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CHAPTER |

INTRODUCTION

Overview of Wax Deposition

The extraction, transportation and processing of crude oil are steps of crucial
importance in the petroleum industry. As time has progressed, onshore oil reserves have
become depleted, forcing petroleum companies to look further and further offshore for
crude oil (Venkatesan et al., 2002). This offshore drilling has magnified the issues faced
during oil transportation using subsea oil pipelines, the most economic and feasible
means of transporting such large quantities of crude oil at a given time (Chang et al.,
1999, Coutinho et al., 2006). Offshore drilling has increased the probability of wax
deposition in subsea oil pipelines. Wax deposition, a function of a number of parameters
including crude oil composition, temperature, pressure and fluid mechanics, can occur at
sufficiently low temperatures where the liquid wax particles precipitate out of solution
(Machado et al., 2001, Taraneh et al., 2008). Deposition is not limited to subsea oil
pipelines: it can also occur in tankers, oil reservoir formations and process equipment
(Hennessy et al., 1999, Garcia et al., 2000, Soni and Bharambe, 2006, Mehrotra and Bhat,
2007). Deposition in pipelines is arguably most the severe location, causing a reduction
in the effective diameter of the pipeline for crude oil flow (Wang et al., 2003). The
decrease in the effective diameter leads to a decrease in the pressure drop, which further
reduces flow and stresses the pumping system (Soni and Bharambe, 2006). This situation

becomes further problematic if the pipeline is allowed to become completely blocked by



a wax deposit, particularly in pipelines that are moving further and further offshore
(Weispfennig, 2001). In fact, the Lasmo oil field in the United Kingdom had to be
abandoned because of recurrent wax deposition causing pipeline blockage (Venkatesan et
al., 2002). The United States Department of Energy estimated in 2001 that remediating
blockages in subsea oil pipelines can cost $1 million/mile (Paso and Fogler, 2003). An

example of a plugged pipeline can be seen in Figure 1.1.

e 3

Figure 1.1: Example of a pipeline blockage (From Singh et al., 2000).

The Role of n-Alkanes in Wax Deposition
Although crude oils are a complex mixture consisting of materials such as
paraffins, aromatics, naphthenes, resins, asphaltenes, sand, gas and water, it is generally
accepted that the primary component of wax deposits in subsea oil pipelines are n-
paraffins (Singh et al., 1999, Garcia et al., 2000, Kane et al., 2003). n-Paraffins
(interchangeably referred to as n-alkanes) are the simplest hydrocarbon consisting solely
of carbon-carbon single bonds having the molecular formula C,Hzn+2, Where n represents

the carbon number of the n-alkane (Throughout this work, n-alkanes will be abbreviated



Cn.). Generally, n-paraffins are a major constituent of crude oils, typically comprising 10-
20 weight % of crude oil (Kane et al., 2003). n-Alkanes with carbon numbers less than 10
typically exist in the vapor phase in subsea oil pipelines, but at reservoir conditions (70-
150 °C and 8000-15000 psi), all other n-alkanes with carbon numbers as high as 90 will
enter the pipeline in the liquid phase (Singh et al., 2001, Wu et al., 2002). As the crude oil
leaves the reservoir and enters the pipeline, the crude oil will cool down because the
pipeline temperature (as low as 4 °C in some places) is much cooler than the reservoir.

The solubility of n-paraffins in organic solvents (such as the majority of the
components of crude oil) drastically decreases as a function of temperature (Singh et al.,
1999). Therefore, as the crude oil progresses through the pipeline, the crude will continue
to become cooler and it becomes possible that some of the n-alkanes present in the crude
will reach their solubility limit. Once the n-alkanes reach their solubility limit, they will
precipate out in the form of solid crystals. For the temperatures typically seen in subsea
oil pipelines, these precipitated wax crystals will come from n-alkanes with a carbon
number of approximately 18 or higher (Anderson et al., 2001, Coutinho et al., 2006, Bhat
and Mehrotra, 2008). If this precipitation occurs close enough to the pipeline wall,
deposition on the pipeline wall can result. Numerous mechanisms including molecular
diffusion, shear dispersion, Brownian diffusion and gravity settling have been proposed
to explain deposition in subsea oil pipelines, but it is generally accepted that deposition
follows molecular diffusion (Singh et al., 2000). In developing a mechanism using
molecular diffusion as the chief means of deposition, Singh outlined a five step process
for wax deposition, presented below (Singh et al., 2000).

1.) Formation of an incipient gel layer on the cold surface
2.) Diffusion of select hydrocarbon molecules from the bulk fluid to the gel layer



3.) Internal diffusion of these molecules through the gel layer
4.) Precipitation of these molecules in the deposit
5.) Counterdiffusion of select hydrocarbon molecules out of the gel layer

Using this mechanism, Singh developed mass and energy balances to create a
mathematical model shown to accurately predict wax deposition in small scale flow loops
(Singh et al., 2000, 2001). A mass balance on wax particles equated the rate of change of
wax (the left side of Equation 1.1) in the deposit to the flux of wax molecules from the

bulk to the fluid-gel interface (the right side of Equation 1.1 and step 2 in the mechanism).
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Where: R = radius of the pipe (m)
ri = radius of the deposit layer (m)
F, =average mass fraction of the gel

pger = density of gel (kg/m®)

L = length of the pipeline (m)

k; = mass transfer coefficient (m/s)

Cwp = bulk concentration of the wax (kg/m®)

Cus = Saturation concentration of the wax (kg/m°)
Ti = interface temperature (K)

An energy balance is also performed at the bulk-gel interface where the radial convective
heat flux from the bulk to the interface represents the difference of the rate of heat

conduction through the deposit. The energy balance is provided in Equation 1.2.
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Where: h; = heat transfer coefficient (W/m? K)
Ty = bulk temperature (K)
T, = ambient temperature (K)
ke = effective thermal conductivity of the gel (W/m K)
AHs = heat of fusion (J/kg)



It is important to note that these deposits do not consist solely of solid wax crystals, but
contain a small amount of wax (as little as 2 weight %) that entraps the liquid oil that has
remained above its solubility limit (Holder and Winkler, 1965b, Singh et al., 1999).

Further discussion of these wax-oil gels will occur later in the chapter.

Crystallization of n-Alkanes

Because wax deposits consist primarily of n-alkanes, it is critical to obtain an
understanding of how n-alkanes crystallize to grasp how n-alkanes will crystallize in a
more complex mixture. n-Alkanes are examples of rotator crystals that crystallize in
distinct shapes dependent on the carbon number, molecular symmetry and temperature
(Chazhengina et al., 2003). It is generally agreed that the four crystal shapes are triclinic,
monoclinic, orthorhombic and hexagonal (Liu and Bennema, 1994). Although the cutoff
points vary slightly in the literature, small molecules with an even carbon number (6 <n
< 26) crystallize trinically, medium sized molecules with an even carbon number (28 <n
< 36) crystallize monoclinically, large sized molecules with an even carbon number (n >
38) crystallize orthorhombically and all odd carbon number molecules crystallize
hexagonally (Bennema, et al., 1992, Liu and Bennema, 1994, Dirand et al., 2002). In the
liquid phase, n-alkanes exist as coiled molecules that undergo various conformations
caused by rotations about the carbon-carbon bonds (Turner, 1971). However, as the n-
alkanes reach their freezing point, the molecules become uncoiled and form a very
ordered structure with the molecules exhibiting an all-trans conformation where the long
axes of the carbon chains are parallel to one another and are layered one on top of the

other (Turner, 1971, Dirand et al., 2002). The molecules are held together in this manner



solely from van der Waal interactions, the primary molecular force present in
hydrocarbons (Liu and Bennema, 1994). From microscopic evidence and crystal
modeling, crystals generally exist as a thin platelet with the (001) face being the most
dominant (Bennema et al., 1992, Liu and Bennema, 1994).

However, crystal systems containing only one component are not seen in crude
oil systems. Crude oils contain a broad range of n-alkanes, many of which are capable of
crystallizing in conditions generally found in subsea oil pipelines. When multiple n-
alkanes are capable of crystallizing from melts (i.e. no solvent), a wide number of solid
solutions form dependent on the temperature and the composition of the melt. It is
possible that two or more components can integrate into one common crystal structure if
certain criteria are met: the molecules are sufficiently chemically similar, the molecules
are of relatively the same size and the molecules self-crystallize in the same or similar
crystal morphology (Turner, 1971). Kravchenko developed a prediction of mutual
solubility for binary n-alkane mixtures as reported in the work of Dirand (Dirand et al.,
2002).

