dynamic experiments, the interecho spacing was selected
for two regions: a first region with 7; of 200 s and with 6000 echoes,
focusing with higher detail on the more sensitive low T, area and a
second region with 7, of 600 us and with 2000 echoes. T,
distributions were generated from the multiexponentially decaying
curve, using the one-dimensional inverse Laplace transform.”> They
represented a qualitative form of system comparison through the use
of 3D contour maps but also a quantitative measure by tracking the
intensity of T, with temperature in selected regions. Several
algorithms in Matlab 2021b were used to further process data and
separate signal intensities in different T, areas.

In this study, ramping by a rate of 0.2 °C/min was conducted for
the dynamic experiments to allow for the system to stabilize during
the NMR scan. Stepwise scanning was used from 45 to 0 °C, leaving
the system at constant temperature while the measurement at each
temperature point was acquired. Selecting the number of scans was
performed after some initial trials. A higher number of scans generates
a higher amount of time needed for a measurement point at a
temperature step and thus a lower number of steps in the temperature
ramping. However, in order to have a more detailed temperature
history, more temperature steps inside the same time interval are
needed, so that the evolution of the system with temperature can be
followed with higher resolution. Therefore, although a higher number
of scans provide more accurate T, results due to the consolidation of
the NMR signal, the history-dependent evolution of T, is less
accurate. First, the number of scans was set at a conventional value of
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16, which allowed 68 temperature steps in the 45—0 °C interval.
Nevertheless, the number of scans was increased to 32 for
experiments where the advantages generated by improvements to
the noise reduction and resonance frequency were found to
significantly overcome the drawbacks generated by reducing the
resolution of the history-dependent scanning. Here, 42 measurement
points were achieved in this case in order to ensure the same cooling
rate as before. Data were later normalized for these systems to be able
to compare the results.

The temperature inside the NMR was controlled with an air flow.
First, the air was cooled below room temperature using a water bath
with a 60:40 diethylene glycol/water mixture. Then, as it passed
through the NMR, the air flow was heated using a high precision
thermal controller supplied by Anvendt Teknologi AS. First, a
calibration with hexadecane was performed to find the temperature
correction needed to account for the inefficiency in thermal exchange
between air and the sample in the NMR instrument. Hexadecane
dissolved in deuterated toluene (5%) is liquid in the desired
temperature range (45—0 °C) and shows a strong signal from the
hydrogen atoms. The signal was first acquired dynamically with the
desired thermal ramping (0.2 °C/min), and then, static experiments
were performed at five constant temperatures inside this interval. As
one can observe in Figure S2 in the Supporting Information, the
thermal correction needed in our study is negligible, as the gap
between the dynamic and the static calibrations is marginal. The
dynamic calibration with hexadecane also allows one to correct for
signal variation with temperature generated by the different
repartitions of hydrogen atoms at different energy levels and
quantified by the Boltzmann factor.’® Thus, the net intensity of the
wax signal at each temperature, Wy, is divided by the intensity of
hexadecane signal at the corresponding temperature, Hy, and thus,
normalized wax signals at each temperature, W,,o,q 1 is obtained (eq
2). Then, a set point, W, is created by averaging the resulted values
inside the expected WAT-45 °C interval, above the wax appearance
temperature (eq 3). The apparent dissolved wax content at a defined
temperature, fj ,qr is thus determined by dividing the normalized
intensity of the wax at that temperature by the averaged set point (eq
4). The equivalent apparent solid wax content, f,qr is obtained by
deducting fjquiqr from 1 (eq ).

