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Abstract

Wax crystallization in pipelines in cold environments is a key challenge for flow assurance
during crude oil production. Pour point depressants have been used to delay wax crystallization
and gelling, by modifying rheological properties of the bulk fluid during wax crystallization.
Asphaltenes, the most polar crude oil components have also been estimated to interact with
wax during crystallization. Despite significant advances, the mechanism of interactions
between wax and PPD or asphaltenes at molecular scale during crystallization is not yet fully
understood and is often based on assumptions, which are not experimentally verified. This
thesis aims to (a) introduce novel quantitative methods for the characterization of wax-inhibitor
interactions during crystallization (b) use the developed method to achieve a better

understanding of the wax-inhibitor interaction mechanism during crystallization.

Novel low field nuclear magnetic resonance (NMR) techniques were developed to relatively
quantify the mobility of wax, inhibitor and solvent molecules in model systems. NMR results
showed that an amount of dissolved wax lost mobility during cooling in a wax-only system.
The formation of a wax crystal network with large pores led to a decrease in the mobility of
dissolved species, which became trapped in the resulting matrix. This amount increased once
asphaltenes were added and their concentration reached a critical value. NMR studies found
that the critical threshold corresponded to a shift in the asphaltene aggregation state towards
larger nanoaggregates and nanoclusters. The precipitation of PPD did not lead to the trapping
of dissolved wax, which highlighted an altered crystallization mechanism, based on wax-PPD
modified complexes. The toluene molecules had a higher level of freedom through the wax
crystal network when a higher asphaltene concentration was used and an even higher level of
freedom when the PPD was added. This demonstrated that asphaltene addition generated better

solvent flowability, despite the higher amount of trapped wax.

Co-crystallization of wax with asphaltene and PPD was quantitatively demonstrated by high
resolution NMR methods. Atomic force microscopy (AFM) was then introduced as a technique
to characterize the resulting solid crystal networks, altered by the co-crystallization mechanism.
The topography and elasticity of crystal network surfaces were investigated. The former led to
the quantification of changes in crystal size, shape and in the interlocking patterns of the crystal
network. The latter demonstrated that an amorphous, softer layer of wax (50-100 nm), formed
on the top of wax and wax-asphaltene crystal networks, because of steric hindrance during
crystallization or co-crystallization, which prevented a part of the wax to reach fully crystalline

phases. The presence of asphaltene nanoaggregates and nanoclusters during crystallization
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generated a loss in stiffness and a swelling of this layer. This suggested that higher amounts of
trapped dissolved wax observed by NMR could be correlated with a lower degree of

crystallinity for the resulting crystal network.

Wax crystallization rates were determined at the surface of the crystals by multiple low field
NMR techniques, which were applied to both model systems and complex crude oils,
containing asphaltenes and resins. The accuracy of NMR for wax content determination was
compared against differential scanning calorimetry (DSC). NMR FID (free induction decay)
allowed for a lower cooling rate, closer to thermodynamic crystallization conditions. It also
used less thermodynamic assumptions and generated a good level of reproduction for samples

with high wax content (>15%).

The techniques developed in this thesis could be used on a wider range of systems, to establish
a relationship between interactions during crystallization at molecular scale and rheological
phenomena observed at industrial scale. This would facilitate the prediction of flow assurance
problems that might arise in oils with known chemical composition (wax, asphaltene, added

PPD).
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1.Introduction

In 2021, crude oil represented the most used primary energy source (Figure 1), generating
around 190 EJ (10'® J) or 52.000 TWh of energy, which accounts for 30.9% of the world
primary energy demand !. This corresponds to a global oil supply of about 101 million barrels
per day. Recent forecasts by the International Energy Agency (IEA) estimate that despite the
ongoing energy transition, a global oil supply of 54.8 million barrels per day will still be needed
in 2050 2. The crude oil extraction on the Norwegian continental shelf of the North Sea

currently covers about 2% of the global crude oil production *.

World consumption Shares of global primary energy
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Figure 1: Global primary energy consumption by energy type: absolute values of consumptions

by type — left side, share of global primary energy by energy type — right side .

The oil industry aims to extend its traditional operations by transporting oil through deep
marine environments, using subsea production systems * °. This type of transport is performed
in pipelines at very low temperatures occurring on the seabed (i.e. 4 °C), aggravating issues
related to flow assurance. The gelation and crystallization of paraffin wax represent some of
the main difficulties encountered during subsea extractions > °. As the waxy oil is transported
from the well to the production platform, the low temperature conditions often induce the

deposition of wax on pipeline walls during flow or wax gelation during shutdown. The latter



usually results in a transformation of the entire crude oil fluid into a gel matrix with high
viscosity > 6. Consequences could range from a reduction in the production efficiency to
difficulties of restarting the systems or a complete shutdown of the operation field ° . The latter
often leads to a very high economic impact. Therefore, wax management has become a major

topic for the crude oil industry .

One of the main techniques used for wax management is chemical prevention, which is based
on the use of designated wax inhibitors, such as polymeric pour point depressants 8. These
substances are designed to interfere with wax gelation and crystallization, reducing the
undesired effects. The economic benefit of the elimination of flow assurance problems often
exceeds the chemical costs by a significant margin ° °. Asphaltenes, which are surface-active
crude oil components, could also interact with wax, generating comparable effects to the ones
of PPDs 3 ° ' | The effects of PPDs and asphaltenes were researched significantly, by
performing tests at large scale on the rheological properties of crude oils '! 2. However, the
exact mechanism of interaction at molecular level between wax and asphaltene or PPDs were
only briefly proposed in literature. Contradicting results about interactions during the phases
of crystallization have often been reported in multiple studies ° !° 3. The exact composition of
the crude oil also varies, according to each extraction field. This uncertainty thereby decreases
the efficiency of wax management and often induces inconclusive results about the choice of
the most suitable wax management methods > ¢. Therefore, there is a need for a more thorough
understanding of interactions between wax and inhibitors at molecular level, which could
predict the properties of crude oils as a function of oil composition, asphaltene content and

added PPD.



2. Crude oil properties

2.1. Crude oil — origin and formation
Crude oil is a mixture of hydrocarbons and other organic components found in geological
formations, often in sedimentary rocks. Crude oil represents a fossil fuel, alongside with
natural gas and coal. It is derived from fossilized organic materials, coming from once living
organisms, such as algae and zooplankton '* 14, These organisms settled on the bottom of seas
and lakes, under layers of water with little to no oxygen or under sedimentary formations. Over
time, this promoted a build-up of heat and pressure which facilitated anaerobic decay. The
result of the anaerobic decay was the formation of kerogen, a complex waxy mixture of

hydrocarbon compounds, incorporating some remaining nitrogen and sulfur !> 16

. Kerogen
transformed to fossil fuels over a period of million of years, mostly by radical rearrangements.
This process is also known as crude oil maturation and has a very complex nature, usually
leading to the formation of very complex crude oil deposits, with different composition from

one location to another.

2.2, Elemental composition
The high hydrocarbon content in crude oil generates an elemental composition dominated by
carbon and hydrogen (Table 1). Nonetheless, other elements such as nitrogen, oxygen or sulfur
are present in some crude oils, depending on the type of maturation process. Metals, such as

vanadium, nickel, copper or iron could also be present in crude oils in small quantities.

Table 1: Elemental composition of typical crude oils '°.

Element Percentage
Carbon 83-87%
Hydrogen 10-14%
Nitrogen 0.1-2%
Oxygen 0.05-1.5%
Sulfur 0.05-6%
Metals (V, Ni, Cu, Fe) <1000 ppm




2.3. Crude oil fractionation
A standardized procedure, also known as SARA analysis, was developed to characterize four
fractions of crude oils: saturates (S), aromatic (A). resins (R) and asphaltenes (A) !7 '8, The

different fractions could be separated due to differences in polarity and solubility.

The least polar group, the saturates, is mainly composed of saturated hydrocarbons with a
linear, branched or cyclic chain. Paraffin waxes and naphthenes, containing one or more ring
structures, are often part of this fraction. Aromatics are more polar than saturates, mainly due
to the presence of aromatic rings and heteroatoms, such as sulfur, oxygen and nitrogen, in their
chemical structure. They often include benzene derivates, such as naphthalene, tetralin or
anthracene. Resins and asphaltenes are the most polar fractions of the crude oils. Alike
aromatics, they often contain aromatic rings and heteroatoms. However, asphaltenes and resins
typically include more aromatic rings, stronger polar moieties and more complex chemical
structures. The complex and often unknown structures of resins and asphaltenes make it
difficult to distinguish between the fraction of aromatics and individual resins or individual
asphaltenes. On the other hand, asphaltenes and resins could be separated by their solubility in
light alkanes, such as n-pentane, n-hexane or n-heptane. Asphaltenes precipitate in such

solvents, while resins solubilize !7 3.

Asphaltene precipitation in low molecular weight alkane is often used as the first step of SARA
analysis. This is followed by asphaltene recovery by filtrating the precipitate. The de-asphalted
oil, also known as maltenes is further separated into saturates, aromatics and resins by high
performance liquid chromatography (HPLC) '7 or other methods that were tailored for this
purpose '°. SARA fractionation could also take place during crude oil refining, where the
difference in boiling points is used to separate the four fractions. Final products, such as
gasoline, diesel or kerosene, often tailored to the demands of the market, could be obtained by

adjusting the separation process during refining ¢ 20,

Although SARA is effective for an approximate determination of the fractions in crude oils, its
use for flow assurance is rather limited, because it cannot provide information about the exact
chemical structure of asphaltenes or about the exact content of paraffin wax with a specific

chemical composition.



2.4. Paraffin wax
Paraffin waxes are n-, iso- or cyclo- alkanes, with a number of carbons between 16 and 50, or
sometimes higher 2!. Waxes are part of the higher molecular weight part of the crude oils.

Crude oils contain waxes in variable concentrations, usually dependent on the extraction field.

Wax comprising mostly of n-alkanes is defined as macrocrystalline wax, while wax with
branched (iso-) and cycloalkanes is defined as microcrystalline wax (Figure 2) 2 2.
Macrocrystalline wax typically comprises of shorter chain alkanes, with 16 to 40 carbon atoms.
Although microcrystalline wax also starts from alkanes with 16 carbon atoms, it is usually
present in crude oils as alkanes with higher molecular weight than for macrocrystalline wax.
Macrocrystalline wax has a tendency to form large rod or needle-like crystals, while
microcrystalline wax forms smaller, rounder and more amorphous crystals 2*. Consequently,
macrocrystalline wax is more difficult to deal with during oil extraction, as it forms larger,
more crystalline structures, which generate higher viscosity and higher gel yield strength in the
remaining fluid 2°. The presence of microcrystalline wax has been shown to modify the
mechanism of precipitation for macrocrystalline wax 6. The addition of as little as 1%
microcrystalline wax in a solution with 5% macrocrystalline wax shifted the behavior of
macrocrystalline wax completely. In the resulting system, the macrocrystalline wax had the

same crystallization pattern as microcrystalline wax 2°.

HaC
\,/\/\,/\/\/\/\/\/\/\CHa
CaoHa2

n-alkane
Haf
CHs
iso-alkane
CH,,
CxHas

CH;

alkyl substituted
cyclic alkane
(naphthene)

CasHas

Figure 2: Chemical structure of linear paraffin wax (n-alkane), branched paraffin wax (iso-

alkane) or paraffin wax containing cycloalkanes (alkyl substituted cyclic alkane).



The thermodynamic properties of paraffin wax have also been investigated for its applications
as a phase change building material 2’ 28 2. The exothermic crystallization of wax facilitates

heat storage for renewable heating systems.

2.5. Asphaltenes
Asphaltenes represent the part of crude oil with a higher level of polarity * 3° . Their definition
and method of preparation rely on the principle that asphaltenes are constituents of crude oil
that are insoluble in strongly non-polar n-alkanes with low molecular weight, such as n-hexane

or n-heptane, but that are soluble in less non-polar aromatic solvents, such as toluene 3 3!,

The chemical structure of asphaltenes consists of polycyclic aromatic hydrocarbons with
aliphatic chains. Both contain heteroatoms such as oxygen, sulfur and nitrogen. Traces of heavy
metals such as vanadium, nickel and iron could also be present. The exact chemical
composition of asphaltenes is dependent on the oil field they were extracted from. The
molecular masses can vary between 400 g/mol and 1500 g/mol. Two models were proposed
for the chemical structure of asphaltenes: the archipelago and the continental models (Figure
3) 32 33, In the archipelago model, the structure is based on multiple, smaller polyaromatic
centers bonded together by aliphatic or naphthenic moieties. In the continental model, the
polyaromatic components are focused in one center, comprising of more fused rings than in

the archipelago model 343336,

Asphaltenes self-aggregate when they are in specific concentration intervals in solution or in
crude oil systems. The Yen-Mullins model was proposed to explain the aggregation mechanism
and the properties of resulting colloidal suspensions (Figure 4) ** . The concentration of
asphaltenes was a decisive factor for the aggregation state. A 2-step transition was observed
when the concentration was increased. Firstly, asphaltene monomers (1.5 nm in diameter) self-
associate to form nanoaggregates (2 nm in diameter) when the critical asphaltene
nanoaggregate concentration (CNAC) was reached. Secondly, at higher concentrations,
asphaltenes arrange into nanoclusters (Snm and higher in diameter), which replace the
nanoaggregates. The calculation of CNAC and the demonstration of the Yen-Mullins model
have been researched with various techniques such as SAXS (small-angle X-ray scattering),
SANS (small-angle neutron scattering) >’ 3* and AFM (atomic force microscopy) >° #.
However, there are still uncertainties about the ring size of asphaltenes and about the effect of

chemical composition on the Yen-Mullins model .



Figure 3: Proposed asphaltene chemical structures: (a) “island” asphaltene model, (b)

“archipelago” asphaltene model *> 4!,

Molecule Nanoaggregate Cluster
1.5 nm 2.0nm s.onm

s
N

/ g

@

Figure 4: Yen-Mullins asphaltene model: once the critical nanoaggregate asphaltene

concentration (CNAC) is reached, asphaltene molecules (left) rearrange into nanoaggregates
(center). At higher concentrations, nanoaggregates (center) rearrange into larger clusters

(right) [Copyright from 3*].



3. Flow Assurance
Flow assurance is an engineering topic in the oil and gas industry, whose main focus is to
ensure an efficient flow of hydrocarbons, increasing economic feasibility and profitability of
the process ° °. Flow assurance aims to alleviate issues which arise due to the chemical and
physical behavior of the fluid and the corresponding intermediate states which form during

transport.

3.1. Problems related to wax appearance.

The gelation and deposition of wax could occur during continuous flow in pipelines due to low
temperatures. The most frequent arising issues are restarting problems caused by the gelling of
the oil, a reduction of the flow or plugging of the pipeline, increased pumping pressure
generated by increased viscosity, reduced operating efficiency with interruptions and
shutdowns in production, high costs of wax removal (especially in pipelines located in subsea
environments) and interference with operation of valves and instruments which could lead to
safety hazards 5 6,

flow direction

phase fraction

deposit oil
deposition [kg/(m>s)]
| |
0 20 temperature
. -

TwaH -Enlet

Figure 5: Schematics of wax deposition induced by a radial temperature gradient. Wax
deposition is ongoing on pipeline walls, due to a high radial temperature gradient. [Copyright

from 42].

When the pipeline wall reaches or drops below the wax appearance temperature (WAT), wax
starts depositing on the pipeline wall (Figure 5). A radial temperature gradient within the bulk
oil is common in such systems (Figure 5), where the pipeline wall is affected more strongly
than the inner bulk fluid by the low temperature in the surrounding environment. If the

temperatures are low enough, crystallization continues, generating thicker layers on the walls



of the pipelines. Paraffin wax with higher molecular weights tend to precipitate first on the

walls, leading to a decreased molecular weight for the remaining bulk fluid 3 © 42,

When production is shut down and the flow is stopped, the crystallization of wax is more likely
to affect the bulk fluid. Paraffin waxes separate as needle or plate crystals, which interact with
each other, generating a crystal network in which lighter oil components lose mobility and
become trapped. This process results in a crude oil gel matrix, which increases the fluid
viscosity to critical levels, inducing a significantly lowered oil flowability and a consequent
pressure loss in the pipelines. A percentage of wax as low as 2% was found to cause gelling **.
Other crude oil components such as asphaltenes and naphthenic acids have been demonstrated
to interact with wax during gelation and to influence the resulting properties of the crude oil
gel matrix ' *, However, more research needs to be done to understand the exact mechanism
of interaction. The gelling of the crude oil leads to severe problems during production restart.
The determination of the pour point, the point at which the oil stops flowing, is therefore more
relevant for assessing the impact of gelation than the WAT, which is more relevant for the

characterization of the deposition onset.

3.2. Wax management techniques

Several strategies have been proposed to combat wax-related problems in crude oils. A first
focus for the wax-related flow assurance strategy has been to decrease the effect of the cold
environment on the pipeline. Insulation and heating of the fluid downhole or along the flowline
are common techniques to increase the temperature inside the pipeline. For example, vacuum
insulation has been applied to multiple subsea extraction fields *°. Pipeline heating is a more
expensive option, but it can have an increased feasibility if it alleviates other flow assurance
problems, such as gas hydrates, at the same time “°. Electricity or hot water are often used for
the heating procedures. The systems are based on pipeline bundles or on pipe-in-pipe systems.
A method which is more suitable for subsea environments, also known as the shock chilling
method, is currently being researched. It is based on the application of a cold flow, which
eliminates the radial temperature gradient, promoting the precipitation of the wax in the bulk
fluid, rather than on the walls. The crude oil will subsequently be extracted as a dispersion of

wax particles 47.

Mechanical wax management strategies are also used in industry. Pigging of pipelines is
carried out frequently on installations with high risk for wax formation “®. This process

eliminates the deposited wax and prevents the build-up of a thick wax layer which affects



flowability. Some disadvantages of pigging include the incapacity to remove the entire layer
of deposited wax and the extensive timeframe for operation shutdown required to execute the
process. Therefore, pigging is often accompanied by other wax management techniques, such
as chemical treatment of the oil °. Less popular wax management strategies are the use of
wireline cutters or of acoustic/sonic treatment, the latter of which was only investigated on an

experimental scale .

Lastly, chemical wax management strategies have been created. Wax inhibitors, such as
polymeric pour point depressants (PPDs) or dispersants and surfactants are often used for this
purpose. The PPDs alter the wax crystallization mechanism, acting as a crystal modifier (Figure
6), by various mechanisms of interaction with wax (i.e. co-crystallization). The result is a
distortion of the properties of both the resulting wax crystal networks (Figure 7) and the crude
oil gel matrix which could form during shutdown '* 3°. This process often improves the
flowability of the oil and alleviates the wax-related problems. One concern with the use of
PPDs is the economic costs for high quantities of PPD. Therefore, there is a high focus on
designing PPDs with strong impact in low quantities. Wax dispersants and surfactants interfere
5152

with the ability of wax to attach to the pipeline wall, by reducing wax-wall interactions

Moreover, they stimulate the dispersion of the wax particles in the bulk fluid.

¥~

Wax particle Agglomeration Deposition on cold surface
(based on wax molecule)
Crystal modifier Interfering with Interfering with deposition
agglomeration

Figure 6: Effect of crystal modifier on wax deposition on the wall. The addition of crystal
modifier prevents deposition and promotes dispersion towards the bulk fluid, due to steric

hindrance between wax-modifier complexes [Adapted from ® - copyright].
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Figure 7: Scanning electron microscopy (SEM) scans of wax crystal network (a) and wax-PPD
crystal network (b). The PPD alters the shape and the size of the crystals, modifying the
topography of the resulting crystal network [Copyright from ].