Table 1.1: Kravchenko’s predictions for miscibility of solid solutions of binary mixtures.
An represents the difference in carbon number between the two components of the

mixture (Dirand et al., 1998). ® In order for miscibility to occur, the crystalline structures
must be identical (for total miscibility) or similar (for partial miscibility)

Miscibility of Solid Solutions

An Total Partial None
12 n=17 8<n<17 n<7
2 n=34 14<n<34 n<13
4 n=68 28<n<68 n<27

From Table 1.1, the criteria developed by Turner can be properly assessed. The first
criterion is easily met because n-alkanes are chemically identical. The second criterion is

met if the two n-alkanes have similar molecular sizes. As the carbon number (C,)



increases, the molecular size of an n-alkane with a C, of n becomes closer to an n-alkane
with a C, of n+2, which explains the trend shown in Table 1.1 that miscibility increases
with increasing carbon number for a given C,, difference. The final criterion explains the
caveat in Table 1.1 for many odd and even C,, do not have similar crystal morphologies
and would be unable to cocrystallize. Differences between the odd C, alkanes and even
C, alkanes exist either at a subcell level (most odd C, have a rhombic subcell while some
even C, alkanes have a triclinic subcell) or at a molecular level with different end group
packings and/or cell symmetries (Turner, 1971).

For mixtures that satisfy all three criteria and are capable of cocrystallization, the
mechanism by which the different molecules cocrystallize has been generally agreed
upon (Turner, 1971, Dirand et al., 1998). In this mechanism, the larger molecules
conform to the smaller molecules by bending at one end of the molecule. A schematic of

this can be seen in Figure 1.2.
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Figure 1.2: Sample molecular configuration for multiple n-alkanes cocrystallizing. The
dark molecules are bending to associate with the smaller n-alkanes to form a common
crystal structure.

As the carbon number difference (and thus the difference in the molecular size) increases,

it becomes increasingly difficult for the end group of the longer molecule to appropriately



pack into the crystal structure. This difficulty leads to a sharp decrease in the stability of
the cocrystal, preventing it from forming (Clavell-Grunbaum et al., 1997). Using Raman
spectroscopy, it was shown that the longer n-alkane in binary n-alkane mixture undergoes
much more conformational disorder than the shorter n-alkane, solidifying the mechanism
described above (Clavell-Grunbaum et al., 1997).

Differences in n-alkane crystallization exist when comparing crystallization from
the melt versus crystallization from solution. When n-alkanes crystallize in subsea oil
pipelines, the solution is a complex mixture of primarily organic compounds. A major
difference is that solubility must be taken into account, meaning that crystallization is
now also a function of the concentration of the n-alkane in the solution and the
composition of the solution in addition to temperature. Work using Czs, C32 and Csg as
the crystallizable n-alkanes showed that crystallization occurred at far lower temperatures
and some of the solid solutions present in the melt do not occur in solution because
crystallization occurs at a lower temperature (Guo et al., 2004). The ability of a solvent to
solvate n-alkanes is related to the intermolecular forces between the n-alkane and the
solvent, intramolecular forces within the solvent and the ability of the solvent to contact
the n-alkane (Jennings and Weispfennig, 2005). Because n-alkanes are very simple
molecules, good solvents for n-alkanes are small molecules that contain little
complexation, are non-polar and do not strongly self-associate (Alcohols and carboxylic
acids are examples of compounds that strongly self-associate, primarily because of
hydrogen bonding. Both are poor solvents for waxes.). For crude oils vary drastically in

their composition, particularly the content of n-alkanes, branched alkanes, aromatics,



asphaltenes and resins, the temperature at which crystallization (commonly referred to as
the cloud point) begins varies drastically from crude to crude.

Although a solvent has been incorporated into the system, research has shown
that n-alkanes are still capable of cocrystallizing with one another and forming
multicomponent solid solutions (Holder and Winkler, 1965a, Pauly et al., 1998, Briard et
al., 2006). For a given solvent, the ability of an n-alkane to precipitate out of solution is
based on its molecular size and its composition. The larger molecules are less soluble
because it is more difficult for the solvent to completely solvate the molecule. However,
longer n-alkanes are naturally present in smaller concentrations in crude oil than the
shorter n-alkanes. Crude oils typically have a recurrence ratio of C+1/C, of
approximately 0.7-0.8 (Paso et al., 2005). In other words, the ratio of the mass fraction of
Ch+1 present in the purely liquid crude to the ratio of the mass fraction of C,, present in the
purely liquid crude is approximately 0.7-0.8. Therefore, the least soluble n-alkane that
will crystallize out at the cloud point will not necessarily be the longest n-alkane present
in the crude oil as shown in Figure 1.3 below (Chevallier et al., 2000). Figure 1.3 shows
that the maximum percent of a particular n-paraffin occurs around C3, and decreases for

higher carbon numbers, indicating the trade-off between composition and molecular size.
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Figure 1.3: Percentage of paraffins crystallized versus carbon number for various
temperatures for a multiparaffinic wax in normal tetradecane. (Data from Chevallier et
al., 2000)

Depostion and Gelation in Subsea Oil Pipelines

Crystallization, although a necessary event in order for deposition to occur, does
not guarantee that a deposit will form. As mentioned earlier, the deposition mechanism is
a multi-step process where n-alkane precipitation is just one step. In fact, it is generally
accepted that n-alkanes that precipitate in the bulk do not contribute to the wax deposits
seen in subsea oil pipelines (Singh et al., 2001). Recall that wax deposits do not consist
solely of solid wax particles, but are actually a wax-oil gel consisting of primarily liquid
oil that is entrapped by the solid wax particles (Ronnigsen et al., 1991). Only 1-2% of
wax is necessary for gelation to occur (Kane et al., 2003). In order for a gel to occur, the
solid wax crystals must be capable of forming a volume spanning network. From the
combination of physical contact and attractive interactions between the solid crystals, a

volume spanning network can form. Figure 1.4 shows microscopic images of a case
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where there are insufficient crystal-crystal interactions to form a gel (left) and a case

where sufficient crystal-crystal interactions are present to form a gel.

1937 % oA o
Figure 1.4: Microscopy images indicating the ability of a system to form a gel. The image
on the left has insufficient interactions between the crystals to form a gel. The image on
the right has sufficient interactions between the crystals to from a gel.

Two major factors dictate whether a gel deposit that forms in a subsea oil pipeline is
going to be problematic: (1) the rate of growth of the deposit and (2) the strength of the
deposit. If a deposit does not grow very quickly and is not very strong, the gelation will
be of little interest to the petroleum industry because oil flow will not be greatly restricted
and it is possible that the deposit could be broken simply by the flowing oil. The strength
of a wax-oil deposit is dependent on two broad areas: (1) the operating conditions of the
pipeline (i.e. internal temperature, external temperature, flow rate, etc.) and (2) the
composition of the oil (i.e. wax fraction, asphaltene content, presence of inhibitors and
additives, etc.) Both effects will be discussed later in the chapter. In order to understand

how to compare the gels from various deposits, a few properties must be first discussed
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Relevant Properties: Cloud Point, Gelation Temperature, Pour Point and Yield
Stress

The cloud point has been briefly discussed earlier in the chapter and represents
the solubility limit of crude oil. In other words, the cloud point represents the temperature
where solid wax crystals are first created. Cloud points can vary drastically from crude
oil to crude oil depending on their composition, particularly wax content, but a range for
typical cloud points is 10 °C — 60 °C. Because crude oils are dark mixtures, it is
impossible to evaluate crystallization with the naked eye (All work in this research
utilized a clear solvent so therefore the cloud point could be obtained using visual
inspection). Therefore, three other methods are generally used: (1) cross-polarized
microscopy, where the solid wax crystals will reflect the cross polarized light while the
crude oil will not, (2) differential scanning calorimetry, where the heat released by the
phase change from liquid to solid can be detected and (3) viscometry, where the
experimental viscosity deviates from an extrapolated Arrhenius viscosity curve. However,
these methods can provide drastically different cloud point measurements, particularly if
high cooling rates are used (Ronningsen et al., 1991). Generally, using either of the first
two methods at a relatively low cooling rate will provide an accurate representation of the
cloud point.