Wr
I/Vnormal,T = H_T (2)
I/V;p = vvnormal,T ) WAT <T< 45°C (3)
f _ I/‘/xmrmal,T
liquid, T ~—
* W (4)
fsolid,T =1 _fliquid,T (5)

4. RESULTS AND DISCUSSION

This section focuses on selected wax, wax—asphaltene, and
wax—PPD systems in deuterated toluene. The analysis of
results for each type of system starts from the qualitative
correlation of T, with the mobility of molecules, continues
with wax precipitation evolution, and ends with a new
approach to analyze the interactions between the wax crystals
and the dissolved wax through the intensity of T, in the
reduced mobility dissolved wax region. The impact of wax,
asphaltene, and PPD concentration is investigated, using each
type of analysis.

4.1. Effect of Wax Concentration on Interactions
between Wax Crystals and Dissolved Wax. T, patterns of
wax precipitation in a system comprising of $% macrocrystal-
line wax in deuterated toluene are summarized in Figure 1. At
high T, (107" to 107 s), one can notice a main peak
corresponding to the wax dissolved in deuterated toluene.

https://doi.org/10.1021/acs.energyfuels.1c03613
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Figure 1. Evolution of T, (x-axis) and intensity of T, (scatter map) as
a function of temperature for 5% wax in deuterated toluene, with no
correction for the Boltzmann factor.

From 45 to 20 °C, this peak displays a linear increasing pattern
in total intensity from 902 to 1002 a.u. This occurs due to the
different repartition of hydrogen atoms at different energy
levels generated along the temperature range.’’ The phenom-
enon is quantified by the Boltzmann factor, which generates
linear increases in the intensity of the dissolved wax signal,
before wax precipitation starts. Inside this same interval, one
can also notice a linear decrease in the T, range, generated by
an increase of viscosity and an associated reduction of the
diffusion coefficient of wax molecules.

As the temperature is reduced further below the wax
appearance temperature (<20 °C), the peak has lower
intensity and shifts more abruptly toward lower T, values.
This is due to wax precipitation. At low T,, a secondary peak is
observed at temperatures below 10 °C. The T, of this peak
(107 to 107" s) corresponds to a region between the liquid
phase and phase change to a solid. This region was first
qualitatively observed by Ruwoldt et al,,"” but their method did
not allow its quantification.

There are several hypotheses explaining this peak. The
decrease in T, for a fraction of the dissolved wax molecules
corresponds to a decrease in their molecular mobility. The
most likely cause for this variation is the fact that molecular
mobility decreases when spatial hindrances are imposed on
dissolved wax molecules, trapped within the newly formed wax
crystal network.”> The NMR instrument tracks the hydrogen
signal of the wax molecules. Thus, the intensity of the
secondary peak is directly proportional to the amount of
dissolved wax molecules with decreased mobility. The intensity
of the peak allows one to quantitatively observe the effect of
spatial hindrances imposed on dissolved wax molecules.
Consequently, this reflects the amount of interactions between
dissolved wax molecules and the wax crystal network.
Therefore, the analysis of interactions between dissolved wax
molecules and the wax crystal network can be performed
qualitatively through the decrease in T, and quantitatively
through an increase in intensity of the low T, region.

Lastly, the precipitated solid wax cannot be observed in the
3D contour map, as the NMR instrument does not record
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signals at T, values characteristic to solids, below 107%, when
measured using a CPMG sequence.

Two more systems, 10% wax in deuterated toluene and 15%
wax in deuterated toluene, are investigated with this method to
analyze the effect of concentration on wax precipitation and
interactions. The 3D contour maps obtained for these systems
are presented in Figure S3 and S4 in the Supporting
Information. The quality of the measurement is validated
through the quasilinear intensification of the main peak with
temperature observed above the wax appearance temperature;
the intensity is confirmed to be 2.04—2.12 as high for 10% wax
than for 5% wax and 3.08—3.20 times as high for 15% wax than
for 5% wax. Moreover, similar patterns in the 3D contour maps
are observed for the 10% and 15% systems, below the wax
appearance temperature: a decrease in T, and intensity of T,,
along with the formation of a secondary peak corresponding to
reduced mobility dissolved wax.

