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No presente trabalho, a aplicabilidade de varios métodos de medicao do inicio
da cristalizagao de parafinas em dois petroleos parafinicos brasileiros é analisada.
Isso se faz necesséario tendo em vista os potenciais problemas de obstrucao de dutos
associados com escoamento de éleo em ambientes frios, que favorecem a cristalizacao
de parafinas. Além disso, técnicas que sao padrdes amplamente utilizados com esse
propdsito possuem limitacoes inerentemente proprias. Apds uma extensa caracter-
izacao das amostras de petréleo, Reometria, Microscopia e Calorimetria sao empre-
gadas para que, respectivamente, as temperaturas de gelificacao, de aparecimento
e de precipitacao de parafinas sejam investigadas, além de como elas sao afetadas
por parametros como temperatura inicial de resfriamento e o tamanho de gap do
reometro. Correlagoes também sao feitas entre a dimensao dos cristais de parafi-
nas, de acordo com diferentes temperaturas de inicio de resfriamento, e composicao
geral dos 6leos. Os resultados sugerem que a questao de dissolver completamente
os cristais de parafina ou nao, para que condigoes reais de escoamento sejam corre-
tamente reproduzidas, é um assunto complexo, pois as propriedades reologicas sao
significativamente afetadas pela escolha da temperatura inicial. H4 também indicios
de que um diferente e especifico tipo de técnica calorimétrica (StepScan), assim como
a microcalorimetria, sao promissores no que diz respeito a sua sensibilidade em de-
tectar a temperatura de precipitacao de parafinas. Contudo, a Microscopia de Luz
Polarizada é a tnica técnica capaz de detectar o real aparecimento dos primeiros

cristais.
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In this work, we assess the suitability of several methods for detecting the start
of wax crystallization in two Brazilian waxy crude oil samples. This is necessary in
view of the potential gelation problems associated with oil flow in cold environments,
which favors wax crystallization. Additionally, existing standard techniques that are
widely used to this purpose have their own inherent limitations. After a comprehen-
sive characterization of the oil samples, Rheometry, Microscopy, and Calorimetry
are employed to investigate, respectively, the wax gelation, appearance, and precip-
itation temperatures, and how these are affected by parameters such as the initial
cooling temperature and rheometer gap size. Furthermore, correlations are made
between wax crystal dimensions; different initial temperatures; and overall oil com-
position. Results suggest that the question of whether or not to completely dissolve
wax crystals in order to better reproduce operational conditions is a rather complex
matter, given that their flow properties are significantly affected by the choice of the
initial cooling temperature. We also present indications that a novel, specific type
of calorimetric technique (StepScan), as well as microcalorimetry, show promise in
being more sensitive for detection of the wax precipitation temperature. However,
Cross-Polar Microscopy is the only one that is able to detect the appearance of the

first wax crystals.
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Chapter 1
Introduction

In this introductory chapter, the problematic subject of waxy crude oils is set in
context (Sections and and important measurement parameters for inves-
tigating their complex rheological behavior and crystallization process are defined
(Section [1.3). Additionally, objectives are delineated and an overview of the entire

work is presented (Sections and [L.5)).

1.1 Flow Assurance

Flow assurance can be defined as the reliable, manageable, and profitable flow of
fluids from the reservoir to the sales point and has been discussed in the literature
many times [I]. The term was coined by Brazilian oil company Petrobras in the
early 1990s and comprehends the science and engineering solutions for hydrates,
paraffins or waxes, asphaltenes, scale, fluid transport and corrosion [I, 2]. Hence,
naturally, the characteristics of production fluids play a fundamental role in every
aspect of this highly multidisciplinary field [1].

Depending mainly on flow conditions and on crude oil origin, flow assurance is-
sues arise from pipelines and equipment becoming eventually obstructed or damaged
during an oilfield operation and this generates very significant financial losses to oil
companies worldwide. Therefore, flow assurance represents an increasing challenge
to the oil and gas industry, especially as the latter progresses offshore into deeper
water [1].

When oil companies are faced with flow assurance concerns, there are basically
two approaches to solving them: remediation, when deposits have already formed,
and inhibition. Remediation methods may include pipeline heating, pigging or the
use of dispersants, so as to, respectively, reheat/melt the production fluid; mechan-
ically remove; and dissolve the deposits. On the other hand, inhibition strategies

are based on the use of chemicals designed to prevent deposit formation.



1.2 Paraffin Deposition and Waxy Oil Gelation

The present work addresses the Flow Assurance problem of paraffin deposition or
waxy oil gelation, which has been catching the industry’s attention as early as the
1920s [3H7]. Petroleum waxes are mostly composed of approximately Cyy - Cyo n-
alkanes that are generally called macrocrystalline or paraffin waxes. However, the
oil wax fraction termed microcrystalline or amorphous wax may also be present,
in the form of high-molecular weight isoalkanes and cyclic alkanes [SHIT]. After
hydrates, oil wax is the second most common cause for obstructed flowlines in the
oil production industry [12].

Both wax/paraffin deposition and crude oil gelation phenomena result from wax
crystallization. However, they differ in the way that they take place: wax deposition
occurs commonly in steady-state scenarios and is characterized by accumulation
along pipe walls; waxy oil gelation is more common during production shutdowns,
when there is the formation a solid, dense wax column [13]. Accordingly, this is
partly why the study of waxy crude oil rheology is so important: the gelation of
waxy crude oils gives rise to a yield stress. Therefore, in flow restart operations
following an eventual production shutdown, if the waxy oil has gelled, a pressure
gradient larger than the usual operating pressure has to be applied in order to
surpass the yield stress of the gel at the pipeline wall [I4]. Other important aspects
of the rheological characterization of waxy crude oils, aside from the existence of a
yield stress, such as rheometer gap size, geometry and wall slip, will be discussed

further in the next sections of the present work.

1.3 Wax Appearance, Precipitation, and Gelation

Temperatures

There are a number of variables that determine the wax crystallization rate and
the amount of wax that deposits for example the flow rate and the pipe’s internal
surface properties [2], 13]. But, ultimately, when it comes to ensuring that pipelines
or equipment will not become plugged from wax crystallization, perhaps the main
parameter to be controlled is temperature. The reason for this is the existence of
a critical, crude oil-dependent temperature, called Wax Appearance Temperature
(WAT).

There are also other important, temperature-related parameters called the Cloud
Point (CP) and the Pour Point (PP) and, in the literature, the former is sometimes
referred to interchangeably with the WAT [15H21]. Standard procedures for mea-
suring them are in accordance with the American Society for Testing and Materials

(ASTM) and they also give an estimate of a crude oil’s wax deposition issues. How-



ever, they either possess intrinsic limitations of their own [15] [16] 18, 21H23] or fail
to detect the very early, actual start of wax crystallization [9] [15] [I8] 22], 24].

Over the last decades, many researchers have dedicated themselves to either
comparing methods for determination of the WAT with respect to their precision
or to obtaining a deeper understanding of wax crystallization phenomena [8], [9, [T5]
16, 18], 22], 25H35]. However, it is worth noting that, when it comes to investigating
wax crystallization using rheometric techniques, the transformation that is detected
does not pertain to the onset of wax crystallization and does not correspond to the
WAT or the appearance of the first wax crystals, even at low cooling rates. It is
believed that there needs to be a sufficient amount of crystallized wax in crude oil
and model oil samples for viscometric/rheometric effects to be distinguished [9], 27].

A sharp increase in viscosity, for instance, may be detected by Rheometry and
derives from the formation of a gel network of wax crystals [12]. This is an indi-
cation of oil gelation, for which the measured parameter is accordingly the gelation
temperature (7,.;). During cooling of a waxy crude oil, for example in a pipeline,
while its flow properties are relatively simple above this temperature, in the sense
that it behaves as a Newtonian fluid, they eventually change to a very complex non-
Newtonian behavior upon cooling below it. At best, the T}, obtained by Rheometry
correlates with the pour point method, instead of the WAT, because the latter also
resembles a flow-related measure, much like Rheometry, aimed at determining oil
gelation specifically under static cooldown conditions [36].

Furthermore, when waxy crude oils experience a drop in temperature and gel,
their complex rheological behavior is determined not only by displaying a yield stress
and time, temperature and shear rate dependencies, but also by the variables of the
entire cooling process that the oil had been submitted to, namely its thermal and
shear rate histories [§].

Moreover, the heat release that arises from wax crystallization can also be de-
tected by Differential Scanning Calorimetry (DSC). However, there is evidence that
this technique is not effective in detecting the very start of wax crystallization, es-
pecially for samples with low wax content [30), [37]. In fact, there is evidence that
exothermic crystallization peaks shift to lower temperatures with a decreasing wax
content, indicating that there must be a sufficient amount of precipitated paraffins
in order for thermal effects to be detected by DSC [30]. Therefore, we herein refer to
the start of wax crystallization measured by Calorimetry as the Wax Precipitation
Temperature (WPT).

1.4 Research Objectives

The main objectives of this work are:



i. To compare different measurement techniques for the WPT /T,.; — Microscopy
(WAT), DSC, and Rheometry — as to their accuracy in determining the true
start of wax crystallization for two Brazilian waxy crude oil samples (Al and
A2);

ii. To evaluate the choice of a initial temperature for the cooling process that is
representative of the operational scenario, instead of a higher, “memory-erasing”

one;
iii. To investigate the effect of rheometer gap size on the measurement of Ty;

iv. To investigate the effect of thermal history on wax crystal dimensions.

1.5 Thesis Overview

The present work is divided in five chapters. This first Chapter deals with the
motivation behind the subject of waxy crude oils and introduces some basic con-
cepts for understanding investigations that pertain to detecting the start of wax
crystallization.

Chapter 2 enables a deeper understanding of available methods for measuring the
phenomenon of wax crystallization, and also of experimental factors governing the
complex behavior of waxy crude oils. The theoretical basis behind several crude oil
characterization techniques, as well as a detailed discussion of the most commonly
used WAT/WPT/T,,; determination techniques, is also laid out.

In Chapter 3, a comprehensive description of the experimental procedures used
in the present work, as well as a broad overview of the methodology used, is given.
Justification for their use is also provided.

Results from this Master’s thesis can be found in Chapter 4, where correlations
between results are also made to some extent. The sensitivity of the techniques
employed, and the influences of the initial cooling temperature and rheometer gap
size are also evaluated.

In Chapter 5, as a conclusion, interconnections and relationships between indi-
vidual results, both from crude oil characterization and crystallization onset deter-
mination, are presented. Furthermore, the importance of taking into consideration
the realistic temperature gradients of wax crystallization processes in ultra deep,

submarine pipelines is emphasized.



Chapter 2
Literature Review

In this Chapter, a review of available techniques that are suited for detection of
the start of wax crystallization is provided, as well as an evaluation of their intrinsic
limitations (Sections and . In addition, further, essential, and more complete
information on waxy crude oils is given (Section and [2.3)), along with a brief

explanation of specific characterization methods employed in this work (Section

7).

2.1 Pour Point and Cloud Point

The terms Pour Point (PP) and Cloud Point (CP) both relate to wax crystalliza-
tion events. However, a couple of differences apply even if the WAT and CP are
sometimes referred to interchangeably in the literature [I5H21]. While the CP is de-
scribed as the temperature at which the oil becomes “cloudy”, indicating that wax
crystallization has already started, the PP serves as an estimate of the oil’s Ty,
that is, the temperature below which the oil will no longer flow due to its gelation.
In a way, the measurement of CP corresponds to an attempt at measuring the WAT
and investigating the onset of the wax crystallization phenomenon, whilst the PP
relates to crude oil gelation problems, that is, when solid, crystallized wax is present
and changes the oil’s rheological properties.

In their work, Venkatesan, Singh, and Fogler [36] differentiated the PP from the
CP very clearly. They also concluded that PP tests would only be representative of
quiescent gelation scenarios and do not apply to flowing conditions, when a shear
stress is applied to the crude oil sample. Hence, according to them, the PP tem-
perature is a special case of the Ty, the latter being a broader term. Furthermore,
it is also worth mentioning that Marchesini et al. [27] did not verify a change in
gap-independent Ty, values whether a shear rate of 257!, 20s™! or 200s™* had been
used. This may indicate that gap-independent measurements of Tj.; do not depend

on the applied shear rate after all.



The PP and CP parameters originate from determination methods that have
always been broadly accepted as the ASTM standard procedures for evaluating the
likelihood of a crude oil to exhibit wax-related, flow assurance problems. They cor-
respond respectively to ASTM D97 and ASTM D2500 - or IP219, from the Institute
of Petroleum (IP). As they are both obtained from visual observation of the sample,
these standard procedures do not detect the very first wax crystal, but rather the
physical effects that are unveiled by a sufficient amount of solid wax that had setlled
in the sample. Furthermore, cloud point determinations by ASTM D2500, for ex-
ample, are limited to liquids that are transparent in very thin layers of thickness,

excluding black oils from measurement suitability [9, 21} 22], 38].

2.2 Thermal and Shear Histories

One of the most significant contributions to the study of waxy crude oils, especially
with respect to their rheology, was that of Wardhaugh and Boger [8, B9]. It was
previously known that the yield stress; the oil’s flow behavior in the non-Newtonian
region at a low temperature; and the size and shape of wax crystals were all somehow
dependent on the thermal and shear histories imparted to the sample being tested,
that is, mainly the cooling rate and the shear rate applied during the cooling process
[40, [41]. However, in their work, Wardhaugh and Boger [8§|, [39] explained that for
the true rheological properties of waxy crude oils to be measured, and then for
the results from different instruments to be meaningfully compared, the so-called
“memory” of the oil sample has to be erased. This is achieved by heating the sample
to a temperature above the WAT to dissolve wax crystals [8, [39].