3.3. Asphaltene deposition and management

Asphaltenes could also deposit during extraction, generating flow assurance problems.
Asphaltene deposition represents a major issue both in the upstream and the downstream parts
of the process. It can cause blockages in reservoir pores in the near-well area, as well as in the
production tubing and downstream pipelines and further facilities > 3. Asphaltene deposition
is facilitated by minor increases in the polarity of the crude oil. The onset could be triggered
by factors such as acid stimulation, pressure drops leading to breakout of gases, scale inhibitor

treatments or crude oil mixing °.

Asphaltene deposition could be prevented mainly by chemical treatment with asphaltene
inhibitors, dispersants and dissolvers * >*. In crude oils, polar resins are believed to stabilize
asphaltene by adsorbing on the surface of asphaltene nanoaggregates. The asphaltene inhibitors
have the same behavior of resins and can strengthen the stability of asphaltenes in crude oils
with insufficient asphaltene stability. Asphaltene dispersants stimulate the formation of a stable
dispersion of the asphaltene particles in the bulk fluid, by reducing the size of the flocs.
Asphaltene dissolvers, typically based on aromatic solvents, could be used to eliminate
asphaltene deposits. Xylene is the most used dissolver, but toluene or pyridine also work with

lower efficiency °.

3.4. Other flow assurance issues

Wax and asphaltene deposition could also be accompanied by other flow assurance issues.

Some of these include the formation of gas hydrates and scale.
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Gas hydrates are ice-like clathrate solids, with a cage-like structure in which the gas molecules
are trapped by the network formed by hydrogen-bonded water molecules. Their formation is
promoted by subsea conditions, which induce a very low temperature and high pressure in the
pipelines® *°.The prevention of gas hydrates could be achieved by imposing temperature and
pressure conditions outside the range for hydrate formation. Other strategies for gas hydrate
management include water separation (dehydration), modification of the gas phase by

introducing another gas or chemical treatment °.

Scale is formed by ionic compounds from aqueous solution. The most common salts causing
scales are calcium carbonate (CaCOs3), sulfates of Group II metals, such as calcium sulfate
(CaS0a), strontium sulfate (SrSOs), barium sulfate (BaSOs), sulfides of heavy metals, such as
iron sulfide (FeS), lead sulfide (PbS) or zinc sulfide (ZnS) or sodium chloride (NaCl) °. To
inhibit these scales, industry often uses polymers based on polyphosphates, phosphate esters,

nonpolymeric phosphonates, polyphosphonates or polycarboxylates 3 .
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4. Wax crystallization mechanism
Paraffin nucleation is a stochastic process, which requires supercooling for initiation 3’. This
implied that the start of crystal formation does not coincide with the highest thermodynamic
solid-liquid equilibrium temperature. Instead, it is required that the fluid reaches a certain
temperature below saturation, known as a metastable state, which initiates the crystal
nucleation process. The difference between the saturation temperature and the crystallization

temperature is known as the degree of supercooling *’.

Wax crystallization typically includes 3 steps: nucleation, crystal growth, and agglomeration
of crystal particles. When the wax appearance temperature is reached, supersaturated waxes in
the oil start forming crystal nuclei. Wax nuclei grow and sometimes aggregate, forming wax
crystal particles. The wax crystal particles self-associate, generating a three-dimensional

crystal network '3 38 |

JF X-axis Slow growth

5
z-axis
Fast growth

y-axis
Fast growth

Figure 8: Mechanism of crystal growth for n-alkanes. The shape of the long chain alkanes
promotes a fast growth in 2 directions (y, z) and a slow growth in the third direction (y). The

result is the formation of crystals with the shape of a needle/plate [Copyright from *°].

Wax molecules have a spin structure, which is organized to achieve the minimum potential

energy possible. This structure determines the molecular arrangement and the level of

13



restriction between individual wax molecules '>. When the temperature decreases below the
WAT, the attraction between wax molecules is greater than that between wax and solvent
molecules in the crude oil, which leads to the start of wax precipitation through nucleation. The
first wax crystals act as a nucleation site for the remaining dissolved wax, which accelerates

the crystallization process '* ¢.

During the phase of crystal growth, wax crystals are expected to grow in 2 dimensions, forming
plate-like crystals (Figure 8). This is due to co-crystallization of n-alkanes with long carbon
chains, which prefer a parallel alignment, promoting a needle, rod or plate crystal shape ** ®!.
However, if the chemical structure of wax is more branched, a deviation from needle shape
was noticed 2? 2° 2, The branched chemical structure sterically hinders the parallel alignment
of alkanes and promotes stronger growth in the third direction (x in Figure 8). Therefore, in

such cases, the crystal shape could be rounder and more dendritic.

During agglomeration, wax crystals interlock, generating three-dimensional networks. It is
very common for crude oil liquid and solvents to become trapped in the newly formed crystal
network in the initial phases of agglomeration ® ® . This phenomenon leads to a reduction in
the molecular mobility of the components in the liquid, often causing the formation of a gel
matrix, which dominates the entire bulk fluid. The properties of the resulting gel matrix often
depend on the type of chemical composition of the wax. N-alkanes form a wax crystal network
with larger pores (Figure 9, (A)), due to the plate shape of the crystals 2. On the other hand,
branched alkanes with rounder crystal shapes form crystal networks with smaller pores (Figure
9, (B)). Therefore, a higher quantity of fluid could lose mobility and become trapped when n-
alkanes are present. This implies that the presence of branched alkanes reduces the ability of
the crystal network to trap dissolved species and delays the gelation of the bulk fluid. The result
is a weakened gel, with lower gel yield strength 2°. Moreover, the presence of branched alkanes
does not increase the viscosity of crude oils to the same extent as the n-alkanes, mainly due to

the rounder, more dendritic shape of the crystals.

Branched alkanes were reported to influence the behavior of n-alkanes even in small quantities.
A previous study investigated the effect of the addition of a percentage of branched alkanes
(microcrystalline wax) as low as 1% to a system with 5% n-alkane (macrocrystalline wax).
This completely changed the behavior of the gel, which behave as a fully microcrystalline wax

system 2°,
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Figure 9: Cryo-scanning electron microscopy (cryo-SEM) scans of wax crystal networks from:

(A) macrocrystalline wax, (B) microcrystalline wax [Copyright from ©2].

The gelling of wax could also be affected by thermal history. A high cooling rate and a
consequent fast crystallization could prevent the crystals from achieving full growth. This
results in a crystal network with smaller pores, which could trap a lower amount of dissolved

species. A weaker gel will therefore be formed .
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5. Wax inhibition by chemical methods
Wax inhibitors are widely used to reduce problems generated by wax deposition and gelation.
The chemical structure and the mechanism of inhibition vary among the most common
inhibitors. Economical concerns are also considered about the amounts of inhibitors needed for

inhibition and about inhibitor removal processes °.

5.1. Relevant terminology
The comparison of the efficiency of different wax inhibition methods is often carried out by
comparing a range of parameters, created for this purpose. This sub-chapter presents an

overview of the most used such parameters.
5.1.1. Wax Appearance Temperature (WAT)

The wax appearance temperature (WAT) is the highest temperature when wax crystallization
is present, during cooling 3 °. For thermodynamic analysis, the opposite of the WAT, also
known as the wax dissolution temperature (WDT), has also been proposed . The WDT
corresponds to the highest temperature at which wax crystals are present, during heating.
Thermal history may create a hysteresis between the WAT and WDT, which was investigated
in multiple studies °® . The WAT itself is usually lower than the thermodynamic solubility limit,
partially due to thermal history (i.e. high cooling rates) and partially due to detection limits of
the analytical methods available for this purpose. Methods used for WAT determination
include differential scanning calorimetry (DSC), cross polarized microscopy (CPM), nuclear
magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR), density variation
testing, sonic testing 3 ¢ 6! 67 98 69 Tt is inconclusive which WAT determination method is the
most accurate, because most of them rely on thermodynamic and chemical assumptions or

produce an error due to the detection limit.

WAT defines the point of the wax deposition start. Therefore, it is a standard parameter used
to characterize wax deposition, as highlighted earlier in Section 3.1. To define gelation

processes, the pour point (Section 5.1.3) is more relevant.
5.1.2. Wax Precipitation Curve

The wax precipitation curve measures the cumulative percentage of precipitated wax at each

temperature. Therefore, some of the techniques used for WAT determination, such as CPM, or
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density variation testing, are not suitable for WPC determination. The most common technique
to measure the WPC is DSC, which can quantify the total heat released by wax from the start
of crystallization to the measurement point. A relationship between the released heat and the

6770 71 but there is no

amount of precipitated wax has been proposed in multiple studies
consensus on the most suitable approach. Low field NMR has been proposed as a method to
calculate the WPC, by quantifying the amount of protons from liquid state wax with
temperature ¢! ® 72, However, a protocol remained to be developed to improve the detection

limit for complex crude oil systems °'.
5.1.3. Pour Point

The pour point is the temperature at which the liquid cannot flow freely, during cooling. The
pour point usually occurs after the complete gelation of the wax system. While the WAT
determines the point of the start of deposition on pipeline walls, the pour point is used to
measure the point at which the liquid in the pipeline stops flowing, due to cooling during

pipeline shutdown. The pour point is usually measured by standardized methods 7> ™ 75 76,

7376 or with

These methods rely on detection of the movement of the crude oil sample visually
a camera '*. More advanced methods use a non-rotating piston, which is partially submerged
in the crude oil sample’>. When the pour point occurs, viscosity increases above a threshold

which causes the deflection of the piston, which is pushed outside the system.
5.1.4. Gel Yield Strength

For waxy gels, gel yield strength is conventionally defined as the maximum shear stress
recorded during gel breakage 2°. When a shear force is applied, the waxy gels initially follow
Hookean behavior (i.e. the measured stress is proportional with the applied strain)’’. When the
shear stress reaches a threshold, the system undergoes gel breakage. The gel yield strength is
conventionally referred to as the maximum shear stress during this phase. After gel breakage,

gel degradation processes occur, reducing the shear stress.

The measurement of gel yield strength is performed with rheological methods and show good

accuracy when the shear rate is sufficiently low (below 0.1 s!) 7%

5.2. Wax inhibitors
As mentioned in Section 3.2., wax inhibitors could be classified into pour point depressants,

crystal modifiers, surfactant and dispersants °. Some inhibitors have a pronounced effect on the
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WAT and are also known as thermodynamic inhibitors. Others have a pronounced effect on
the pour point and they are known as pour point depressants (PPDs). However, PPDs could
also affect the WAT ¢'. Moreover, PPDs could also act as crystal modifiers, by interfering with
the wax crystallization mechanism and by distorting the resulting crystal networks'>.
Dispersants and surfactants often change the wettability of the pipeline wall surface to water-
like wettability. Some dispersants and surfactants induce the formation of a weak layer to which
wax crystals cannot attach as effectively as on the wall. Therefore, the turbulent flow often

shear off the crystals, preventing the accumulation on the walls ° 3! 52,

5.2.1. Pour point depressants

PPDs are typically based on a polymer configuration. Three main classes of PPDs have been
identified in previous studies: ethylene polymers or ethylene-based copolymers, comb
polymers and branched polymers with long alkyl groups (Figure 10) 3. Polyethylene has been
investigated in previous studies for its behavior as PPD. However, the results were not
satisfactory 7%, since better PPDs were obtained with ethylene copolymers, such as ethylene-
propylene, ethylene vinyl-acetate (EVA) or ethylene-acrylonitrile copolymers 3 '3 ¢!, Comb
polymers are generally considered the most effective for wax inhibition. They are often based
on acrylate esters, methacrylate esters or maleic anhydride. Other PPDs could include

alkylphenol-formaldehyde resins, polyethyleneimines or lactone/alkylene oxides °.
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Figure 10: Chemical structures of (a) poly-ethyl-vinyl acetate (poly-EVA), (b) polyacrylate,

(c) polypropylene ethylene.
5.2.2. Petroleum components which affect wax crystallization

Asphaltenes have been demonstrated to interact with wax crystallization, by similar
mechanisms as the PPDs. They have also been referred to as PPD active substances in several

studies ** 80 81 82 However, the complex chemical composition of asphaltenes often caused
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inconclusive results about the effect of asphaltenes on wax. For example, some studies
concluded that the presence of asphaltenes generates an increase in the wax precipitation rate,
while other studies concluded the opposite ° '° 3. More research needs to be performed to
understand the effect of asphaltenes on the deposition rate during flow operation and on the
resulting crude oil gel matrix during shutdown. The exact mechanism of molecular interactions
between wax and asphaltenes during each of the crystallization phase is also not fully

understood '°.

Resins and naphthenic acids have also been demonstrated to interact with wax during
crystallization °. However, the effect of asphaltenes is often dominating and has thereby been

the focus of the most recent literature .
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6. Interactions between wax and inhibitors
This Chapter provides a review of the current understanding of wax-asphaltene and wax-
inhibitor interactions during the crystallization stages. The main suggested interaction
mechanisms and the corresponding literature gaps are addressed. This provides a context for
the main purpose of this thesis, which is to advance the knowledge about these interactions, by

introducing novel, more robust quantitative techniques.

6.1. Wax-asphaltene interactions
Interactions between wax and asphaltenes during wax crystallization were reported in previous

literature studies ° '0 84 85 86 87 83 89 1y model

systems, asphaltenes are present as dissolved
monomers in toluene or other aromatic solvents. However, as mentioned in section 2.5., when
asphaltene concentration increases, nanoaggregates (2 nm in diameter) and nanoclusters (Snm
or higher in diameter) form, at a concentration point often referred to as critical nanoaggregate
concentration (C.N.A.C) ? 3*. In crude oils, asphaltenes could dissolve into other components

or could be present as larger aggregates or even flocs/solids *°. The exact composition of the

crude oil influences this behavior.

Asphaltene nanoaggregates and nanoclusters interfere with wax during the main stages of
crystallization ° '°. As presented earlier in this thesis, when the temperature decreases below
the WAT in wax-only systems, the attraction between wax molecules exceeds the one between
wax and solvent molecules in the crude oil. The first wax crystals act as a nucleation site for
the remaining dissolved wax, which accelerates the crystallization process. When asphaltenes
nanoaggregates and nanoclusters are present, they replace wax to act as nucleation sites, due
to their large size. This provides additional surface for heterogenous nucleation °. Previous

studies linked this phenomenon with an increased rate of wax crystallization.

However, the interaction between asphaltene and wax can manifest differently during later
crystallization stages. During crystal growth, the non-polar groups of asphaltene molecules
behave as binders between the wax molecules ' 8 89, This restricts the parallel alignment of
long chain alkanes and consequently reduces the growth of wax in 2 dimensions. On the other
hand, it promotes a stronger growth in the third dimension, leading to rounder, more dendritic
crystals . Other effects are the delay of full crystal formation, the decrease in gel strength and
the weakening of the wax crystal network !° 8 3 Moreover, asphaltenes can flocculate and
grow independently of wax, generating large crystals which could sterically and spatially

hinder wax crystal growth. The competition between asphaltene solid particle formation and

20



wax crystallization could therefore lead to altered wax-asphaltene crystal networks with

modified crystal and pore properties, such as size and shape.

Steric hindrance from larger particles could also induce trapping of dissolved and amorphous
wax phases inside model crystal networks ¢! ® %!, This could decrease the crystallinity of
resulting phases and could result in crystals with stronger defects 3. The steric hindrance
between large wax-asphaltene configurations, could also cause the formation of amorphous
phases, due to lack of space for complete crystal growth. The effects will be highly noticeable
during agglomeration and gelation, when a crude oil gel matrix is generated, in which the wax,
wax-asphaltene and asphaltene particles are dispersed and the remaining dissolved components
are the continuous phase. Lower crystallinity of the wax crystals present in the matrix could
influence rheological properties of the remaining fluid, such as viscosity and gel yield strength
and delay the pour point 8. The change of gelation properties was also associated with the
presence of adsorbed polar asphaltene groups on the wax crystal surface, caused by the

interaction of asphaltene with wax during previous crystallization stages *2.

The chemical composition of asphaltenes was linked to changes in wax precipitation patterns.
Asphaltenes with a high level of aromaticity were found to sterically hinder crystal growth to
a higher extent, generating weak and unstable wax structures during gelation phase 5.
Resulting wax-asphaltene co-crystals were reported to have a smaller size, with larger aspect

ratio.

Although the properties of modified wax-asphaltene co-crystals, such as lower gel strength,
and lower crystal size, would allow for lower viscosity and better crude oil flow, they were
reported to have opposing effects on the WAT and the wax precipitation rate 58 81 449394 Ag
expected from the concurrent and sometimes opposing effects, results of multiple studies

generate contradicting conclusions about the role of asphaltenes during wax precipitation'’.

Some studies 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 ° %3. For example, Kriz et al ° showed that the
concentration and the level of dispersion of asphaltenes have the dominating effect on wax
crystallization. They reported that at very low concentration, the asphaltenes are either
dispersed or dissolved in the crude oil matrix. When the crude oil reached precipitation

conditions, the wax crystals incorporated asphaltenes in an ordered configuration, up to a
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threshold concentration where the crystallinity was the strongest and WAT was the highest.
Above this concentration, the asphaltene molecules tended to aggregate with each other and
then flocculate, attaching weakly to the wax crystal networks. The crystal matrix was broken,

and the gel was weak and unstable, generating lower WAT.

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 '° ®. Therefore, the exact
mechanism behind the impact of asphaltenes on wax precipitation remains to be studied
through further quantitative methods which could be adapted to a variety of asphaltenes from

crude oils with different origins and compositions.

6.2. Wax-PPD interactions
The effect of PPDs on wax crystallization was investigated more extensively than the effect of

asphaltenes % ¢! % The addition of PPD alters the motion of wax molecules and the interacting
force between wax molecules. The adjacent atoms in the wax molecules rotate around the C-C
single bond in the absence of PPD . The addition of PPD modifies this motion, by steric
hindrance. The PPD interferes with wax during all stages of crystallization: nucleation, crystal

growth, gelation.

The PPD molecules often tend to precipitate ahead of wax due to their high molecular weight
9798 Therefore, similarly to asphaltenes, the PPD molecules will replace the wax molecules as
nucleation sites during the nucleation phase of crystallization. At the same time, PPDs can
self-associate, forming micelle-like aggregates. These structures result in larger nucleation sites
which inhibit wax crystal growth, promoting the formation of smaller wax crystals ¢! 8
9. During nucleation stage, a percentage of wax molecules will adsorb on the surfaces of
polymeric PPD, forming wax-PPD complexes. At this stage, wax molecules are likely coated

with solvent molecules from the crude oil, causing precipitation with a short-range order

(regular and predictable arrangement i.e. crystal lattice) '°.

For the phase of crystal growth, one of the current theories is that wax molecules grow in a
two-dimensional way in the absence of PPD, resulting in crystals with needle shape > '®°. The
wax crystal network is an agglomeration of the individual needle crystals, which interlocked
with large pores between individual crystals. The addition of more polar PPD molecules, with
a larger size, sterically hinders the parallel alignment of alkanes and the growth of the wax

crystal in 2 dimensions, promoting the growth in the third direction (Figure 11). Therefore, a
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higher concentration of PPD is likely to generate dendritic wax crystals, which deviate from

the original needle-like shape. The resulting crystal network will also follow a dendritic pattern,

with reduced pore sizes '* 1%,

x-axis: PPD = more growth

7-axis

PPD = less growth

y-axis

PPD - less growth

Figure 11: Mechanism of crystallization of n-alkanes, interacting with the PPD. The large,
dendritic PPD molecule sterically hinders the otherwise dominant growth of wax in the y and
z directions (in the absence of PPD) and promotes a three-dimensional growth. This results in
rounder, more dendritic crystals [Inspired from *]. This figure should be compared to Figure

8, in absence of PPD.