Wax precipitation curves are determined using eqs 2—S$ (i.e,
by integrating the signal of the dissolved wax in the main peak
at T, = 107" to 10° s, without considering the intensity of the
secondary peak). Figure 2 demonstrates a relationship between
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Figure 2. Apparent percentage of precipitated wax as a function of
temperature for macrocrystalline wax systems.

the wax precipitation onset temperature and the concentration
of wax in solution; the higher the wax concentration is, the
higher the wax appearance temperature is. Thus, one can
observe that there is a 4—6 °C delay between the points at
which precipitation reaches the same level in the 5% wax
system and the 10% wax system. A similar 4—6 °C delay is
noticed between the corresponding points in the 10% wax
system and 15% wax system. For example, the apparent wax
solid content reaches 50% at approximately 0 °C for 5% wax, at
approximately 5 °C for 10% wax, and at approximately 10 °C
for 15% wax.

The novelty with this NMR method is a significant increase
in resolution of the reduced mobility dissolved wax peak. This
facilitates the analysis of the interactions in the wax crystal
network. The approach in this study focuses on quantifying the
total secondary peak intensity evolution, as illustrated in Figure
3. This value becomes a parameter which can be correlated to
the total amount of dissolved wax molecules whose mobility is
reduced by interactions with the new crystals; the more
dissolved wax molecules become trapped within the wax crystal
network, the stronger in intensity the low mobility dissolved

https://doi.org/10.1021/acs.energyfuels.1c03613
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Figure 3. Evolution of total secondary peak intensity as a function of
temperature for macrocrystalline wax systems.

wax region is. The secondary peak intensity has a
quasisymmetric profile which shows maximums at 18, 12,
and S °C for 15%, 10%, and 5% wax. More and more dissolved
wax has reduced mobility as temperature decreases until the
maximum secondary peak intensity is reached. After that point,
the amount of reduced mobility dissolved wax molecules
progressively decreases. There are two main factors contribu-
ting to the total secondary peak intensity. The first factor is the
crystallization of dissolved wax molecules trapped in the wax
crystal network, which generates further decreases in T,
shifting their signals to values specific to the solid phase, below
the measured range (<107° s). The second factor is the rate at
which molecules at high T, become trapped themselves in the
wax crystal network to replace the low mobility molecules that
are already crystallized. Until the maximum is reached, the rate
at which molecules become trapped is higher than the rate of
crystallization from the reduced mobility region. After the
maximum is reached, the opposite happens. The reason is the
fact that at the maximum, precipitation has already been going

for a significant time, and the amount of dissolved wax
molecules at high T, available to become trapped significantly
decreases, as one can observe in the wax precipitation curve in
Figure 2.

One can also notice a quasilinear trend between the
temperature of the secondary peak maximum and the wax
concentration. The average total intensity of the dissolved wax
trapped in the wax crystal network above 0 °C also shows an
increase with wax concentration (114.5, 229.2, and 426.5 a.u.
for 5%, 10%, and 15%, respectively). The last two observations
demonstrate that the higher the wax concentration in solution
is, the more dissolved wax molecules become trapped in the
newly formed wax crystal network, and the higher the
temperature at which the maximum signal from these
complexes occurs. Therefore, one can conclude that inside
the analyzed concentration range, wax precipitation and the
intensity of the corresponding reduction in mobility of
dissolved wax follow a similar pattern, dependent on
concentration.

4.2. Characterization of Wax—Asphaltene Interac-
tions. 4.2.1. Behavior of Asphaltenes with Temperature.
The behavior of asphaltenes in the selected temperature range
is investigated by using a model asphaltene—hexadecane
system. The signal of asphaltenes alone is not enough for the
NMR instrument to find the resonance frequency, and
therefore, an inert hydrogenated solvent (hexadecane), which
does not interact with asphaltenes and does not precipitate, has
been added. The analysis of asphaltene behavior is essential to
identify the differences between the asphaltene—hexadecane
and asphaltene—wax systems presented in the next section.
Subsequently, the role of asphaltenes in the observed wax
crystals—dissolved wax interactions can be assessed.