Nevertheless, erasing of the thermal and shear histories does not ensure repeata-
bility of the subsequent cooling experiments: the sample must be allowed to stand
for some time beforehand so as to reach not only thermal equilibrium, but also an
equilibrium of shear forces. According to Wardhaugh and Boger [§], only then are
flow curves of the sample time-independent and account for comparisons made be-
tween different instruments, such as rheometers with different geometries. Tiwary
and Mehrotra [33], for example, investigated the behavior of several model “waxy”
mixtures by viscosity measurements at different testing temperatures. The sample
in their concentric-cylinder rotational viscometer had to be allowed to isothermally
stand at each testing temperature for 30 minutes so that the viscosity readings
would decrease and eventually reach an equilibrium value. Marchesini et al. [27]
also elected an isothermal holding time (¢;) of 30 minutes right before cooldown
started for their samples based on the work of Wardhaugh and Boger [§].

The influence of the thermal and shear histories on the properties of waxy crude

oils is often studied in the form of cooling rate and shear rate/shear stress. Generally,



when the sample is not sheared during cooling, which corresponds to the study of
static, shutdown conditions in the oil field, it possesses a very high resistance to flow
and solid-like characteristics, because no gel-network degradable forces are acting
on it [39].

On the other hand, in order to reproduce steady-state, wax deposition scenarios,
a shear rate or stress may be practiced upon a waxy crude oil sample and it is
not hard to imagine that the higher the shear rate, the weaker is the gel or crystal
network that forms.

However, this may be true only to a certain extent. Venkatesan et al. [42]
observed that, when a low shear (gelation) stress was utilized at a fixed cooling
rate, it was able to induce entanglements between individual wax crystals, instead
of breaking them up. According to the authors, only higher gelation stresses were
able to break down the crystal network and compromise the final state of the gel.
Therefore, they identified a value of gelation stress (shear history) corresponding to
a maximum in yield stress, which arose from a balance between constructive (shear-
induced) and destructive forces within the sample, as far as the cooling process
is concerned. This maximum is a function of the cooling rate because the latter
establishes how long the experiment will last, that is, how long the sample will be
submitted to shear. This work of Venkatesan et al. [42] is a good example of how
the effects of thermal history (cooling rate) and shear history (shear/gelation stress)
interact to determine the final state of the waxy crude oil gel.

It is also worth mentioning that, whether under shear or quiescent cooling con-
ditions, lower cooling rates have been reported to be associated with lower wax
crystallization rates; formation of larger, more aggregated wax crystals; and higher
viscosity /yield stress [4, [0, B4, 43H45]. Lower cooling rates also allow the whole
sample to be in thermal equilibrium and supercooling effects are avoided this way,
making WAT measurements more accurate [16 21]. As to higher cooling rates, they
usually yield a large number of nucleation sites and smaller crystals because, given
that the wax crystallization rate is higher, the crude oil becomes supersaturated
and wax crystals do not have the time to diffuse to existing nuclei [34]. However, in
contrast to these findings, Guo et al. [46] came to the conclusion that the gel yield
stress of mixtures of decane and long-chain paraffins - C28, C32 and C36 - generally
increased with increasing cooling rate, the exception being the C28 mixture, for
which the yield stress decreased at higher cooling rates. This raises the question of
whether the influence of cooling rate on the yield stress of model waxy oils might
depend on the composition of these mixtures to some extent. For example, in model
waxy oil mixtures of long chain n-alkanes, there are indications that, when carbon

numbers vary by more than 4, separate crystal phases are formed [47].



2.3 Initial Temperature and Loss of Light Ends

The need to heat the waxy crude oil sample first, in order to erase its thermal and
shear histories, engenders another subject that is investigated by many researchers:
what exactly that final heating temperature should be, that is, the initial temper-
ature (7;) from which the cooling process will start. This has generated much dis-
cussion because results have shown that T; does have an effect on the final viscosity
of the cooling process, on Ty, and/or on the yield stress [27, [48].

In fact, it appears that there is a critical temperature range for 7; that yields
maximum values for these properties. This is attributed to the presence of other
crude oil components, such as resins and asphaltenes, which are able to actively
participate in the wax crystallization, mainly in the crystal-growth process [34].
These polar petroleum fractions may not be entirely dissolved in the waxy crude oil
when its temperature is lower than the critical T; value and therefore, in this case,
do not interfere with its final viscosity, Ty or yield stress. However, the memory-
erasing pretreatment of a waxy crude oil might involve heating to temperatures
above which there is a large enough amount of asphaltenes and resins dissolved
and free in the sample to alter the crystallization mechanism [27]. This is why
asphaltenes and resins are the components of crude oil often termed as natural
Pour-Point Depressants (natural PPDs). When the waxy crude oil is pretreated at
a temperature above the critical T}, they are able to reduce the pour point of waxy
crude oils and it goes without saying that the lower the pour point of a waxy crude,
the easier it will flow in cooler environments |24, 49]. Other effects deriving from
the action of these natural PPDs include lowering the yield stress and final viscosity
observed at the end of the cooling process [9] 24], 27, 4], 48, 50, [51]. Furthermore, not
only lower Pour-Point values have been observed: Differential Scanning Calorimetry
(DSC) analysis of waxy oil samples has also shown a decrease in crystallization onset
values with increasing asphaltene content [30, [51].

Another question that is raised by the prior thermal treatment is due to the
possibility of losing lighter components that were originally dissolved in the oil. Light
ends tend to stabilize wax under supercritical, reservoir conditions, delaying the
start of wax crystallization [2], 21]. Researchers have tried to evaluate the influence
of this effect on both stock-tank (dead) and live oil [I8], 23], 28], 52]. Because the
loss of lighter ends augments the crystallization temperature of waxy crude oils,
WAT measurements in dead oil samples tend to be more conservative than in live
oil samples.

Naturally, the choice of the initial cooldown temperature (7;) determines the
extent of light end solubilization in the sample. Zhu, Walker, and Liang [21] ana-

lyzed the impact of this effect on wax crystallization by viscometry for three of their



samples. They evaluated samples with initial test temperatures of 50°C ("non-
erased thermal history”) and 60°C ("erased thermal history”) and identified wax
crystallization at higher temperatures when they had preheated the samples to the
higher temperature, or in the authors’ words, when the histories had been erased.
According to them, this result may be due either to the loss of lighter ends from
preheating at a higher temperature, which would indeed raise the WAT; or to sam-
pling from a supposedly inhomogeneous sample container [2I]. Marchesini et al.
[27] and Andrade et al. [50] also verified similar trends when varying the initial test
temperature 7T;. However, in their case, a stable composition had been previously
established for their experiments and evaporation of lighter ends had also been min-
imized. Hence, Marchesini et al. [27] attributed the increase in T, with increasing
T; to the partial dissolution and subsequent recrystallization of low-molecular-weight
wax. According to them, this contributed to the development of a weaker network,
while high-molecular-weight paraffins remained suspended in the oil.

The loss of light ends becomes a more serious problem especially for a series of
experiments made on a single sample that needed to be reheated over and over again,
which is the case of the McKee crude oil in the work of Wardhaugh and Boger [53].
Marchesini et al. [27] evaded this issue by using a different sample for each of the
experiment runs and by pretreating the oil in an open bottle at a temperature that
is representative of the industrial process and higher than the testing temperature.
This and the use of a solvent trap, respectively, ensured previous evaporation of
lighter ends and a stable composition during the experiments. The pretreated waxy
crude oil was exposed to the process temperature only once and served then as a

source of sampling for a large number of experiments.

2.4 Crude oil characterization

Explained next are the methods that were used for shedding light on the chemical
composition of the waxy crude oils studied (Sections [2.4.1] [2.4.2} 2.4.3] [2.4.4] and
2.4.5)). A brief description of the theoretical principles governing each technique is

presented, along with how they are appropriately situated within the larger context

of waxy crude oils.

2.4.1 Gas Chromatography

Gas Chromatography (GC) encompasses a separation method in which, as the name
implies, an inert carrier gas is the mobile phase, that is forced through a chro-
matographic column containing the stationary phase (solid or liquid). This method

functions under the principle that different components of a complex mixture are



retained in the column to varying extents, depending on their affinity with the sta-
tionary phase. Therefore, distinct retention times are obtained for these substances
[54), [B5].

Chromatographic columns are normally coil-shaped so as to be placed in an oven,
the temperature of which will depend on the kind of sample: if the latter has a broad
boiling point, it is preferable that a temperature ramp be applied for an improved
chromatogram [54].

In a chromatogram, identification of species is done by extant peaks at charac-
teristic retention times, and comparison of peak height or area with that of standard
substances yields quantitative data about the analyte. For this purpose, GC equip-
ment are often coupled with Mass Spectrometer (MS) or with Flame Ionization
Detectors (FID) [54].

In the field of waxy crude oils, GC finds application in the determination and
quantification of n-paraffin and carbon number distributions [56]. More specifically,
High-temperature GC coupled with MS (HTGC/MS) is able to provide these two
distributions, which correspond, respectively, to the proportions of n-alkanes and
total hydrocarbon components with a given carbon number [9} [33] 51], 57-59]. This
is important because, for example, there is evidence that the average carbon number
of petroleum wax plays a fundamentally important role in determining wax crystal
size of PPD-modified waxy oils under shear. In other words, the average carbon
number of waxes is very important in determining the oil’s rheological behavior
[56].

2.4.2 Fourier Transform Infrared Spectroscopy

Infrared (IR) radiation in the wavelength region of 400 cm™! to 4000 cm™?, between
the visible and microwave regions of the eletromagnetic spectrum, can be absorbed
by specific groups in an organic molecule, which in turn vibrate in stretching and
bending ways. This yields a spectrum of absorption bands at radiation wavenum-
bers corresponding to certain functional groups, which is helpful in identifying and
investigating the chemical structure of the sample. In Fourier Transform Infrared
Spectrometry (FTIR), results are obtained much faster, and in general with a higher
signal-to-noise ratio than older, dispersive IR spectrometeres [54, [60].

In petroleum science, FTIR has been useful, for instance, in the identification of

! wavenumber region of the IR spec-

carbonyl groups that absorb in the 1710 cm™
trum, and that may be an indication of the total acid number of a given crude oil
[61],162]. Moreover, using FTIR analyses, Seth and Towler [63] were able to ascertain
the spontaneous loss of light ends of a given waxy crude oil that was left open to the

atmosphere. Even so, FTIR is normally used together with other characterization
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techniques to yield satisfactory and more complete information on the chemical na-
ture of a given sample, especially if the analyte is a complex mixture of compounds,

such as petroleum or its fractions [54H56], 60, [64-66].

2.4.3 Elemental Analysis

Elemental Analysis is an analytical method that provides the weight percentage of
elements commonly found in organic compounds, such as carbon, hydrogen, sul-
fur, nitrogen, and oxygen. Elemental Analysis that provides the relative amount
of carbon, hydrogen, nitrogen, and sulfur is termed shortly CHNS and involves the
high-temperature (900 °C to 1000 °C) combustion of these elements in a dynamic or
static oxygen-rich environment, often with a catalyst. The gaseous mixture deriv-
ing from the combustion process is swept with an inert gas into a heated chamber
containing copper, which is responsible for converting oxides of nitrogen into nitro-
gen gas, as well as for reducing the remaining oxygen that comes from the prior
combustion step. The course and mechanism of this measurement technique may
vary depending on the elements of interest, but, for CHNS, ultimately only nitrogen,
carbon dioxide, water and sulphur dioxide are left. These gases are subsequently
detected either by GC separation, followed by thermal conductivity detection, or
by several infra-red and thermal conductivity cells for detection of individual com-
pounds. Furthermore, calibration for each element of interest is necessary for their
quantification [54, [67].

2.4.4 Nuclear Magnetic Resonance

Nuclear magnetic resonance spectrometry (NMR) is based on the measurement of
absorbed electromagnetic radiation in the radiofrequency range of approximately
4 MHz to 900 MHz. Atomic nuclei are involved in the absorption process and, in
order for the nucleus to acquire sufficient energy for absorption, it is necessary to
submit the analyte to an intense magnetic field. Subsequently, relaxation times, that
is, the rate at which each nuclear spin aligns with the applied field, are measured.
The spin-lattice or longitudinal relaxation time (7)) is a measure of the average
lifetime of the nuclei in the high-energy state, while the spin-spin or transverse
relaxation time (75) describes the rate at which nuclear spin coherence is lost and
the nucleus relaxes to the lower energy state [54, [68].

The rotation of the spins as they re-align with the applied magnetic field gener-
ates a voltage which in turn brings about small magnetic fields that usually oppose
the applied field. Consequently, the nuclei are exposed to an effective field that is
usually smaller than the external field and certain nuclei (containing an odd number

of protons and neutrons), in different chemical/electronic environments, give rise to

11



a dispersion of signals. Therefore, the values of T} and 75 — which relate to the
response of, for example, "H and 'C nuclei to the applied magnetic field — hold
information about the interactions of nuclear spins with their physical and chemical
environment.

The voltage generated by circulation of electrons in the molecule is stored as the
raw data of the NMR analysis. In high field, high resolution NMR, the Fourier trans-
formation of this signal yields a spectrum with peaks corresponding to hydrogen or
carbon nuclei in different environments. The areas under the peaks are quantitavely
related to the amount of 'H and 'C present as that chemical type [54, 68]. For
example, the chemical shift region of 6.0 ppm to 9.0 ppm on the 'H-NMR spectrum
is assigned to aromatic hydrogens, although the exact limits of the chemical shift
regions may vary slightly among researchers.