During gelation phase, in the absence of PPD, there is a large solid-liquid interface between
the wax particle surface and the dissolved components inside the crude oil gel matrix '°! 102,
This results in an unstable high energy system. The formation of round or dendritic structures,
facilitated by the PPD reduces the energy of the system, making it more thermodynamically
stable (i.e. it requires more energy to change phase) '°! 12, The high degree of dispersion that
the PPD surfaces could provide by interaction with wax improves the flowability and the

viscosity of the remaining dissolved phases, delaying the pour point '3 103,

At the end of the gelation phase, the polar groups of the PPD remain on the surface of the co-
crystal structure formed by polymeric additive molecules and wax crystal. This induces the

formation of a solvation layer, which decreases the surface energy in the system and prevents
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the connection between the wax crystals, inhibiting the formation of a wax crystal network !*
22 104 105 This solvation layer is one of the features that distinguish asphaltenes from PPDs. It
is unclear whether asphaltenes prevents the connection between wax crystals or if it facilitates
dissolution to the same extent that the PPD does. Moreover, highly effective PPDs are more
likely to generate a more ordered crystal network with wax, while asphaltenes with complex

chemical composition will often produce crystal defects and crystal network irregularities.

The composition of the PPD (i.e. EVA copolymer, comb-type copolymer, and nano-hybrid
PPD) also influences the wax inhibition mechanism ° °. Most effective PPDs have been
demonstrated to delay the pour point and reduce the wax precipitation rate, generating better

viscosity and flowability in the remaining dissolved phases.

6.3. Quantification of wax-inhibitor interactions and corresponding wax

precipitation curves

The effect of asphaltenes and PPDs on wax crystallization was previously investigated
quantitatively, using multiple analytical methods such as differential scanning calorimetry
(DSC), cross-polarized microscopy (CPM), isothermal titration calorimetry (ITC), scanning

electron microscopy (SEM) or rheological measurements !0 6! 62 84 101 106,

DSC was used to calculate the heat of crystallization and the wax precipitation rate in model
systems ¢! ¢/ Delays in nucleation and crystallization were observed for PPD and asphaltenes,
although for asphaltenes the effect was minor. DSC is an established method for calculations
of the wax content in crude oils, but significant thermodynamic assumptions, are made (i.e.
latent enthalpy of wax/wax-inhibitor systems, thermal delay from cooling rate) ¢! 7. This can

alter the results, leaving a gap between the measured and the real thermodynamic behavior.

CPM and SEM were used to assess crystal size and shape in presence and in absence of wax
inhibitors and to calculate fractal dimension '? ¢!, Although results showed a trend for smaller
and rounder crystals in two-dimensional images when PPDs and asphaltenes were added, a gap

remains about the three-dimensional features and the exact quantification of size and shape.

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 2. They correlated the NMR
signal intensity with the amount of wax generated by an established precipitation method for

17 crude oils. The procedure has been significantly extended through the analysis of the NMR
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Free Induction Decay (FID) signal '°7 1% but the sensitivity to the crude oil composition

remained to be improved.

Recently, 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 effect of PPD on the variation of wax precipitation rate with temperature
was assessed by Zhao et al with NMR CPMG . Ruwoldt et al used PPDs with more varied
chemical composition and considered the influence of asphaltenes for the first time *'. NMR
CPMG used less thermodynamic assumptions than DSC. It also quantifies the mobility of
molecules, enabling the distinction between high mobility and low mobility phases in the liquid
and gel matrixes before and during crystallization, showing higher potential for studies of wax-

inhibitor interaction.
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7. Experimental techniques
This thesis aims to develop new methods to characterize wax-inhibitor interactions. The main
purpose is to solve limitations and uncertainties encountered with established experimental
methods (DSC, rheology, ITC, GC/MS). A majority of previous studies focused on the effect
of inhibitors in wax through the measurement of wax-related properties (i.e. precipitation rate,
WAT) in crude oils or model systems resembling crude oils. This thesis shifts the focus to
interactions between wax and inhibitors at a molecular scale, which could explain macro-scale
observations from previous studies. For this purpose, novel techniques were utilized. Low field
and high field NMR, as well as AFM were used to characterize wax-inhibitor interactions.
DSC, a more established method, was compared to NMR in terms of limitations and result

accuracy.

7.1. Nuclear Magnetic Resonance

Charged atomic nuclei have an intrinsic angular momentum and that produces a magnetic
dipole defined as nuclear spin ''' 12 113, In NMR, such a nuclear spin interacts with an external
static magnetic field Bo, leading to a nuclear energy level diagram having distinct eigenvalues,
correlated with eigenstates in which an atom can exist (Figure 12). In the case of lower energy
states, the z-component of the nuclear magnetic moment is positive (m=+1/2), while in the
higher state, it is negative (m=-1/2). Also, in the case of lower energy state, the net
magnetization of the spinning nucleus tends to align with the external magnetic field, while in
the higher state the magnetic moment of the spinning nucleus is opposed with the external
magnetic field ', The difference between the energy of the 2 states is given by Equation (1),
where h is Planck’s constant, y is the gyromagnetic ratio and B, the strength of the magnetic

field:

AE =50 (gq. 1)
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Figure 12: Division of nuclear spin energy in an external magnetic field [Copyright from ''4].

The interaction between the nuclear spin and the external magnetic field also causes the spin
to undergo a precession around the static field at a frequency wo, also known as Larmor
frequency. In addition, the spin experiences interactions with the local electric and magnetic

fields and that generates changes in the precession by a frequency ® with respect to wo >

Hydrogen atoms have been particularly studied with NMR spectroscopy due to their high
sensitivity to the technique. In this thesis, applications are divided into low field and high field
NMR. The main difference between the two categories is the intensity of the frequency

generated by the magnet. High resolution NMR uses high field superconducting magnets.
7.1.1. Low field NMR

When protons are placed in an external magnetic field, the nuclear magnetic moment of the
protons will align against this field, as described before. Low field NMR is based on the
application of an oscillating magnetic field at the resonance frequency, which represents the
frequency at which enough energy is reached to generate the transition between the nuclear
energy levels. This phenomenon shifts the nuclear spins into an excited state, outside of the
normal thermal equilibrium. When the oscillating magnetic field is stopped, the nuclear
magnetic moment will re-establish the thermal equilibrium at a rate specific to each component
in the system. Relaxation times quantify the time required to re-establish the thermal
equilibrium. A change in the magnetic flux will also be generated, inducing an electrical current
through a coil in the NMR system (Figure 13). The current is proportional to the amount of

hydrogen atoms, while the variation in intensity is proportional to the relaxation times '%° 112
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113 114115 By measuring the current and its intensity, the relaxation times and the proton content

at each relaxation time could be quantified.

T1 and 7> relaxation times are dependent on variations in the NMR signal intensity. The
relaxation times depend on the field (wo) and on the motions of the molecules. The global
molecular translations and rotations driven by Brownian motions are considered slow, while
internal motions such as bond vibrations are much faster and studied with high field. The
optimal observation frequency is around 20 MHz for typical global motions.
Therefore, 71 and 7> measurements with low field NMR (20 MHz) have become common
approaches to study the relative mobility of molecules in liquid systems with phase

fluctuations!' (Figure 14).

In this thesis, three low field NMR experiments have been used: the Carr-Purcell-Meiboom-
Gill (CPMG) sequence, the Free Induction Decay (FID) experiment and a pulsed field gradient
(PFG) diffusion experiment.

Homogeneous magnetic field

o
K nuclear magnetic moment

. il <— gradient coil
1 >
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gradient power supply —J| RF power supply and detector

RF coil

Figure 13: Schematics of low field NMR setup. A radio frequency (RF) flips the nuclear
magnetic moment at an angle of 90° from the direction of the external field. Gradient coil is
sometimes used to produce deliberate variations in the main field. (see Section 7.1.1.1)

[Adapted from ''].
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Figure 14: Relaxation time as a function of molecular diffusion, from solid state to liquid state
116

7.1.1.1 Carr—Purcell-Meiboom-Gill (CPMG) sequence

The first low field NMR technique used in this thesis is based on the Carr—Purcell-Meiboom—
Gill (CPMG) sequence '% ' This experiment consists of an initial oscillating magnetic field
pulse with a radio frequency, known as RF, which flips the nuclear magnetic moment at an
angle of 90° from the direction of the external field into the transverse plane relative to the
external magnetic field. The next step in the CPMG sequence is the application of 180° RF
pulses, with intervals of 21 between them, by using the gradient coil. (Figure 15). The sequence
will induce a current which is measured by the NMR instrument. The sampled NMR signal
(echo maxima in Figure 15), I, will decay as a function of the transverse relaxation time 72 and

with the corresponding fraction as follows:

2nt

I=Yle ™ (Eq.2)

where I is the component number, 7% the relaxation time of the component, J; the
corresponding intensity, T half of the interecho spacing, and n the echo number % ', The
experimental data often has a multi-exponential decay and is fitted with an inverse Laplace
transform '!” to generate a distribution of absolute values for 7> and the corresponding proton

content at each 7».
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In this thesis, the CPMG sequence had 2 echo intervals with 2 different T values (t; and T , in
Figure 15), which allowed to place a greater focus on the species with low relaxation times.

The exact procedures are described in the corresponding research papers.

For CPMGQG, the focus is on 73 distributions. The CPMG sequence is adapted to resolve
inhomogeneities in the magnetic field and therefore could provide an accurate quantification
of T>. This was used to characterize the rate of wax crystallization and the mobility of dissolved
wax and asphaltene molecules with temperature in model systems. Liquids display
higher 7> ranges, conventionally set at above 3 x 107 s, while solids are characterized by

low T values, below the measured values for CPMG with the available NMR facilities.

Initial studies were performed before on model systems based on wax, using the CPMG
sequences ®' %%, The method showed high potential for the characterization of wax phases with

intermediate mobility, which could influence the crystallization mechanism °'.

90 180 180

echo echo

e
|

loop C1 times loop C2 times

Figure 15: CPMG sequence used for the NMR procedure.
7.1.1.2. Pulsed field gradient-stimulated echo (PFGSTE) sequence

The CPMG sequence was used to measure the mobility of wax or asphaltenes, which
underwent significant phase changes during the corresponding experiments. This was
facilitated by the use of deuterated solvent, which enabled the NMR to only focus on protons
from wax and asphaltenes. However, this technique did not allow the measurement of the
mobility of solvent molecules, because deuterated wax, asphaltenes or PPDs were not
available. Therefore, a second NMR technique was introduced to measure the mobility of the

solvent molecules through the developing wax crystal network.
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118

A pulsed field gradient-stimulated echo sequence with bipolar gradients' '® was used to acquire

the diffusion coefficient at increasing observation times (A). Also, a pulsed field gradient spin

119 was used to measure the diffusion coefficient at the

echo sequence with bipolar gradients
shortest observation time possible. This method allowed the direct quantification of restricted
and unrestricted diffusion coefficient for the solvent molecules. The unrestricted diffusion
coefficient was approximated to the coefficient measured at the shortest observation time
possible (Figure 16). The dead time of the instrument was 2.7 ms, which caused a minor
underestimation of the unrestricted diffusion coefficient. However, the dead time was similar
to all measured system and a relative quantification was still valid. The restricted diffusion
coefficient was acquired at the time-values at which the measured diffusion stopped depending
on time and became constant (Figure 16). At these values, the displacement of the diffusing
solvent molecules through the constricting space was much larger than the length scale of the
constricting space '2° 12!, However, its absolute value was dependent on the type of constricting
space, which in this case was the resulting wax or wax—inhibitor crystal networks and the

corresponding intermediate gels. The results could therefore quantify the extent to which wax

or wax-inhibitor crystal networks restricted the mobility of solvent molecules.

tortuosity

0 40 80 120 160 200 240
t(s)

Figure 16: Diffusion as a function of acquired time, by pulsed field gradient stimulated echo
(PFGSTE) NMR. The point at t=0 corresponds to unrestricted diffusion, the molecular
diffusion of the solvent in the absence of constraining crystal networks/porous media. The
asymptotic diffusion value at high time corresponds to the restricted diffusion, the molecular
diffusion of the solvent after restriction from crystal networks/porous media is imposed

[Copyright from 2],
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The PFGSTE technique has been extensively used before, mainly for the analysis of tortuosity
in porous media '?? 1?3, For wax crystallization, this technique represents a novelty which this

thesis aims to introduce as an alternative to established methods.
7.1.1.3. Free Induction Decay (FID) technique

The FID was used in this thesis as an alternative to the CPMG method to calculate solid content
during crystallization in systems based on crude oils with very complex chemical composition

and a higher range of intermediate solid-liquid phases. Liquid state NMR was used for this
purpose.

Unlike the CPMG and the PFGSTE, which are based on a pulse sequence, the FID experiment
provides an NMR signal induced by a single pulse, corresponding to the non-equilibrium
precessing of the nuclear spin magnetization about the external magnetic field. This can be
achieved by the application of a magnetic pulse at a radio frequency with values at or near the
Larmor frequency ''*. The FID signal is limited by the relaxation time T, ''* ' 125, However,
its exact quantification cannot be achieved. The FID is faster than the CPMG, allowing to
identify solid phases at very short relaxation times. This occurs because with FID, the wait for
an echo is removed. On the other hand, the FID does not solve the undesired effects of
heterogeneity in the system. Therefore, instead of the T, a modified relaxation time, T>", which
is limited and related to the T2, could be quantified. The modified relaxation time becomes
predominant above a certain delay of acquisition, due to inhomogeneity of the sample and the
magnetic field. Like CPMG, the FID signal provides a relative quantification of the mobility
of molecules. The main advantage of FID is that the acquisition starts earlier, allowing for the
quantification of the proton content at very low relaxation times specific to crystalline, solid
state. The FID has a multi-exponential decay, composing of a sum of separate exponentials at
each separate relaxation time. Each exponential corresponds to the intensity of the proton
content at the corresponding relaxation time. The raw data acquired for this thesis only allowed
for the separation of 2 exponentials from this FID data (Figure 17), because the instrument
could acquire a new data point after an interval of minimum 1 ps from the previous one. The

following Equation was used to summarize the intensity of the FID signal:
_¢2 2

I~Le™ +Se™s’ (Eq.3)
where L represents a parameter proportional to the amount of protons in the non-crystalline

phase, T; represents the approximate average modified FID relaxation time for the non-

32



crystalline phase, S represents a parameter proportional to the amount of protons in the
crystalline phase, T; represents the approximate average modified FID relaxation time for the
crystalline phase, and t is the acquisition time. The ratio between crystalline and non-

crystalline phase becomes similar to the ratio between S and L.

In literature, FID was used to calculate the solid content in crude oils before, but with a lower
degree of accuracy than in this thesis. Pedersen et al. introduced FID for the wax content
calculation in oils 2. They established a relationship between NMR signal intensity and wax
amount, by comparing the NMR signal intensity with the amount of wax generated by a
modified acetone precipitation method performed at —20 °C for 17 crude oils. The procedure
has been improved more recently '°7 % but robust algorithms for calculation of the solid
content from the NMR signal are still lacking. The NMR FID technique has been used to a

higher extent for the characterization of fat crystallization in food science applications !4 126

127128 However, crude oils often have significantly lower crystalline percentages than fats
analyzed in food science. This thesis aims to overcome this limitation and adapt the NMR FID

technique to crude oil systems and wax-based model systems.

Dead
time
[—
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>
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Figure 17: Schematic representation of the two-exponential separation for each NMR curve at
a selected temperature (y axis) plotted as a function of the square of the acquisition time

(x axis).
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7.1.2. High field NMR

High field NMR was used to track the proton content from asphaltenes and PPDs and quantify

its evolution, independently of wax.

The high field NMR system comprised of a magnet with a resonance frequency which was

about 25-30 times higher than for the low field NMR: 600 MHz, instead of 21 MHz.

When high field NMR is used, the different local chemical environments surrounding a nucleus
causes it to resonate at a frequency, specific to the chemical environment '?. This occurs due
to differences in shielding between individual nuclei. This frequency is known to generate what
is referred to as the chemical shift (3). The chemical shift could be influenced by various
factors, such as bonds of the nucleus to an electronegative group or hydrogen bonding. The
chemical shifts have minor values in comparison to the magnet frequency differences'?’. The
scale is Hz, instead of MHz for a magnet. For this reason chemical shifts (8) are described by

the unit ppm on an NMR spectra, and could be calculated using the following Equation'?’:

Hyef—Hgy
§ = (—anacmneb) x 10° ppm (Eq. 4)

Where H,.; is the resonance frequency of the reference (tetramethyl silane), Hgyy is the

resonance frequency of the substance and H,cpine iS the operating frequency of the

spectrometer.

In this thesis, the specific chemical shifts for wax, PPDs and asphaltenes have been identified.
Their proton intensity in non-crystalline (liquid) range has been quantified, to calculate the co-

crystallization rate of PPD and asphaltenes during wax crystallization.

7.2. Differential Scanning Calorimetry (DSC)

DSC is a thermo-analytical technique which measures the heat which a sample releases or
absorbs during a temperature scan. For this thesis, power compensated DSC has been used.
The technique uses a reference sample, to quantify the heat change in the focus sample, by
determining the temperature difference between the two '3°. One can notice in Figure 18 that
the focus sample (filled pan) and the reference sample (empty pan) are placed on their
corresponding disks in the DSC chamber. Indium is typically used to calibrate the DSC

instrument. Inert atmosphere is ensured, by a gas flow (nitrogen), which is continuously
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running through the DSC chamber. The specific software of the DSC allows the generation of
a temperature program, which in the case of this thesis, simulates temperature ranges for wax

crystallization.

DSC has been used to a high extent to quantify wax crystallization in crude oils and in wax-
based model systems ¢ %8 ¢7 131 'Wax crystallization is an exothermic process and therefore,
DSC could quantify the heat released during the temperature program. This facilitated the
determination of the wax appearance temperature (WAT). Moreover, algorithms were
proposed to quantify the wax precipitation rate from the released heat data ¢’. However, a
number of thermodynamic assumptions are being made. Firstly, wax is very sensitive to
thermal history and therefore, the high cooling rate that the DSC requires to achieve a
sufficiently strong signal, induces a delay when crystallization rate and WAT are measured.
Secondly, the latent heat of wax is required to establish a relation between the released heat
and the crystallization. The exact value is difficult to determine, particularly in crude oil

systems with complex wax composition.

DSC was used in this thesis as a reference to compare wax crystallization rate results, acquired

by the novel NMR techniques. The advantages and disadvantages of NMR and DSC were

Thermocouple /

junction T

assessed.
Purge-gas inlet >0 _
i Lid
Reference pan — ’7‘ ﬁ———— Sample pan
Thermoelectric f / Chromel d’.Sk
disk (constantan) “ Chromel wire
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© 20T Thomun Masher Gt iion

Figure 18: Schematics of a DSC instrument [Copyright from '39].
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7.3. Atomic Force Microscopy
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Figure 19: Schematics of AFM operation [Copyright from !32].

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) with a
resolution on the order of decimal fraction of nanometers, which corresponds to approximately
1000 times higher accuracy than the optical diffraction limit encountered with conventional
types of microscopy 32 133 134 135 The basic composition of an AFM instrument is illustrated
in Figure 19. The probe has a very sharp tip with a typical radius of 2-20 nm, attached to the
end of a microfabricated cantilever, usually made either of silicon (Si) or silicon nitride (Si3N4).
Scanning of the probe over the sample surface is carried out with a piezoelectric scanner, which
expands or contracts in response to applied voltages. A laser beam reflected from the back of
the cantilever is detected with a four-segment photodiode detector. Vertical deflections and
lateral distortions of the cantilever can be evaluated from the location of the incident beam at
the detector. The controller evaluates the signals from the photodetector to adjust the z-
displacement of the piezo scanner. For example, it automatically moves the sample or the probe
upward and downward, to keep the preset feedback control parameter constant. The mapping
of the resulting z-piezo movements in the x and y dimensions provides the images of the sample

surface 132,

The imaging modes for surface topography of the AFM could be split into 2 main types: contact
mode and dynamic mode !*2. In contact mode, the AFM pyramidal-shaped tip raster scans over
the sample, while the tip and the sample keep contact during the scans. Cantilever behaves like
a force sensor and thus, low stiffness cantilevers are normally used to maximize the deflection
signal. However, the continuous contact between the tip and sample causes significant lateral
force which can distort soft samples or even displace samples which are not strongly attached

on the substrate. Contact mode can only be effectively used for scanning very flat surfaces, as
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an increased degree of roughness would affect the tip. In dynamic mode, there are 2
subdivisions for scanning: non-contact mode and intermittent contact or tapping mode. In non-
contact mode, the surface is scanned by cantilever vibrating up and down at a constant high
resonance frequency, maintained using the feedback controller, by a technique called frequency
modulation. The cantilever deflection is used as a drive signal in the loop controller, so that the
cantilever continuously adapts to changes in the resonance frequency. The drawback of this
method is the poor sensitivity and resolution. Tapping mode combines contact and non-contact
modes. The cantilever which holds the tip is oscillated at around its set resonance frequency
during the scan. The tip oscillates and gets in contact with the sample for a small time during
the oscillation cycle. The height of the cantilever is constantly adjusted by the feedback
controller '*. Although tapping mode provides a lower risk to damage the sample, adjusting
scanning parameters to get very high-resolution images might prove difficult. Moreover, even
the tapping mode cannot accurately track high steps or high degrees of roughness on the surface

1™ was used '*8. This scanning

137 For this study, an advanced tapping mode, also known as Q
mode was optimized to achieve the highest possible resolution with the minimum tip-sample

interaction, preserving both the tip and the sample to the highest possible extent.