Figure 4 emphasizes two reference systems, 5% hexadecane
and 5% hexadecane with 1% asphaltenes, both in deuterated
toluene. The results illustrate the high T),, liquid hexadecane
peak at T, = 107" to 10° s in both reference systems. However,
when asphaltenes are added, an additional low T, peak can be
observed close to the liquid—solid phase change region (1073
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Figure 4. Evolution of T, (x-axis) and of intensity of T, (scatter map) with temperature for (a) 5% hexadecane in deuterated toluene and (b) 5%
hexadecane, 1% asphaltene in deuterated toluene, with no correction for the Boltzmann factor.
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to 107> s). This most likely corresponds to asphaltene
nanoaggregates in the system.

Asphaltenes are expected to coexist in the system both in
dissolved monomer form at high T, (in the same region as
hexadecane) and in nanoaggregate form at low T,.” The
influence of the asphaltenes on the main hexadecane peak was
investigated to quantify the part of the peak that does not
correspond to hexadecane. Example results at 45 °C show that
the intensity of the main peak in the hexadecane system is 961
+ 1.2% a.u., while for the hexadecane/asphaltene system the
corresponding intensity is 1019 + 0.5% a.u. A first assumption
would be that the difference of 58 a.u. (5.6%) between the
averaged intensities corresponds to liquid asphaltene mono-
mers having a similar T, as hexadecane. Over the entire
temperature range, there is a 3.5%—7.2% increase in the
average main peak intensity in the system with asphaltenes.
However, the increase attributed to monomers is partially
converging to the uncertainty in the intensity values, generated
by noise in the NMR system. This varies in the 0.4%—5.7%
interval over the temperature range. Therefore, the monomers
will be considered negligible in this study, inside the NMR
noise range. The exact quantification of monomers over the
entire temperature range remains to be analyzed in the future
with a higher precision method.

4.2.2. Effect of Asphaltene Concentration on Interactions
between the Crystal Network and Dissolved Wax. To
quantify the effect of asphaltene concentration on the dissolved
molecules—wax crystals interactions, four systems with the
same content of wax (5%) and varying contents of asphaltenes
(0.5%, 0.75%, 1%, 2%) were selected. The 0.5% and 0.75%
asphaltene systems were scanned using a double number of
scans (NS = 32, instead of NS = 16) to overcome the NMR
resonance frequency and noise limitations, triggered by low
asphaltene concentration and consequently low asphaltene
signal, as explained in Section 3.3. Therefore, the intensity
values displayed for these systems in the Supporting
Information in Figures S5 and S6 are normalized in Figure 7
from NS = 32 to NS = 16 to be able to perform a comparison
with the other systems. The 3D contour map for the 2%
asphaltene, 5% wax system is also presented in the Supporting
Information in Figure S7.

Figure S presents the qualitative impact of the addition of
1% asphaltenes to the 5% wax system. When asphaltenes are
added, one can observe the expected peak corresponding to
wax dissolved in liquid at high T, values. At short T, above the
wax appearance temperature, asphaltene nanoaggregates
appear at T, = 107> to 107> s. The T, range of this peak
corresponds to the secondary peak observed in Figure 4, and
the average intensity above 25 °C is comparable (50.7 a.u. for
Figure S; 47.2 a.u. for Figure 4), with an error inside the noise
range of the NMR instrument (<5%). Once wax precipitation
starts, below the wax appearance temperature, the asphaltene
nanoaggregate peak present in Figure S disappears (only some
negligible traces are observed). A new secondary peak with
significantly higher intensity is progressively generated at
slightly higher T, (107> to 107" s) by the dissolved wax
molecules whose mobility decrease due to interaction with the
newly formed crystal network. This peak corresponds to the
secondary peak observed in the wax-only system in Figure 1,
being recorded in a similar T, range (107> to 107" s).
However, it is generated at a higher temperature and has a
higher intensity in the system with asphaltenes. The secondary
peak evolution leads to some possible suggestions. The first is
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Figure 5. Evolution of T, (x-axis) and intensity of T, (scatter map)
with temperature for 5% wax, 1% asphaltene in deuterated toluene —
no correction for the Boltzmann factor