There a few inherent problems with carbon-13 NMR (**C-NMR) technology
that may be overcome by certain operational procedures. For instance, the Nuclear
Overhauser Effect (NOE) causes peaks corresponding to carbons attached to dif-
ferent protons to be enhanced to varying extents. This renders the data obtained
from the *C spectrum non-quantitative among the different types of carbon atoms.
Another problem associated with *C-NMR are the longer T} values from param-
agnetic interactions. However, both these issues can be corrected respectively by
inverse gated decoupling during the acquisiton of the free induction decay, and by
adding a paramagnetic relaxation agent to the solution, which is able to reduce the
C long relaxation time Ty [55, 68, 69).

2.4.5 Estimation of Average Structural Parameters

Many researchers have used proton NMR (!H-NMR) and "*C-NMR in combination
with Elemental Analysis in order to estimate average structural parameters (ASP) of
compounds present in petroleum or coal-derived products, while some of them also
relied on molecular weight measurements for such calculations [69-79]. They have
characterized their samples using these techniques in order to obtain information
on the relative proportion of straight-chain alkanes and their average chain length,
for example, although many other ASP may also be estimated [69] [73H75] 80, 81].
Table illustrates typical chemical shift regions for specific types of *C and 'H
nuclei, as well as a few examples of ASP that can be calculated. These have been
commonly used in the literature [69, [73] [74].

The combined use of 'H-NMR and *C-NMR is advantageous because, while *C-
NMR provides data on the backbone of molecules, 'H-NMR provides information
about the periphery [54, [69]. Furthermore, although *C-NMR is less sensitive

than "H-NMR because of the low natural abundance of **C nuclei, it generates less

12



Table 2.1: Chemical shift assignment of the different regions in >C and 'H spectra and examples
of ASP.

Symbol  Chemical shift (ppm) Assignment
Csat 0-70 Aliphatic carbons
Car 110-160 Aromatic carbons
Car-alk 137.5-160 Alkyl substituted aromatic carbons
133 Ca 14.1 Paraffinic a-carbons
CMe-b 19.7 Carbons in branched methyl group
Cg 22.9 Naphthenic/paraffinic S-carbons
Ca 29.7 Paraffinic/Further removed carbons (n-carbons)
Cy 32.2 Paraffinic y-carbons
H, 2.0-4.5 a-CH, a-CH, and o-CHj3 (aromatic rings)
Hg. 1.0-1.6 B-CHsy (aromatic rings); naphthenic/paraffinic CH
Hgo 1.6-2.0 n-CHy (aromatic rings); naphthenic/paraffinic CHy
Hg 1.0-2.0 Hg + Hpo
'H H, 0.0-1.0 n-CHj; (aromatic rings); terminal/isolated CHg
Hiat 0.0-4.5 Aliphatic hydrogens (H, + Hg + H,)
Humar 6.0-7.3 Hydrogen in monoaromatic ring systems
Hyar 7.3-9.0 Hydrogen in diaromatic ring systems or greater
H,, 6.0-9.0 Aromatic hydrogens (Hgar + Hmar)
Car-n - Aromatic protonated carbons: Har/(C/H)
f, - Aromaticity factor: C,,/(Csat + Car)
ASP SCA - Straight-chain alkanes: C, + C, + Cg + C,
ACL - Average chain length: 2-(C, + C, + Cg + C,)/C,
He-aix - H, in alkyl-substituted aromatic rings: Cm_alk-%-Q

References: adapted from [68] [69] [73], [74] [80].

peak overlapping than 'H-NMR because of its greater chemical shift scale [55] 69].
This is especially important for estimating ASP because it allows the computation
of individual contributions of certain hydrogen and carbon types that would be
otherwise unobtainable from the integration of peaks from the 'H-NMR spectrum
alone [69H7T, [73, [74].

When calculating ASP, the carbon to hydrogen ratio (C/H) is a very important
variable and it can be assessed by Elemental Analysis; by *C-NMR; or by both
"H-NMR and "“C-NMR [54, [70, [71]. In fact, Gillet et al. [70 [71] verified the
accuracy of 'H-NMR and *C-NMR analyses by comparing these with Elemental
Analysis results. Between both methods, they obtained very similiar C/H values
for a synthetic base oil and for various heavy ends from an Arabian light crude oil

70, [71].

2.4.6 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a Thermal Analysis method that monitors the

change in sample mass with respect to temperature or time. Unlike DSC, where fast
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scan rates allow for increased sensitivity, TGA benefits from lower cooling/heating
rates because they favor the completion of processes involving mass loss [82].

TGA curves are often studied with the help of derivative TGA (DTG) thermo-
grams, obtained from the TGA curve itself. The reason for this is the efficiency of
DTG in better distinguishing and separating overlapping events [82].

Among examples of studies where TGA finds application are mainly those of
decomposition kinetics and polymer thermal and oxidative stability [82]. In the
present work, this characterization method was useful for estimating how relevant
the loss of light ends is for the waxy crude oil samples within the temperature range

under investigation.

2.5 Techniques for measuring WPT /T,

A number of techniques have been employed in the literature with the aim of quan-
tifying the WPT /T, of waxy crude oil and model oil samples as alternatives for the
ASTM standard cloud and pour point determination methods. This wide variety
of methods includes Near-Infrared Scattering (NIR); Photoelectric signal; X-Ray
Diffraction (XRD); Laser based solids detection system (SDS); ultrasonic experi-
ments; FTIR; NMR. However, the three most widely used methods for this purpose
are Rheometry, Cross Polar Microscopy (CPM), and DSC [19] 23], 28, (30, [35], [83-H85].
Each of them is naturally based on different physical and/or chemical principles and
has its own peculiarities that make for a lack of precision among detection methods
as far as the measurement of this property is concerned.

A brief theoretical basis and bibliographic review are given in Sections [2.5.1]

[2.5.2 and [2.5.3| for each technique used in the present work, all of which pertaining

to efforts in detecting wax crystallization in petroleum.

2.5.1 Rheometry

Identification of waxy oil gelation by rheometric techniques can be undertaken by
stationary experiments, which are based on a sharp increase in viscosity at T; or
by dynamic (oscillatory) experiments, which are based on the viscoelastic behavior
of the oil gel.

Newtonian fluids are ones that present an unvariable viscosity value at a fixed
pair of temperature and pressure with respect to time or when the shear rate is

varied. For these fluids we can write Equation ({2.1)):

o=p- (2.1)
where o is the shear stress; p is the dynamic viscosity; and + is the shear rate.
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On the other hand, non-Newtonian fluids exhibit shear rate-dependent values for
viscosity and a far more complex behavior. The Ostwald-de-Waele or power-law

model for non-Newtonian fluids, for example, is given by
o=K " (2.2)

or
o=K- A" A =1-5 (2.3)

where K is the consistency index; n is the power-law index; and 7 is the apparent

viscosity, which is a function of the shear rate according to Equation (2.4)):
n=K- -y (2.4)

It is also not difficult to see that Equation (2.1)) for Newtonian fluids is a special
case of the power-law model when n equals 1 [86), [87].
During cooling of a waxy crude oil sample, as long as the oil still behaves as a

Newtonian liquid, the Arrhenius temperature-dependence equation applies (Equa-

tion :

E,
—A. a 2.5
7 exp o (2.5)

or E
logn = A 4+ —2 2.6
ogn + = (2.6)

where A is a constant largely dependent on the entropy of activation of flow; E, is the
activation energy; R is the universal gas constant; and 7 is the temperature [9]. The
linearized version of the Arrhenius equation is a plot of logn versus %, cf. Equation
, and the wax crystallization phenomenon can be observed as the point that first
deviates from the straight line. The deviation indicates that the Arrhenius equation
is no longer valid and, thus, may be associated with the transition to non-Newtonian
behavior. This was the methodology employed by many authors to study waxy oil
gelation [9], 12, 21, 25H27], 351 (43, R84, [8F].

The investigation of wax crystallization by means of rheometry by oscillatory
experiments is based on the viscoelastic behavior of the gel that is formed, a behavior
that is intermediate between the elastic solid and viscous liquid behaviors. The
contribution of the solid-like and liquid-like behaviors to the overall state of the oil
gel relate to the in-phase and out-of-phase response of the resultant motion of the
fluid and these are studied by measurements of the elastic - or storage - and viscous
- or loss - moduli, respectively. When a waxy crude undergoes cooling, both moduli
increase and, eventually, the storage modulus value surpasses the loss modulus value.

The increase of both moduli is an indication that waxy crude oil gelation has taken
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place and the gelation point is identified as the point where they start increasing.

Wall Slip

The phenomenon of wall slip is often also referred to as wall depletion effects, or
simply wall effects. Although they indeed possess very similar meanings, it would
be advantageous to first gain insight into wall depletion in order to understand how
wall slip presents a problem for Rheometry.

The contact between a smooth, solid surface or wall, and a simple suspension
is characterized by a concentration gradient. The concentration of particles right
adjacent to the wall is essentially zero, differing from the random spatial concen-
tration of particles in the bulk liquid. It takes about five particle diameters for the
concentration of the disperse phase to, in an oscillatory manner, reach an average
concentration value. Consequently, the concentration at and near the wall is not rep-
resentative of that from the bulk fluid, which means the liquid’s properties that are
being measured at the solid-liquid boundary, for example viscosity on rheometers,
will also be different [87, [89].

Wall depletion may result from steric, hydrodynamic, viscoelastic, gravitational,
and chemical forces present in suspensions, in spite of the restoring osmotic force
arising from the concentration gradient. It is mainly common in concentrated solu-
tions of high-molecular weight polymers; suspensions of large or flocculated particles;
and emulsions of large droplet size. As the thickness of the depleted layer is a func-
tion of particle or floc size, it is also a function of the shear rate: this low-viscosity,
low-concentration, lubricating layer of typical thickness between 0.1 pm and 10 pm
is commonly relevant at low shear rates, when floc sizes are larger [87] [89].

The lubricating or slip layer that stems from wall depletion, as well as its con-
sequences, compose what is called wall slip. Unexpected lower Newtonian plateaus
and a decrease in apparent viscosity with decreasing geometry size (tube radius,
rheometer gap size), for example, are two ways wall slip may present itself [87, [89).

Although broadly termed in the literature as “slip”, the phenomenon described in
this section is not characterized by the surface actually losing physical contact with
the fluid and “slipping”. Instead, it simply relates to the existence of a microscopic
liquid layer adjacent to a wall that is poor in the disperse phase and interferes
with measurements. An occurrence that more closely resembles actual slip is called
adhesive failure in the literature [27, [58].

In the context of rheology, wall slip is evidently an unwanted phenomenon that
one might want to try to eliminate or, at least, minimize, as the goal is to measure
the fluid’s bulk properties. This is achieved, for example, by sandblasting/profiling
the contact surface or by the use of rheometric geometries such as cross-hatched

parallel plates [87, 00]. These types of surfaces are able to break the depleted layer
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if their rugosity is higher than the microstructure components. When this is the
case, assumptions must be made that no flow occurs between the protrusions and
that shear occurs in the space between imaginary surfaces, each one consisting of

the protrusion tips of each plate [4] 27].

Rheometer Gap Size

There are several reasons why investigating the influence of rheometer gap size plays
an important role in the study of waxy crude oils. The way wall slip manifests itself;
thermal control and homogeneity within the sample; and reliable gap-independent
results are three illustrations of how choosing the appropriate rheometer gap matters.

The existence of a depleted layer, or the effect of wall slip, interplays with the
geometry size - tube radius, rheometer gap size, etc - affecting viscosity measure-
ment values and their veracity. One can instinctively come to the conclusion that,
for larger gaps, the depleted layer becomes increasingly unimportant because its
thickness, relative to the whole gap, becomes negligible. On the other hand, the
smaller the gap, the more important wall slip effects tend to be. Consequently, a
decrease in geometry size yields lower viscosity that does not reflect the bulk prop-
erties because of the stronger relevance of the depleted layer’s low-concentration,
continuous phase-rich characteristics [87].

Thermal inhomogeneity is also an aspect that generates some concern in rheom-
etry of waxy crude oils. Thermal homogeneity is desired to ensure the same thermal
history within the whole sample. It may be specially a problem when excessively
wide gaps are used, given that a Peltier plate undertakes temperature control on
one end of the sample only and that a larger sample volume is required for wider
gaps [217].

As far as ensuring shear homogeneity is concerned, the cone and plate geometry
is the one more prone to impose the same shear rate (or in other words shear history)
throughout the sample and has been used by many authors in the study of waxy
crude oils [8] [12] B9, 4244, [53] 86], 911, 92].

However, there is evidence that the cone and plate geometry is inadequate for
this purpose because of the small gaps near the cone tip that invalidate the assump-
tions made in continuum mechanics theory [4, 27]. The reason behind this is the
fact that wax crystal aggregates as large as 74 pm and 132 pm have been observed by
Japper-Jaafar et al. [4] and Webber [93], respectively. This size dimension surpasses
typically available truncation heights for the cone and plate geometry [4], 27]. There-
fore, in the rheological analysis of waxy crude oils, the type of geometry used must
provide a minimum gap size for which the continuum hypothesis will be ensured
and wall slip effects become negligible.

In order to shed light on this matter, Barnes [94] explained how the minimum
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gap required for analyzing suspensions of large particles or flocs is a function of
the effective phase volume and that a gap-to-particle-size ratio greater than 10 is
required for phase volumes above 25%. On the other hand, more recently, Japper-
Jaafar et al. [4] found that there are some disagreements between minimum-gap
determination techniques, including the previously mentioned reasoning of Barnes
[94], and that these disagreements probably arise from interlocking and interactions
between wax crystals. Japper-Jaafar et al. [4] explained from their results that,
because wax crystallization and subsequent oil gelation are complex processes, at
least for their crude oils, gap-independency analysis should not be based on wax
crystal or aggregate size alone. However more work on investigating this relationship
still has to be done in the literature.