The main purpose behind AFM is to measure the force between the surface and the scanning
tip in order to create the surface topography map'*2. The total force between tip and sample is
composed of several long-range and short-range contributions. The latter contributions include
phenomena such as chemical bonding and Pauli repulsion. On the other hand, the most
important part of the analysis is the long-range contribution, which often relies on a van der
Waals force. In the case of AFM, this is a London dispersion force resulted at the interaction
between neutral atoms or molecules without a permanent dipole moment. This interaction can
be described as a spontaneous attraction between fluctuating electric dipoles. The origin of the
van der Waals force is of quantum mechanical nature and can be defined by the Schrodinger
equation. However, it is very difficult to find the exact solution of the Schrodinger equation of
a complex system with many electrons, alike the ones most frequently used in AFM scanning
132 Therefore, a model potential is utilized for the qualitative description of tip-sample
interaction. Lennard-Jones potential is the most frequent model potential used for this
quantification, as the tip-sample interaction in AFM follows a similar pattern to the force
between two neutral atoms: attractive force for large distances, a potential minimum and a

strong repulsive interaction at short distances. The potential consists of a term describing the
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attractive part of the van der Waals interaction and another term describing the repulsive part

of the van der Waals interaction, as the following Equation illustrates:

Uy, (r) = 4U, [(R—)12 - (‘%)6] (Eq. 5)

where U, is the depth of the potential well, r is the distance between the atoms and R, is the

distance at which U, is 0. In Figure 20a. the Lennard-Jones potential is illustrated as a red

6
. o . 1 o
line, as well as the two contributions, the attractive — (;) contribution (green) and the

12
repulsive (%) contribution (blue). Figure 20 displays the Lennard-Jones potential, the

. au . . . o .
corresponding force F' = — > and the force gradient, which are relevant in applications with

AFM dynamic mode.
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Figure 20: (a) Lennard-Jones potential model as a function of distance; (b) First derivative of

the Lennard-Jones potential model as a function of distance; (c) Second derivative of the

Lennard Jones potential as a function of distance '*2.
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In AFM force measurements, » in Equation 1 becomes the tip-sample distance d. The attractive
regime where attractive interactions dominate corresponds to the tip approaching the surface.
The initial part of the attractive regime of the force illustrated in Figure 20b is often generated
without a direct contact of the tip and the surface. A turnaround occurs where the Coulomb
repulsion between the tip and the surface exceeds the attractive force. The repulsive force
dominates more as the tip further approaches the surface. The force gradient presented in
Figure 20c is essential to perform amplitude modulation in tapping mode. When the gradient
starts to increase from the minimum point, the resonance frequency of the system starts to shift

abruptly and thus, the amplitude needs to be continuously adjusted '*2.

The QI mode , used in this study, allows for force-distance curve quantification at every point
on the surface '¥ 140 14! Tt also includes an integrated feature that continuously adjusts the

amplitude to the most optimal values 3.
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Figure 21: Schematics of force-distance curve acquired with QI'™ mode scanning mode

The slope of the repulsive interaction on the approach force could be quantified to characterize
the stiffness of the sample (Figure 21) 140 141 142 The lower the slope is, the softer the sample
is. As the tip retracts from the surface, an attractive force arises, opposing the retraction (Figure
21). This force is often referred to as adhesion in previous AFM studies. Other forces, which
influence tip-sample interactions during AFM scanning are viscous forces, representing the
resistance force provided by a fluid when it is subjected to tangential force on its surface (shear)

193 Viscous forces could alter force-distance curves by interacting with the tip during approach
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and retraction '**

. These forces alter the force-distance curves, by modifying adhesion and
slope properties on the approach. Therefore, the stiffness, often quantified through the Young
Modulus could be altered '**. AFM has been used before to study wax and asphaltene surfaces
135 146 However, its use for the analysis of wax-inhibitor interactions that is presented in this

thesis represents a novelty.
7.4. Challenges with experimental techniques

The main challenge encountered with NMR CPMG was the detection limit for relaxation times.
With NMR CPMG, the T was often acquired as a distribution in the measurable range (10™-
10's). To overcome the detection limit challenge and to better separate the peaks at high T»
and low T2, 2 inter-echo spacings were used (74 and t,), with more echoes for the region with
shorter inter-echo spacing. This allowed a higher resolution for the peak at short relaxation
times, which included a significant percentage of the signal of interest. Moreover, the lower
detection limit of the T» cannot be accurately described, although previous measurements

estimated it at around 0.5 x 107 s.

For NMR FID, the dead time of the NMR instrument was the main limitation, as it decreased
the number of points available to generate the exponential model for the solid (crystalline)

phase.

For high resolution NMR, the mobility of the molecules identified by the measured signal was
unclear in systems where crystallization was already ongoing. Due to the high frequency of the
field, there was no control of the relaxation times, and the magnetic field could have been
sensitive to the formation of solid phases, due to radiation damping. Preliminary diffusion
experiments with high resolution NMR confirmed that the NMR could record the peak at lower
T2 values (107 s), but the intensity of the recorded signal was not always consistent with
CPMG. Moreover, it is not known how the heterogeneity induced in the sample by
crystallization affected the intensity of the high-resolution NMR signal.

The main challenge encountered with AFM was associated with the roughness of wax surfaces.
To resolve this problem, the height at which the tip was positioned before each approach (z-
length) was set at 1000 nm. The identification of the most optimal parameters for AFM
scanning was a lengthy process, with multiple trial and error attempts. The final parameters
were decided after attempts on all relevant systems of interest, which confirmed the quality of

the scan. This also had to ensure that scanning over an amorphous layer formed at the top of
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wax and wax-asphaltene surfaces would not lead to tip contamination under the scanning
conditions. For this purpose, the scanning speed and the force setpoint were adjusted
accordingly. Another challenge which arose with AFM was the measurement of Young
Modulus for multiple force-distance slope regions, corresponding to multiple layers. Each
experiment involved 16384 scans at 16384 points along the surface. This generated 16384
force-distance curves. Due to heterogeneity and variations on the surface, the borders between
multiple slope regions were difficult to identify in a consistent manner. Therefore, multiple
attempts to separate were performed. The most optimal border was chosen when the artefacts

in the individual separated slope regions reached a minimum.

Attempts were made to scan wax in liquid environment (toluene, heptane) with AFM.
However, due to high solubility of wax, it was difficult to obtain stable systems and consistent
results. An intermediate step would be to scan waxy gels in air and then to introduce the AFM

tip in progressively more liquid gels.
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8. Main Results

The main results from the four publications in this thesis are summarized in this Chapter. The
first three publications follow the characterization of interactions between wax and inhibitors,
and they are closely related. Paper II starts from hypotheses developed in Paper I and
investigates them quantitatively with novel techniques. Paper I and Paper II focus on the
quantification of mobility of dissolved species in the fluid. Paper III assesses modifications in
the crystal network structure, which are closely linked to conclusions about mobility changes
in Paper I and Paper II. Paper IV has a different focus than Papers I-II1. It introduces a novel
NMR technique for the quantification of solid content during crystallization, which is adapted

for complex crude oil systems, containing asphaltenes and resins.
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8.1. Paper 1

New NMR approaches on the evolution of wax mobility during wax crystallization

Paper I introduced NMR CPMG as a method to quantify the mobility of dissolved species
(wax, asphaltene, PPD) in model systems based on wax, wax-asphaltene and wax-PPD

mixtures.

Commercial macrocrystalline wax (Sasolwax 5405) was used. The asphaltenes used in Papers
I-1IT were extracted from a widely investigated crude oil from the Norwegian continental shelf,
as described in the corresponding experimental section of the articles. The PPD used in Papers
I-IIT was chosen so that it had a high level of efficiency in wax inhibition and was firstly

introduced by Ruwoldt et al °!.

The solvent used for all systems in Paper I was deuterated toluene. This implied that the
contribution of the solvent on the NMR signal was insignificant, and the focus of this paper
was thereby the quantification of the proton content of wax, asphaltenes and PPDs. The NMR
CPMG sequence, adapted for the available instrument, generated T, distributions for the
analyzed systems. However, the instrument had a detection limit which narrowed the accuracy
of the T> measurement within the 10-10' s range, which corresponded to the non-crystalline
state. Changes of mobility within this interval were quantified and associated with phenomena

related to wax gelation.

Crystallization was induced in the selected system, by stepwise cooling. Each of the
experiments started at 45°C, which is about 20-25°C above the wax appearance temperature.
This ensured complete dissolution of waxes. The temperature was decreased to 0°C, at an
average cooling rate of 0.2°C/min. The low cooling rate ensured a low delay induced by
thermal history, generating crystallization conditions which were close to thermodynamic

equilibrium (cooling along the supersaturation line of a phase diagram).
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Figure 22: Evolution of T (x-axis) and intensity of T2 (scatter map) as a function of
temperature for: (a) 5% wax in deuterated toluene, (b) 5% wax, 1% asphaltene in deuterated

toluene — no correction for the Boltzmann factor.

The typical T distribution acquired by this technique could be observed in Figure 21. The
values depicted by colors in the 3D contour map represent an intensity proportional to proton
content at each corresponding temperature and T2. A main, dominating peak, was formed at
high T2 values, of 10'-10° s (Figure 22). This peak was generated by dissolved wax, which had
very high mobility before crystallization started. Once the temperature reached low values, the
wax crystallization process was triggered. At that point, both the mobility (T2) and the proton
content in this peak started decreasing. The wax precipitation curve was calculated by tracking
the amount of lost content in the high mobility dissolved wax peak. Most of the content lost
from the main peak was completely lost from the measured T> interval, due to formation of
crystalline phases, with T values below 10~ s. However, some of the content lost from the
main peak could still be found in the measured interval, but at lower T» values. Later in the
crystallization process, 5-10°C below the crystallization onset, a secondary peak at lower T»
values was generated. A low mobility dissolved wax region developed and remained present
until the lowest temperature was reached. This low mobility region was associated with
dissolved wax species which became trapped in the pores of the newly interlocked wax crystal
network, inducing a gel matrix. When wax concentration was increased to higher values, both
the wax precipitation rate and the amount of low mobility wax increased almost proportionally,
demonstrating that higher amounts of crystalline wax accelerated the trapping of wax within

the gel matrix.
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When asphaltenes were present (Figure 22 b), a third, distinctive peak at very low mobility (10
3.10"% s) was generated before the start of crystallization. The protons forming this peak were
from asphaltenes nanoaggregates and nanoclusters with reduced mobility. The third peak was
not observable after the onset of wax crystallization, which suggested that the size of
nanoaggregates and nanoclusters increased, due to interaction with wax crystallization by co-
crystallization. The behavior of asphaltene nanoaggregates as nucleation sites for wax and the
co-crystallization of wax and asphaltenes during crystal growth explained the formation of
larger wax-asphaltene particles, with lower mobility than asphaltene nanoaggregates and
nanoclusters. The result of these processes was an altered wax-asphaltene co-crystal network,

which trapped a different amount of dissolved wax molecules, depending on the asphaltene

concentration.
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Figure 23: Evolution of total secondary peak intensity with temperature for wax-asphaltene

systems.

At low asphaltene concentration (i.e. 0.5%), the amount of trapped wax was similar or even
marginally lower than in the absence of asphaltenes (Figure 23). However, from 0.75% to 2%,
there was a gradual increase in the amount of low mobility dissolved wax (Figure 23). The
reasons for this included the change in aggregation state of asphaltenes and the change in the
number of asphaltene centers which could impose steric hindrance on wax crystal growth. The

percentage of asphaltene nanoaggregates and nanoclusters increases with concentration. A
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higher amount of nanoaggregates and nanoclusters led to a higher number of nucleation centers
for wax molecules. This accelerated crystallization and the transition towards the next
crystallization stages. Wax precipitation curve results also supported this argument since higher
precipitation rates were recorded for high asphaltene concentrations (0.75-2%) than for low
asphaltene concentrations (Figure 24). Asphaltenes’ behavior as nucleation sites also led to
steric hindrance imposed on crystal growth and shielding of the wax nuclei, which most likely
co-crystallized with surrounding asphaltenes at higher rates than at lower asphaltene
concentrations. Asphaltene are known as polydisperse and are therefore likely to induce the
formation of non-uniform crystals with strong defects. Therefore, the resulting wax-asphaltene
co-crystal network was most likely less crystalline, due to the higher amounts of trapped
dissolved phases and due to the polydisperse character of asphaltenes. Consequently, a weaker

gel resulted.

The behavior of the mixtures with PPD were significantly different. The secondary peak with
low mobility dissolved wax did not form, even at the lowest PPD concentration (Figure 25).
There were therefore no indications that a gel matrix with trapped liquid was formed. This
demonstrated the PPD’s effect for preventing gelling of wax-based systems. Unlike
asphaltenes, the PPD alleviated the formation of the gel completely. At high PPD
concentration, PPD molecules self-associated, inducing phases with very low mobility which
were observable at low T2 (10°3-10 s) in Figure 25b. This peak disappeared after the start of
wax crystallization (<20°C), demonstrating that larger PPD-based species co-crystallized with
wax during nucleation and crystal growth. The precipitation rates were also decreased by

approximately 30% when 1% PPD was added to 5% wax.

Paper I introduced a method to quantitatively characterize the gel matrix formed during the
gelation phase. Uncertainties remained about the aggregation state of asphaltenes, co-
crystallization rate of asphaltenes and PPDs, the mobility of solvent molecules during
crystallization stages and the exact crystal network properties (i.e. crystal shape, size,
interlocking properties, degree of crystallinity) which determined the results found in paper L.
Papers II and III will thereby focus on developing quantitative method to assess the

aforementioned characteristics.
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Figure 24: Apparent percentage of precipitated wax as a function of temperature for wax-

asphaltene systems.
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8.2. Paper 11

Understanding the effect of asphaltenes and wax inhibitors on wax crystallization by

improved NMR techniques

Paper II introduced 3 different NMR methods which each focused on a different perspective,
directly or indirectly related to uncertainties on the wax crystallization mechanisms identified
in Paper I. The first method was high-resolution NMR and its focus was to quantitatively
demonstrate that asphaltenes and PPDs co-crystallize with wax in model systems closely
related to the ones in Paper 1. The second method was NMR CPMG. The same NMR principles
used in Paper I were followed. The purpose of NMR CPMGQG in this study was to quantify the
mobility of asphaltenes and separate between monomers and nanoaggregates/nanoclusters.
Then, the evolution of the aggregation state with asphaltene concentration was monitored and
was linked to findings about the influence of asphaltenes on wax crystallization in Paper 1. The
third method was NMR PFGSTE. The purpose of this method was to identify the mobility of
toluene molecules in wax-asphaltene and wax-PPD systems with similar concentrations as in
Paper 1. Due to the long duration for one measurement, isothermal conditions had to be used

for this method as well.

The first method used in this study relied on high resolution NMR. The NMR spectrum regions
for wax, asphaltenes and PPDs were quantified (Figure 26 a-d). By comparison, chemical
decays specific to asphaltenes and PPDs were identified. For asphaltenes, the aromatic region
was identified as a decay with weak intensity, occurring over a long distance, from 10 ppm to
6.5 ppm (Figure 26 c,e,f). For PPD, groups specific to esters were identified as chemical decays
with weak intensities at 3.3-3.47 ppm, marked as region A and at 4-4.35 ppm, marked as region

B (Figure 26 d).

The proton content was tracked for the inhibitor-specific regions in wax-inhibitor systems
scanned isothermally at 30°, 10° and 0° C. High resolution NMR only recorded the proton
content in non-crystalline phases, at high mobility. Due to a strong level of heterogeneity of
the system with macrocrystalline wax and asphaltenes at 0 °C, the resonance frequency of the
high-resolution NMR was affected, altering the results. Therefore, microcrystalline wax, which
formed a weaker gel, was used instead for wax-asphaltene systems with high resolution NMR.
When wax-asphaltene and wax-PPD systems were scanned, results indicated a significant drop
in the proton content of asphaltenes and PPDs in non-crystalline phase from 30 °C to 10 °C or

0 °C (Figure 27). This drop was lower or not present in asphaltene-only and PPD-only systems
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(Figure 27). Consequently, the conclusion was that a high percentage of asphaltenes and PPDs
lost mobility due to the ongoing wax crystallization. Co-crystallization was the only likely

explanation for this behavior.
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Figure 26: (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 (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, (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 figures

(©), (d).
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Figure 27: Variation of signal with temperature for (a) asphaltene-specific peak in 5%
microcrystalline wax, 1% asphaltene in deuterated toluene and in 1% asphaltene in deuterated
toluene, (b) PPD-specific peaks A and B in 5% macrocrystalline wax, 1% PPD in deuterated
toluene and in 1% PPD in deuterated toluene; The values at 30°C is fixed at 100 for all systems,

while the values at 10°C and 0°C are normalized accordingly.

The second part of the paper assessed the nanoaggregation state of asphaltenes, as a function
of concentration. NMR CPMG scans at 30° C showed that asphaltene-only systems in extra
pure deuterated toluene generated 3 peaks within the measurable T, range, 10°-10" s (Figure
28). One of the peaks was at high T values (>0.5 s), specific to pure solvents, such as toluene,
hexadecane or hexane. Therefore, this peak was generated by asphaltene monomers, which
were completely dissolved. The other 2 peaks which occurred between 107 and 0.5 s were
asphaltenes with reduced mobility, present as nanoaggregates (2-5 nm) or nanoclusters (>5nm).
Two regions were thereby conventionally set: asphaltene monomers at T> values above 0.5 s
and asphaltene nanoaggregates/nanoclusters at T values below 0.5 s. These regions were
monitored as a function of the asphaltene concentration. At 0.2%, the monomers were
dominant, with a monomer: nanoaggregate ratio of about 1.4:1 (Figure 28). At 0.5 and 1%,
the nanoaggregate/nanocluster proportion increased and a constant monomer: nanoaggregate
ratio of about 1:1.7 was recorded (Figure 29). From 1.25% to 2%, the monomer peak became
insignificant, and the nanoaggregate/nanocluster region dominated the T» distribution (Figures
28, 29). This confirmed what was assumed in Paper I: a transition from monomers to
nanoaggregates and nanoclusters occurred around the 1% concentration point, stimulating
stronger interaction between asphaltene and wax during nucleation and crystal growth, which

resulted in a heavily altered crystal network and gel. The exact concentration value differed
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from observations in Paper I, where a shift in wax-asphaltene gel behavior started at 0.75%.
Different scanning conditions (dynamic ramping vs isothermal at 30° C) and the ongoing wax

crystallization which altered real asphaltene concentrations could be the causes for the minor

difference.
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asphaltene-only solutions in deuterated toluene.