that more wax liquid molecules become trapped in the newly
formed crystal network with 1% asphaltene than in the system
presented in Figure 1 without 1% asphaltene. The second
suggestion is that cocrystallization of wax and asphaltenes is
the cause for stronger spatial hindrance and thus stronger
interactions between the newly formed solid particles and
dissolved wax. However, the cocrystallization hypothesis needs
to be tested in the future using high resolution NMR for higher
accuracy.

A possible physical explanation for the disappearance of the
asphaltene nanoaggregate peak is a decrease of the asphaltene
nanoaggregate size once wax starts precipitating that would
generate an increase in the mobility of asphaltene molecules.
This is, however, not likely. A more likely explanation is that
cocrystallization of wax and asphaltene occurs, decreasing the
T, of asphaltenes outside the measured range to solid-specific
T,. The potential cocrystallization behavior has been reported
in several publications.”'>*® Another explanation for the
disappearance of the peak might be the impossibility to
separate the NMR signal of the peak corresponding to
decreased mobility dissolved wax and of the nanoaggregate
peak once wax starts precipitating. However, Figure 7
demonstrates that the increase in secondary peak intensity
from above to below WAT for the 5% wax, 1% asphaltene
system is higher than the intensity of the secondary peak of 5%
wax system. Therefore, the impossibility to separate the peaks
due to instrument limitations could only be partially associated
with the secondary peak evolution.

Wax precipitation curves in Figure 6 display a significant
increase in crystallization rate when 0.75%, 1%, or 2%
asphaltenes are added. When the concentration of asphaltenes
is 0.5%, one can notice an insigniﬁcant effect on wax
precipitation. Slight inhibition tendencies below C.A.C.
(critical asphaltene concentration) in the 0.05%—0.3%
concentration range have also been confirmed in previous
studies.”® Thus, there is a change from little or no effect to wax
precipitation promotion from 0.5% to 0.75% for the analyzed
type of asphaltenes. Another observation is the shift in
precipitation patterns between the four analyzed systems.
Crystallization rates and onsets do not vary regularly in the
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Figure 6. Apparent percentage of precipitated wax as a function of
temperature for wax—asphaltene systems.

selected intervals. For example, although the system with 2%
asphaltene reaches the highest crystallization rate, recorded in
the 5—15 °C interval, its onset is way slower than for the 1%
asphaltene system.

An important correction to consider is the part of the main
peak at high T, caused by the presence of asphaltene
monomers, as discussed in Section 4.2.1. If these monomers
are deducted in eq 2 from the dissolved wax signal, the
calculated solid wax content will increase from the value not
accounting for asphaltene monomers, presented in Figure 6. By
extrapolating from rough estimations presented in Section
4.2.1, one can expect an upward correction of 3.5%—7.2% for
1% asphaltene system. As a result, the addition of high
concentration (>0.75%) asphaltene most likely leads to
crystallization rates, which are higher than the ones presented
in Figure 6 by the corresponding correction percentages.
However, these values need to be updated with a higher
resolution NMR method for higher accuracy, as explained in
Section 4.2.1.

Overall, the wax precipitation patterns presented in Figure 6
have links to developments in the literature, which track
asphaltene behavior in relation to the critical asphaltene
concentration (C.A.C.). This concentration corresponds to the
value at which asphaltenes start forming nanoaggregates.””*® It
is generally considered that above this value the nanoaggregate
state of asphaltenes is dominant, whereas below this value,
approximately all asphaltenes are in monomer state. Lei and
coworkers showed in their study that monomer asphaltenes
tend to inhibit wax precipitation just below the corresponding
critical asphaltene concentration of 0.3%, while asphaltenes
present in aggregate state above 0.3% generate an increase in
wax precipitation rate as concentration increases.'**” This is in
agreement with the results of our study and suggests that the
corresponding critical asphaltene concentration for the
analyzed kind of asphaltenes is close to the 0.5% concentration
point.