Besides rendering gaps that are not wide enough for measuring rheological prop-
erties of waxy crude oils, the cone and plate geometry has also been associated with
too high values of T}, and viscosity, as pointed out by Marchesini et al. [27]. Ac-
cording to the authors, also supported by the results from Roenningsen et al. [9],
it appears that decreasing geometry sizes also tend to promote earlier wax crystal-

lization.

2.5.2 Differential Scanning Calorimetry

DSC is the most often used thermal analysis method, mainly because of its speed,
simplicity and availability. It is based on recording the difference in heat flow be-
tween a sample and a reference. There are two general, different ways a DSC in-
strument may operate: power-compensated DSC or heat flux DSC [54].

In the first type, both sample and reference temperatures are kept equal to each
other while they are increased or decreased according to the applied temperature
ramp. The temperature signal from the sensors is compared to the programmer’s
signal and the difference is fed into an amplifier, which in turn sends power so as
to correct the temperature imbalance arising from thermal transformations in the
material. Power-compensated DSC enables the use of very rapid heating/cooling
rates with separate furnaces for the sample and the reference [54], 82].

In heat flux DSC, the difference in temperature is measured while the sample
temperature is changed at a constant rate through a single heating/cooling unit.
Because the primary signal that is measured is temperature, which is then converted
into heat flow information, this type of DSC is considered to have grown out of
Differential Thermal Analysis (DTA) [54], 82].

The event of interest to the present work that can be detected by means of
DSC is an exothermic crystallization peak that pertains to wax crystallization. On

the whole, when waxy crude oils or their distillates are characterized by means of
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DSC, some commonly obtained thermograms present very broad and/or modest
crystallization peaks that may span over 100 °C in view of the natural complexity of
these fluids [25] 26], 32, 95H97]. Nevertheless, these peaks turn out somewhat better
defined when model waxy oil samples are utilized [33] 46}, 47, 08, ©9].

1 supercooling effects may occur,

When using scanning rates such as 10°C min~
and this yields lower temperature values for the crystallization peak. On the other
hand, very low cooling rates (0.1°Cmin~! and lower), in spite of better resembling
field conditions and yielding more accurate WP'T values, compromise sensitivity
because the DSC signal is the time derivative of the enthalpy change [9]. Table [2.2

provides an overview of experimental conditions used for DSC analyses of crude oils.

Table 2.2: Determination of the start of wax crystallization in crude oils by DSC.

Cooling Rate

Published Work T; (°C) t; (min) Pretreatment

(°Cmin~1)
Alcazar-Vara and 5 85 1 )
Buenrostro-Gonzalez [24]
Chen, Zhang and Li [100] 5 80 1 2h at 80°C
Elsharka];v;}ﬁiril—[gg]hhaf and 10 70 ) 11 at 80°C
Hansen et al. [96] 10 70 - 70°C/80°C
Claudy et al. [97] 2 Variable - 1h at 70°C
. 15min at
Kok et al. [101] 2 80 - 55 °C
Kok, Letoffe and Claudy [102] 2 80 - 1h at 80°C
Letoffe et al. [103] 2 80 - 1h at 80°C
Kok et al. [20] 2 80 or 60 - 1h at 80°C
Visintin et al. [45] 10; 5; 2 and 1 60 - 1h at 50°C
Meray et al. [28] 10 90 60 1 day at 50°C
Coto et al. [49] 3 80°C - -

In fact, there is evidence that the wax content might also play a role in DSC
sensitivity [30,37]. Recently, Zhao et al. [30] verified a reduced amplitude of normal-
ized heat flow (Jg=' K1) and lower WPT values with a decreasing weight fraction
of wax for their model oil samples.

Additionally, Jiang, Hutchinson, and Imrie [37] concluded that conventional DSC
is not sensitive enough to clearly identify the onset of wax crystallization in samples
with low wax content, especially at low cooling rates. Instead, according to them,
conventional DSC would only be applicable to samples with relatively high wax
content. They used a type of MTDSC comercially termed Alternating Differential
Scanning Calorimetry (ADSC) and compared results with those from conventional
DSC analysis. The former was able to better distinguish wax crystallization in
samples with low wax content by the step-like change in the phase angle between

the cooling rate and heat flow.
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Furthermore, Noel [32] observed that paraffin type or wax composition deter-
mines how broad the temperature range for wax crystallization will be. From that
work, through the analysis of lube oils by DSC, it became clear that different oil
grades and also lube oils originating from distinct crude oils render narrower or
broader crystallization peaks according to the composition of the wax phase. For
example, a lube oil having a greater proportion of linear alkanes would show an
earlier onset of crystallization upon cooling, i.e. located at a higher temperature,
than would other oils containing mostly branched paraffins.

Good correlations have been achieved between WP'T values determined by DSC
and ASTM cloud points, although there is a lack of agreement between correlations
from different authors because of the different cooling rates used [97]. In contrast
with the results of Noel [32], who reported DSC values 5 °C higher than ASTM cloud
points, Claudy et al. [31] and Heino [104] found lower values for DSC experiments.
Nevertheless, when pour point experiments are brought into play, Claudy et al. [31]
and Noel [32] agree that a weight percentage of crystallized paraffins of 1% would
be enough to cage the hydrocarbon matrix. This was the amount of precipitated
paraffins for which Claudy et al. [31] attained the best correlation between PP and
DSC experiments.

Modulated Temperature DSC

It appears that there is only one work in the literature that deals with the analysis of
wax crystallization in waxy crude oils by MTDSC, which is that of Jiang, Hutchin-
son, and Imrie [37]. Results from these analyses, however, are not very promising
[22, 57]. In this work, we present a different MTDSC technique, comercially termed
StepScan, that, as far as we know, has never been used before in the field of waxy
crude oils. Details of this specific MTDSC technique, as well as how it differs from
the work of Jiang, Hutchinson, and Imrie [37], are given in the next chapter of the
present work. Thus, the suitability of StepScan for detecting the WPT has been
assesed.

In Modulated Temperature DSC (MTDSC), a function is superimposed on the
overall temperature program to produce various heating and cooling cycles as the
overall temperature ramp is applied. For a sinusoidal modulation, as an illustration,

the temperature at any given time can be obtained by:
T=T —p-t+ Ar-sin (wt) (2.7)

where T” is the initial temperature; 3, the underlying cooling rate; and Ar and w
are the amplitude and the angular frequency of the temperature modulation, respec-
tively [37]. The advantage of this type of DSC is that the raw signal, or the total
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dH
heat flow <,

transformations controlled by kinetic processes and another associated with changes

may be subsequently deconvoluted into two parts: one pertaining to

in heat capacity:

L) (2.8)
where H is the enthalpy in Jmol™!; C, is the specific heat capacity — heat capacity
per mole — in JK~'mol™!; and f(7T,t) is the kinetic response of the sample in
Jmol™! [54]. Thereby, MTDSC is able to separate overlapping events according to
the reversibility of the heat flow signal. The reversing heat flow signal is associated
with the heat capacity component, whereas the nonreversing part relates to kinetic
processes. Glass transitions, for example, which are associated with a change in
heat capacity, appear in the reversing part of the whole thermogram because they
are fast enough to be reversing on the time scale of the modulation. Nonetheless,
a MTDSC reversing process is not equivalent to a thermodynamically reversible
process. Vaporization, for example, is a reversible phase transition that appears in
the nonreversing portion of the thermogram because the loss of mass results in a
nonreversing event [82].

Glass transition is a transformation that materials containing an amorphous
phase undergo and that marks the passage from a glass to a rubbery state upon
heating. Beyond this temperature, the long-range translational motion of polymer
chain segments, for example, is active; below it, this type of motion is frozen and
only the vibrational motion is active. This transition is characterized by a change
in viscosity, volume and heat capacity, the latter being identified in a DSC heating
thermogram by a relatively sudden increase in the heat flow baseline [54]. This
increase in heat capacity takes place not at a definite temperature, but rather in a
temperature range [82]. A series of authors detected the glass transition temperature
(T,) of their waxy crude oil and distillate samples using DSC and obtained T}, values
as low as approximately —120°C [25] 32} 96, 97, 103].

Differential Scanning Microcalorimetry

There is also some published work in which Microcalorimeters are used to assess wax
crystallization [105-H107]. These equipment have higher resolution and have been
associated with better calorimetric sensitivity than conventional DSC equipment
on account of the possibility of utilizing a greater sample mass [82, 105]. This
greater sensitivity is associated with the appearance of two exothermic, wax-related
crystallization peaks at different temperatures [I07]. Microcalorimetric instruments
also provide lower scanning rates without compromising sensitivity, which would be
useful in simulating operational, waxy crude oil cooling conditions [82] [105].

It is also worth mentioning the work of Gimzewski and Audley [105], who inves-
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tigated the onset of paraffin crystallization in diesel with several cooling rates by
both DSC and Differential Scanning Microcalorimetry (uDSC). Their results suggest
that equilibrium cooling conditions have not been reached, even at 0.01°C min~!.
They also came to the conclusion that the WPT by DSC with a cooling rate of
1°Cmin~! agrees fairly well with that obtained by uDSC with a lower cooling rate

of 0.01°C min~!.

2.5.3 Microscopy

When waxy crude oils are placed between crossed polarizers and illuminated by
monochromatic light under an optical microscope, the anisotropic characteristics
of paraffin crystals, which give rise to birefringence within the sample, allow for
observation of crystal morphology, fractal dimension, and microstructure [12].

In a more detailed manner, the working principle of CPM can be described as

follows:

i. After the passage of monochromatic light through the first polarizer, unidirec-
tional light is let through the polarizing filter [12] 108, [109];

ii. The anisotropic characteristics of wax crystals account for rotation of the plane
of polarized light [57, [108];

iii. Once the direction of this plane has been altered, the other polarizing filter,
often termed “Analyzer”, whose light-filtering properties are perpendicular to

the first one in terms of direction, allows some light to pass [108] [109];

iv. Finally, observation of paraffin crystallization in dark crude oils becomes possi-
ble.

Additionally, CPM may work under two different optical pathways: reflected or
transmitted light, although, ultimately, the aforementioned operational basis is the
same [109].

Even though there is a small degree of subjectivity that arises from the operator’s
perception, CPM has consistently been reported to be the most sensitive of detection
techniques for the start of wax crystallization [9, 16] I8, 57]. In fact, in a very recent
review, Fogler, Zheng and Huang [57] gathered published data on commonly used
measurement techniques, and analyzed pairs of comparison between CPM and DSC;
and CPM and viscometry. They discerned a greater number of cases in which CPM
presented higher temperature values for the start of wax crystallization than the
other two methods. In other words, according to them, there were 35 examples of
WAT> Ty, against 8 for WAT < T),.;; and also 35 examples of WAT>WPT, against
16 in which WAT<WPT. A few examples of previous works on WAT determination
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by CPM, as well as the experimental conditions used in them, are given in Table
2.9l

One of the shortcomings of CPM is that the light intensity observed by the
operator depends to some extent on wax crystal orientation [L08] [IT0]. If a paraffin
crystal has its long, optical axis oriented parallel to the direction of the plane of
light that comes from the first polarizer, it will be in a “position of extinction”,
which virtually means it will be invisible to the operator [108]. As Paso et al. [110]
explained, maximum brightness of wax crystals observed by CPM will occur for
crystals oriented in a way that this long axis forms a 45° angle with either axes
of the polarizers [I08]. Therefore, according to Paso et al. [110], measurements
of exact crystal dimensions by CPM may become compromised and upper-bound
output parameters, such as maximum crystal length, may be more accurate for

estimation.

Table 2.3: Determination of WAT in crude oils by CPM.

Cooling Rate

Published Work (°Cmin-1) T; (°C) t; (min) Pretreatment
Visintin et al. [45] 1; 0.05 50 - 1h at 50°C
Cazag;‘u’(:];’a[g?] and . 60 10 50h at 80°C
Brcg?éklz;is?élz?nd 02 05 00 ]
far sziif;io[vgil]‘i 1 60/80 . 60°C/80°C

H%rzﬁzf[lzg?d 1 60 - 30 min at 60°C

Eaﬁflk;i’vgi‘ffg? 0.6 - - Preheating
Pasgj:;lff“(}jsvé‘?)]and 0.5 20-30°C above WAT - -

Coto et al. [49] 3 50 - 1h at 50°C

While the aforementioned “extinction” effect may be true, in previous works,
many authors have obtained valuable information on the microstructure and dimen-
sion of waxy components in their aggregated /crystallized form by analyzing paraffin
crystal fractal dimension, maximum length or size distribution [4, 1], 49, 56], 109
IT4]. Furthermore, model oil samples are expected to generate sharper images by
CPM owing to their lower chemical complexity in comparison with crude oils, which
might aid the study of wax crystal morphology [99].

For instance, the fractal dimension parameter provides an estimation of the non-
linear, irregular, and complex morphological characteristics of wax crystals and their
aggregates [I12]. Yi and Zhang [56] [1T1], as well as Gao, Zhang, and Ma [112], stud-
ied the effect of PPD on wax crystal size and fractal dimension by Microscopy. They

verified that addition of PPD under static cooling conditions resulted in an increase
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of wax crystal fractal dimension and size, suggesting a more intricate, complex mi-
crostructure when the PPD was present. Moreover, Yi and Zhang [50] also evaluated
the effect of shear on their PPD-modified samples, and observed that shear could
break wax crystal aggregates to varying extents depending on oil composition, re-

sulting in a decrease of their fractal dimension and size.
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Chapter 3

Methodology

This chapter begins by giving the reader an overview of the methodology used in
this work (Figure , as well as by predefining the general test conditions that
the oils were submitted to in characterization experiments. Furthermore, general
test conditions for WAT, WPT and T}, experiments are also defined and properly
justified (Table [3.1). Additionally, a third oil sample (A3) is presented, which was
kindly provided by Marchesini [IT5]. This previously pretreated waxy crude oil also
underwent TGA characterization in order for the potential source of error of loss of
light ends to be evaluated (Section [3.1.5).