Once crystals have formed, it becomes possible for a gel to form. Two ways to
measure this point are the pour point and the gelation temperature. The pour point
represents the temperature when gelation occurs under static conditions (Venkatesan et
al., 2002). The ASTM 97-96a standard method is used to find the gel point. In this
method, the sample is cooled down and the sample is examined every 3 °C to determine

if the sample is capable of moving (pouring). Therefore, the pour point represents the
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lowest temperature when a waxy oil sample does not flow when cooled statically.
Although a pour point must be lower than the cloud point, the pour point and cloud point
are not well correlated. Depending on the oil, the difference between the cloud point of a
crude oil and the pour point of a crude oil can range from 5 to 60 °C (Visintin et al.,
2005). This difference seen between various crude oils is seen primarily because of the
differing compositions of crude oil, particularly the ability of wax crystals to aggregate in
different crudes.

The gelation temperature is closely related to the pour point except that the
gelation temperature is also a function of the stress applied on the system. The pour point
is the gelation temperature at a given cooling rate for a system where no stress is applied.
Rheometry is typically used to evaluate a gelation temperature because it is capable of
applying a stress to the wax-oil gel. Winter showed that the gel point of a cross-linking
polymer could be determined by observing the crossing of G’ (storage modulus) with G”
(loss modulus) (Winter, 1987). The storage modulus is related to the solid-like
characteristics of the system and the loss modulus is related to the liquid-like
characteristics of the system. Therefore, the crossing of G’ and G” represents the
transition from a liquid-like system to a solid-like system. Work by Singh extended this
conclusion to wax-oil gels formed from crude oils (Singh et al., 1999). Figure 1.5 shows
a hypothetical oil that has been analyzed using a rheometer. The system in Figure 1.5 has
gelled because of the crossing of the G’ and G”, a point marked as the gelation

temperature.
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Figure 1.5: Representative rheometric results for viscoelastic fluids. In the graph, G’ and
G” cross over, indicating the occurrence of the formation of a gel.

The yield stress is an important variable in the petroleum industry to compare the
strength of deposits and represents the amount of stress that needs to be applied in order
for the forces between the wax crystals to be overcome, causing the gel to break. The
yielding of crude oils is generally seen as a three step process, each with its own yield
stress (Chang et al., 1999). The first step is the elastic response, where the strain linearly
increases with the shear stress. At the elastic-limit yield stress, the system transitions
from reversible elastic deformation to creep. When creep occurs, the linear relationship
between strain and shear stress no longer exists. At the static yield stress, the gel fractures
and the strain begins to rapidly increase. The final yield stress is known as the dynamic
yield stress, which represents a fictitious stress used to represent the oil properties at final
shear.

The yield stress is a function of the cooling rate, the stress applied to the oil and

the temperature at which the stress is applied. The yield stress does not have to be
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directly correlated to the pour point and/or gelation temperature: the pour point and the
gelation temperature measure at what temperature the gel forms, not how strong the gel is.
Similar to the gelation temperature, rheometry is generally used to measure the yield
stress because a stress needs to be applied to the system. Although shear stress will be the
independent variable, any number of variables can be used as the dependent variable
because when the system transitions from a gel to a broken gel, numerous properties
make a drastic change. Generally the dependent variable used for comparison is either the

strain (as noted earlier) or viscosity, as shown in Figure 1.6.
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Figure 1.6: Representative rheometric results for gel yielding. The yield stress is defined
as the point where the viscosity begins to deviate from the viscosity at low shear stresses.
Effect of Operating Conditions on Depositon and Gelation

A major operating condition that affects the properties of the deposit is time.
Time is important because of the concluding steps of the aforementioned deposition

mechanism (Singh et al., 2000). The concluding steps involve diffusion of longer carbon

15



number alkanes into the deposit that solidify in the deposit with the counter-diffusion of
shorter carbon number alkanes that are present in the entrapped oil in the liquid phase.
The ability of the molecules to diffuse and counterdiffuse out of the deposit is a strong
function of the gel composition as shown in Equation 1.3 (Singh et al., 2000).

D
D, = wo 1.3
* 1+a’FZI(1-F,) (13)

Where: D, = effective diffusivity of wax inside the gel (m?/s)
Dwo = molecular diffusivity of wax in the oil (m?/s)
o = aspect ratio of the crystal
w = wax fraction inside the gel
This phenomenon has been confirmed by work using gas chromatography (Singh et al.,
2001, Paso et al., 2004). In these works, the concept of a critical carbon number was
proposed. The critical carbon number is defined as the carbon number where any n-
alkane with a carbon number below it will counter-diffuse out of the deposit and any n-
alkane with a carbon number above it will diffuse into the deposit. The addition of the
larger solid n-alkanes into the gel over time causes the solid fraction of the deposit to
increase. This increase in the solid fraction will only increase the physical interactions
and attractive forces between the solid crystals, strengthening the gel. Venkatesan
showed using rheometry that the yield stress of a model oil system was exponentially
dependent on the solid content of the wax (Venkatesan et al., 2005).
Flow behavior is an exceptionally important issue in the formation of wax
deposits, particularly for the ability of a gel to form. Gelation represents the crosslinking
of crystals to transform a solid solution into a gel (de Carvalho and Djabourov, 1997).

The crosslinking of the wax crystals can be influenced by the shear that is applied onto

them by the flow of the crude oil through the pipeline. At a given cooling rate,
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Venkatesan showed that the yield stress of a gel will increase as the applied stress in
increased until it reaches a maximum and then the yield stress will decrease as the
applied stress is increased (Venkatesan et al., 2005). Using microscopy, this result was
observed by noting that the increase in the yield stress was seen because of an increase in
the size of the crystal, which led to an increase in both agglomeration and the number of
crystal entanglements, factors both conducive to forming a gel. However, at sufficiently
high stresses, the shear will begin to break down the gel network, therefore reducing the
strength of the gel. Work has also shown that as the shear rate is increased, the viscosity
of the crude oil and the storage and loss modulus of the crude oil are decreased (Lorge et
al., 1997, Visintin et al., 2005). Using the Einstein equation, a relationship between the

shear rate and the viscosity can be derived and is shown below.
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Where: 1 = viscosity of the suspension (Pa s)

Mo = Viscosity of the solvent (Pa s)
¢ = volume fraction of the particles
v = shear rate (1/s)
a = radius of cluster (m)
D = fractal dimension
I'. = critical torque, the torque necessary to break the cluster into smaller
particles, a function of the intraphysical interactions in the cluster.

Singh conducted extensive work using a rheometer to evaluate the effects of
shear on a wax-oil gel (Singh et al., 1999). His work showed that an increase in the
applied stress to the system had no effect on the cloud point, but caused a decrease in the
gelation temperature. Both results are expected: the cloud point is a molecular level
phenomenon that should be independent of external forces and the gelation temperature

will be lowered because applying a stress will interfere with the formation of a gel,
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particularly as the gel is beginning to form. If the gel is formed statically, the crystal-
crystal interactions that are initially weak have the opportunity to grow in strength and
eventually gel, but this formation does not happen as easily with the presence of a shear
stress. In this situation, more wax crystals are needed to form the necessary interactions
to form a gel, which would require a lower temperature.

Using a flow loop system and mathematical modeling, it was shown that as the
flow rate is increased for a given set of thermal conditions, the thickness of the deposit
decreased while the wax fraction of the deposit increased (Singh et al., 2001). The flow
rate causes a decrease in the thickness because the additional stress applied onto the
deposit by the flow interferes with the ability of the longer n-alkanes to deposit onto the
already formed deposit onto the pipe wall. However, the thinner deposit allows for the
formation of a deposit with a higher wax fraction because for a fixed temperature
difference across the deposit, a thinner deposit will have a larger temperature gradient.
The diffusive flux, directly related to the ability of wax to enter the deposit, is a function
of the temperature gradient. Therefore, it will be easier for wax to diffuse into a thinner
deposit because of the larger driving force, causing a higher wax fraction for the deposit.

The final major operating condition that greatly influences the deposit is the
thermal information of the crude oil as it passes through the pipeline, which can be
asseseed in two ways: temperature and cooling rate. As expected, the higher the
temperature, the more difficult it is for a gel to form or maintain. A higher wall
temperature for flowing systems reduces the driving force for mass transfer, which slows
the rate of deposition and reduces the size of the deposit because the interface reaches the

cloud point temperature at a smaller wax thickness (Singh et al., 2001). Work has shown
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that as the temperature increases, both the yield stress and the viscosity decrease and that
the viscosity as a function of shear stress can be expressed by the Roberts-Barnes-Carew

model shown below (Chang et al., 2000, Roberts et al., 2001, Visintin et al., 2005).