A previous study by Kriz and Andersen'® measured the
WAT evolution in crude oil with asphaltene concentration by
polarized light microscopy, one of the most accurate WAT
identification methods. Their study indicates an irregular
pattern for WAT with temperature and a very slow
insignificant increase in WAT with asphaltene concentration
at values above 0.2%. This is consistent with the results
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presented in Figure 6, which show very close wax
crystallization onsets for the 0.5%—2% concentration range.
The authors also illustrate that at high concentration there are
two main opposing factors affecting wax precipitation. First,
there is an influence of the presence of more asphaltene
molecules acting as precipitation sites and thus enhancing the
wax precipitation. Second, there are spatial hindrances imposed
by the asphaltene particles, possibly larger in volume, on the
wax molecules, leading to wax inhibition. However, the authors
conclude that at high concentration the effect of concentration
is prevailing, although high spatial interference is still present.
Therefore, as the amount of aggregated asphaltenes present in
the system increases for higher concentration, waxes tend to
precipitate faster as a result of the dominant effect of the
presence of more asphaltenes acting as precipitation sites. This
trend can be observed in the wax precipitation patterns of our
study, which show higher precipitation rates at higher
concentration. However, the nonlinearity and the irregularities
of the precipitation rate with concentration demonstrate that
other factors affect this phenomenon too (i.e., nonlinear spatial
hindrances, surface area of asphaltenes). As mentioned earlier,
the literature also shows that the highest level of inhibition
occurs in the monomer dominant region, around C.A.C. At
that point, asphaltenes are less likely to act as wax precipitation
sites, impose enough spatial hindrances, and are also
sufficiently dispersed to affect waxes at molecular level.”"
The hypotheses presented above are further emphasized by
the analysis of interactions for wax—asphaltene systems
through the total secondary peak intensity. The amount of
wax is constant in the selected wax—asphaltene systems (5%
wax), and therefore, by quantifying the secondary peak, one
can observe the relative change in the amount of reduced
mobility dissolved wax molecules when asphaltene concen-
tration is modified. Figure 7 presents values normalized by the
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Figure 7. Evolution of total secondary peak intensity with
temperature for wax—asphaltene systems, normalized to NS = 16.

number of scans to NS = 16 for the total secondary peak
intensity. Above the wax appearance temperature, one can
observe the intensity of the asphaltene nanoaggregate peak.
The limitation of the NMR system is emphasized by the fact
that the lower the concentration of asphaltenes is, the higher
the noise in the asphaltene nanoaggregate peak is. However,
average values in the 25—45 °C region confirm that for each
increase of the asphaltene concentration the secondary peak
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intensity increases approximately linearly. This proves the
reliability of the method and highlights once again that the
secondary peak above WAT at very low T, corresponds to
asphaltenes. Also, this shows that the percentage of the
asphaltenes present in nanoaggregate form is constant above
WAT in the analyzed concentration range. On the other hand,
below WAT, one can notice an enhancement in the low
mobility dissolved wax region for high asphaltene concen-
trations (0.75%, 1%, and 2%) than for the system without
asphaltenes. This demonstrates that when asphaltene concen-
tration is high enough, the signal from wax molecules trapped
in the wax—asphaltene crystal network increases significantly
with concentration. On the other hand, the system with 0.5%
asphaltene shows an insignificant effect on the wax molecules
trapped in the crystal network, which can be associated with
the same insignificant impact observed in Figure 6 for the wax
precipitation rate. This observation can be associated with the
results obtained by Ruwoldt et al. with low asphaltene
concentration (1000 ppm asphaltene), where a similar trend
was noticed."”