Figure 3.1: Summary of the methodology employed in the present work.

{Crude oils Al and AQJ

Crude oil characterization Estimation
(NMR; FTIR; CHNS; GC; TGA) of ASP

| WAT/WPT /Ty ||
VTDSC { LDSC J { W?LX crystal J
dimension

Reference: elaborated by the author.

measurements
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3.1 Crude oil characterization

In addition to the techniques described in this Section, American Petroleum In-
stitute (API) gravity analyses were made for both samples according to ASTM
D4052. These analyses were provided by the Centro Nacional de Pesquisas Leopoldo
Américo Miguez de Mello from PETROBRAS.

3.1.1 GC

Waxy crude oils were analyzed by GC/FID in a Shimadzu GC-QP2010 Ultra system
coupled to an RTX-1MS column. The temperature program was: 100°C for 5 min;
10°C/min to 300°C and hold for 15 min; followed by 10°C/min to 310°C and hold
for 30 min. The injector and detector temperatures were set at 290 °C and 320 °C,
respectively. Moreover, xylene was used as a solvent, and the injection volume
was 1pL, while helium was employed as a carrier gas. Additionally, the linearity
standard used was ASTM D5442 C,, - Cgy. GC characterization was executed in
the Laboratério de Macromoléculas e Coldides na Industria de Petréleo (LMCP), at

the Instituto de Macromoléculas from UFRJ.

3.1.2 FTIR

Spectra of crude oil samples were recorded on a PerkinElmer Frontier FTIR/FIR
spectrophotometer with a resolution of 4cm™!, as a result of 20 accumulated scans.
Before being placed in the instrument, oil samples were painted on a KBr plate.
These analyses were carried out in the Laboratorio de Apoio Instrumental, at the

Instituto de Macromoléculas from UFRJ.

3.1.3 CHNS

Elemental analysis was performed on a Thermo Scientific Flash 2000 CHNS Or-
ganic Elemental Analyzer, onto which the samples were loaded without any kind
of previous treatment, and results correspond to the average of three individual de-
terminations. CHNS analysis was carried out at the Centro Nacional de Pesquisas
Leopoldo Américo Miguez de Mello from PETROBRAS.

3.1.4 NMR and Estimation of ASP

The 'H-NMR spectrum was obtained on a Varian Inova-300 spectrometer at
500 MHz, operating at 303.2K. 128 scans were accumulated, with a line broad-
ening of 0.3 Hz and acquisition time of 3.27s. ¥C-NMR analysis was carried out
on a Bruker Advanced NMR equipment at 75 MHz with 5000 repetitions; in the
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inverted gated decoupling mode; at 300.1 K; with an acquisition time of 0.86s; and
line broadening of 5 Hz.

Both 'H-NMR and ¥*C-NMR analyses, along with ASP calculations, were pro-
vided by the Centro Nacional de Pesquisas Leopoldo Américo Miguez de Mello from
PETROBRAS. ASP calculation and chemical shift regions and assignments, in turn,
were based on the works of Hasan, Ali, and Bukhari [69] [73]. The C/H ratio ob-
tained from ¥*C-NMR, which can be calculated using Equation , served as input

information for ASP estimation in the present work.

C Csat + Car

— _ _—sat | war 1
H 2- C'saut + Car (3 )

3.1.5 TGA

TGA results are useful for evaluating the potential experimental error deriving from
the loss of lighter components at higher temperatures. This was estimated for our
crude oil samples by comparison with the pretreated waxy crude oil sample used in
the work of, and kindly provided by Marchesini [IT5]. For practical reasons, this
sample is herein referred to as A3.

Waxy crude oils A1, A2, and A3 were analyzed on a Pyris 1 TGA equipment
from Perkin Elmer under flowing (30 mL/min) oxygen atmosphere. This analysis
was run only once with a sample mass of around 4mg to 9mg and the goal was
to reproduce as close as possible the cooling and heating conditions used in the
T, theological experiments (Section . Therefore, the cooling program on the

instrument obeyed the following procedure:
i. heating the sample from ambient temperature to 7; at 20 °C/ min;
ii. isothermally keeping the sample at T; for a period of time ¢;;

iii. cooling to ambient temperature (uncontrolled);

iv. repeating the heating process from ambient temperature to T;, this time at a

heating rate of 1°C/ min.

Because of our TGA device’s limitations, this method differs to some extent
from the one employed for rheological experiments in the sense that cooling from
T; to ambient temperature cannot be controlled and occurs naturally. Additionally,
cooling to 4°C is also unfeasible.

However, the high-temperature extremes represent a zone where the loss of light
ends is more likely to take place and this zone can be correctly reproduced by the
aforementioned TGA method. Thus, we are in a position to estimate this potential

source of error by comparing results for oils A1 and A2 with those for the pretreated
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oil sample A3, given that, for the latter, this source of error had been previously

minimized [115].

3.2 WPT/T,, experiments

In the present work, when it comes to distinguishing the start of wax crystallization
using different measurement techniques, a few general rules apply. In other words,
for CPM, rheological, and conventional DSC experiments, the two Brazilian waxy

crude oil samples were:

i. shaken vigorously in their respective bottles before sampling from them in order

to promote homogenization;

ii. loaded on the respective analytical instruments at ambient temperature and

taken to the corresponding initial temperature T; at approximately 20 °C/ min;

iii. submitted to two different thermal history conditions, which are presented in

Table 3.1}

iv. cooled at 1°C/min to a final cooling temperature (73) of 4°C, a typical mini-

mum seabed temperature in deepwater, offshore oil production [4, 1T6].

v. tested for each experimental condition at least three times. Wall slip, MTDSC,

and pDSC tests were run only once.

Table 3.1: Conditions used in experiments for WAT/WPT/Ty.; determination.

Thermal treatment  7T; (°C) ¢; (min) Measurement technique

Rheometry
DSC
”Erased history” 80 15 CPM
MTDSC
uDSC
Rheometry
”Non-erased history” 50 30 DSC
CPM!

Tests for different thermal history conditions were conducted in order to study
the process of wax crystallization with distinct initial temperatures: one that is
more representative of the operational thermal conditions that both crude oils are
exposed to (T; = 50°C), and another (7; = 80 °C) that is necessary for complete wax

dissolution, and for reproducible rheological measurements to be obtained [§]. The

!Thermal history condition only applicable to wax crystal dimension analysis.
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choice of additionally utilizing a lower initial temperature of 50°C is also justified
by the fact that higher, more conservative values of flow-related measures have been
obtained in this temperature range in the past [27, 34, [48] 50] and this is naturally
desirable for commercial interests of preventing Flow Assurance problems.

A longer isothermal holding time, t;, was elected for T; = 50°C to allow for
increased dissolution of wax crystals. Furthermore, it is also important to mention
that, because wax crystals were still present after both samples were kept at 50 °C
for 30 min, only CPM experiments with 7; = 80 °C were taken into account for WAT
determination (Table B.1)). Therefore, CPM results for 7; = 50 °C were only used in
the analysis of wax crystal dimension and not for WAT determination.

Also according to the aforementioned reasoning, MTDSC and uDSC tests with
T; = 50°C and t; = 30min were not carried out. The goal was to ascertain how
sensitive these techniques are with respect to detecting the very start of wax crys-
tallization in crude oils A1 and A2. Hence, employing the “non-erased history”
conditions for these tests would not suit our purposes. Furthermore, specific test

conditions for these calorimetric techniques will be described separately in Sections

B.22

3.2.1 Rheometry

Rheological experiments were conducted with the aim of investigating how oil gela-
tion correlates with the start of wax crystallization by identifying 7}.;. Moreover,
the effects of thermal history and various gap sizes on T,.;; final viscosity (n,0) of the
cooling process; and the overall non-Newtonian behavior of waxy crude oils below
Tyer during the cooling process have also been analyzed.

The tests described in the present section were based on the method used by
Marchesini [I15] called thermal-cycle test. According to this method, a constant
temperature ramp and shear rate are applied to the waxy crude oil sample during
cooling from T; to T;. When Tj is reached, the sample undergoes heating at the
same rate back up to the initial temperature 7;. Viscosity values are then plotted
as a function of temperature [115]. Figure illustrates this entire procedure and
highlights the important rheological parameters that can be derived thereof.

In Figure 3.2, £ denotes the difference in viscosity between the two Arrhenius
portions of the thermal-cycle test, the cooling and heating portions, which do not
coincide [I15]. This factor relates to irreversible changes in chemical composition
during the test and these seem to be common for chemically complex fluids such
as waxy crude oils [I15]. For instance, mineral oils studied by Webber [03] did not
display a value of £ ubiquitously greater than zero the way the waxy crude oil tested
by Marchesini [115] did.
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Figure 3.2: Thermal-cycle test employed by Marchesini, where T, is the crystallization temperature,
equivalent to Tye;.
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Reference: Adapted from [I15].

The waxy crude oil samples were submitted to a shear rate of 20s™! on a Dis-
covery HR-3 Rheometer from TA Instruments fitted with 60 mm smooth parallel
plates (SPP). Temperature control was achieved with a Peltier device and Ty val-
ues were measured using onset-point determination on the TRIOS software from TA
Instruments.

Various gap sizes were used for each crude oil in order to ascertain their gap-
dependent behavior with SPP, as displayed in Table [3.2l Rheological tests with a
gap size of 3.0 mm were experimentally impracticable with a initial temperature as
high as T; = 80 °C because, due to low viscosity values at this temperature, the oil

would flow out of the geometry during the equilibration time period of 15 min.

Table 3.2: Rheometric gap sizes used for Ty.; determination with SPP.

Gap sizes (mm)
T, =50°C T, =80°C

Waxy crude oil

1.5 1.5
Al 2.0 2.0
2.5 2.5
- 1.5
A2 2.0 2.0
2.5 2.5
3.0 2

2Impracticable experimental conditions.
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In order to evaluate whether each gap was large enough for obtaining gap-
independent results, Fisher’s Least Significant Difference (LSD) test was made using
the software Statistica from StatSoft. Based on a 95% confidence interval, pairs of
comparisons between any two gaps that yielded statistically different values either
for Tye or mpo were rendered not sufficiently large for obtaining gap-independent
results.

Additionally, crude oil A1 was also tested for wall slip with 60 mm cross-hatched
parallel plates (XPP); gap sizes of 1.5 mm and 2.5 mm; 7; = 50 °C; and ¢; = 30 min.

3.2.2 DSC

Conventional DSC experiments were carried out on a Pyris Diamond DSC instru-
ment from PerkinElmer and baseline runs were completed for every test with empty
sample and reference furnaces. Then, around 7mg to 9mg of crude oils A1l and
A2 were weighed and sealed in 10 uL. aluminum pans. The subsequent procedure
follows the one described in the beginning of Section while the sample furnace
was continuously purged with dry nitrogen (20mL/min). Finally, all DSC data
and calculations, such as determination of WPT, were processed using the Pyris

software.

MTDSC

The Brazilian waxy crude oil samples from the present work were also analyzed by
means of MTDSC, namely by the StepScan technique, on a Pyris Diamond DSC
instrument from PerkinElmer. Similarly to other MTDSC methods, this approach
enables the separation of processes that occur simultaneously and overlap, according
to Equation (2.8).

The difference in StepScan compared to other MTDSC techniques is that the
sample is either linearly heated/cooled or held isothermally multiple times (Fig-
ure , instead of undergoing a constant sinusoidal temperature modulation such
as that of Equation (2.7). During an isothermal step, for example, the heat flow
information pertains only to kinetic transformations in the sample. One of the ad-
vantages that StepScan offers compared to sinusoidal modulations is the accuracy in
temperature equilibration because the scan rate in sinusoidal MTDSC is constantly
varying and, as a consequence, so do temperature gradients in the sample. There-
fore, factors related to sample preparation or to the method itself such as sample
size; amplitude and frequency of the modulation; and coupling of the sample to the
pan contribute to thermal lag [117].

Baseline runs were completed for MTDSC tests with empty reference and sample

pans that had been previously weighed. Then, around 7mg to 9mg of crude oils
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Al and A2 were weighed and sealed in the 10 pL sample aluminum pans used for
the baseline run. Subsequently, the sample was quickly brought to a temperature
T; = 80°C in the DSC equipment and kept at this temperature for 15 min, much like
some of the analyses displayed in Table [3.1] The sample furnace was continuously
purged with dry nitrogen (20 mL/ min) and, lastly, all MTDSC data were processed
using the Pyris software.

The cooling process obeys the schematic representation in Figure [3.3] where

ATgg; Atis; and the ratio ﬁfg: are all adjustable parameters and correspond re-
spectively to the temperature step; duration of the isothermal step; and applied

cooling rate. For optimal data resolution; scanning equilibration; and given that

Figure 3.3: Schematic representation of the cooling process according to the StepScan method.