The last part of the paper quantified the unrestricted (free) and restricted diffusion of toluene
in wax, wax-asphaltene and wax-PPD crystal networks in systems with the same concentrations
as in Paper 1. Hydrogenated solvent was used in this case, so that toluene could be the bulk
fluid dominating the NMR signal intensity. This technique showed that the restricted mobility

of the toluene was significantly higher when asphaltenes were present in wax systems. Higher

51



asphaltene concentration (2%) promoted higher mobility for the solvent, although little
differences were recorded between 0.5% and 1% (Figure 30). The PPD increased the mobility
of the solvent to even higher values than the highest asphaltene concentrations (Figure 29).
These results quantitatively showed that the presence of asphaltenes weakened the waxy gel.
As observed in Paper I, a higher amount of dissolved waxes were trapped in the gel. Moreover,
it is highly likely that the co-crystallization of wax with asphaltenes with high polydispersity
induced the formation of crystals with strong defects, such as an altered shape, rounder and
more dendritic. This prevented the interlocking of wax into a well-ordered crystal network with
large pores between the needle-shaped crystals, which could trap toluene in the stronger gel.
The PPD distorted the crystals to an even higher extent. As discussed previously in Section
6.2., the wax-PPD co-crystal is often shielded by the polar groups of the PPD, which form a
solvation layer. This solvation layer induced by the polycarboxylate-based PPD has a stronger

solubilization effect than the presence of asphaltenes.
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Figure 30: Diffusion coefficient profile at 0°C, as a function of acquisition times for wax,

wax-asphaltene and wax-PPD systems in toluene.

The NMR studies in Paper I and Paper II all concluded that a weaker gel, with strongly altered
wax crystal networks was induced by the presence of asphaltene and PPDs at high
concentrations. One of the key findings was the presence of a low mobility dissolved wax
region in wax and wax-asphaltene systems. This was stronger in wax-asphaltene systems at

high concentration but was not present in the wax-PPD system, even though both type of
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systems induced weaker gelling and higher mobility for the bulk fluid (toluene). Although
interlocking of the wax crystal networks is considered one of the most likely reason for the
generation of this region (Figure 30, 1a-1d), 2 more mechanisms were proposed. The first was
the trapping of wax within the pores of individual wax crystals (Figure 30, 2a-2d), which
provide more restriction on dissolved species when wax forms more dendritic crystals. The
stronger solvation layer on the wax-PPD co-crystal explained why trapping was less likely in
the presence of PPD. The second additional mechanism was the formation of an amorphous
layer on the top of the crystals or the formation of less crystalline, more amorphous crystals
(Figure 30, 3a-3d). This layer might be formed by wax-asphaltene structures which did not
crystallize completely due to the strong steric hindrance induced by the polydispersity of large
asphaltenes species. Thus, the trapped dissolved species recorded by NMR could be
represented by this layer or by species closely interacting with this layer. This would explain
why dissolved wax, interacting with asphaltenes had lower mobility, while toluene, which did

not interact with asphaltenes, had higher mobility.

The PPD, on the other hand, formed much more ordered complexes with wax which co-
crystallized until full crystallinity was reached. Smaller crystals with more dendritic shape are
common, similarly to wax-asphaltene co-crystals. However, no dissolved wax was trapped,
since gelation was delayed. More time was needed for wax-PPD complexes to start
crystallizing, since PPD’s solubility was significantly higher. The wax-PPD co-crystals had a
configuration which trapped less dissolved wax and toluene, due to the formation of a more
ordered crystal network structure, without the strong defects in the wax-asphaltene co-crystal
network. This was most likely due to the higher solubility of the polar groups of PPD and a

lower level of polydispersity than asphaltenes.

Paper II further investigated the evolution of mobility of dissolved species (asphaltene, PPD,
toluene) in the context of wax crystallization. The conclusions of this paper often relied on
assumptions about the crystal network properties, such as crystal size, crystal shape, type of
interlocking, level of crystallinity. Therefore, Paper III used AFM to characterize such

properties and clarify uncertainties about conclusions in papers I and II.
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8.2. Paper 111

Alterations in paraffin wax crystal networks induced by asphaltenes and pour point

depressants, investigated by atomic force microscopy.

Paper III introduced AFM as a technique to characterize alterations in the characteristics of
crystal networks induced by asphaltenes and PPD. AFM was never used before for this purpose
and therefore, the focus was to develop a methodology which targeted the most relevant
properties for wax crystallization. This methodology was achieved by scanning solids
evaporated from mixtures with the same wax and asphaltene or PPD composition as in Paper
I. The scans were performed at room temperature. To verify the effectiveness of the
methodology, a production wax sample, obtained from a wax deposit, was introduced and
studied. Moreover, cold finger conditions for precipitation were used as an alternative to
evaporation. This method relied on the introduction of a metal finger at 0 °C in a wax or wax-
inhibitor solution at 50 °C for 2 minutes, inducing a temperature gradient, which resembled
industrial deposition conditions.

The first parameter of interest in the methodology was the topography of the wax samples,
which characterized crystal properties (size, shape) and the extent of interlocking in crystal
networks. The scanning size was selected as 100 pm x 100 pm, so that all the parameters could
be quantified. The 2D Fourier Transform was used to quantify the frequency of each of the
height pattern.

Macrocrystalline wax formed a crystal network with large, needle shaped crystals, with a
maximum height difference of 3.7 um. The interlocking of the crystal network was
accompanied by large and deep pores (Figure 32 a,b). On the other hand, asphaltenes did not
form a wax crystal network. They formed round, grainy particles, which were most likely
partially adsorbed on the mica surface in a rather uniform pattern (Figure 32 c, d). The
maximum height difference was in this case around 20 nm. When wax-asphaltenes mixtures
were evaporated, the crystal network of wax had modifications. The addition of a low content
of asphaltenes (0.5%) only modified crystal size and the space occupied by pores marginally.
Nonetheless, crystal shape was rounder, more dendritic. The aspect ratio of the crystals was
lower and the surface became more uniform (Figure 32 e,f). At high asphaltene concentrations

(1%, 2%), the crystal networks were completely altered. The height decreased by 2.5-4 times,
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the pores were more shallow and narrow, but they were more frequent (Figure 32 g,h). The
higher amount of trapped wax observed in Papers I and I during crystallization could be related
to pore properties. A higher number of narrow pores were more likely to restrict mobility of a
higher number of dissolved species. However, the interlocking of the network was much
weaker in the presence of polydisperse asphaltenes, when a more uniform surface was

generated. This explained the weaker gel strength of the wax-asphaltene co-crystal network.

The addition of PPD also resulted in smaller, more dendritic crystals (Figure 33). However, the
surface of the wax-PPD co-crystal network was even more uniform, with more gradual
transitions between crystal peaks and pores. This was thereby one of the factors which

prevented dissolved wax trapping during the wax-PPD co-crystallization (Paper I, II).
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Figure 32: Height features of the solid surface evaporated from 5% model wax in toluene— (a) height
map, (b) 2D Fast Fourier Transform of height map; Height features of the solid surface evaporated from
1% asphaltene in toluene — (c) height map, (d) 2D Fast Fourier Transform of height map; Height features
of the solid surface evaporated from 5% model wax, 0.5% asphaltene in toluene — (e) height map, (f)
2D Fast Fourier Transform of height map; Height features of the solid surface evaporated from 5%

model wax, 1% asphaltene in toluene — (g) height map, (h) 2D Fast Fourier Transform of height map.
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Figure 33: Height features of the solid surface evaporated from 5% model wax in toluene— (a) height
map, (b) 2D Fast Fourier Transform of height map; Height features of the solid surface evaporated

from 5% wax, 1% PPD in toluene — (c) height map, (d) 2D Fast Fourier Transform of height map.

The second parameter of interest was the elasticity of the surface. Force-distance curve analysis
showed a 2-slope profile for the wax and wax-asphaltene systems (Figure 34). A nano-scale
layer of 50 nm -100 nm with a lower Young Modulus formed on the top of the surface. This
corresponded to softer wax phases, which did not crystallize completely, most likely due to
remaining gel-like phases with trapped dissolved species. The addition of asphaltenes at high
concentration (1%, 2%) triggered the swelling of the nano-scale layer with amorphous phases
and the further decrease in Young Modulus (Figure 35). This could explain the formation of
intermediate phases on the outer layers of the crystal networks, which corresponded to a higher
amount of low mobility dissolved wax trapping at the same concentrations in Paper I and Paper
II. Moreover, this proved that asphaltenes in high concentrations reduced the crystallinity of
resulting phases, most likely due to the highly polydisperse character of asphaltenes. On the
other hand, the addition of PPD most likely increased the crystallinity of resulting phases, since
the amorphous layer was not observed anymore and the Young Modulus values were
significantly higher. The wax-PPD complexes reached full crystallinity, which indicated that

the amount of amorphous phases was little to none. The reason for this might be the fact that
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the wax-PPD crystal network had a more ordered structure, whose interlocking resulted in less
constricting pore space than wax-asphaltene agglomerates and even than wax-wax
agglomerates. This would translate into a strong reduction in gelation in industrial systems,
which would complement the delayed deposition, demonstrated by NMR CPMG in Paper 1.

After the development of the AFM methodology on model systems, the focus was moved to
investigating its suitability for production wax samples, in presence and in absence of
asphaltenes and PPDs, prepared by evaporation and by cold finger. Results showed that the
production wax sample probably had a high content of microcrystalline wax, which generated
rounder, more dendritic crystals, with smaller pores and a lower degree of interlocking (Figure
35). A potential contamination with resins, asphaltenes and iron particles was also highly
likely. The cold finger method induced the precipitation of high molecular weight wax, which
had very large, rectangular crystals (Figure 36). The effect of asphaltene was weak in this case,
most likely due to the composition of production wax (asphaltenes, resins, iron particles). On
the other hand, the PPD still had a very strong effect, causing significant crystal size reduction

and shape change towards rounder crystals with more uniform crystal network surfaces.

Production wax had a larger amorphous layer on top, caused by the presence of
microcrystalline phases. From this perspective, the production wax resembled macrocrystalline
wax treated with asphaltenes. The interlocking produced less constricting pore space, but a
more amorphous crystal network, which did not achieve full crystallinity. The presence of
large, branched wax molecules induced a similar effect with the presence of large, polydisperse
asphaltene species. The cold finger method induced an even thicker and more amorphous layer,
corresponding to high molecular weight microcrystalline wax. As expected, the addition of
PPD increased the crystallinity of the nano-layer of production wax, but the crystallinity was

still weaker than in model macrocrystalline wax with similar PPD content.

Paper III introduced an AFM-based technique to quantify crystal size, shape, the form of
interlocking and most importantly, the degree of crystallinity in resulting wax-asphaltene and
wax-PPD crystal networks. The techniques presented in Paper I-III propose a novel approach
to understanding wax-inhibitor interactions. The sensitivity of these techniques could be
improved further in the future, by analyzing a wider range of wax, asphaltene and PPDs, with

varying chemical composition.
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Figure 34: Force-distance profile for the surface evaporated from (a) 5% model wax in
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8.4. Paper 1V

Novel NMR techniques to assess the wax precipitation evolution in crude oil systems

Paper IV introduced an adapted NMR FID method to determine wax precipitation curves for
complex crude oil systems, with different wax and asphaltene concentrations. DSC was used
as an established technique to relatively assess the advantages and the disadvantages of NMR
FID. In addition to DSC, the NMR CPMG method developed in Paper I was also used to
compare the efficiency of NMR FID. The NMR scans were performed during cooling, with

the same temperature interval and average cooling rate as for NMR CPMG in Paper 1.

Above the wax appearance temperature, the NMR FID signal generated a 1-exponential decay,
corresponding to non-crystalline phase. After wax crystallization started, a 2-exponential decay
was observed, due to the sharp transition between the modified relaxation time of the crystalline
phases and the modified relaxation times in the remaining fluid (non-crystalline). As explained
in Section 7.1.1.3, a multi-exponential model is the real thermodynamic fit of the NMR FID
data. However, instrument limitations made the separation of multiple exponentials within the

non-crystalline range impossible.
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Figure 37: FID signal fitting with 2 exponentials at 45° C and at 0° C for (a) pure

macrocrystalline wax, (b) selected crude oil (crude oil 1).

Results in Figure 37 showed the NMR FID decay for pure macrocrystalline wax and for a waxy
crude oil at 45 °C and at 0°C. The 2-exponential separation (Equation 3) could be easily
performed for pure macrocrystalline wax with high solid content (>70%) at both temperatures.
However, for a crude oil with a wax content which was lower than 20% at 0°C (Figure 37 b),
the 2-exponential separation became less accurate. In this case, the crystalline exponential was
recreated from a maximum of 7 or 8 NMR FID data points, which generated a high degree of

error. This happened because the dead time of the instrument, 13 ps, reduced the number of
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points which could be acquired for the crystalline phase. Therefore, a second calculation
method for the solid content was proposed. This method, referred to in the paper as the “FID
non-crystallized signal”, used the non-crystalline component of the 2-exponential separation,
which was generated from a high number of points (72-73 points). The extrapolated non-
crystalline component was normalized by the extrapolated non-crystalline component of a pure
solvent (toluene). The change of the normalized value with temperature was equal to the
negative of the change in the solid fraction in the system since toluene did not undergo
crystallization. This was summarized by the following Equation:

Lasoc L

f — f4—5°C + Ltoluene,45°c Ltoluene,T (Eq 6)

Lgsoc
LtolueneA-S“C

where f is the fraction of protons in crystalline form at the desired temperature, fyszoc is the
fraction of protons in crystalline form at 45°C and is usually equal to 0, Ly is the non-crystalline
component in the wax-based system at temperature T, Lioiyener iS the non-crystalline

component in the toluene-only system at temperature 7.
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Figure 38: Baseline fitting using Exxsol D60, relative to baseline fitting using the method
suggested by literature 7 : A — crude oil 1 (high wax content) ; B — crude oil 6 (low wax

content).

DSC quantified the heat released by wax crystallization in selected crude oil samples. A higher
cooling rate (2 °C/min) was needed to identify the released heat in crude oils with low wax
content (Figure 38). Exxsol D60, an oil with a very low melting point, was used to determine
the slope for the baseline, above which the released heat was quantified (Figure 38). The wax
content was derived from the released heat, through division by the latent heat enthalpy of

paraffin wax, used in industrial DSC applications for solid content determination in crude oils.

63



In the early stages of method verification, NMR FID was used to scan pure macrocrystalline
and microcrystalline waxes (Figure 39). The quantification of the evolution in solid content
with temperature was highly accurate and reproducible for these sample, since the solid content
was very high (>70%). Results also highlighted that both macro- and micro- crystalline wax
contained non-crystalline phases at 45°C (Figure 39), since the solid content was 77% and
52%, respectively. At room temperature, the amount of non-crystalline phases was still
significant. This could be correlated to AFM results in Paper 111, which identified an amorphous
layer on top of macrocrystalline wax crystal networks and an even more amorphous layer on

the production wax, which was likely to contain a high content of microcrystalline phases.

The analysis of crude oil samples with NMR FID showed a higher degree of reproducibility
and certainty for samples with higher contents of wax, i.e. >15%, than for samples with lower
contents of wax (<10%) at 0°C (Figure 40). For crude oil 1 (Figure 40), a high degree of
accuracy was achieved for solid content determination at 0°C. Nonetheless, the identification
of wax crystallization onset was less accurate, since that point was close to the detection limit
of the solid exponential. NMR FID by tracking the non-crystalline signal generated similar
results to DSC and NMR CPMG, which proved its reliability.

“FID non-crystallized signal”’, CPMG and DSC had a higher level of relative error for crude
oils with low wax content (Figure 41). A higher number of reproducibility experiments, by all

available methods could improve the accuracy of the measurements.

Overall, “FID non-crystallized signal” was a reliable alternative to DSC for solid content
calculation in crude oils. In literature, the method had a much more extensive use in fats, with
higher levels of crystalline contents. Nonetheless, this study adapted its use for lower
crystalline content in crude oils, by focusing on the evolution of the normalized non-crystalline
component. Some limitations were generated by the instrument dead time, the inability to
separate phases at the border between crystalline and non-crystalline and chemical composition
assumptions about the wax in crude oil. Nevertheless, these barriers can be overcome, as NMR
instruments get more advanced, by lowering the noise and the dead times. The comparison
between NMR FID and DSC indicated higher reliability and lower sensitivity on assumptions

with the FID method based on the non-crystalline signal.
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9. Conclusion
This thesis introduced novel NMR and AFM techniques to characterize the interactions
between wax and asphaltenes or pour point depressants quantitatively and to assess the
evolution of crystalline content in complex systems. Robust workflows were tested and

validated with model systems and, for some methods, crude oils also.

Despite some limitations, this work managed to quantitatively assess phenomena related to
wax-inhibitor interactions and asphaltene research, which were widely assumed in literature,
but never quantified. The main such phenomena which were quantitatively demonstrated for

the first time were:

e Dissolved wax trapping in crystal networks — quantification at various wax and

inhibitor concentrations, with temperature (NMR CPMG)

The main finding was that an intermediate mobility region, corresponding to dissolved wax
with reduced mobility was formed in wax and wax-asphaltene systems. High asphaltene
content increased the amount of wax with low mobility, while the addition of PPD

prevented this region from forming.

e Co-crystallization of asphaltenes and PPDs with wax — quantification of the evolution
of the non-crystalline amount of asphaltene and PPDs, with temperature (high

resolution NMR)

The non-crystalline signal of asphaltenes and PPDs decreased more with temperature in the
presence of wax than in the absence of wax. This quantitatively demonstrated co-

crystallization.

e Nano-aggregation/nano-clustering of asphaltenes — quantification of the monomer

percentage as a function of asphaltene concentration (NMR CPMG)

The preponderance of monomers decreased with higher asphaltene concentration. The
asphaltene monomers rearranged into larger nanoaggregates and nanoclusters, which

corresponded to approximately the entire NMR signal at concentrations above 1%.

e Free diffusion of molecules in the bulk fluid - quantification of restricted and

unrestricted diffusion of toluene in wax and wax-inhibitor systems (NMR PFGSTE)

The diffusion of toluene through crystalline networks (restricted diffusion) was quantified.

Wax-only crystal networks lowered the diffusion significantly, relative to free toluene.
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Wax-asphaltene co-crystal networks allowed a higher diffusion for toluene, while wax-
PPD co-crystal networks generated the highest diffusion for toluene among the selected

waxy systems.

e The formation of an amorphous layer in the crystal network structure of wax and wax-
asphaltene mixtures — quantification of Young Modulus of a nano-scale amorphous

layer (AFM)

Wax and wax-asphaltene crystal networks had two layers: a softer, more amorphous upper
layer, likely with a lower degree of crystallinity and a stiffer, more crystalline bottom layer.
High asphaltene content induced a decrease in stiffness and a swelling of the amorphous
layer. The wax-PPD crystal networks had only one layer, which was even stiffer than the

bottom layer of wax and wax-asphaltene crystal networks.

e The formation of wax-PPD and wax-asphaltene co-crystal networks with less

interlocking and modified size and shape (AFM)

Lower crystal size was observed for wax-asphaltene co-crystal networks with high
asphaltene content and wax-PPD co-crystal networks. The shape changed from needle
(wax) to rounder, dendritic. The pores of the crystal network became smaller and more
frequent for wax-asphaltene crystal networks. For wax-PPD, there was a more gradual
transition between maximum height (crystal peak) and minimum height (pores), resulting

in wider and more shallow pores.