The results show that a change in asphaltene behavior
occurs inside the 0.5%—0.75% interval. One of the potential
explanations is a transition in the aggregation state of
asphaltenes.'**”*" Another explanation is that more, larger
asphaltene particles, cocrystallized or “bound” to wax, may be
generated at higher asphaltene concentrations, and therefore,
they may cause stronger spatial hindrance, generating higher
intensity in the corresponding relaxation time region.
Consequently, more dissolved wax molecules display a
decrease in mobility, as concentration increases. However,
the nonlinearity of the pattern can most likely be attributed to
the opposing effect of higher asphaltene concentration: higher
precipitation rate as a result of more aggregate asphaltene
molecules acting as precipitation sites for waxes.

Experiments for systems of 5% wax with and without 1%
asphaltenes (Figures S8 and S9, Supporting Information) were
carried out at constant temperature (S and 10 °C) to
investigate the evolution of the system over time and to
track the intensity of the reduced mobility dissolved wax peak
with higher resolution at selected temperatures. Results
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displayed stability with time and comparable conclusions
with the dynamic systems.

Figures S10—S12 of the Supporting Information illustrate
the degree of reproducibility of the method for the 5% wax, 1%
asphaltene system.

4.3. Effect of PPD Addition on Wax Precipitation.
Figure 8 qualitatively presents the effect of PPD addition on
wax crystallization. A first observation is that the main peak at
high T, now broadens more at low temperature than for wax—
asphaltenes (Figure S) or only wax (Figure 1), indicating that
dissolved waxes in the main peak have a wider distribution of
the mobility range when the PPD is added. Both dissolved wax
and dissolved PPD molecules interacting with wax are
expected to be present in the high T, peak. At low T,
above the wax appearance temperature, a secondary peak is
noticed in the high concentration PPD system (1%). Below the
wax appearance temperature, there is no visible peak at short
T, for both concentrations. The explanation is that a
proportion of PPD molecules most likely modify dissolved
wax behavior by liquid complex formation and fast
cocrystallization, preventing dissolved wax molecules from
being trapped in a higher viscosity crystal network, like in wax
and wax—asphaltene systems. The secondary peak that we
observe for the 1% system at temperatures higher than 15 °C
can thus be associated with PPD macromolecules, displaying
weak constant intensity in the 45—15 °C interval. However,
below 15 °C, when wax precipitation is ongoing at a fast rate,
this peak starts to disappear, most likely due to PPD
crystallization with wax, which shifts the PPD signal outside
the analyzed the T, range (in solid state). The presence of the
secondary peak in the PPD—wax system is compared with the
presence of a similar peak in a reference PPD—hexadecane
system in the entire 45—0 °C range. The 3D contour map for
this reference system is presented in the Supporting
Information in Figure S13. Moreover, the effect of the PPD
addition on the main hexadecane peak is insignificant,
generating an increase within 5%, which is assumed to be
either due to the noise of the NMR instrument or due to
dissolved PPD molecules being involved in complex formation
with dissolved waxes even above the wax appearance
temperature. Therefore, the PPD influence on the main peak

https://doi.org/10.1021/acs.energyfuels.1c03613
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is considered marginal for the generation of the wax
precipitation curve.

The secondary peak at high temperature is not observed in
the system with 0.1% PPD in Figure 8a. The reason is the
inability of the NMR instrument to detect very low signals,
corresponding to 10 times less than at 1% PPD, which already
has a very low PPD signal at low T,.

This behavior is comparable to recent advances in PPD
studies, which emphasize the cocrystallization of wax and PPD
molecules.” Moreover, the literature reviews the active role of
the incorporated PPD molecule on imposing steric hindrances
to wax molecules that further precipitate on the crystal, a
process which is achieved through polar moieties in the
polymer molecules. This may explain the broadening in the
mobility range of dissolved wax molecules at low temperature
when more PPD is added. The wax—PPD complexes, however,
unlike wax—wax and wax—asphaltene complexes, are more
likely to be in high T, liquid form and then to directly
crystallize. They do not seem to cause persistent significant
reductions in dissolved wax mobility as a transition state
toward the solid phase.