Temperature /\

> Time
e

Reference: elaborated by the author (figure not drawn to scale).

the samples were complex fluids, values for these variables were chosen as follows:
ATgg = 1°C; At;so = 30s; i?—gss = 1°C/min. The final cooling temperature of 4 °C
would, thus, amount to a temperature decrease of 80°C — 4°C = 76 °C; and, along

with the other conditions, total experiment time would be 126 min. This, in turn,

would correspond to an equivalent, theoretical cooling rate of lgg :ﬁn ~ 0.6 °C/ min.
However, what actually determined total experiment time was the chosen criteria
of 0.01 mW, which means t;,, may be shorter than 30s if the heat flow information

equilibrates within 0.01 mW.

4 DSC

Microcalorimetric experiments were done on a SETARAM EVO VII model and sam-
ple masses of waxy crude oils A1 and A2 for this type of analysis were, respectively,
313.9mg and 222.3 mg.
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Before cooling began, samples were heated to a temperature of 80 °C at 1°C/ min
and kept at this temperature for 15 min in order for wax crystals to dissolve. Then,
they were cooled to —10°C at 1°C/min and kept at —10°C for 2 min.

Microcalorimetry has been reported to be more sensitive for detecting wax crys-
tallization [105] 107, T09]. Thus, by detecting crystallization peaks that would oth-
erwise not be revealed, better, more accurate calculations of the total wax content
in crude oils A1 and A2 can be made. This, in turn, and for Calorimetry in general,

can be done using Equation ((3.2)):

Q

war — 3.2
v AH -mg (3:2)

where w4, is the total wax content in the sample in weight fraction; () is the total
heat released in the desired temperature range in Joule; m, is the sample mass in
gram; and AH is the heat of crystallization in Jg!, for which an estimated value
of 200Jg~! can be used [57, [97].

3.2.3 CPM

The microscope used was a Carl Zeiss Axiolmager.A2m equipped with a AxioCam
MRc5 digital camera and samples were viewed under reflected light with a 20x
objective lens. Moreover, temperature control was managed by a Linkam T95-PE
system.

Sample preparation for CPM consisted of placing a drop of oil onto a microscope
slide and, afterwards, another identical glass slide was placed on top of the oil
sample in order for it to spread out. The upper-slide was then pulled to the side so
as to leave a thin film of crude oil open to the atmosphere on the lower glass slide.
This was done because examination of waxy crude oil samples placed between two
surfaces, and thus with a decreased oil film thickness, could bring about premature

wax crystallization [9].

Investigation of wax crystal dimensions

Three runs on fresh samples were made for WAT determination and, additionally,
micrographs were taken at 4 °C; at 28.9 °C (crude oil A2); and also between 22.3 °C to
23.6°C (crude oil A1) for studies of crystal dimensions. AxioVision version 4.8 image
acquisition and processing software was used for processing of micrographs. More
specifically, an Automatic Measurement Program was used to measure parameters

of wax crystal dimensions. The parameters chosen for this study were:

i. Feret maximum (F),): a measure based on the distance between two points on

opposite sides of a region at 32 angle positions (Figure 3.4). The maximum
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distance obtained in this fashion is computed as the Feret maximum;

ii. Feret ratio (F,): ratio between the analogously determined values of Feret min-

Feretminimum ) .

imum and Feret maximum (gt ).

iii. Area percent (A,): Area percentage of all detected regions, with respect to

the area of the measurement frame. The filled area of individual regions was

computed (Figure [3.4);

Thus, these parameters serve, respectively, as estimations of wax crystal length;

aspect ratio; and area.

Figure 3.4: Tlustrative examples of measurement parameteres.

\\b/'/ Feret maximum (um)

% Area filled (um?)

Reference: elaborated by the author.

.

Figure|3.5|illustrates how the automatic detection of wax crystal regions is carried
out, where the green contours delineate individual regions for which calculations are
made. According to this process, very small, gray regions, which cannot even be
seen in the original frame, are included in the measurements. Therefore, in order for
only the more relevant, whiter crystal structures to be counted, as a cut-off criterion
for calculations, we did not consider detected regions with a F}, value smaller than

1 pum. This seems to be a reasonable assumption as far as the resolution of CPM is

concerned [9, 11, 18] 23], 35} [109].
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Figure 3.5: Illustrative example of automatic detection of wax crystals.
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Reference: elaborated by the author.

35



Chapter 4
Results and Discussion

In this chapter, results from the chemical and physical characterization of crude
oils A1 and A2 are first presented (Section . We then proceed to present and
compare the precision/accuracy of measurement techniques in detecting the start of
wax crystallization in oils A1 and A2 (Section [4.2).

All error bars in graphics from this chapter are based on standard error calcu-
lations. If they cannot be seen for certain data points, this is due to the error bar

being too small.

4.1 Crude oil characterization

API gravity determination yielded values of 28.38°API for crude oil Al and
23.25°API for crude oil A2. Therefore, in comparison with sample Al, A2 is a

heavier crude oil.

4.1.1 GC

The chromatograms for both oil samples can be found in Figure Alternately,
Table provides quantitative data on this analysis, in terms of the compounds
that can be identified; their characteristic retention times; and respective peak area,
which is directly proportional to their concentration in the samples.

We were only able to identify paraffins with an even number of carbons and,
furthermore, we were unable to quantify them in absolute terms. However, given
that equal concentrations of oil A1 and A2 were prepared and that the peak areas
are directly proportional to the relative amount of each compound in the sample,
valuable information can be obtained from the chromatograms.

Except for slightly higher contents of Cyy and Csy n-paraffins in crude oil A2, Al

is the sample with the larger amount of straight-chain alkanes. Furthermore, both
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Figure 4.1: GC chromatograms for the waxy crude oils under investigation.
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Table 4.1: Paraffin type and respective peak information detected by GC.

Type of compound Al A2
Retention time (min) Peak area Retention time (min) Peak area
Cia 9.932 53181.6 9.935 28037.5
(O 13.533 60834.1 13.541 30925.3
Cie 16.487 40466.6 16.489 24588.6
Cis 18.681 1575.8 18.683 1067.1
Coqo 19.133 14193.6 19.008 16059.6
Cos 21.249 15733.7 21.248 12155.2
Coy 22.293 14415.4 22.293 11110.4
Cag 23.295 11530.3 23.297 9585.2
Coag 24.268 8768.1 24.273 7571.9
Cso 25.240 6332.2 25.242 5842.5
Casa 26.366 3447.9 26.347 3554.9

crude oils have similar n-paraffin distribution, and no n-alkanes with a chain length
longer than 32 carbon atoms were detected.

It is important to mention that this kind of analysis does not provide information
about microcrystalline wax (branched-chain and cyclic alkanes, for example) or other
crystallizable components. Therefore, up to this point of the present work, no

conclusions pertaining to the total wax content may be drawn yet.

4.1.2 FTIR

FTIR spectra are presented in Figure and Table indicates the absorption
bands that can be identified in both spectra.

It is clear that the spectra from both crude oils are very similar and typical
of compounds having long n-alkyl chains, given that all characteristic bending and
stretching modes of normal alkanes are present [60, 109]. These absorb mainly at
2953 cm ™t 2923 cm ™! 2853 em ! 1462cm ™! 1377cem ! and 721 cm ™!, the latter

one being specifically associated with long chain n-alkanes [60]. The other absorption
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Figure 4.2: FTIR results for the two Brazilian crude oils: l@] FTIR spectrum for crude oil Al; I@]
FTIR spectrum for crude oil A2.
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Table 4.2: Wavenumbers and associated molecular motion of absorption bands identified in FTIR
spectra of crude oils Al and A2.

Wavenumber (cm~1) Type of vibrational motion = Type of chemical group

2953 asymietrical stretching CH;
2923 asymmetrical stretching CH,
2853 symmetrical stretching CH,
1603 ring streching C=C
1462 in-plane bending or scissoring CH,
1377 symmetrical bending CH;
1032 ring in-plane bending CH

872 ring out-of-plane bending CH

811 ring out-of-plane bending CH

721 in-plane bending or rocking CH,

References: [60] 65].

bands may be related with a low content of aromatic compounds [60, [61), 63-66].

4.1.3 CHNS

Results for Elemental analysis are displayed in Table and they consistently con-

firm the light, paraffinic character of the oil samples due to their low % ratio.
Furthermore, elemental weight percentages are individually in very close agreement
between waxy crude oils A1 and A2. The very low nitrogen and sulphur contents
resonate with the absence of carbonyl absorption bands at ~ 1710cm~! in FTIR

spectra [61], [62], and indicates a very low content of acidic substances in crude oils
Al and A2 [61), [62].

Table 4.3: Elemental analysis results.

Elemental weight percentage (%)

Waxy crude oil £ (Molar ratio)

C H N S
Al 86.1 12.3 0.5 <0.3 0.5833
A2 85.5 12.3 0.5 <0.3 0.5793
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4.1.4 NMR and ASP Estimation

The relative proportions of *C and 'H nuclei in each crude oil sample, along with
calculated ASP, are presented in Table 4.4 Additionally, all NMR spectra can be
found in Appendix [A]

Table 4.4: "H-NMR and '*C-NMR results (relative amount of different **C and 'H nuclei) and
ASP estimations.

Waxy crude oil

Parameter
Al A2
Csat 85.8%  82.9%
Car 14.2%  17.1%
Car-n 1.6%  1.8%
Car-alk 2.9% 3.7%
H, 6.5% 7.6%
Hgy 7.6% 7.3%
Hga 53.9% 55.2%
Hpg 61.5% 62.5%
H, 28.9%  25.7%
Hgag 96.9%  95.8%
Hmar 0.9% 1.0%
Haar 23%  3.2%
H,, 3.1% 4.2%
fa 0.142 0.171
C/H ratio 0.5383 0.5467
% SCA 33.6 33.3
ACL 17 17
% Che-t 3.9 3.9
% Cye-b 6.6 5.5

(Total CHs)/(paraffinic CHz) 0.35 0.32
(Branched CHj)/(paraffinic CHy)  0.22 0.19

From NMR data, crude oils Al and A2 are very similar in terms of **C and 'H
nuclei and ASP. Perhaps the most contrasting aspect is the slightly higher C',., H .,
and H 4, proportions for oil A2. This might indicate a slightly higher content of
asphaltenes and resins for this sample.

Another more dissimilar aspect is the slightly higher proportion of . and Cye.p,
for crude oil A1l. Although this may indicate a greater degree of branching and, in
a way, conflict with GC results, it is important to keep in mind that NMR analysis
takes into account every chemical species in these crude oil samples. Therefore,
these more branched compounds may not necessarily be related to the wax fraction.
Consequently, the smaller proportion of H, in crude oil A2 likely pertains to extant
cyclic compounds and/or alkyl chains attached to aromatic rings (Carax). These

results may be an indication of a relatively larger amount of microcrystalline wax

in oil A2 [I1§].
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It is also interesting to note that the % ratio by NMR analysis, calculated with
Equation and used for ASP estimation, correlates well with the % value by
CHNS. Moreover, although Gillet et al. [70] obtained an even better agreement
between these techniques, their analyte was a far less complex mixture of alkylben-

zenes.

4.1.5 TGA

TGA tests were performed in order to mimic as close as possible the conditions of
rheological experiments. Therefore, crude oils A1 and A2 were submitted to both
thermal history protocols described in Table 3.1} As for crude oil A3, it obeyed
the “non-erased history” conditions described in Table [3.1]in order to resemble the
experiments from Marchesini [115].

TGA curves for these crude oils are presented in Figure [£.3] While they do not
exactly simulate the heating and cooling ramps from T} tests in view of our TGA
instrument’s cooling limitations, it is clear that the mass loss from samples A1l and
A3 are comparable. Furthermore, crude oil A2 appears to be the one less prone to
lose lighter components.

Figure 4.3: TGA curves for waxy crude oils A1, A2, and A3 according to their respective thermal
history protocols.
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From the results shown in Figure [4.3] it is safe to say that the loss of light ends
is not a significant source of error for crude oils A1 and A2, given that pretreated
crude oil A3 loses a commensurate amount of mass with respect to our waxy crude

oils.
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4.2 WPT/T,, measurements

In this section, we present the results from CPM, Rheometry, conventional DSC,
MTDSC, and uDSC measurements, pertaining to their sensitivity in detecting the
start of wax crystallization. We also evaluate, for Rheometry and conventional DSC,
the effect of heating the waxy crude oils to an intermediate temperature (7; = 50 °C)
on the detection of the start of wax crystallization. This temperature, in spite of not
being high enough for complete wax dissolution, better reproduces oilfield conditions
that crude oils A1 and A2 are submitted to.

4.2.1 Determination of 7,,; by Rheometry

First, for the correct determination of T}, gap-independent results have to be ob-
tained. Hence, we conducted thermal-cycle tests with several gap sizes, and these
tests for sample Al are shown in Figure [£.4. Moreover, Figure summarizes 7o
and T}, information that can be obtained from the thermal-cycle tests for crude oil
Al.

Figure 4.4: Thermal-cycle tests for crude oil Al. Blue-colored curves pertain to the “non-erased
history” case (T; = 50°C), while red-colored curves pertain to T; = 80 °C.
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The analysis of gap-independent Ty for the lower initial temperature is as fol-
lows. A slightly higher T}; is obtained with a 1.5 mm and a 2.0 mm gap, even though
these gaps do not seem to yield higher 7n,9. The larger, 2.5 mm gap does seem to
yield gap-independent results because of its slightly lower Ty, (Figure .

When cooling from 80°C, a gap of 2.0 mm appears to be large enough for gap-
independent results to be obtained because 7y increases slightly when the gap is

decreased to 1.5mm and T} values statistically do not vary between these gaps
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Figure 4.5: Tye; and 7,0 as a function of gap size and thermal history protocol for crude oil Al.
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(Figure . The increase in viscosity at T, observed for T; = 80 °C is also rather
subtle (Figure and it is possible that lower shear rates might enable a sharper
viscosity increase to be distinguished [27, [41], 48].