=1, _
o —11. 1+(%)”’ (15)

Where: ng = the zero-shear rate viscosity (Pa s)
no = function of the zero-shear rate viscosity (Pa s)
N« = function of the infinite-shear rate viscosity (Pa s)
o = shear stress (Pa)
o¢ = critical stress (Pa)
m = fitting parameter, typically larger than 5

The effect of cooling rate is important in gelation and deposition because cooling
rate has a large effect on crystal shape and size. Using a rheometer, Singh showed that an
increase in the cooling rate caused no change in the cloud point (because as mentioned
earlier, the cloud point is a molecular phenomenon) and a decrease in the gelation
temperature (Singh et al., 1999). Additionally, an appropriate cooling rate was
determined for a flow loop system, incorporating heat transfer inside the wax deposit.

The relationship is provided below.
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Where: CR = cooling rate (°C/min)
& = thickness of cloud point layer (m)

Nu = Nusselt number

R = radius of pipeline (m)

T = temperature of wall (°C)
For quiescent cases, Chang and Venkatesan in separate works showed that the yield stress
for two separate crude oils decreased as the cooling rate increasing (Chang et al., 2000,

Venkatesan et al., 2005). Both works also showed that slower cooling rates formed the
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greatest number and largest wax crystals. Venkatesan explains the result by noting that
the trials with slower cooling rates have more time for their interactions to grow before
they are disrupted by the presence of a stress (Venkatesan et al., 2005). However, when a
constant shear stress was applied, the yield stress actually increased as the cooling rate
increased. In this case, the systems at lower cooling rates are subjected to a stress for a
longer period of time than the systems at higher cooling rates. Therefore, it is more likely
that the crystal networks formed at lower cooling rates are degraded to a higher extent,
reducing their yield stress. When the gelation stress and the cooling rate were varied,
Venkatesan showed that the maximum value of the yield stress over a range of gelation
stresses increased as the cooling rate decreased. Additionally, the value of the gelation
stress where the maximum yield stress occurred shifted to higher gelation stresses as the
cooling rate increased (Venkatesan et al., 2005). This result was explained by the fact that
higher cooling rates lead to faster precipition meaning that a higher stress would be

needed to aggregate crystals or break down the structure.

Effect of Additives and Composition
Any material that is present with a crystallizing compound as it crystallizes can
influence crystallization (Sangwal, 1996). In crude oil, these materials include the solvent
(generally shorter chained hydrocarbons) where crystallization is taking place, naturally
present materials such as asphaltenes, resins and water and artificially added materials
such as inhibitors and flow improvers. These materials can influence the thermodynamics
and kinetics of crystal growth as well as the solubility of the crystal (Sangwal, 1996).

Crystallization is the first step of the deposition mechanism, meaning that changes in
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crystallization will influence deposition and gelation. Additionally, some materials that
do not influence crystallization are capable of influencing the fluid flow, gelation and/or
deposition of the wax crystals. Petroleum companies have dedicated a significant portion
of time and money to exploit these issues in attempt to mitigate wax deposition.

Wax additives are chemical added to crude oil to improve the flow of oil through
subsea oil pipelines (Kuzmic et al., 2008). Additives aid in flowabilitly by a number of
different ways: lowering the cloud point of the system, modifying the crystal size and
shape to retard gel formation by preventing the formation of large wax crystal lattices,
reducing the oil viscosity and modifying the surface of the pipe wall to prevent deposition
(Kuzmic et al., 2008, Taraneh et al., 2008, Wang et al., 2003). These additives, also
referred to as wax inhibitors, pour point depressants and flow improves, are typically
polymers that contain a long alkane chain to interact with the wax and side (typically
polar) groups to limit cocrystallization and gelation (Kuzmic et al., 2008). Figure 1.7

shows an example of some of these side groups and copolymers.
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Figure 1.7: Examples of groups found in wax inhibitors. The top left is a methacrytlate
group, the top right is an ethylene vinyl acetate group and the bottom is a poly(ethylene)
butane copolymer.
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Extensive research has been conducted on various kinds of wax inhibitors, how
they mitigate wax deposition and the mechanisms by which they act. Semicrystalline
random copolymers were shown to reduce the yield stress of the formation of single
component wax crystals because of altering of the crystal structure by the amorphous part
of the copolymer (Ashbaugh et al., 2002a). Guo presented similar results using
poly(ethylene butane) also presenting micrographs that showed drastic changes in crystal
size and shape because of the addition of the polymer (Guo et al., 2004, 2006). Studies on
block copolymers found that wax is capable of crystallizing on the hairs of the aggregated
copolymers (Leube et al., 2000). Because of the size of the copolymer (molecular weights
on the order of thousands of g/mol), it becomes difficult for these wax crystals to
associate with one another to form a gel (Ashbaugh et al, 2000b). EVA copolymers were
observed to reduce the cloud point, viscosity and pour point of Brazilian crude oils by
modifying crystals and forming weak aggregates with the wax (Machado et al., 2001).
Further work with EVA copolymers with similar results was completed on five different
Iranian crude oils with a wide range of oil densities, viscosities, asphaltene content and
wax content (Taraneh et al., 2008). Other works have shown copolymers containing
polymethacrylates and acrylic esters can also be effective wax inhibitors (Kuzmic et al.,
2008, Soldi et al., 2007, Soni and Bharambe, 2006, Wang et al., 2002).

Although a wide number of polymers can be used as wax inhibitors, their
efficiency is extremely sensitive to both the composition of the oil and the concentration
of the additive added. Using commercially available wax inhibitors, Garcia examined
their efficacy on two groups of crude oil: one group had a larger wax fraction, smaller

concentration of shorter chained crystallizable n-alkanes (C3-Casg), higher pour points
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and lower API gravities than the other (Garcia, 2001). This work showed that some
additives that effectively reduced the pour point for one group of oils either minimally
impacted or in some cases increased the pour point for the other group oils. Similar
results were seen in another study where five crude oils and five inhibitors were studied:
the best inhibitor for one crude oil could be the worst inhibitor for another crude oil
(Dong et al., 2001).

Further insight into why this phenomenon is occurring can be seen by looking at
some of the aforementioned inhibitor studies where the functional group of the inhibitor
remained basically the same but alterations to the functional groups were made (Guo et
al., 2004, Kuzmic et al., 2008, Machado et al., 2001, Soldi et al, 2007, Taraneh et al.,
2008). In work on EVA copolymers, it was found that copolymers with lower vinyl
acetates content were more effective wax inhibitors because of its differing solubility
parameter (Machado et al., 2001). Additionally, the maximium efficiency of the
inhibitors occurred at intermediate concentrations because of either precipitation of the
copolymer or wax nucleation induced by the copolymer. Similar results were seen when
analysis was completed on two different poly(ethylene butane) copolymers that differed
in the number of side groups in the inhibitor (Guo et al., 2004). The magnitude of the
effect of the reduction of the yield stress for a particular copolymer was dependent on
both the concentration and the n-alkane(s) crystallizing out of solution. Micrographs
showed that at the optimum concentration, the crystals that formed were very small and
did not aggregate very well. However, at other concentrations, the crystals were much
larger (particularly at lower concentrations) and/or aggregation was more prevalent

(particularly at higher concentrations). These works show that a compatibility must exist

23



between the n-alkane crystals and the inhibitor in order for them to be effective. Because
of this fact, it is generally accepted that inhibitors can only work for a small range of
crude oils, typically dependent on the carbon number distribution of the crude oil (Garcia,
2001, Garcia et al., 2000a, Wang et al., 2001).

Although a great deal of work has been dedicated to developing materials that
inhibit wax deposition, very little work has been dedicated to understanding how the
components already present in crude oil influence thermodynamics, gelation and
deposition. Visintin explored the effect of water on the strength of gels and found that an
increase in the water cut led to an increase in the pour point, yield stress, viscosity and
storage modulus of the system (Visintin et al., 2008). Some work has focused on
asphaltenes, the heaviest, most polar components of crude oil (Garcia et al., 2000b,
Venkatesan, 2003). Garcia showed that flocculated asphaltenes will increase the cloud
point of a crude oil and interfere with the mechanism of crystal inhibiton for a particular
maleic anhydride wax additive (Garcia, 2000b). Using model wax-oil-asphaltene systems,
Venkatesan found that adding asphaltenes reduced the gelation temperature and the yield
stress when compared to the asphaltene-free model oil (Venkatesan, et al., 2003)
Corresponding to the decrease in the yield stress was a change in the morphology caused
by the presence of asphaltenes. Tinsley’s work corresponded to Venkatesan’s work,
showing the adding a very small amount of asphaltenes can cause a small reduction in the
cloud point and gelation temperature along with a significant decrease in the yield stress
(Tinsley et al., 2009). This result is dependent upon the ratio of wax to asphaltenes: if the
ratio is too high then the asphaltenes will be unable to influence the properties of the

crystallizing system. However, if an excessive amount of asphaltenes are added,
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asphaltene aggregates will be present before the wax precipitates out of solution. When
this happens, these aggregates don not enter the crystal structure of the wax and act as
nucleation sites for wax precipitation, consistent with Garcia’s conclusion (Garcia,
2000b).