The key starting point of this thesis was the determination of a low mobility dissolved wax
region during the precipitation of wax and wax-asphaltene systems in Paper 1. The amount of
wax in this region increased when asphaltenes reached a critical concentration, associated with
a transition to higher asphaltene nanoaggregate and nanocluster content (Paper II). Moreover,
the presence of PPD prevented this region to form (Paper I). Three potential reasons were
proposed for the explanation of this phenomenon (Figure 31). The first was interlocking during
the agglomeration of wax crystals and the formation of the wax crystal network. This was
expected in wax crystal networks with individual plate crystals, whose interlocking induced
the formation of large pores, in which dissolved wax could be trapped. Moreover, the formation
of wax-PPD complexes, which resulted in more ordered, dendritic crystal networks with
smaller crystals and a higher level of crystallinity (Paper I1I) could also be associated with the
formation of wider and more shallow pores (less interlocking), which explained the absence of

a region with trapped wax. However, although asphaltenes also formed smaller crystals and
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dendritic crystal networks (Paper III), they still trapped a higher quantity of dissolved wax
during gelation (Paper I). Therefore, a second and a third explanation were considered. The
second proposed the trapping of dissolved species in the pores of individual crystals, which
were more frequent and narrower for wax-asphaltene co-crystal networks than for wax or wax-
PPD co-crystal networks (Paper III). The third and most likely explanation was based on the
formation of an amorphous layer in the outer structure of wax and wax-asphaltene crystal
networks (Paper III), which became less crystalline when asphaltenes in high content were
present (Paper III). This layer was formed of wax and asphaltenes which did not crystallize
completely, due to the steric hindrance on crystal growth induced by the high size and high
polydispersity of asphaltene species (monomers, nanoaggregates, nanoclusters). Despite
trapping more wax, the presence of asphaltenes induced the formation of a weaker gel in the
bulk fluid, which allowed for higher diffusion of molecules in the bulk fluid (Paper II). This
demonstrated that the intensification of dissolved wax trapping in wax-asphaltene systems was

more likely caused by the formation of the amorphous layer than by interlocking.

Novel NMR CPMG (Paper I, IV) and NMR FID (Paper IV) methods were introduced to
quantify the amounts of crystalline and non-crystalline content in model and real systems and
to improve the relationship between wax-inhibitor interactions and the level of crystallization.
NMR FID was demonstrated as a reliable alternative to DSC for the measurement of wax
precipitation curves, with less thermodynamic assumptions. High resolution NMR was adapted
to quantify the rate of co-crystallization for asphaltene and PPD in wax-asphaltene and wax-

PPD systems (Paper II).
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10.Future work
The techniques proposed in this thesis provide a novel insight into gelation and deposition of
waxy fluids. In the future, rheological simulations should be performed to establish a
relationship between the properties which could be quantified with the methods in this thesis

and the macro-scale behavior of the resulting fluids with temperature.

More research should also be focused on understanding the molecular interactions between
wax and asphaltenes during nucleation and crystal growth. This would better explain the altered
crystallinity, which promoted dissolved species trapping during gelation. For this purpose, the
methods in this thesis could be used to test a wider range of asphaltenes with different chemical
composition. This could establish a relationship between the chemical composition of
asphaltenes and the wax-asphaltene co-crystallization mechanism, which would clarify
remaining uncertainties. Additionally, the proposed methods could also be used to obtain a
multi-parameter perspective regarding the efficiency of a wider range of PPDs with different

chemical compositions.

NMR and AFM methods could also be improved to obtain a more detailed insight into wax
crystallization mechanisms. As the technology for NMR instruments advances, dead times and
uncertainties about the detection limit between non-crystalline and crystalline phases will
decrease, overcoming some limitations encountered in this study. In what regards AFM, it
could be used to monitor wax and wax-inhibitor surfaces in bulk fluid during crystallization.
Limitations include the impossibility to scan in high viscosity environments, crystallization on
the AFM tip and dissolution/gelation of the surface. An easier approach would be to scan in air

on the top layers of waxy gels.

The developed methodology could also be used to characterize the properties of paraffin wax
or other chemicals used as phase change materials (PCM) for heat storage in building materials.
Seasonal solar energy cycles trigger melting in the summer and crystallization in the winter.
The resulting heat could be stored into a battery. Therefore, such building materials often
contain paraffin wax or other organic substances, coated with electrically conductive materials,
such as carbon nanotubes, diamond or nucleators, which alter the properties of wax
crystallization. NMR and AFM could quantify the mobility of wax and the nano-structural
changes of crystal networks, which could be related to the thermodynamic properties of the

resulting mixtures.
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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

L

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;3—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 Cygo 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 (C,, 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).®
most often encountered as a result of wax precipitation.2 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 miﬁht promote wax precipitation in other concentration
regions. ”'* 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.>'7~*!

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 I{g*an/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 1073 s, while solids are
characterized by low T, values (107 to 1073 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 1.0S 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 us 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,y 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, fygqr i 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,;4 is obtained by
deducting fiquiq,r from 1 (eq ).

Wr
vvnormal,T =

Hy (2)
Wo = Wooma,r » WAT < T < 45°C 3)
f _ Wooma,
liquid, T~

? W 4)

foigr =1~ fiquar ©)

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 5% macrocrystal-
line wax in deuterated toluene are summarized in Figure 1. At
high T, (107" to 10" 5), 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 coeflicient 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
(1073 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—S5 (ie.,
by integrating the signal of the dissolved wax in the main peak
at T, = 107" to 10° 5, 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 S °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
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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 5 °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

45

40

35

N N w
=] 13 o

Temperature [°C]

o

10
5
0
10+ 107 102 10" 10° 10"
T2 [s]

102

Temperature [°C]

10
T2[s]

100 10! 102
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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),. 3 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 SS 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 5 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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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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Figure 8. Evolution of T, (x-axis) and of intensity of T, (scatter map) with temperature for (a) $% wax, 0.1% PPD in deuterated toluene and (b)
5% wax, 1% PPD in deuterated toluene, before correction for the Boltzmann factor.

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 $10—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
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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.
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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 LF-NMR oil research.
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work with static experiments for 5% wax, 1% asphaltene
in deuterated toluene. (PDF)
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SUPPLEMENTARY MATERIAL
New NMR approaches on the evolution of wax mobility during wax crystallization
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Figure S1: CPMG profile sequence used for the NMR procedure
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Figure S2: Dynamic and static calibrations for the NMR instrument, using 5 wt% hexadecane in deuterated toluene
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Figure S3: Evolution of T, (x-axis) and intensity of T, (scatter map) with temperature for 10% wax in deuterated
toluene — no correction for Boltzmann factor
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Figure S4: Evolution of T, (x-axis) and intensity of T, (scatter map) with temperature for 15% wax in
deuterated toluene — no correction for Boltzmann factor
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Figure S5: Evolution of T, (x-axis) and intensity of T, (scatter map) with temperature for 5% wax, 0.5% asphaltene
in deuterated toluene (NS=32-double number of scans than standard) — no correction for Boltzmann factor
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Figure S6: Evolution of T, (x-axis) and intensity of T, (scatter map) with temperature for 5% wax, 0.75% asphaltene
in deuterated toluene (NS=32 — double number of scans than standard) — no correction for Boltzmann factor
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Figure S7: Evolution of T, (x-axis) and intensity of T, (scatter map) with temperature for 5% wax, 2% asphaltene
in deuterated toluene — no correction for Boltzmann factor



Effect of asphaltene addition on interactions between the crystal network and dissolved
wax in isothermal, static conditions

Experimental procedure

For the static experiments, the inter echo spacing was again selected for two regions: a first
region with t; of 150 ps and with 6000 echoes, focusing with higher detail on the more sensitive
low T, area and a second region with 1, of 1000 ps and with 2000 echoes. The number of scans
was fixed at 32. These settings allowed for higher resolution scans. However, they could not
be used in the dynamic experiment, due to frequent failures in finding resolution frequency, as
changes in the system occurred during temperature ramping. In the static experiments, this
issue did not represent such an important drawback, as the same experiment was repeated for
20 times in stable conditions. Thus, twenty 12-minutes measurements were performed at 10°C
and 5°C, after the system was left 30 minutes to stabilize, using the same type of cooling and
heating employed for the dynamic experiments. However, at 5°C, due to unstable signal, only
15 scans were recorded. Data was further processed with the same method as for the dynamic
experiments.

Results and discussion

Experiments for systems of 5% wax with and without 1% asphaltenes were carried out at
constant temperature 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. Figures S8 and S9 illustrate that at both temperatures, the systems display rigid
stability, with acceptable levels of noise, throughout the repeated experiments. At 10°C, the
5% wax, 1% asphaltene system (Figure S9, left) again shows a high intensity main peak at high
T,, corresponding to dissolved wax and a secondary peak at lower T, corresponding to
dissolved wax with reduced mobility. This peak displays an irregular distribution in the 10--
10! s range, with overall almost constant intensities. However, the intensity of the peak is
higher than for the 5% wax system at the same temperature (Figure S8, left) and is distributed
on a broader T, range. At 5°C however, for the system with asphaltenes (Figure S9, right), the
T, ranges of the two peaks decrease, with a more defined low mobility dissolved wax region,
fully separated from the main peak. This observation is consistent with Figures 6, 7 and 8,
which show that at 10°C, the precipitation rate and interaction evolution rate are higher than at
5°C, when the mobility and the amount of dissolved wax molecules interacting with the solids
start to settle. On the other hand, the 5% wax system without asphaltenes displays a weaker
secondary peak at 5°C, with a higher T, range (10-2-10-' s, rather than 10-3-10-2 for the system
with asphaltenes). This indicates that less wax molecules have reduced mobility and the
decrease in mobility is weaker when asphaltenes are not in the system. Thus, one can conclude
again that the particles formed in the wax-asphaltene crystal network not only reduce the
mobility of more dissolved wax molecules, but also generate stronger spatial hindrances. Co-
crystals and wax attached to asphaltenes acting as nucleation sites are most likely generating
this phenomenon.

The main peak in the wax-asphaltene system at the lower temperature is split in 2 when 32
scans are used, as a result of either asphaltene monomers, higher mobility dissolved wax
molecules or residual hydrogenated toluene, from the deuterated toluene solvent, which drags
a part of the main peak corresponding to dissolved wax to higher T,. The effect of this residual
hydrogenated toluene in the solvent has been investigated by low field NMR in a separate
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experiment and was proven to represent less than 1% of the main peak, generating a negligible
degree of error. Constant temperature experiments also confirm the high thermal efficiency of
the NMR system with no temperature delay. Intensity values in the static experiments are
approximately identical to the ones acquired in the history-dependent dynamic experiment at
the corresponding points, demonstrating the absence of a significant time gap in the history-
dependent measurements. The main advantage of the static method remains, however, the
higher resolution in tracking the evolution of the secondary peak.
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Figure S8: Evolution of T, (x-axis) and intensity of T, (scatter map) for 5% wax in deuterated toluene at 10°C (left
side) and 5°C (right side)
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Figure S9: Evolution of T, (x-axis) and intensity of T, (scatter map) for 5% wax, 1% asphaltene in deuterated toluene at
10°C (left side) and 5°C (right side)
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Figure S10: 3D contour maps illustrating reproducibility of the dynamic scan for 5% wax, 1% asphaltene: first
experiment with a first sample on the left side, second experiment with a second sample on the right side
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Figure S11: Figure illustrating reproducibility for the wax precipitation curve for 5% wax, 1% asphaltene system
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Figure S12: Figure illustrating reproducibility of the secondary peak quantification for 5% wax, 1% asphaltene in deuterated toluene
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ABSTRACT: Wax crystallization represents one of the main factors
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- I

tion and formation of complexes with wax. Wax precipitation has l

recently been assessed by low-field nuclear magnetic resonance High LJ
(NMR) techniques. However, improvements remain to be made resolution (low field) gradient

regarding the mechanism of the interactions between wax and the ¢
components that can alter the precipitated crystal network. In this |, & ASpheo_crysea
article, wax—asphaltene and wax—PPD interactions were quantified by PPDy s PPDoocrysta
combining, for the first time, different low- and high-field 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. Diffusion 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
| Asphpyy © Asphnanoaggregates ‘

. INTRODUCTION

Paraffin waxes are -, iso-, or cycloalkanes with carbon chains

depressants (PPDs).* PPDs are designed to show high affinity

for the nonpolar moieties of wax, which often leads to

between C;g and C,y, or sometimes higher.1 They are present
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

© 2023 The Authors. Published by
American Chemical Society

WACS Publications

cocrystallization or formation of complexes. These complexes
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‘).S’9 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 might 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 coefficients 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

https://doi.org/10.1021/acs.iecr.3c02218
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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 S 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 ys 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.zq 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 1S 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 coefficient
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 p-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) $% 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 coefficient 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
coefficient 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,—O—
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 e,f). 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 S5 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
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—e— 1%PPD-A
—=e— 1%PPD-B
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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
® 30°C reference = 100
S 100
S,
T 80
>
o
x 60
=
z
40 4
20 4
0

30 10 0
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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 asphaltenes to very low values, outside of the measured liquid
higher for high-resolution NMR (higher radiation damping). range. The latter demonstrated a marked decrease in the level

3.1.2.2. Wax—Asphaltene Cocrystallization. To check of asphaltene diffusion when wax was present. This emphasized
whether the asphaltene-specific aromatic region was represen- the interaction between asphaltenes and wax during wax
tative for the whole asphaltene sample, its evolution with gelation and crystallization and demonstrated cocrystallization.
temperature was compared with the evolution of the aliphatic The additional decrease in asphaltene liquid signal could also
region (Figure S6 in the Supporting Information). A quasi- be associated with a higher rate of nanoaggregate formation

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

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

- ?:2 :/sa;ﬁgl‘;{;::phaltene was noticed at both 10 and at 0 °C. Asphaltenes were therefore

®  30°C reference = 100 inhibiting microcrystalline wax at these temperatures. More-

- over, one can also notice in Figure S7 that wax precipitation
s 1201 was taking place at both 10 and 0 °C. However, asphaltene
s 100 precipitation started between 10 and 0 °C, which implies that
f 80 - there was a delay between the wax appearance point and wax—
S 601 asphaltene coprecipitation point. When analyzed with NMR
40 1 CPMG, the same system generated a low-mobility wax region,

20 | corresponding to trapped dissolved molecules inside the newly
formed crystal network, with a similar delay from the start of

0 3‘0 T : wax precipitation.'” This demonstrated that during the gelation
phase, the trapping of dissolved wax is accelerated by the

Temperature [*C] formation of wax—asphaltene cocrystals.

Figure 4. Variation of signal with temperature for asphaltene-specific In their study with NMR CPMG, Savulescu et al.”?
peak in 5% microcrystalline wax, 1% asphaltene in deuterated toluene, concluded that asphaltenes exceeding a threshold concen-
and 1% asphaltene in deuterated toluene. The value at 30 °C is fixed tration, estimated to be 0.75%, enhanced the amount of low-
at 100 for all systems, while the values at 10 and 0 °C are normalized mobility dissolved wax trapped inside the crystal networks and
accordingly.

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

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 interfered with wax crystallization by acting as nucleation
peak in the asphaltene-only system decreased by about 15%, sites or by binding to wax through nonpolar moieties. This
while the one in the wax—asphaltene system decreased by study aimed to quantify the asphaltene aggregation state at
about 45%. The former could be linked with asphaltene various asphaltene concentrations and link it to patterns in wax
aggregation,”® which caused a decrease in the diffusion of crystallization. Therefore, the second part of the results section
30 50 60
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Figure 5. 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.

18256 https://doi.org/10.1021/acs.iecr.3c02218
Ind. Eng. Chem. Res. 2023, 62, 18251-18262


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c02218/suppl_file/ie3c02218_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c02218/suppl_file/ie3c02218_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c02218/suppl_file/ie3c02218_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02218?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02218?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02218?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02218?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02218?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02218?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02218?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c02218?fig=fig5&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c02218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

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 coefficient as a function
of time for the liquid species, representing toluene and the

4.0x10°
—e— 5% wax in H-toluene
—8— 5% wax, 0.5% asphaltene in H-toluene
—8— 5% wax, 1% asphaltene in H-toluene
@ @ 5% wax, 2% asphaltene in H-toluene
o 3.0x10¢ —8— 5% wax, 1% PPD in H-toluene
E
z
s _—*
s 2.0x10° . 2
2 P
3
c
k]
E]
£ 10¢
o
0 T

0 200 400 600 800 1000 1200

Acquisition time [ms]

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 coeflicient 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 coefficient, while
the coefficient at high time is the restricted diffusion
coefficient, 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 1077 mz/s,43 while the
unrestricted diffusion values determined at 2.7 ms were in the
range of 7 X 107 to 1.8 X 10™° 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 coefficient 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 coefficient 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 coefficients 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
diftusion coeflicient 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: tragging of wax molecules between the interlocking
wax crystals a (illustrated in Scheme 1, la), formation of
pores within the precipitated wax crystal containing less mobile
wax 22° (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 S$% 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,
3¢).

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
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wax—asphaltene crystal network or with species undergoing
nucleation/gelation'® (Scheme 1, 2c—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.

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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Figure Sla: Evolution of toluene signal and of total signal for 5% microcrystalline wax, 1%
asphaltene and 5% macrocrystalline wax, 1% asphaltene in deuterated toluene
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Figure S1b: Evolution of toluene and total signal for 5% microcrystalline wax in deuterated

toluene
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Figure S3: Pulsed field gradient sequence used for diffusion coefficient measurements
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Figure S4: Slice from 5 ppm to 3 ppm on '"H NMR spectrum for 1% PPD in deuterated toluene and
for 5% macrocrystalline wax in deuterated toluene
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Figure S5: Variation of signal with temperature for PPD-specific peaks A, B and for the aliphatic PPD
peak in 1% PPD in deuterated toluene. The value at 30°C is fixed at 100 for all systems, while the
values at 10°C and 0°C are normalized accordingly.
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Figure S6: Variation of signal with temperature for aromatic (asphaltene-specific) and aliphatic peaks
for 1% asphaltene in deuterated toluene. The value at 30°C is fixed at 100 for all systems, while the

values at 10°C and 0°C are normalized accordingly.
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Figure S7: Variation of signal of aliphatic peak with temperature for 5% microcrystalline wax and 5%

microcrystalline wax with 1% asphaltene, both in deuterated toluene. The value at 30°C is fixed at
100 for all systems, while the values at 10°C and 0°C are normalized accordingly.
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Figure S8: Relaxation time distribution in liquid domain for 2% asphaltene in deuterated toluene. A
represents the first scan and B represents the reproducibility scan.
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Figure S9: Relaxation time distribution in liquid domain for 0.2% asphaltene in deuterated toluene. A

represents the first scan and B represents the reproducibility scan.
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ABSTRACT: Wax crystallization in cold environments constitutes NMR FID
one of the main causes for flow assurance problems during oil STALINES
production. Several techniques, such as differential scanning
calorimetry (DSC) or gas chromatography/mass spectroscopy
(GC/MS), are currently the established methods for the
quantification of wax precipitation. Low-field nuclear magnetic
resonance (NMR) techniques have seldom been used for the
investigation of wax precipitation, despite early studies showing
their ability to identify the rate of precipitation. This paper
highlights three NMR methods, adapted for the purpose of wax

crystallization quantification in crude oil systems. The proposed OO e e a0 e 40 a5
methods are based on free induction decay (FID) and Carr— Temperature ['C}
Purcell-Meiboom—Gill (CPMG) sequences. Both allow for the

quantification of a signal that is proportional to the non-crystalline wax content, while FID data can also be used for the computation
of the crystalline wax component in systems with a sufficiently high wax content. DSC is also used as a reference method for wax
content quantification. Model system analysis demonstrates consistency between the three methods in toluene-based wax solutions
and also highlights a thorough comparison between macro- and microcrystalline waxes. Similar results are obtained with the four
methods for crude oils with a high wax content, and a relevant comparison between different systems can be achieved for oils with
wax concentrations as low as 2% at 0 °C. Overall, the determination of the solid content with FID represents an improved, more
reliable method, which can be utilized during the creation of more robust flow assurance methods.
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1. INTRODUCTION particularly the isomerization of the waxes. For example,
Paraffin waxes are components of crude oil consisting of macrocrystalline wax, consisting of lower molecular weight n-
alkanes with variable chemical structures, normally with carbon alkanes, with up to 40 carbon atoms, is expected to generate
chains between C, and C,q,." Wax precipitation occurs in fluid gels with a high yield strength as a result of larger and less
environments at temperatures below the wax appearance compact crystal structures. Oppositely, microcrystalline wax,
temperature (WAT) and has negative effects on flow assurance composed of high-molecular-weight (C,, and above) iso-
during crude oil production. For example, the continuous flow alkanes and cycloalkanes, leads to the formation of gels with a
might be interrupted by wax deposition and the resulting lower yield strength as a result of more compact crystal
increase in fluid viscosity, while the restart of pipelines might structures with smaller crystal diameters, with a higher
be delayed by wax gelation.” Recently, the precipitation of percentage of amorphous structures.” Wax crystal formation
waxes associated with the loss of gas and the gasoline fraction might also be stimulated by introduction of surfaces or surfaces
has been claimed to be involved in the unusual composition of already present in crude oils, such as asphaltene aggregates.””
some waxy crude oils.” The evolution of wax precipitation with temperature has

When the temperature is decreased, wax nucleation is
delayed by a time lag required to overcome the shift from
steady-state conditions. This delay depends upon the cooling
rate,' and thus, the observed precipitation temperature with
dynamic temperature ramping is usually lower than the actual
precipitation temperature. Decreasing the cooling rate to very
low values is the only way to overcome this effect.