For crude oil A1, it is also possible to note that the value of £ slightly increases
as the temperature is raised back up to 80°C. Therefore, the Arrhenius heating
and cooling portions of Figure (T; = 80°C) are not parallel, but rather slightly
diverge. It is possible that this behavior derives from a greater extent of light end
evaporation as the temperature reapproaches its initial value of 80 °C.

Another curious aspect of the thermal-cycle tests of crude oil Al is the slightly
higher 7 for a 2.5mm gap (Figure . According to Fisher’s LSD test, the
difference for 7,9 between gap sizes of 1.5 mm and 2.5 mm is marginally significant,
with a p-level of 0.064128. Tests with a XPP geometry, illustrated in Figure [4.6]
indicate that this behavior can still be observed with a XPP geometry type and,
thus, this effect does not seem to pertain to wall slip. Furthermore, the lower
viscosities observed at higher temperatures with the XPP geometry are probably
explained by extant flow between its protrusions [27,[119]. As far as gap-independent
results for this initial temperature are concerned, these findings seem to support our
choice of a 2.5mm gap. The reason for this is that the thermal history protocol
of T; = 50°C simulates an operational scenario for oil A1. Therefore, we consider
a 2.5mm gap to be appropriate for rheological measurements of oil Al in view of
its more conservative 7,9. Moreover, although there is no rheological /rheometrical
explanation for the slightly higher 7,9 with a 2.5mm gap at this point, we believe
this is probably related to an incomplete erasing of the fluid’s thermal and shear

histories.
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Figure 4.6: Tests on crude oil Al using a XPP geometry type with gaps of 1.5 mm and 2.5 mm
(T; = 50°C).
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Rheological results for crude oil A2 are shown in Figure 4.7, and summarized
in Figure [£.8] Similar trends can be observed for this waxy crude oil in terms of a
lower 7 and higher T}, as the initial temperature is increased from 50 °C to 80°C.
However, unlike crude oil Al, it appears that the effect of gap size on 7,9 and on
Tyer is the same independently of thermal history (Figure .

Furthermore, for crude oil A2, with a low enough 1.5 mm gap, there is a sudden
change in viscosity during cooling in the Arrhenius portion of the curve at around
50°C. Although this is likely correlated with wax crystallization, given that the
slope of this Arrhenius portion of the curve does not change, and that this change
in viscosity at ~ 50 °C is very subtle, we do not ascribe this event to Tj;.

It is also worth mentioning that the effect of an increase in T, as well as a
decrease in 1y with a higher initial temperature has also been observed in the past
[41, 48], [T15]. This is probably associated with a higher degree of dissolution of
asphaltenes and resins in the waxy crude oil, that are in turn more “free” at higher
temperatures to act as PPDs [I15] [120].

Additionally, the Arrhenius cooling portion for 7; = 80°C coincides with the
Arrhenius heating portion for 7; = 50°C, in terms of viscosity values (Figures
and . This is similar to the results from the triple, consecutive thermal-cycle test
carried out by Marchesini [115]. Because his waxy crude oil had been pretreated for
suppressing evaporation of light ends, it is likely that these aforementioned effects
derive from irreversible changes in microstructure within the sample, and not from
the evaporation of light ends [115].

In fact, the rheological behavior of waxy crude oils A1 and A2 appears to be,
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Figure 4.7: Thermal-

cycle test for crude oil A2. Blue-colored curves pertain to

history” case (T; = 50°C), while red-colored curves pertain to T; = 80 °C.
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Figure 4.8: T, and 7,0 as a function of gap size and thermal history protocol for crude oil A2.
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in terms of thermal history, a combination of the Arrhenius portions of Figure

and the lower temperature region of Figure both reproduced from the work of,

and with permission from Marchesini [115].

Further evidence that the evaporation of light ends is not significant for crude

oils A1 and A2 are the much lower 7, values for T; = 80°C. The reason for this

is that higher viscosities should be expected for a crude oil sample whose lighter

components had evaporated [63].

Therefore, rheological results presented in this section suggest that choosing

between operational resemblance or complete dissolution of wax crystals may impact
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Figure 4.9: Thermal-cycle tests showing the effects of irreversible changes in microstructure
and @ T; on the rheological behavior of a waxy crude oil.
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flow-restart operations drastically. As previously mentioned, the change in gap-
dependency behavior with thermal history for sample A1 differs from that of oil A2.
Finally, Table summarizes Ty, and necessary gap size data obtained from the

thermal-cycle tests and based on Fisher’s LLSD test analysis.

Table 4.5: T,,; measurements and necessary gap sizes for obtaining gap-independent results.

. T, =50°C T, =80°C
Waxy crude oil
Tyer (°C) Gap size (mm) Tyer (°C) Gap size (mm)
Al 19.6 2.5 21.0 2.0
A2 25.4 2.5 27.1 2.5

4.2.2 Determination of WPT by DSC

All DSC thermograms from the present work can be found in Appendix [Bin Figures
B.1l B.2] [B.3] and [B.4. Table summarizes data obtained from these thermo-

grams.

Table 4.6: WPT values of crude oils A1 and A2 by conventional DSC.

Waxy crude oil  T; (°C) WPT (°C)
Runl Run2 Run3 Average Std. dev.
Al 50 23.39 23.07 2213 22.86 0.53
80 23.45  23.78 2259 23.27 0.50
A2 50 28.76  29.04  28.69 28.83 0.15
80 50.34  51.06  50.30 50.57 0.35

In general, these WPT values are 4°C to 5°C higher than T}, when the initial

temperature is 50 °C. However, perhaps the most interesting aspect of DSC ther-
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mograms is the detection of the WPT at much higher temperatures for crude oil A2
when T; is increased to 80 °C. This is due to the appearance of a second crystalliza-
tion peak. More interestingly, it is in this temperature range (= 50°C) that sample
A2 presents a sudden, slight increase in viscosity in its Arrhenius cooling portion
with a low enough gap of 1.5mm and 7; = 80°C (Figure .

Crude oil A1, in turn, does not display an additional crystallization peak for the
higher T;. Therefore, we are led to believe that, during the cooling process of waxy
crude oil A2, by a temperature of &~ 50 °C, there is already a sufficient amount of
precipitated wax crystals, which is above the resolution of the DSC equipment, for
an exothermic thermal effect to be recognized. This may indicate a larger overall
amount of paraffins in this oil and/or, at least, a larger amount of specific paraffinic
components that tend to crystallize in this temperature range. The former conclu-
sion is also supported by the ubiquitously higher magnitude of the crystallizaton
peaks for this crude oil, when approximately the same sample mass was used.

Moreover, there is an omnipresent, broad crystallization peak between 20 °C to
30°C in the thermograms from both oil samples. Onset values for these peaks are
statistically the same, independently of the thermal history protocol. This can be
verified in Table[4.7] where average onset values for these events are presented along
with their standard deviation. If different initial temperatures are in fact correlated
with asphaltenes being more or less dispersed in the waxy crude oil, as observed from
rheological results (Section , then this WPT tendency to not vary with 7; is
expected, because the influence of asphaltenes on the crystallization onset by DSC
(WPT) is only minor and does not depend on the origin of asphaltenic components
[49, [51].

Table 4.7: Crystallization onset temperatures for the broad crystallization peaks in the 20°C to
30°C range.

Waxy crude oil T; (°C) Onset (°C)
Average Std. dev.
Al 50 22.86 0.53
80 23.27 0.50
A9 50 28.83 0.15
80 28.71 0.53

It is also interesting to note that these broad crystallization peaks from all DSC
thermograms, occurring ~ 5°C above their respective Ty, look very similar to a
glass transition phenomenon. More interestingly, as Larson [121] states, physical
gels are conceptually not that different from glasses in a certain way, because they
may be interpreted as two ends of a continuum. At one end, a network of irreversible
chemical bonds is regarded as a strong gel; while, at the other extreme, a material

experiencing reversing molecular motion, that gradually slows down during cooling,
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could be called a fragile glass [121].

Consequently, based solely on conventional DSC results with a T; = 50°C, one
could even argue that the event in question is directly related with waxy crude oil
gelation phenomena, and that no other transformation, such as crystallization itself,
is taking place. This discussion is an example of the importance of utilizing several
techniques for studying the complex process of wax crystallization in crude oils. It
also constitutes yet another reason for the further MTDSC analysis of oils A1 and

A2, which follows in the next section.

MTDSC

From MTDSC thermograms (Appendix , Figures and , two exothermic
events can be distinguished in each sample, which appear on the non-reversing
component of the heat flow data (Iso-K curve). While these peaks are better defined
for crude oil A2, peaks in the Iso-K curve of crude oil Al are accompanied by peaks
of lower magnitude on the reversing component of the thermogram, herein referred
to as simply “Heat Flow”. Although there is no work on the use of the StepScan
technique for studying wax crystallization in crude oils, these results resonate with
previous studies of crystallization processes using the StepScan method [122| [123].
The appearance of exothermic events on the Iso-K curve make it very clear that
transformations occurring in the waxy crude oils pertain to wax crystallization, and
not to glass transition.

Table summarizes information with respect to the sensitivity of this specific
type of MTDSC in detecting the start of paraffin crystallization. MTDSC appears
to be more sensitive than conventional DSC, especially because of a second crys-
tallization peak for crude oil Al. Onset values for the crystallization peaks in the
20°C to 30°C range agree fairly well with those by regular DSC analysis in the

corresponding temperature range.

Table 4.8: Detection of the WPT by MTDSC.

Crystallization onset (°C)
15t peak (WPT) 284 peak
Al 49.86 24.89
A2 50.24 28.92

Waxy crude oil

Moreover, the fact that petroleum is chemically very complex explains the higher
degree of noise present in the thermograms. Nevertheless, this technique still needs

to be optimized by testing other values for the experimental parameters ATsg, At;s,,

ATss
Atgg *

reduction can thus be analyzed and this technique may ultimately be improved.

and Their influence on the detection of wax crystallization and on noise
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uDSC

Figures and illustrate that two crystallization peaks for each sample were
disclosed by puDSC analysis. This is in accordance with the results from Duncke
[109], Palermo et al. [107], and De Oliveira et al. [95].

Figure 4.10: Microcalorimetric results for crude oil Al.
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Figure 4.11: Microcalorimetric results for crude oil A2.
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Perhaps more interestingly, the higher resolution of uDSC enabled the detection
of WPT at much higher temperatures for crude oil A1. This other crystallization
peak at ~ 40°C was disregarded by the DSC technique. Table summarizes all
relevant uDSC data, including the computation of the total wax content of both
crude oils according to Equation .
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Table 4.9: WPT by uDSC and computation of wax content.

Crystallization onset (°C
il L9 QW) wiae )

1%t peak (WPT) 2"¢ peak

Al 313.9 41.004 21.631 1.498 2.39

A2 222.3 50.833 28.483 2.024 4.55

Waxy crude oil  Sample mass (mg)

According to Table 4.9 crude oil A2 has around twice as much waxy, crystal-
lizable components as crude oil A1l. A larger exothermic effect can be observed for
crude oil A2 for the first crystallization peak (WPT), even when a smaller sample
mass was used. This indicates that A2 contains a larger amount of paraffins that
precipitate at that point of the cooling process. This, in turn, makes them de-
tectable by conventional DSC and is in accordance with the results and conclusions

from conventional DSC experiments.

4.2.3 Determination of WAT by CPM

Results for WAT measurements by CPM are displayed in Table .10l Much like
several other works in the literature, these results imply that CPM is the most sen-
sitive technique in detecting the start of wax crystallization among the techniques
employed in the present work. Furthermore, it is the only one among these tech-
niques that allows detection of the actual WAT, making it clear that Rheometry
and Calorimetry, for example, rely on precipitated crystals for physical effects to be

distinguished.

Table 4.10: WAT of crude oils A1 and A2.

Waxy crude oil WAT (°C)
Runl Run2 Run3 Average Std. dev.
Al 53.2 51.1 51.1 51.8 1.0
A2 60.4 64.0 58.1 60.8 2.4

Investigation of wax crystal dimensions

For all the runs in Table [£.10] micrographs were taken at 4°C and at specific tem-
peratures corresponding to the broad crystallization peaks detected by conventional
DSC experiments (Section [4.2.2)). These temperatures (Tpsc) were chosen due to
the ubiquitous character of these peaks in DSC thermograms, and because the re-
sulting temperature range (ITpsc to 4°C) would also encompass T, values for both
crude oils. This was done with the aim of comparing the evolution of wax crystal
growth between these temperatures.

Therefore, as previously mentioned in Section [3.2.3] for crude oil Al, micro-

graphs pertaining to the broad crystallization region were taken between 22.3°C
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and 23.6 °C; while, for crude oil A2, these were taken at 28.9°C.
All micrographs are presented in Appendix [C] Figures [.12] and [£.13] serve as

comparative examples of wax crystal number and size in both crude oils when they

undergo the same thermal history. It is possible to learn from these Figures that, in
our case, deciding whether to reproduce oilfield conditions (50 °C) or to completely
erase the oil’s thermal and shear histories has a profound effect on wax crystal size

and their number.

Figure 4.12: CPM images of wax crystals (T; = 80°C) from crude oil Al and crude oil A2.

«

When cooled from 50°C, wax crystals seem to grow less “or-

derly” /homogeneously in comparison with 7; = 80°C. This is due to the
fact that, when cooling from an intermediate temperature, with a lower degree
of asphaltene dissolution, these components and non-dissolved wax tend to work
as nucleating sites for wax crystals [20, 21, 30, 120, 124, 125]. They would then
contribute to a more heterogeneous nucleation and, also, intergrowing of crystals

would allow for a decrease in the effectiveness of asphaltenes as natural PPDs [56].
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This is in accordance with results from the literature and seems to explain the
rheological behavior of crude oils A1 and A2 appropriately.