Although they are the major components of both crude oil and wax deposits, only
a small portion of work has been dedicated to paraffins. Early work looking at binary n-
paraffin mixtures showed that combining two nearby n-alkanes caused lower than
expected cloud points and pour points because of the interaction effects between the two
n-alkanes (Holder and Winkler, 1965a). More recent work by Paso analyzed the effect of
paraffin composition on the gelation abilities of n-alkane systems (Paso et al., 2005).
Solubility work showed that a polydisperse wax system had a larger supersaturation ratio
at the cloud point than a monodisperse wax system. This higher supersaturation ratio
indicates that the polydisperse system will have faster precipitation kinetics at the
nucleation point. Further, for a given wax percentage of 0.5%, it was shown using
rheometry that a monodisperse Css System was unable to form a gel, whereas a
polydisperse wax was able to form a gel. This phenomenon was explained by the fact that
polydisperse paraffin crystals have nanoscale surface roughness to provide points of

strong crystal-crystal interactions.

Research Objectives and Thesis Overview
The major overriding goal of this research is to explore how components
naturally present in crude oil systems influence various properties of crude oil systems

that precipitate, gel and deposit as crude oil is sent through subsea oil pipelines. A better
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undertstanding of how composition (primarily n-paraffins) affect these properties is vital
to appropriately develop (1) thermodynamic, deposition and gelation models for crude
oils in subsea oil pipelines and (2) wax inhibitor to help mitigate wax deposition with a
better fundamental understanding: most current wax inhibitor development is based on
the development of similar inhibitors with only slight compositional differences and
observing how the influence crude oils. Extensive further work will need to be carried out
to develop the results and conclusions presented in this work because of the complexity
of the crude oil. However, this work has provided a strong initial footing into obtaining a
greater understanding of the effects of oil composition on crystallization, deposition and
gelation.

Chapter Il provides an analysis of how n-alkane composition influences the
thermodynamics and deposition of petroleum-like solutions. Polydispersity and
cocrystallization are shown to be major factors in these areas, particularly
cocrystallization. Cocrystallization was shown to occur in solution given that certain
criteria were upheld and thermodynamically influenced the solution by reducing the
solubility of shorter, less soluble n-alkanes and reducing the heat released by both n-
alkanes. Polydispersity slightly influenced solubility by providing heterogeneous
nucleation sites for the less soluble n-alkanes. This heterogeneous nucleation also caused
a reduction in the heat released by the n-alkanes during crystallization. Cocrystallization
caused the formation of smaller, less waxy deposits in comparison to monodisperse
systems. Polydispersity generally did not influence the longer, less soluble n-alkane, but

did increase deposition for the shorter n-alkanes because of heterogeneous nucleation.
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Chapter I11 analyzes the influence of cocrystallization and polydispersity of
gelation. The pour point was shown to be dependent on the cloud point of the system and
not the wax fraction of the system. This trend did not continue for polydisperse systems
where adding another n-alkane actually caused a decrease in the pour point even though
the total wax content of the system increased. Drastic differences were seen when
cocrystallization and polydispersity were compared. The addition of only a small amount
of a material that could cocrystallize with an n-alkane caused a decrease in the pour point.
The pour point would reach a minimum but would begin to increase as the concentration
of the shorter n-alkane was sufficiently high. Compounds that did not cocrystallize with
the longer n-alkane did not influence crystallization or gelation until a threashold
concentration was reached. Once this concentration was reached, the pour point exhibited
a very sharp decrease and the pour point became dependent upon the shorter n-alkane and
not the longer n-alkane. These results were confirmed with microscopy, which showed
great changes in crystal morphology with the addition of shorter n-alkanes. These results
were extended to other n-alkane systems, including those with odd carbon numbers.

Chapter IV begins to examine non n-alkanes and how they influence
crystallization, deposition and gelation. An initial study was completed using stearic acid,
a material that is thermodynamically similar in solvent as some of the long chained n-
alkanes used in Chapters 11 and 111. A further point of interest is that stearic acid
dimerizes in solution, allowing for its molecular size to be similar to the n-alkanes.
However, it is this dimerization, caused by strong hydrogen bonding, which causes the
stearic acid to have no influence on the n-alkanes unless it present in sufficient amounts

to precipitate before the n-alkanes.
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Chapter V provides a summary of the major conclusions in Chapters 11-1V and
explains their relevance in the petroleum industry.

Chapter VI discusses the numerous avenues for future work that the results,
analysis and conclusions have opened up for discovery. The research completed in this
dissertation can provide a reasonable starting point for a number of Ph.D. theses or more
practical investigations carried out by petroleum companies or chemical companies that

develop wax additives.
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CHAPTER 11
THE ROLE OF POLYDISPERSITY AND COCRYSTALLIZATION ON
THERMODYNAMICS AND DEPOSITION
Introduction
In many industries, the ability to control crystallization is important to create
crystals of a desired size, shape and/or morphology. However, the petroleum industry is
greatly impacted by unwanted crystallization for it begins a sequence of events that can
cause significant problems in the production, transportation and refining of crude oil
(Misra et al., 1995). The crystallization of select components of crude oil in pipelines can
lead to the formation of wax deposits that can restrict the flow of oil and eventually plug
the process equipment and/or pipelines (Pedersen et al., 1991, Wu et al., 2002) .These
wax deposits have been described as lamellar, orthorhombic wax crystals contained in a
random structure that form an organic gel (Ashbaugh, et al., 2002). In spite of the fact
that crude oils are extremely complex systems containing a multitude of components, it is
generally accepted that the crystallizing materials which form the deposits are primarily
n-alkanes (Hansen et al., 1991, Hennessy et al., 1999, Singh et al., 1999). However, this
gel does not consist solely of n-paraffins, but is a spanning network of solid paraffin
crystals entrapping the liquid oil (Singh et al., 1999, 2000).
In general, wax deposition in oil pipelines occurs either when oil is being

transported in colder environments or has a large fraction of n-alkanes present in it (Singh
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etal., 1999, Paso et al., 2005). Crystallization does not occur at the reservoir because the
temperature (70-150 °C) is high enough to ensure that the paraffins remain in solution
(Singh et al., 1999). However, as the crude oil passes through the colder pipelines (for
example, the ocean floor is at 4 °C), the temperature of the crude oil drops, causing the
higher molecular weight paraffins to precipitate out of solution and crystallize
(Venkatesan et al., 2005). The United States Department of Energy estimated that
remediating pipeline blockages in subsea oil pipelines at depths of around 400 m can cost
$1 million/mile (Venkatesan et al., 2005). This problem is only expected to get worse as
time progresses because of the necessity to drill further and further offshore in order to
find more oil due to the depletion of oil reserves near the shore (Wu et al., 2002). This
drilling further offshore exposes the warm oil to a cold environment for a longer period
of time (Wu et al., 2002).

Greater insight on the formation of wax deposits can be gained with greater
knowledge of how n-alkanes crystallize and deposit in solution. n-Alkanes (n-paraffins)
are the major components of wax deposits due to their ability to crystallize easily and in
an ordered structure in comparison to the other components present in crude oil and their
relatively low solubility in most paraffin-based, aromatic or oil like solvents (Hennessy et
al., 1999, Singh et al., 1999). Therefore, as the crude oil cools down, the solubility limit
will eventually be reached and will no longer be able to support all of the n-alkanes in
solution. Previous work has shown that this solubility limit decreases as the amount of n-
alkane increases and as the chain length (molecular size) of the n-alkane increases
(Provost et al., 1998, Dirand et al., 2002). Typical crude oils contain about 10-20% n-

alkanes by weight, but can reach as high as 95% for select crudes and contain n-paraffins
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with carbon numbers ranging from 10-100, with a large proportion of the deposit
containing n-paraffins with carbon numbers between 20 and 50 (Srivastava et al., 1993,
Coutinho et al., 1996, del Carmen Garcia, 2000, Dirand et al., 2002, Kane et al., 2003).