During the last phase of crystallization, gelation is usually
encountered in systems with wax contents above a threshold,
which normally lies between 1 and 2%.°> The gel can behave
differently as a function of the chemical composition,

been quantified by following wax precipitation curves (WPCs)
using techniques such as differential scanning calorimetry
(DSC) and, more recently, low-field nuclear magnetic
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resonance (NMR).”'® Although DSC is an established method
for calculations of the wax content, significant challenges
remain when it comes to the analysis of crude oil systems. This
can be mainly attributed to the complex chemical composition
of crude oils that generates uncertainties in placing the baseline
when estimating the latent enthalpies and heat capacities.
Various approaches have been proposed to overcome these
barriers;”' !> however, none of them managed to eliminate
these uncertainties completely.

NMR approaches have rarely been used to determine WPC
in crude oil systems. Pedersen et al. were the first to introduce
low-field NMR for the analysis of wax precipitation in crude
oils."”” They correlated the NMR signal intensity with the
amount of wax generated by a modified acetone precipitation
method performed at —20 °C for 17 crude oils. Later, the
procedure has been significantly extended through the analysis
of the NMR free induction decay (FID) signal,"*'® but robust
algorithms for calculation of the solid content from the NMR
signal are still lacking.

In addition to the FID approach, an adapted Carr—Purcell—
Meiboom—Gill (CPMG) sequence has been used to character-
ize model wax solutions in the presence of pour point
depressants (PPDs) and asphaltenes.'®'*'” Ruwoldt et al.
compared the WPC generated with CPMG and DSC,
respectively, and found that similar trends are achieved.'®
The most recent improvement was achieved by Savulescu et
al, who adapted the CPMG sequence to wax precipitation
curves in complex wax—asphaltene model systems.'”

This study presents an improved NMR FID method
combined with a novel algorithm for more accurate
computations of the content of crystalline solids in crude
oils. This resulted in higher resolution and less uncertainty of
the wax precipitation curves compared to a standard
computing algorithm used for FID data. Furthermore, wax
precipitation curves were determined by NMR CPMG and
DSC for comparison. Some weak points were identified for the
latter method, and improvements were proposed.

2. EXPERIMENTAL SECTION

2.1. Materials. The solvents used in this study were deuterated
toluene (anhydrous, 99.6% deuterated) and (hydrogenated) toluene
(anhydrous, 99.8%) from Sigma-Aldrich, Norway. Macrocrystalline
wax (coded $405) and microcrystalline wax (coded 3971) were
provided by Sasol, Germany. The composition and properties of the
wax samples were presented previously.'® Six crude oil samples from
the Norwegian continental shelf were used. The densities of these oils
at 30 °C and their elemental analysis are presented in Table 1. For
crude oils 13, the elemental composition was determined by analysis
at SGS France, while for crude oils 4—6, previously determined values
were used.'®™° For crude oils 1 and 3, the densities were measured
with an Anton Paar DMA 5000 densiometer, while for crude oils 2

Table 1. Densities for Each Selected Crude Oil

carbon  hydrogen  nitrogen  oxygen sulfur
crude  density content  content content  content  content

ol (g/ml) (%) (%) (%) (%) (%)
1 0.866 86.4 12.59 0.0S 0.31 0.26

2 0.853 86.6 13.14 0.13 0.19 0.18

3 0.875 86.4 12.47 0.23 0.34 0.48

4 0.929 86.5 11.72 0.29 0.62 0.84

N 0.844 85.68 13.24 0.14 0.67 0.26

6 0.816 86.34 13.1 0.1 0.61 0.05
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and 4-6, previously determined values were used.'®™° All
concentrations in this study are in weight percentages (wt %).

It can be noticed in Table 1 that the oxygen content is higher than
the nitrogen and generally sulfur contents for the investigated oils.
This observation can also be found for North Sea crude oils in the
literature.”"

2.2. Sample Preparation. Solid waxes were used as a reference in
the NMR FID measurements. Wax solutions with varying
concentrations (5S—15%) were prepared by dissolution of wax in
toluene or deuterated toluene. The systems containing macrocrystal-
line wax were heated at 60 °C for 1 h and shaken thoroughly. Because
the systems containing microcrystalline wax have a higher WAT, they
were heated at 80 °C for 1 h and shaken thoroughly. NMR FID and
DSC measurements were carried out on these model wax systems.
The crude oils were all heated at 80 °C and shaken thoroughly before
the experiments. Crude oil 2 was also spiked with macrocrystalline
wax and heated at 80 °C. NMR FID, NMR CPMG, and DSC
measurements were carried out on these systems.

2.3. NMR Measurements. All NMR experiments were conducted
on a low-field (21 MHz) NMR spectrometer, which was supplied by
Anvendt Teknologi AS, Norway. The measurements were performed
with 3 g of the respective samples in the NMR tubes. For the FID
measurements, two independent parallels were performed for the
model wax systems, while three independent parallels were performed
for the crude oil systems, to ensure a higher degree of accuracy
because these samples have variable, unknown chemical composition.
For the CPMG measurements, two independent parallels were
performed to ensure reproducibility. This method was primarily used
on crude oils because its reliability for model systems has been
investigated previously.'®

2.3.1. NMR FID Analysis. The relaxation delay was measured 10 s
after a 90° pulse width of 8.6 us, and the signal was followed from 13
ps (the first point measurable with the NMR instrument) to 268 us, at
1 ps intervals. The same acquisition was repeated 64 times. The
average temperature ramping was fixed at 0.2 °C/min, which allowed
for measurements at 19—20 temperature steps.

The FID analysis is based on the difference in relaxation speed for
protons in a crystalline and non-crystalline phases. The total intensity
of the signal plotted against the square of the acquired time is
assumed to follow a bi-Gaussian equation

1

where L represents a parameter proportional to the amount of
protons in the non-crystalline phase, T) represents the modified FID
relaxation time for the non-crystalline phase, S represents a parameter
proportional to the amount of protons in the crystalline phase, T
represents the modified FID relaxation time for the crystalline phase,
and t is the acquisition time.”>>* The modified relaxation time of the
FID signal is limited by the T, relaxation time and can be correlated
to it, following a relationship dependent upon the analyzed system.

For each temperature step, eq 1 was fitted to the first 80 points
(ie, from 13 to 92 us) of the raw NMR signals using the exp2
function in MATLAB 2021b. If the system was in the non-crystalline
state or if a second exponential was not identifiable as a result of
method limitations, a one-exponential fit was performed, using the
expl function in MATLAB 2021b. Extrapolation of the exponential
functions to t = 0, illustrated in Figure 1, gave the signal proportional
to the number of protons in the crystalline and non-crystalline phases,
respectively, corresponding to S and L in eq 1. The R* values were
consistently higher than 0.985 at 0 °C for both the two- and one-
exponential fits.

Two approaches were used to calculate the fraction of solid-phase
protons (f):

(1) “FID exponential separation” method: In this case, f is
calculated by inserting the L and S values resulting from the
biexponential fitting procedure above in the following equation:

I~ Le_tz/T'Z + Se_tz/T‘2

S
S+L

f ®)
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Figure 1. Schematic representation of the two-exponential separation
for each NMR curve at a selected temperature (y axis) plotted as a
function of the square of the acquisition time (x axis).

Two main challenges arise with this approach. One is accurate
separation of the crystalline and non-crystalline regions. This is
illustrated in Figure 2, showing the FID signal of pure macrocrystal-
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Figure 2. FID signal fitting with two exponentials for macrocrystalline
wax at 45 and 0 °C.

line wax at 45 and 0 °C. At 0 °C, there is very little non-crystalline
wax and there is a marked transition between the region with a low
slope at long acquisition times, corresponding to non-crystalline wax,
and the region with a high slope at short acquisition times,
corresponding to crystalline wax. At 45 °C, on the other hand, the
change from the non-crystalline to crystalline region is more gradual.
This was attributed to the fact that the non-crystalline phase
comprises parts with different mobilities. Higher mobility regions with
lower slopes are noticed at higher acquisition times, while lower
mobility regions with higher slopes are noticed at lower acquisition
times. This results in larger errors for L and S when using the
biexponential fitting. A higher number of exponentials could be
theoretically used to separate states with different mobility, but this is
not achievable with the results from low-field NMR, because the
variation in modified relaxation time is not high enough.

The other main challenge with the approach is the dead time. This
is illustrated in Figure 3, showing the FID signals and the
corresponding two-exponential fits for crude oil 1 at 45 and at 0
°C. It is seen that the dead time limits the number of points obtained
for the crystalline component in crude oil systems. Although there was
a second exponential at low acquisition times when the temperature
decreases to 0 °C, there were only about 7 points available for fitting
this additional exponential. This decreased the certainty with which
the extrapolated crystalline component was calculated. Crude oil 1 has
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Figure 3. FID signal fitting at 0 °C for crude oil 1.

the highest wax content among the analyzed oils, and thus, the degree
of certainty for extrapolation decreases further for the rest of the oils.

(2) “FID non-crystallized signal” method: This novel method is
proposed in this work to avoid the above challenges when calculating
the percentage of protons in the crystalline state. This approach
focuses exclusively on the non-crystalline component L. Here, toluene
was used as a reference to account for the signal change as a result of
the variations in the repartition of energy of hydrogen atoms with the
temperature.23

The drop in the fraction between the non-crystalline component in
the system (L;) and the non-crystalline component of toluene
(Liotuene,r) tracks the percentage of protons in the non-crystalline
phase that is lost from the non-crystalline region as the temperature
decreases from 45 °C to T. However, if the percentage of protons in
the crystalline solid form () is higher than 0 at 45 °C (as for pure
solid wax in Figure 2 for example), one should add the percentage of
crystalline solid at 45 °C (fi5¢c) because the normalized non-
crystalline signal evolution only quantifies the drop from 45 °C
onward. To find the crystalline solid value at 45 °C, the first proposed
calculation method based on the two-exponential separation is used.
The approach is summarized in the following equation for the fraction

of protons in the crystalline solid state:
Lisec  _ Ir

Lioluene,45
f= f4s oot L,

Lioluene,as °C

Lioluene, T

50

(3)

A method presented by Kane et al,"* involving two assumptions, was
used in both approaches to transform the fractions of crystalline solid
protons into the weight fractions of the solid. The first assumption is
that the density of the liquid remains constant during wax
crystallization. To verify this, the density of macrocrystalline wax
was extrapolated to be 0.792 g/mL from a curve with the inverse of
the density plotted as a function of the mass fraction for different
concentrations of wax (0, 1, 2.5, 5, 7.5, and 10%) in toluene. The
crude oils had densities between 0.81 and 0.93 g/mL (Table 1). All of
these densities are less than 20% higher than the estimated density of
macrocrystalline wax, and because the maximum weight percentage of
wax at 0 °C was found to be about 15% in the analyzed crude oils, it
was considered that the actual density of the liquid in the crude oils
would increase by a maximum of 3%, which is negligible. The second
assumption is that the density and proton density of the precipitated
solid are constant. This assumption might fail if asphaltenes or resins
co-precipitate with the wax, because they have different proton
densities and densities. In some cases, there might also be a significant
difference between the density of the crude oil wax and the model wax
used here. However, these parameters cannot be quantified,
generating a limitation for this technique.

Two parallels were performed for the calibration with toluene, and
both were independently used for solid fraction determination. For
the analyzed systems, the f value for each parallel represents the
average between the two solid fractions computed with each of the
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Figure 4. Baseline fitting using Exxsol D60, relative to baseline fitting using the method suggested by Chen et al. in the literature:"" (A) crude oil 1

(high wax content) and (B) crude oil 6 (low wax content).

two parallels from toluene calibrations. The solid fraction presented in
the graphs represents the average between the two or three parallels
for each system of interest. For the solid fraction calculation process
with FID, the following assumptions were made: constant density of
the non-crystalline component of crude oil with the temperature and
constant density equal to that of macrocrystalline wax 5405 from
Sasol for the crystalline component in crude oils.

2.3.2. NMR CPMG Analysis. A CPMG sequence was used to
acquire T, distributions,” following the procedure presented
previously.'” The recycle delay is 5 s, while the interecho spacing
was selected for two regions. For the model systems, these sequence
parameters were the same as presented previously.'’ For crude oil
systems, on the other hand, they had to be adjusted, because the
crude oils have a different distribution of the liquid T, region. In this
case, there is a first region with 7, of 115 us and 1000 echoes and a
second region with 7, of 600 us and 5000 echoes. These were selected
to account for large signals in the long T, region in crude oil systems.
T, distributions were generated from the multiexponentially decaying
curve, using the one-dimensional inverse Laplace transform.”” The
intensity of T, represents a quantitative measure of the liquid signal
with the temperature, which allows for the calculation of the lost solid
content. Several algorithms in MATLAB 2021b were used to further
process the data and separate the signal intensities in different T,
areas, accordingly.

Stepwise temperature scanning was used from 45 to 0 °C, leaving
the system at a constant temperature during signal acquisition at each
temperature point. The ramping rate was 0.2 °C/min to ensure stable
systems during the signal acquisition. The number of scans was set at
a conventional value of 16, which allowed for measurements at 68
temperature steps.

The temperature inside the NMR was controlled with an air flow,"’
and calibration with hexadecane showed no thermal delay associated
with the air flow. The average of two calibrations allowed to correct
for the change in signal generated by the different repartitions of
hydrogen atoms at different energy levels and quantified by the
Boltzmann factor.>® The wax content is calculated afterward using the
procedures described previously.'®

2.3.3. Choice of the NMR Sequences and the Intensity of the
Magnetic Field. The chosen low-field NMR techniques, FID and
CPMG, have significant differences that may impact the way results
are acquired. The FID does not correct for magnetic field
inhomogeneities, because it attenuates with a phase that is dependent
upon fluctuations in the magnetic field experienced by the molecules.
This is caused by either inhomogeneities in the external field or local
fluctuations caused by the sample itself. In a solid, the local
fluctuations are not changing significantly in time (long correlation
time), while in a liquid, it is almost averaged out, i.e., fast diffusion
limit. Thus, T, is much shorter in a solid than in a liquid, because the
correlation time is much shorter in the liquid. Also, the external
magnetic field inhomogeneities cause the liquid component to have a
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modified relaxation time, T,*, of just a few milliseconds, while the
true T, is of the order of seconds.

CPMG, on the other hand, does correct for external magnetic field
inhomogeneities, and this affects the liquid component more than the
solid component. For the solid component, the relaxation mechanism
is more strongly coupled to the sample itself, because dipole—dipole
coupling between molecules becomes important as a result of the long
correlation time. This is the most important relaxation mechanism in
the solid wax. The chosen method, however, only detects the liquid
relaxation of the sample, which will be in this case determined by the
true T, of the sample. Nonetheless, the noise in crude oil systems with
complex chemical composition and proton species could reach high
levels, and that is why this paper assesses whether CPMG or FID
provides more accurate results with the selected instrument.

Low-field NMR was selected after initially assessing the potential of
high-field NMR for the analysis of the desired systems. As an
advantage, high-field NMR has a much better signal-to-noise ratio.
However, as a result of chemical shifts, it is difficult to produce a
CPMG decay properly with high-field NMR, and this prevents the
accurate quantification of T, relaxation times. CPMG has real-time
acquisition, and it will be the only component that is on resonance
that will form spin echoes of a constant detection phase. Those
molecules in a distance from the resonance frequency will be out of
phase with a value dependent upon the interecho spacing, the 7 value,
and the chemical shift value. Thus, it can be completely out of phase
with the spin echo on resonance, and this alters the CPMG
acquisition. One could of course run spin echoes one by one and then
analyze the spectrum each time, but this will be very time-consuming.
In a low-field system, there is no chemical shift information available
because the external field is weak and inhomogeneities prevent
chemical shift resolution. Thus, it is much more unreliable to
determine CPMG at high field using a superconducting magnet. Also,
the sample size and price of the system favor the low-field
instrumentation.

2.4. DSC. DSC measurements were carried out on a Q2000 model
from TA Instruments. The instrument was calibrated by measuring
the melting heat and temperature of pure indium. For each
experiment, 10—25 mg of sample was weighed into Tzero hermetic
aluminum pans and sealed hermetically. The weight of the pans was
measured before and after the experiment to ensure that no solvent
loss had occurred. Prior to the measurements, the samples were left
isothermally at 80 °C for 10 min to ensure stabilization above the
‘WAT. Initially, a constant cooling rate of 0.2 °C/min was used to
keep the experimental conditions similar to the NMR experiments.
However, it was impossible to set the baseline and identify the peak
for several crude oils at such a low cooling rate because the curve
flattened. Therefore, the experimental cooling rate was finally set to 2
°C/min. The temperature range was from 75 to =70 °C. Two
parallels were performed for all systems.
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2.4.1. DSC Data Analysis. Determination of the baseline is
essential for calculating the solid content from DSC measurements.
Several challenges were encountered when applying different methods
from the literature on crude oil systems. Pedersen et al. set the
baseline as a straight line from the wax precipitation onset to the point
where the heat flow curve flattens at low temperatures (down to —140
°C in their study), where all of the components of crude oil have
stopped precipitating.'” A drawback of this method is that the
baseline is assumed to be a straight line, which is thermodynamically
inaccurate. From a practical point of view, however, the instrument
used in this study only allowed for measurements down to —70 °C,
where the heat flow curves still declined. Coto et al.” introduced a
baseline method based on fitting the liquid region of the heat flow
curve at temperatures above the WAT and at temperatures below the
end of crystallization into a second-order equation, dependent upon
the temperature, following the model of the heat capacity for liquids.
Improved models allowing for variations of latent heat with the
molecular weight and using second-order equation fitting for the heat
capacity were also suggested. Neither of these approaches were
applicable for measurements where the heat flow did not flatten.

Chen et al.'"' set the baseline for crude oils as a straight line from
the WAT to a temperature of —20 °C and calculated the wax content
by correlating the enthalpy peak with the wax content in crude oil
determined by a modified acetone precipitation method performed at
—20 °C. This specific temperature is the temperature generally
mentioned in the standard industrial method.”® This approach is
illustrated in Figure 4 for crude oils used in this study with high (A)
and low (B) wax contents. The excess heat is clearly sensitive to the
placement of the baseline, especially at low wax contents with less
defined heat flows. Using this approach to calculate the wax content in
the crude oils gave a loss in the peak as high as 70% compared to the
NMR approaches because waxes were still precipitating at —20 °C.