Additionally, by analyzing wax precipitation curves in Figure
9, one can notice a substantial decrease in wax precipitation
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Figure 9. Apparent percentage of precipitated wax as a function of
temperature for wax—PPD systems.

rates, which is stronger for higher concentrations. This
demonstrates the wax inhibition effect of the PPD and
emphasizes the fact that the broadening of T, and slight shift
to lower T, in the main peak may also be attributed to more
liquid complexes between the dissolved wax molecules and the
inhibitor present at low temperatures than for the other
analyzed systems. This consequently also links to develop-
ments in the literature which illustrate that PPD polymers
increase the thermodynamic solubility of wax through the
formation of liquid complexes.*" Overall, the inhibitor behavior
is comparable with other studies about PPD effects on wax
precipitation.** ™"

5. CONCLUSION

This study presents a new low field NMR approach for the
analysis of paraffin wax precipitation patterns in model
systems, along with the qualitative and quantitative character-
izations of wax—wax, wax—asphaltenes, and wax—PPD
interactions with temperature through the measurements of
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relaxation times and their intensities. This method represents
an addition to the more established techniques (CPM, DSC)
of characterizing wax precipitation patterns and allows a higher
resolution NMR characterization of the effects of interactions
which influence the wax precipitation mechanism in wax, wax—
asphaltenes, and wax—PPD systems.

The main conclusions of this study are summarized below:

(a) In wax-only systems, the T, distributions indicate the
formation of an intermediate low mobility liquid region,
corresponding to dissolved wax molecules on which
spatial hindrances are imposed by the newly formed wax
crystals. Interactions between dissolved wax and the wax
crystal network were previously indicated as a factor
influencing wax crystallization. However, this method
now allows one to quantify the amount of dissolved wax
molecules with reduced mobility generated by trapping
inside the wax crystal network as a result of spatial
hindrance.

(b) In wax—asphaltene systems, asphaltene nanoaggregates
were recorded at low relaxation times above the wax
appearance temperature. As wax starts crystallizing, this
peak disappears, and an area of reduced mobility
dissolved wax is again developed. In this case, the
intensity of the dissolved wax molecules with reduced
mobility is significantly higher than for the wax-only
systems with the same wax content, most likely due to
higher spatial hindrances imposed by the larger wax—
asphaltene cocrystals. The increase in nanoaggregate
asphaltene molecules present at high concentration,
acting as nucleation sites, promotes wax precipitation.
However, there is no linear pattern, most likely due to
the secondary, opposite effect of higher asphaltene
concentration: higher spatial hindrances on the dissolved
wax, which tend to inhibit crystal formation. Asphaltene
nanoaggregate identification and relative quantification
represent a novelty in LE-NMR oil research. Moreover,
this method allows for the first time one to quantify the
effect of asphaltene concentration on the mobility of
dissolved wax molecules and on wax precipitation rate.
The technique might thus be used in the future to the
quantify asphaltene monomer/nanoaggregate ratio or
even to approximate the range of critical asphaltene
concentration by analyzing the effect of asphaltenes on
the wax crystallization rate.

(c) In wax—PPD systems, the higher the PPD concentration
is, the lower both wax precipitation rate and wax
crystallization onset are, as expected. Liquid complexes
between wax and PPD and consequent steric hindrances
imposed by the incorporated PPD modify the wax
crystallization behavior. PPD macromolecules are
observed at low T, at high PPD concentration, above
the wax appearance temperature, but the recorded peak
disappears as wax starts precipitating. This qualitative
form of validating wax—PPD interactions such as
complex formation and cocrystallization represents a
novelty in the LE-NMR oil research.
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