When n-paraffins crystallize in low chain length alkanes without the presence of
any other materials, they crystallize in one of four shapes: triclinic, monoclinic,
orthorhombic and hexagonal, dependent on carbon number (Turner et al., 1971, Liu et al.,
1994).Dirand et al. provide an extensive literature review of the crystal morphology for a
wide variety of n-alkane systems and found that (1) the solvent itself will not crystallize
if the temperature is above its melting point in spite of other materials crystallizing (2)
the solubility of n-alkanes in organic solvents does not vary greatly except for dilute
solutions and (3) the addition of a “long” carbon number (C,, where n represents the
number of carbon atoms present in the n-alkane) alkane to a “short” C, alkane will
increase the solubility of the “short” C,, alkane (Dirand et al., 2002). Although n-alkanes
in crude oil systems would be expected to crystallize in a number of different ways, it is
generally accepted that the crystals formed are mostly thin, orthorhombic platelets
(Dirand et al., 1998b, Singh et al., 2001). Therefore, in order for only one general shape
to be observed, deviation from ideal crystallization must occur. Otherwise, deposits
would consist of wax crystals of numerous shapes. The presence of impurities in a crystal
growth medium has often been the explanation for such non-idealities (Kern et al., 1992,
Sangwal, 1996). Impurities in crystal growth processes have been defined as any foreign
substance other than the crystallizing compound (Svendsen, 1993). Therefore, any
material present in the crude oil, including but not limited to asphaltenes, resins,

aromatics, lower carbon number n-alkanes and inhibitors are all considered impurities.
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The impact of impurities on a crystallizing system varies both in its magnitude and its
focus. Previous research has shown that impurities have a marked effect on nucleation,
growth and dissolution kinetics, morphology, and precipitation kinetics of paraffin
systems (Kern et al., 1992, Sangwal, 1996).

An effect that has been investigated is alkane composition, particularly for
systems containing two different n-alkanes in solution. In polydisperse systems, it has
been shown that the composition of aggregates (crystals) that form are more commonly
polydisperse than monodisperse (Srivastava et al., 1993). Further, it has been shown the
presence of other n-alkanes impact the solubility of the component with the lowest
solubility, which will be hereafter referred to as the chief crystallizing component (CCC)
(Dirand et al., 1998a). However, the ability to form polydisperse aggregates tends to
follow a few general rules. In order for mutual solubility to occur, the molecules must be
similar both in form and dimension, and have symmetry with respect to pure crystal
shape (Turner et al., 1971, Srivastava et al., 1993). For n-alkane systems, they are
obviously of similar form and dimension if the difference in C,, is sufficiently small.
However, due to the distinct shapes of n-alkane crystals, crystal symmetry does not
always exist. Dirand’s work discusses the work of Kravchenko, who developed
predictions for the formation of solid solutions for binary n-alkane mixtures (Dirand et al.,
1998a). Kravchenko predicts the degree of miscibility of two alkanes at room
temperature based on two criteria: the carbon number of the longer carbon chain and the

carbon difference between the two alkanes. His predictions are shown in Table 2.1.
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Table 2.1: Kravchenko’s predictions for miscibility of solid solutions of binary mixtures.
An represents the difference in carbon number between the two components of the
mixture (Dirand et al., 2002).  In order for miscibility to occur, the crystalline structures
must be identical (for total miscibility) or similar (for partial miscibility)

Miscibility of Solid Solutions

An Total Partial None
12 n=17 8<n<17 n<7
2 n=34 14<n<34 n<13
4 n=68 28<n<68 n<27

Deposition of crude oils is becoming more of a problem because of the need to
drill further offshore for oil. Svendsen showed that in order for wax deposition to occur,
the following three events must occur simultaneously: (1) the temperature at the
deposition location must be lower than the cloud point of the oil, (2) a radial temperature
gradient must be present in the flow and (3) the deposit location must have sufficient
attraction to enable wax crystals to attach to the wall (Svendsen, 1993). It is widely
accepted that the major means of deposition for pipeline systems is molecular diffusion
(Singh et al., 2000, 2001, Weispfennig et al., 2001, Azevedo et al., 2003). Singh et al.
have provided a six step process by which deposition occurs (Singh et al., 2000). This
process can be briefly described as the formation of an incipient gel layer followed by
diffusion, precipitation, penetration and counter-diffusion of n-alkane molecules into and
out of the gel. Although the thickness of the deposit has been analyzed, little work has
been done to view the deposition characteristics from a compositional standpoint. Using
model oils, Singh and Venkatesan were able to quantify aging phenomena and prove the
existence of a critical carbon number, a value that indicates which n-paraffins will diffuse
into and out of the solid deposit over time (Singh et al, 2000, 2001, Venkatesan et al.,

2005).
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The objective of this work is to develop a greater understanding on how n-
alkanes impact the crystallization and deposition of other n-alkanes present in solution.
To exploit Kravchenko’s rules, three different n-alkanes were used: CgHsg, C3,Hgs and
CasH7a (hereafter abbreviated as Cog, C32 and Csg). Dodecane was utilized as a solvent for
all experimental trials, a material that would not crystallize at the temperatures used for

the study.

Materials
Unless otherwise specified, the mass % of the long chained n-alkanes present in
the solution are 4% unless otherwise specified. Therefore, systems containing two longer
chain n-alkanes had 8% wax and the systems containing three longer chain n-alkanes had
12% wax. The three n-alkanes used were hexatriacontane (CssHv4, 98% purity),
dotriacontane (Cs2Hes, 97% purity) and octacosane (CpgHsg, 98% purity) and were
purchased from Aldrich. Dodecane (99+% purity from Sigma) was used for the solvent in

all trials.

Experiments
Cloud point temperature
Cloud points were determined using a constant temperature bath where a solution
enclosed in a vial was slowly cooled from a starting temperature where the solution is
entirely liquid. The solution was allowed to equilibrate and then removed from the

temperature bath and visually inspected for any precipitation. If the system remained
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homogeneous, the bath was cooled by 0.1° C and the vial was reinserted into the
temperature bath. This process continues until precipitation becomes visible.
Differential scanning calorimetry (DSC)

A Perkin-Elmer DSC 10 was utilized for all DSC runs. The solutions were
cooled at a rate of 0.5 °C/min. The DSC trials allowed for the determination of the onset
of a liquid-solid transition and the amount of heat released in the transition from liquid to
solid.

Densitometry

The densitometer used was a DMA 500 Density Meter with a measuring range of
0-3 g/mL, repeatability of 1x10°® g/mL, a temperature accuracy of 0.001 °C and a
temperature range of 0-90 °C. The solutions were cooled, starting at a temperature above
the cloud point, at 2 °C/hr (0.033 °C/min) and the density was measured every 3 minutes.
A change in density seen in addition to the relatively linear change in density caused by
the reduction in temperature indicates a transition from liquid to solid. This phenomenon
will be further discussed in the results section.

Deposition

The coldfinger apparatus is a laboratory device that is used to simulate deposition
(Weispfennig, 2001, Paso et al., 2004). The apparatus consists of a steel cylinder (12.6
cm?) that can be thermally controlled and a jacketed vessel (204 +/- 1 mL) where the
fluid is located. In order for deposition to occur on the surface of the coldfinger, the bulk
solution must be above the solution cloud point and the cylinder must be below the
solution cloud point. For these experiments, the bulk fluid was kept at a temperature of

50 °C and the steel cylinder was maintained at 10 °C. All cloud points of the solutions
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used in this work are between 10 and 50 °C, ensuring that deposition can occur. A stirbar
is added to induce bulk mixing. To ensure that the fluid flow properties remain consistent
from experiment to experiment, the fluid volume was held constant (+/- 1 mL) and the
stirbar rotation speed was held constant at 340 rpm. This rotation speed was selected to
ensure thorough mixing while preventing the formation of turbulent eddies in the system.
In order to eliminate the effect of aging on the composition of the deposits, each trial was
run for 6 hours. The deposit was then carefully removed from the steel cylinder and
weighed.
Chromatography

To determine the deposit composition, an Agilent 6890N high temperature gas
chromatography with a 0.25 pum fused silica stationary phase and an FID detector. The
solutions were diluted with heptane and manually injected into the system. The samples
were run through the gas chromatograph several times and an average composition (+/-

10%) was determined.