A method using reference measurements of Exxsol D60 to set the
baseline was therefore developed. Exxsol D60 was chosen as reference
compound for several reasons: It is a mixture of alkanes and
isoalkanes with a density similar to the density estimated for
macrocrystalline wax (0.792 g/mL); the melting point is between
—60 and —70 °C, which is well below the WAT; and the slope of the
heat flow was similar to that for the crude oils studied here. Notably,
these heat flow curves were modified by adding a constant term
(Table S1 of the Supporting Information) to all data points, so that
they would overlap with the heat flow curves for the various crude oils
above the WAT. The resulting curves are shown in Figure 4 together
with data for a crude oil with high (A) and low (B) wax contents. The
excess peak was calculated by summing the heat flow from the wax
precipitation onset to —20 °C, where all of the wax precipitated."'
The percentage of the crystallized wax was then calculated as the ratio
between the heat of the excess peak per gram and the standard latent
heat of paraffin wax per gram. A value of 200 J/g was used for the
latter,””>° which is an estimated value that might deviate in crude oils
where the exact chemical composition is unknown. Furthermore, it
was assumed that the specific crystallization heat did not change with
the temperature (i.e., the excess heat and the mass of precipitated wax
are constantly proportional).

3. RESULTS AND DISCUSSION

The presentation of results starts from selected model wax
systems in air and toluene and progresses toward real, crude oil
systems. The analysis is based on the comparison of wax
precipitation curves from each of the four methods.
Weaknesses and advantages of each technique were identified
alongside the errors and inaccuracies as a result of assumptions.

3.1. Quantification of Solid Fractions in the Various
Wax Systems. 3.1.1. Pure Waxes. FID analysis of pure
macro- and microcrystalline waxes was performed to verify the
experimental approach and assess the two FID methods (eqs 2
and 3) for computing the solid fractions. Figure S presents the
solid crystalline fractions of the pure macro- and microcrystal-
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Figure S. Solid fraction evolution with the temperature for pure wax
systems, as calculated with the two proposed computation methods
from FID data.

line waxes. The solid amounts are similar for both calculation
methods, showing that both approaches were accurate for
solids with uniform chemical composition. Furthermore, the
amount of crystalline solid increased from 77 to 96% for
macrocrystalline wax and from 52 to 83% for microcrystalline
wax when the temperature decreased from 45 to 0 °C.
Moreover, the higher amount of crystalline solid indicated a
larger and stronger crystal structure for macrocrystalline wax,
as explained in the Introduction. This has also been reported
by others.’

3.1.2. Wax in Toluene Systems. Figure 6 shows the solid
crystalline fraction determined by the various techniques for

15% macrocrystalline wax in H-toluene

0.20
x CPMG
FID non-crystallized signal
A FID exponential separation
0.15 e DSC

Solid fraction

20

Temperature [°C]

25 30 35 40 45

Figure 6. Solid fraction evolution with the temperature for 15%
macrocrystalline wax in hydrogenated toluene, with all proposed
methods. For CPMG, the value obtained by Savulescu et al." is used.

15% macrocrystalline wax in hydrogenated toluene. An overall
trend of increasing solid fractions with decreasing temperature
was observed in all cases. However, differences between the
experimental techniques and between the FID computing
methods emerged. In comparison of the experimental
techniques, the wax precipitation curves were similar for the
CPMG and DSC measurements and the onset of wax
precipitation was detected at a lower temperature compared
to the FID measurements. This difference could be explained
by the higher cooling rate for DSC,”*"** but because the
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cooling rate was the same in the CPMG and FID measure-
ments, another factor is most likely dominating. Hence, the
presence of amorphous phases in the lower mobility part of the
non-crystalline region, specific to the nature of dissolved wax in
each system, may affect the exponential separation process and
may be accounted for as crystalline solid, leading to an
overestimation of the crystalline content at the first stage of
crystallization. Nonetheless, between 25 and 35 °C, the wax
content determined with FID remains within the maximum
absolute error of the method (approximately 2—3%). As
temperature decreases, most of these phases are likely to
change into crystalline wax, and as the solid exponential
becomes stronger, the uncertainty for FID decreases and the
gap between FID and CPMG/DSC reduces. In comparison of
the two calculation approaches for the FID measurements, the
“FID non-crystallized signal” method gave a quasi-linear wax
precipitation curve that converged with the DSC and CPMG
curves at low temperatures. The “FID exponential separation”
method, on the other hand, gave a less even and more
disordered curve. This can be associated with the increased
signal from the non-crystalline region when going from pure
waxes to waxes in hydrogenated toluene, because at least 85%
of the mass will generate a signal in this region. The solid
exponential thus becomes more difficult to separate and is
more likely to extend into the dead time.

To assess the accuracy of the NMR FID approach, wax
precipitation was compared for 15% macro- and microcrystal-
line waxes in both hydrogenated toluene (Figure S1 of the
Supporting Information) and deuterated toluene (Figure S2 of
the Supporting Information). In the latter solvent, the entire
NMR signal was due to the wax and improved the
determination of the solid fractions.

The sensitivity of the NMR FID approach was assessed by
following the precipitation of solid wax for 5, 10, and 15% wax
solutions (Figure S3 of the Supporting Information). A
crystalline solid component could be determined at 15 and
10% wax but no longer at 5% wax for the “FID non-crystallized
signal” method. This was probably due to a shift of the
crystalline solid decay into the dead time as the wax content
decreased (Figure S4 of the Supporting Information), making
quantification impossible.

3.1.3. Crude Oils with a High Wax Content. Only crude oil
1 had a sufficiently high wax content to be detected at low
temperatures by all of the approaches. The wax precipitation
curves are shown in Figure 7 and are similar for the DSC and

Crude oil 1
0.20
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FID non-crystallized signal
4 FID exponential separation
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< x“"‘x&
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S
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Figure 7. Solid fraction evolution with the temperature for crude oil
1, with all proposed methods.
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NMR FID measurements using the “FID non-crystallized
signal” method, while the CPMG measurements gave a
somewhat higher solid content in the entire temperature
range. An explanation for this can be that the CPMG signal is
only detected in the liquid region defined by a fixed T, range
(1073-10" s), while the entire liquid and solid signals are
detected in the FID method. Thus, the CPMG approach will
count both liquid and solid phases outside the T, range as
solid, while only the solid fraction will account for the FID
non-crystallized method. The FID exponential separation
method, on the other hand, gave a lower onset temperature
for the wax precipitation and generally lower amounts of solids,
even though the difference from the other methods decreased
as the temperature approached 0 °C, as a result of difficulties in
separating two exponentials at the first few temperatures after
the onset of crystallization and the presence of amorphous
phases during ongoing precipitation, which alter the
exponential separation process. Moreover, the detection limit
for the method was 2—3% solid for crude oil 1, which is in
accordance with what was observed in the model systems.

To study the influence of chemical composition, 15%
macrocrystalline wax was dissolved in crude oil 2. The amounts
detected by the various methods at a given temperature were
different from both crude oils 1 and 2 enriched with wax
(Figure SS of the Supporting Information). Furthermore, the
detection limit for the FID exponential separation method was
6—7% solid in this case. This can be attributed to the
difference in the chemical composition because the detected
amounts might be dependent upon the nature of the wax
crystals, specific to each system.

The presented methods and procedures cannot separate
between macro- and microcrystalline wax. NMR FID/CPMG
focuses on separating crystalline and non-crystalline phases in
the crude oil. It is currently not possible to quantify the
proportion of macro- and microcrystalline wax molecules in
the crystallized phase.

3.1.4. Crude Oils with a Low Wax Content. The wax
precipitation curves for the crude oils with a low (<10%) wax
content are presented in Figure 8 for crude oil 3 and Figures
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Figure 8. Solid fraction evolution with the temperature for crude oil
3, with all proposed methods.

S6, S7, S8, and S9 of the Supporting Information for crude oils
2, 4, S, and 6, respectively. For these samples, it was not
possible to separate two exponentials in the FID signal;
therefore, no solid fractions were calculated with the FID
exponential separation method. Furthermore, a low signal-to-
noise ratio for CPMG measurements prevented calculations of
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Figure 9. Solid fraction with the FID non-crystallized signal calculation technique as a function of the solid fraction with DSC at 0 °C.

Table 2. Average Errors during Reproducibility at 0 °C with NMR FID, NMR CPMG, and DSC for Model and Real Systems®

system CPMG (wt %) DSC (wt %)
crude oil 1 14.68 + 0.39 12.40 + 0.37
crude oil 2 ND 1.37 + 0.74
crude oil 3 4.94 + 0.0S 3.77 + 0.46
crude oil 4 ND 0.98 + 0.2
crude oil § 3.52 + 0.50 1.93 + 0.16
crude oil 6 4.28 + 0.40 2.95 + 0.06

FID exponential separation (wt %)

FID non-crystallized signal (wt %)

1241 + 0.18 11.78 + 1.18 (1.36)
ND 3.09 + 0.83 (2.19)
ND 5.67 + 1.47 (1.66)
ND 2.95 + 0.34 (1.46)
ND 2.64 + 0.64 (1.95)
ND 3.81 + 1.80 (3.20)

“ND = not detectable. The error bars represent the range of obtained values.

solid fractions for two of the samples (crude oils 2 and 4 in
Figures S6 and S7 of the Supporting Information, respec-
tively). In addition, it seems that the solid fraction did not
plateau at 0 at the highest temperatures for crude oil 3 (Figure
8) as a result of the very low wax content in this crude oil
associated with the uncertainties from instrumental noise
issues.

Generally, the CPMG measurements gave solid fractions
somewhat higher than for the other methods. However, the
onset of wax precipitation and a quasi-linear precipitation
pattern are similar to the FID non-crystallized signal method.
The DSC measurements, on the other hand, give a lower
precipitation onset temperature with an accelerating precip-
itation rate below 15 °C and lower solid fractions over the
investigated temperature for all of the crude oil samples. The
causes behind this can be higher cooling rates resulting in
delayed precipitation and assumptions about constant heat
capacity and proportionality between the amount of heat and
the mass of solid, which might not be valid for wax systems
with complex chemical composition, where the various latent
heat and molecular mass profiles might differ in different
regions.w’30 Moreover, the wax content is sensitive to the
baseline, as explained above. It should also be noted that
uncertainties in each of the methods can give overlapping
results. This is discussed further in the next section.

3.2. Evaluation of the Investigated Techniques. Figure
9 presents a comparison between the solid fraction determined
with the FID non-crystallized signal method and DSC for
crude oil systems at 0 °C. In most cases, the FID non-
crystallized signal method gives somewhat higher wax contents
than DSC, likely as a result of the assumptions and differences
in the cooling rate discussed above and increases in relative
values as the wax content in the oil decreases.

297

Table 2 shows the solid contents with errors at 0 °C
determined for the crude oils by the various techniques. In all
cases, the errors between two or three parallels are given,
calculated using the average toluene calibration values for the
FID non-crystallized signal method. For the latter approach,
the error between the four parallels performed for toluene
calibration was also considered. These errors are given in
parentheses and correspond to the highest possible errors
because the most and least favorable parallels were used for
both the sample and calibration measurements.

The FID exponential separation method was not applicable
for low wax content samples because a minimum solid content
of about 2% is needed to distinguish two exponentials in the
FID decay.

Determination of low wax contents was also challenging
using the CPMG approach, mainly because of instrument
noise. Furthermore, a high degree of noise resulted in
considerable variations in the solid content from one
temperature to another in several circumstances.

This left DSC and the FID non-crystallized method as the
two approaches for determining a broad range of wax contents.
DSC gave the lowest error (a maximum of 0.74 percentage
points) but also included thermodynamic assumptions,
assumption of similar chemical composition of the wax for
all of the samples, and baseline determination using Exxsol
D60 data. The FID non-crystallized signal method, on the
other hand, is based on assumptions mainly related to
exponential separation and signal-to-noise issues generated
by the NMR instrument. Considering the error between
parallels, the maximum error was seen at 1.8% for crude oil 6.

With the variation between parallels for the calibration with
toluene taken into account, the error increased up to 3.2%.
This is generated by the uncertainty in the ratio of the toluene
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liquid component at 45 °C and the toluene liquid component
at 0 °C. For the four parallels performed for toluene, this ratio
was within a 5% error for three cases and deviated up to 15%
upward for one case, which causes a significant deviation when
used to assess error. However, this error will cause the same
effect on the computed solid fraction for all systems of interest.
If the FID non-crystallized signal method is routinely used to
characterize the wax content in crude oils, the accuracy should
most likely be improved, especially for a low wax content. The
uncertainties in the FID can be reduced by improving the
signal-to-noise ratio, increasing the number of parallels, and
advancement in instrumental accuracy.

The FID-based methods for computation of solid fractions
can also be discussed in view of methods reported in the
literature. A NMR FID method was, for example, standardized
to calculate the solid fat content in various systems.”** In this
case, the non-crystalline and crystalline contents were
separated as linear fractions (rather than using two- or one-
exponential models), while a calibration factor, calculated using
solid-containing standard samples, was used to account for the
dead time."*** This fails to account for the nature of the FID
signal”* and also generated a high degree of error because a
linear fit cannot be applied at fixed time points.

Declerck et al. showed that this method was only suitable for
fats with a certain chemical composition. In rapeseed and
sunflower oils, for example, fats containing mostly a-
polymorphs generated good results, while fats based on (')
crystals, where the signal decay depended upon the crystal
lattice and polymorphism, generated inappropriate results.
Better results were obtained using the bi-Gaussian FID
approach to calculate the solid fractions.”

Several improvements of these approaches were considered
in the current work, where samples with solid contents too low
for a solid exponential to be detected were often encountered.
Hence, a one-exponential alternative normalized with toluene
was proposed. Another drawback was that the liquid
exponential was calculated only for the FID signal values
longer than SO ps, which is inaccurate for the identification of
the crystalline content in crude oils. In the approach presented
in this article, the exponentials are fitted on the first 80 points
and the abrupt change in T, behavior between crystalline and
non-crystalline components was the basis of exponential
separation. The ratio between the liquid- and solid-modified
relaxation times is consistently high, between 4 and 20 (Table
S2 of the Supporting Information), confirming the abrupt
change in exponent when the crystalline content starts forming,
which further solidifies the use of the two-exponential fit.
Separating the liquid from S50 us would mean that the
calculated solid fraction would comprise both crystalline and
amorphous solid—liquid transition phases, which are non-
crystalline and should not account for the crystalline solid
fraction. Moreover, the selection of a specific border point at
SO ps represents an additional assumption.

4. CONCLUSION

This work highlights a novel approach to characterize the
crystalline wax content in crude oils based on low-field NMR,
which represents an addition and an improvement to
established procedures based on DSC, because it allows for
the quantification of the solid content at a very low cooling
rate, without thermodynamic and baseline determination
assumptions. The main novelty in this study is the develop-
ment of a suitable exponential fit for the FID signal, followed

by its application to compute the crystalline solid content in
crude oils. The method starts from assessing the crystalline
solid fraction in model systems with a high content, resembling
at this step the procedures previously applied for solid fat
calculation. Thus, the NMR methods were all validated for
model systems. However, the content of solid states in crude
oil is significantly lower than that in fats and pure waxes,
particularly in the temperature range of interest for assessing
dynamic wax crystallization. Therefore, the exponential-based
model was adapted for such systems, and the method of
calculation was split into two cases: the first where the
crystalline and non-crystalline components were entirely
separated and assessed and the second where the non-
crystalline component was evaluated relative to a pure liquid.
This second approach allows for the assessment of the solid
content, starting from early stages of wax crystallization, while
the first FID method is only applicable when the crystallized
solid content is high enough (a few percentages). There are,
however, some limitations generated by the instrument dead
time, inability to separate amorphous phases completely, and
chemical composition assumptions about the wax in crude oil.
Nevertheless, these barriers can be overcome as NMR
instruments become more advanced, by lowering the noise
and dead times. Moreover, the direct comparison of results and
calculation methods with DSC and NMR CPMG confirms the
quality of the method and even indicates higher reliability and
lower sensitivity on assumptions with the non-crystallized
signal FID method. This creates the groundwork for an
improvement in wax crystallization studies using NMR as an
alternative to established methods.
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Normalization of the DSC curves of crude oils to fit
Exxsol D60 in the high-temperature region (Table S1),
solid fraction calculated with the two FID methods for
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(Figure S1) and deuterated (Figure S2) toluene,
comparison between macrocrystalline wax solutions
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exponential times computed in the biexponential fit
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Table S1: Normalization term added to all the points of each DSC data set to fit the DSC measurement for
Exxsol D60; 2 parallels are considered — the upper and the lower terms illustrate each of the parallels

System Normalization term [W/g]
5% macrocrystalline wax in H-toluene 0.026+0.013
10% macrocrystalline wax in H-toluene 0.016+0.004
15% macrocrystalline wax in H-toluene 0.0265+0.0085
Crude oil 1 -0.0005625+0.024375
Crude oil 2 0.000875+0.002875
15% macrocrystalline wax in crude oil 2 0.009+0.005
Crude oil 3 -0.000625+0.002875
Crude oil 4 0.00925+0.00225
Crude oil 5 0.01525+0.00775
Crude oil 6 -0.0005+0.005

®  15% macrocrystalline wax - FID exponential separation
15% macrocrystalline wax - FID non-crystallized signal
®  15% microcrystalline wax - FID exponential separation
15% microcrystalline wax - FID non-crystallized signal
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Figure S1: Solid fraction evolution for wax-only systems in hydrogenated toluene, as calculated with the 2 proposed
computation methods from FID data
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® 15% macrocrystalline wax - FID exponential separation
15% macrocrystalline wax - FID non-crystallized signal
® 15% microcrystalline wax - FID exponential separation
15% microcrystalline wax - FID non-crystallized signal
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Figure S2: Solid fraction evolution for wax-only systems in deuterated toluene, as calculated with the 2 proposed computation
methods from FID data; As the solvent is now deuterated, the signal will be entirely from the 15% of the system that is not
deuterated, corresponding the wax. Therefore, the real solid fraction in the entire system will be the solid fraction presented
on the y-axis of this figure, multiplied by 0.15.

® 15% macrocrystalline wax - FID non-crystallized signal
15% macrocrystalline wax - FID non-crystallized signal
® 10% macrocrystalline wax - FID exponential separation
10% macrocrystalline wax - FID non-crystallized signal
5% macrocrystalline wax - FID exponential separation
® 5% macrocrystalline wax - FID non-crystallized signal
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Figure S3: Effect of macrocrystalline wax concentration on solid fraction quantification in wax-only systems in hydrogenated
toluene
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Figure S4: FID signal fitting for 5%, 10% and 15% microcrystalline wax in hydrogenated toluene at 0°C
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Figure S5: Solid fraction evolution with temperature for 15% macrocrystalline wax in crude oil 2, with all

proposed methods
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Figure S6: Solid fraction evolution with temperature for crude oil 2, with all proposed methods
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Figure S7: Solid fraction evolution with temperature for crude oil 4, with all proposed methods
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Figure S8: Solid fraction evolution with temperature for crude oil 5, with all proposed methods

0.10

0.08

0.06

0.04

Solid fraction

0.02

0.00

Crude oil 6
x CPMG
FID non-crystallized signal
] e DSC

Temperature

Figure S9: Solid fraction evolution with temperature for crude oil 6, with all proposed methods
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the fit

Sample T; [ms] Ts [ms]
Macrocrystalline wax 0.19-0.33 | 0.04-0.09
Microcrystalline wax 0.25-0.34 | 0.04-0.06
15% macrocrystalline wax | 0.53-0.75 | 0.04-0.05
in H-toluene

15% microcrystalline wax | 0.37-0.75 | 0.03-0.04
in H-toluene

15% macrocrystalline wax | 0.38-0.80 | 0.03-0.08
in D-toluene

15% microcrystalline wax | 0.47-0.72 | 0.03-0.05
in D-toluene

Crude oil 1 0.43-0.67 | 0.04-0.05
15% macrocrystalline wax | 0.13-0.22 | 0.01-0.03

in crude oil 2

Table S2: Evolution of the non-crystalline and crystalline average modified relaxation times. as computed from
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