Table 4.11] summarizes information about wax crystal dimensions that can be
obtained from CPM micrographs at 4°C and at Tpgc. Average values of Area
percent and F, are presented and, additionally, maximum values of F},, among the
three runs are also provided.

Table 4.11: Average and maximum values for the parameters obtained from CPM micrographs by
running an Automatic Measurement Program.

4°C Tpsc

W de 0il T; (°C
Ry ertide of °C) Area (%) Max. F, (pm) F,  Area (%) Max. F,, (nm) F,

Al 50 5.52 33.68 0.65 1.84 32.34 0.64
80 3.23 43.53 0.60 1.03 23.70 0.59
A2 50 7.67 41.52 0.65 1.88 22.33 0.63
80 2.85 14.62 0.60 1.47 11.60 0.64

As one might expect from observation of Figure crude oil A1l presents sig-
nificantly larger crystals than crude oil A2 for T; = 80°C. Nevertheless, other trends
are not as easy to be seen or are not reflected by maximum values alone. Hence, dis-
tribution of wax crystal size in terms of F;,, measurements are also provided. Figure
for example, illustrates that there is a significant larger proportion of detected
regions at higher F, values for crude oil A1 when its “memory” is completely erased,
although Table indicates that they are only slightly (/= 10 pm) larger.

Figure 4.14: F,, distribution of crude oil Al.
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On the other hand, for crude oil A2, Figure{4.15|indicates similar F}, distributions

between thermal history protocols at 4°C and slightly larger crystals for a initial
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temperature of 80°C. However, additional information from Table discloses
definitively that, in all three runs, either at 4°C or at Tpgc, no region with a F,,
greater than 14.62 pm can be observed when a initial temperature of 80 °C is used.
These results may indicate that, from Tpge to 4°C, wax crystals from crude oil A2
do not grow as significantly for 7; = 80°C as they do for T; = 50°C. For crude oil
A1, the opposite trend is observed: maximum F;, values vary, from Tpgc to 4°C,
to much a greater extent for an initial temperature of 80°C than for 50°C (Table
T11)).

Figure 4.15: F,, distribution of crude oil A2.
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Although we are presently not able to evaluate the effect of shearing on wax
crystal size, Table combines minimum gap size information with maximum F},
values for both oils. Therefore, much like Japper-Jaafar et al. [4] concluded for their
crude oil samples, the wax crystallization and gelation processes need to be studied
further for, ultimately, some kind of relationship between gap-dependence and wax

crystal size to be delineated.

Table 4.12: F,, maxima and necessary gap sizes for obtaining gap-independent results.

. T; = 50°C T, =80°C
Waxy crude oil
F,, (nm) Gap size (mm) T (nm) Gap size (mm)
Al 33.68 2.5 43.53 2.0
A2 41.52 2.5 14.62 2.5

The error bars for the 1 pm to 2 pm F;,, range are very large because of a greater
or lesser extent of detection of the very small regions distinguished in Figure[3.5] It is
also possible that the previously mentioned “extinction” effect (Section [2.5.3)), that

is, crystals that are not as white, plays a role in increasing this uncertainty. Never-
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theless, F;, distributions and data from Table seem to suit well our purposes
of studying wax crystal dimensions.

Furthermore, it is also worth mentioning that wax crystals tend to become
slightly more elongated when they are dissolved completely prior to cooling. This
can be observed by the average F, values displayed in Table or by the F, distri-
bution at 4 °C, displayed in Figure Data points in this Figure shift to lower F
values for a T} of 80°C. This would indicate an orthorhombic character of wax crys-
tals because needle-like, elongated crystals are in accordance with an orthorhombic
lattice [35], 109, 126H128]. This configuration has been typically observed in the
literature many times, along with plate-like wax crystals deriving from a hexagonal
lattice [10], 109, 126, 129] 130].

On the other hand, also supported by visual observation of micrographs, wax
crystal lattice is a little more difficult to be interpreted for an initial temperature of
50°C in view of (i) incomplete erasing of the fluid’s “memory”; (ii) heterogeneous

nucleation; (iii) formation of irregular-shaped malcrystalline forms [44], [109].

Figure 4.16: F;. distribution at 4 °C.
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Wax crystal dimension observations are in accordance with results presented in
this chapter and an explanation for this is as follows. In crude oil A1, the higher
concentration of macrocrystalline wax, indicated by GC, favors the formation of
larger, more elongated crystals from a higher initial temperature. The reason for this
is that, while crystals composed of n-paraffins are much larger, branched paraffins

interefere with regular crystal growth [99, 130, [13T].
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It may also be possible that the lower proportion of aromatic carbons in this
sample, as indicated by NMR, contributes to less steric hindrance in the wax crystal
growth process, because crystalline polymers and wax crystals in crude oils are less
likely to form when they present bulky substituents [120} 131l 132]. These factors
would then facilitate the formation of larger crystals for crude oil Al.

On the other hand, crude oil A2 presents significantly smaller crystals when
cooled from the same initial temperature of 80°C. This, in turn, is in accordance
with a higher concentration of microcrystalline waxes, as inferred from NMR and
calorimetric results [I30]. For example, a higher proportion of microcrystalline do-
mains in the alkyl chains, where the amorphous parts protrude away from the crystal
lattice, would inhibit wax crystal growth by steric hindrance [99} 120}, 131, [132].

Furthermore, through the same reasoning, a higher proportion of C,,, H,;, and
Hgar by NMR may also indicate a higher content of asphaltenes/resins. These
fractions have bulky aromatic rings in their chemical structure and are able to
participate more actively in wax crystal formation with 7; = 80°C. Hence, they

would in turn be more prone to restrain wax crystal growth for oil A2 [120, 132].
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Chapter 5
Conclusion

In the present work, the complexity of wax crystallization detection was addressed
to show that different techniques possess differing degrees of sensitivty. Hence, most
of them are not able to detect the very start of wax crystallization, or the WAT,
except for CPM. In view of this, conventional PP and CP standard techniques are
rather imprecise/inaccurate, given that they do not rely on well-controlled thermal
and shear history conditions.

Figures and summarize gathered data from the present work pertaining
to the wax crystallization process. It is worth mentioning that, in these figures,
WPT measurements by MTDSC do not follow exactly the same thermal protocol of
the other analyses under investigation, that is, cooling at 1°C/min, in view of the
specific temperature program inherent to the StepScan technique.

In a way, Rheometry is the less sensitive technique because it detects a sharp
increase in viscosity that pertains to oil gelation. Furthermore, it has been shown
by CPM that wax crystals are already present at T, and at the WPT, measured
by Calorimetry.

Conventional DSC, in turn, appears to provide dubious WPT results, because it
was not able to detect wax crystallization at higher temperatures for crude oil A1,
the way MTDSC and pDSC did. In fact, the higher microcrystalline wax content
or overall wax content in crude oil A2 are likely responsible for the appearance of a
second exothermic peak ~ 10°C below the WAT.

While MTDSC is the most sensitive calorimetric technique because of its higher
WPT for crude oils A1 and A2, it should still be improved by testing the influence of
each individual parameter on noise reduction and on WPT measurement accuracy.

Results also indicate that a higher proportion of microcrystalline wax or a higher
proportion of aromatic components, such as resins and asphaltenes, favor the for-
mation of smaller crystals by steric hindrance. The latter components are also asso-
ciated with a more heterogeneous crystallization for the lower initial temperature,

providing nucleating sites for wax crystals.
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Figure 5.1: Summary for crude oil Al with ”erased-history” conditions and gap-independent be-
havior.

14
@ 01 A
g/ 4
2
2 WPT (uDSC)
€
&
2 o001 - 2nd peak (uDSC)
< 1
WAT (CPM)
WPT (DSC) 2nd peak (MTDSC) |\ WPT (MTDSC)
0001 T v 1.1 1 1 1~ 1 1 1.1 1. 1 1 1.1 . 1.1t T [ T T T T [ T T T T [ T T T T
0 10 20 30 40 50 60 70 80
Temperature (°C)

Figure 5.2: Summary for crude oil A2 with ”erased-history” conditions and gap-independent be-
havior.
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The increased number of nucleating sites also contributes to a larger area of the

CPM frame being occupied by wax crystals, and, according to rheological results,
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much higher 7,0 are then recorded. However, when asphaltenes and resins (natural
PPDs) are dissolved in the waxy crude oils to a greater extent, they are able to ac-
tively participate in the wax crystal growth process and, consequently, they improve
the oil’s flow properties.

In the context of Rheometry, it appears that smaller gap sizes yield higher vis-
cosities and higher T}, values. However, our results do not indicate a direct rela-
tionship between wax crystal size and minimum rheometer gap size necessary for
gap-independent results.

It is very clear that the choice of the initial cooling temperature has a decisive
influence on wax crystal size, number, and aspect ratio, ultimately defining the
rheological behavior of both waxy crude oils. Not only the entire rheological behavior
of crude oil Al changes with 7;, but also the gap trend of T}, and 7,9 changes with
the choice of the initial temperature. This suggests that measuring the true flow
properties and obtaining reproducible rheological results for oil A1l in the laboratory
may be even trickier. Moreover, another evidence of this behavior is the slightly
higher 7o from the rheological curve with a gap of 2.5 mm, which does not seem to
be related with wall slip effects. Therefore, by this reasoning, this oil appears to be
more affected by the choice of T;.

As suggestions for future work, we recommend that the role of microcrystalline
wax in the wax crystallization process be assessed. Given that these components
may not be entirely made up by straight-chain alkanes, we believe that they might
not align with flow as easily as would other paraffin types. Therefore, it is possible
that they are related with observed effects of premature wax crystallization and
higher 7,9 values under shear.

A lot more work still has to be done on the type of gap-dependency that waxy
crude oils possess. For instance, the influence of several parameters — such as mi-
crocrystalline and overall wax content, cooling rate, and initial cooling temperature
— on the rheological behavior of model and waxy crude oil samples with respect to
gap size and geometry is in order.

Furthermore, estimation of average structural parameters of extracted wax and
asphaltene fractions from different crude oils may be useful in understanding the
mechanism by which paraffins and asphaltenes interact, ultimately determining the

oil’s rheological behavior.
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Appendix A

NMR spectra

Figure A.1: 'H-NMR spectrum for crude oil Al.
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Figure A.2: B C-NMR spectrum for crude oil Al.
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Figure A.4: B C-NMR spectrum for crude oil A2.
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Appendix B

DSC thermograms

Figure B.1: WPT measurement for crude oil Al (7; = 80°C).

Filename: CDSC e ..\10UL quarta repeticao (oK).ddd
Operator ID:  Felipe
Sample ID: 10uL_quarta repeticao
Sample Weight: 6.943 mg
Comment:
PerkinElmer Thermal Analysis
6,451 4
6,4 4
6.3
i
H Area = -18.952 mJ
to629 Delta H = -3.1953 J/g
6.1 Onset = 23.45 °C
5 :
E o0 Peak = 21.34 °C
o
D 59
o
2
[ seRun2 Area = -31.138 mJ o,
= DeltaH=-365173/g o »ozoec
2 574
Lo
-
8 56
T Peak =21.25°C
554
Run3 Area = -16.653 mJ
54 DeltaH=-2.3985J/lg  Onset=22.59 °C :
L ‘L Y S
= (A N e
Peak = 20.71 °C
5,18 T T T T T T T |
3,831 10 20 30 40 50 60 70 80,0¢
Temperature (°C)
01/02/2016 09:20:20
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3) Hold for 2.0 min at 4.00°C
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Figure B.2:

WPT measurement for crude oil A2 (T; = 80°C).
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Figure B.3:

WPT measurement for crude oil Al (T;
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Figure B.4: WPT measurement for crude oil A2 (T; = 50 °C).
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Figure B.5: MTDSC

test with the StepScan technique for crude

oil Al.
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Figure B.6: MTDSC test with the StepScan technique for crude oil A2.

Filename:

Sample ID:

Comment:

Operator ID:

CADSC e D...\degrau 1°Ctriplicata (ok).ddd

andre

degrau 1

Sample Weight: 8.304 mg

-0,1707

-0,18

-0,20

3

-0,22

-0,24

-0,28

-0,30

-032

Heat Flow Endo Up (mW) -

-0,34

-0,36

-0,38

-0,40
-0,4062

-0,26

Heat Flow

PerkinElmer Thermal Analysis

Onset =28.92 °C

Area =-5.396 mJ
Delta H = -0.650 J/g
Onset =50.24 °C

Step: Inflection Point = 27.82 °C
Delta Y = 0.051 mW

Peak = 48.08 °C

T T T T T T T
50 60 70

40
Temperature (°C)

01/02/2016 14:35:19

1
79,9¢

1) Hold for 15.0 min at 80.00°C 3) Hold for 2.0 min at 4.00°C
2) StepScan:80.0°C to 79.0°C @1.0°C/min t=0.5min 76X
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Appendix C

CPM micrographs
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Figure C.1: Micrographs from crude oil Al with an initial temperature of 80°C. Run 1: @ and

@ run 2: and@ run 3: @and
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Figure C.2: Micrographs from crude oil Al with an initial temperature of 50°C. Run 1: @ and

@ run 2: and@ run 3: @and
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Figure C.3: Micrographs from crude oil A2 with an initial temperature of 80°C. Run 1: @ and

@ run 2: and@ run 3: @and
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Figure C.4: Micrographs from crude oil A2 with an initial temperature of 50 °C. Run 1: @ and

@ run 2: and@ run 3: @and
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