Differential Scanning Calorimetry and Cloud Point Studies
Figure 2.1 shows the DSC traces for the monodisperse experiments of 4% Csg, 4%
Cs2 and 4% Csg in dodecane. Table 1.2 provides (1) the onset temperature, the
temperature at which crystallization first begins to appear (hereafter referred to as the
wax appearance temperature, WAT), (2) the peak temperature, the temperature at which
the normalized exothermic heat is at a maximum and (3) the enthalpy of crystallization,
found by integrating the area under the DSC trace. As the carbon number increases, both

the cloud point temperature and enthalpy of crystallization increase. These results are
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consistent with the work of Guo et al., who found that solubility of these three n-alkanes

in decane decreased with increasing carbon number using visual observation and DSC
(Guo et al., 2004). As expected, the location of the DSC peaks in this work is at higher

temperatures (approximately 6 °C) because the solubility of an n-alkane in n-alkane

solvent increases as the carbon number of the solvent decreases.

Normalized Exothermic Heat (mJ/s mg)

Figure 2.1: Monodisperse DSC traces: Each sample has 4 mass % of the specified n-
alkane (solute) and is being cooled at a rate of 0.5 °C/min.

Table 2.2: Thermodynamic information for monodisperse trials. All temperatures are

In order to make proper comparisons between monodisperse and polydisperse
(for this work, the binary and ternary systems) systems as well as between polydisperse
systems, the total wax content of the chief crystallizing component (CCC, the first

material to crystallize), must be kept constant. In this work, the CCC will be the largest
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35 40

in °C.
n-Alkane WAT Peak T | Cloud Pt. | AHys (kd/mol)
Cog 22.4 20.9 23.8 107
Ca, 33.1 31.1 33.9 151
Cas 38.0 36.3 39.6 174
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alkane present in the system because all n-alkanes are present in equal mass percentages.
The wax content of the CCC is being held constant because many thermodynamic
properties (i.e. cloud point temperature) are dependent primarily on the CCC. For dilute
monodisperse systems, the van’t Hoff equation has been shown to accurately relate the
cloud point temperature with wax mole fraction, Xsoute, fOr monodisperse solutions
(Ghogomu et al., 1989, Paso et al., 2005, Guo et al., 2006).

AH oo ASyi
In( 1 ): dissolutim Sdlssolutlan (1)

X RT R

solute

Where: R = universal gas constant (J/mol K)

T = temperature (K)

Xsolute = Mole fraction of soluble (wax)

AHgissolution = enthalpy of dissolution (kJ/mol)

ASgissolution = entropy of dissolution (J/mol K)

Figure 2.2 confirms the validity of the van’t Hoff equation for the systems used
in this work. As C, increases, the enthalpy of dissolution also increases (as shown in
Table 2.3), consistent with the results seen from DSC. The results for the n-alkanes in

dodecane are consistent with the work of Guo et al., who used decane as a solvent and

with Paso et al. for C3s (Paso et al., 2005, Guo et al., 2006).
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Figure 2.2: Graph of solubility vs. temperature for various n-alkanes in dodecane.
(A represents Csg, m represents C3p and 4 represents Cag)

Table 2.3: Paraffin dissolution enthalpy and entropy values determined using the van’t
Hoff solubility relationship using experimental cloud points.

Alkane (kA.Jl;'r(:rgl) o e K)
Cas 102.0 287
Cor 97.6 283
Cas 97.0 203

Figure 2.3 shows DSC traces for the entire permutation of systems where the

amount of each carbon number is 4 mass % and Table 2.4 provides the relevant

thermodynamic information for the polydisperse trials. From Figure 2.3 and Table 2.4, it

can be seen that the wax appearance temperature, peak temperature and enthalpy of

crystallization increase as the average molecular weight of the crystallizable n-alkanes

increases, similar to the monodisperse systems.
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Figure 2.3: Polydisperse DSC traces: The cooling rate is 0.5 °C/min.

Table 2.4. Thermodynamic information for polydisperse trials. All temperatures are in °C.

n-Alkanes WAT Peak T Cloud Pt. | AHgyst (k3/mol)
Cy5-C3 31.1 30.5, 18.4 32.2 105
C,5-C3g 38.4 37.1,19.0 40.0 124
C3,-Cyg 40.3 39.3 40.6 128

Co5-C3o-C3g 41.1 40.2,21.1 41.7 116

Kravchenko’s rules (Table 2.1) for binary mixtures suggest that the C3¢/Cs, and

the C32/Cog Systems would be expected to exhibit partial miscibility and that the Cg/Cag

system would be expected to exhibit no miscibility. However, the question arises whether

or not Kravchenko’s rule of thumb can be extended to simple solutions. An examination

of these systems suggests that Kravchenko’s rules remain relatively intact. The C36/Cs,

system has one distinct peak, indicating complete cocrystallization (total miscibility) and

the C36/Cog trace contains two separate peaks indicating a lack of cocrystallization (no

miscibility). Further evidence of a lack of miscibility in the C3/Cog System will be

provided later when the areas under the curve are analyzed. The C3,/Cyg System also
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obeys Kravchenko’s rules with the presence of one major peak indicating
cocrystallization. However, a minor peak around 20 °C indicates additional
crystallization occurring that is distinct from the cocrystallization event. This result is an
important limitation of Kravchenko’s rules that will be discussed later.

The ternary system provides a means to extend the application of Kravchenko’s
rule. If Kravchenko’s rule is evaluated simply, it could be concluded that since Cs, will
cocrystallize with Cgg and Cog will cocrystallize with Cs,, all three n-alkanes would
cocrystallize together. However, this conclusion is inconsistent with the results in Figure
2.3, where complete crystallization is not occurring. This result proves that the
requirement for cocrystallization is dictated by the CCC, requiring that cocrystallization
is based on the CCC. The DSC trace for the ternary system shows one very distinct peak
followed by a very considerable tail and the presence of an extremely broad, small peak
in the vicinity of where Cyg crystallizes by itself in dodecane. The location of the peak
indicates that some Cog is crystallizing by itself without being integrated into the structure
of either Cs3;, or Czs. However, the relative height and width of the peak shows that the
entire amount of Cyg initially present is not crystallizing independently (approximately 20%
of the total heat is under this wider peak when about 30% would be expected if C,g were
completely crystallizing by itself in this range). A broader and shorter secondary peak is
also present for the situation where no cocrystallization is occurring (Cs¢/Czg). This
broadening occurs because although the chief crystallizing component can not integrate
lower C, alkanes into its crystal structure, it provides heterogeneous nucleation sites for
the shorter alkanes, inducing crystallization at temperatures which would not be possible

if the alkane were to crystallize by itself. If heterogeneous nucleation were not to occur,
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then the Cog peak in both the C36/Cyg and the ternary trace would look similar to the one
seen in the Cyg trace. Therefore, the Cyg in the ternary system can heterogeneously
nucleate and also integrate itself into the structure of Cs, since they can cocrystallize.

As discussed earlier, the enthalpy of crystallization for the polydisperse systems
increases with increasing carbon number (molecular weight). If the n-alkanes were to
crystallize independently of one another, then it would be expected that the heat required
for crystallization on a molar basis would be a simple weighted molar average. (A sample
calculation for the expected enthalpy of crystallization can be found in Appendix A.)
However, Figure 2.3 shows the occurrence of both cocrystallization and heterogeneous
nucleation, indicating the possibility that the enthalpy of crystallization will deviate from
the independent situation discussed earlier. Table 2.5 shows how polydispersity and
cocrystallization impact the heat of crystallization.

Table 2.5. Impact of polydispersity and cocrystallization on the heat of crystallization.
AHcryst represents the enthalpy of crystallization found using DSC. The expected AHcryst

represents the heat of crystallization expected if the various components were to
crystallize independently of one another.

AH.s: | Expected Crystallization Type

Sample (kJ/mol) AH ot % Difference Seen From DSC
Cy5-Cap 105 128 18.2 Incomplete cocrystallization
Coa-Cag 124 137 9.1 Independent crystallization
Cap-Cag 128 162 21.0 Complete cocrystallization
Incomplete cocrystallization

and independent

Cog-C3-C3g 116 142 22.0 crystallization

For each system, the heat of crystallization is less than the simple weighted
average. Additionally, for the binary systems, the deviation from the expected value of
the enthalpy of crystallization increases as the degree of cocrystallization increases. This
result shows that both polydispersity and cocrystallization reduce the heat of

crystallization for n-alkane systems crystallizing from solution. Polydispersity assists in
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reducing the heat for crystallization by providing heterogeneous nucleation sites for the
more soluble materials to crystallize at higher temperatures and thus lower
supersaturation ratios. Crystallization at lower supersaturation ratios indicates that less
material is crystallizing out initially, making it more likely that these crystals will
crystallize in the most energetically favorable manner. The cocrystallization mechanism
facilitates the crystallization of both alkanes, particularly the more soluble alkane, in
reducing the heat of crystallization.

Figure 2.4 shows the C35-C3, and Cs3,-Cyg DSC traces from Figure 2.3. Figure 2.4
shows that after the primary peak for the C3,-Cyg System occurs around 31 °C, the DSC
trace does not monotonously decrease, contrary to what is seen for the C3s-C3, System

and for all of the monodisperse trials.

Normalized Heat (mJ/s mg)

Cos-Cao L\\

6 14 22 30 38 46

Temperature (C)

Figure 2.4: DSC traces for 4% C3s/4% C3, and 4% C3,/4% Cyg from Figure 3. The oval
indicates the presence of a small peak present in the 4% C3,/4% C,g trace, but absent in
the 4% C36/4% Ca» trace.
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For the C3,-Cyg System, a second peak can be seen at around 18 °C on the DSC trace. The
location of this peak is consistent with the location of the rounded peak present in the
Cos-Csg trial as seen in Figure 2.3, where Cag is crystallizing independently of Czg. The
trace indicates that a large majority of the C,g integrated into the crystal structure of the
Cs, (about 10% of the heat released is related to this independent crystallization event)
but did not completely integrate as seen for the C35-Cs, system, where only one peak
exists.

In order to confirm the fact that the second peak in the C3,-Cyg trace was in fact
excess Cog that independently crystallized, a solution of 2% Cs,g and 4% Cs;, with
dodecane as the solvent was examined. Figure 2.5 shows that the small second peak for
Cog seen for the 4% C3,/4% Cog System is not present for the 4% C3,/4% Cog System, in
spite of the fact that a lower concentration of Cyg has a lower cloud point (~19 °C). Figure
2.5 confirms that the peak for the 4% C3,/4% Cog is caused by some Cog being unable to
integrate completely with Cs,. This result adds another limitation to Kravchenko’s rules
in addition to carbon number difference. This limitation is that the abundance of n-alkane
present in the solution is important. If an insufficient amount of the less soluble n-alkane
is present to allow for the formation of co-crystals, the more soluble n-alkane that did not
become a part of the crystal structure will heterogeneously nucleate at a more

thermodynamically favored point (at a lower temperature).
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Figure 2.5: DSC traces for samples of solutions containing 4% C3,/4% Cog and 4% Cs3,/2%
Cas

Further analysis of the C3¢/C,g DSC trace can also provide insight into how these
systems are crystallizing. From Kravchenko’s rule, C3s and C,g should not cocrystallize.
However, the Cpg peak is much different, both in size and shape when compared to the
monodisperse Cog system. It has been postulated earlier in this work that these differences
can primarily be explained by the C,g molecules using the already precipitated Csg
molecules as nucleation sites, causing the precipitation of C,g to be caused not only by
supersaturation but also heterogeneous nucleation. Due to the fact that these events do not
occur at the same time, the peak would be spread out (rounded) and lower than the peaks
seen for the monodisperse DSC traces because the range over which crystallization is
occurring is wider. However, the possibility exists that C,g is crystallizing at the same
time Cgg is crystallizing, whether by some cocrystallization mechanism or by the Cgg

molecules encapsulating some C,g molecules and leading to heterogeneous nucleation.
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In order to determine if Cyg is crystallizing in the same temperature range as Csg,
the area under the curve (the enthalpy of crystallization) can be utilized. Using Table 2, it
can be shown that about 56% of the heat released in an equal weight % system of Cz4/Cas
in dodecane would be from Cgg crystallizing out of the solution if the two n-alkanes were
to independently crystallize. The full calculation can be seen in the Appendix. Figure 2.6
shows the amount of heat released by the C36/Csg System as a function of temperature and

affirms that no Cyg is cocrystallizing with Cas.
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Figure 2.6: Cumulative heat released by the C3¢/C,g System as a function of temperature.
The thin line represents the % heat that would be devoted to Csg if the n-alkanes were to
independently crystallize.

The first hump (between 25 and 38 °C) represents the crystallization of Csg and
the second hump (between 5 and 20 °C) primarily represents the crystallization of C,g but

also some equilibrium crystallization of C3s and Cog occurring. The relatively level area

between 20 and 25 °C represents equilibrium crystallization and the beginning of Cg
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heterogeneously nucleating onto Csg. If C,g were to cocrystallize with Cgg in the regime
of the first hump, it would be expected that the first hump would be higher (indicating a
higher amount of crystallization occurring between 25 and 38 °C) and a lack of the level

area between 20 and 25 °C.

Densitometer Studies

The densitometer measures the density as a function of temperature by varying
the temperature of the solution, allowing for the measurement of density as a function of
temperature. It provides a convenient means of comparison to the DSC traces using a
much lower cooling rate (over 10 times slower) to see how cooling rate affects the results
seen in the DSC. The slope of the density-temperature curve (dp/dT) is related to the
peaks seen in the DSC trace. A change in density is caused by either two events: a
reduction in temperature or a phase change, with the phase change causing a greater
change on density. The change in density simply caused by a reduction in temperature
seen in the densitometer is consistent with the baseline seen in the DSC, temperature
regimes where no phase changes are occurring. The sharp changes in density seen in the
densitometer caused by a phase change are consistent with the peaks present in the DSC,
temperature regimes where a phase change is occurring. Figure 2.7 shows a typical
densitometer plot as well as the slope of the density curve for the 4% Cgsg system. The
sudden change in density at 39.1° C is indicative of a phase change and thus another
estimate of the system cloud point temperature. Similar to the DSC trace, the slope of the

density curves shows an area with high density change, indicating the supersaturation
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crystallization regime followed by a decaying exponential-like tail, consistent with the

equilibrium crystallization regime as indicated by Paso (Paso, 2005).

0.77

0.765

0.76

o
~
]
a

Density (g/mL)

o
Ry
N
(9]

0.74

- 0.001
0.735 +

0.73

0.006

+ 0.005

T 0.004

-+ 0.003

+ 0.002

10 15 20 25 30 35 40 45
Temperature (C)

Figure 2.7: Densitometer results for 4% Cgsg in dodecane
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Slope of Density Curve (g/ml C)

Figure 2.8 shows the density slopes as a function of temperature for 4% Cszs and

for the 4% C3¢/4% Cog System. Similar to the DSC traces, the systems crystallize at

approximately the same temperature and there are two distinct events for the Cz¢/Cag

system indicating a lack of cocrystallization between the two n-alkanes. Further, both

densitometer runs decay to the same density slope curve in between 25 and 35 °C. As

with the DSC traces, this temperature regime is consistent with the equilibrium

crystallization regime for C3s. The fact that the C3¢/Cog System has the same density slope

curve in this temperature range provides further evidence that only Csg is crystallizing

and that no Cyg is heterogeneously nucleating onto the already formed Csg crystals in

between 22 and 35 °C.
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Figure 2.8: Densitometer results for 4% Csg (solid line) and 4% C35/4% Cog (dashed line)
Figure 2.9 shows the densitometer results for the binary 4% C3¢/4% Cs, System

and for the ternary 4% Cz¢/4% C32/4% Cog System.
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Figure 2.9: Densitometer results for 4% C3/4% C3; (solid line) and 4% Cg/4% C32/4%
Cog (dashed line)

Similar to the results in Figure 2.8, both systems in Figure 2.9 exhibit a strong
peak around 40 °C, indicating the crystallization of Cgs. Further, because there is not a
separate, distinct peak for Cs, (when compared to the C3¢/Cog experiment shown in Figure
8), Figure 2.9 shows that C3s and Cs, are cocrystallizing at this slower cooling rate for
both the C34/Cs, system and the ternary system. However, a difference between what is
seen in the densitometer results in Figure 2.8 and the results in Figure 2.9 is the value of
the slope of the density-temperature curve at temperatures lower than the cloud point
(around 40 °C). To better visualize the difference, the results in Figures 2.8 and 2.9 have
been magnified in the temperature range of 15 to 35 °C. This magnification is shown in

Figure 2.10.

55



0.0012

o011 4 4% Co5/4% C3/4% Co A LT
0.001 1 .‘ AN ol / N Vi |

I 0 4% Cagld% Cyp
0.0009 | ‘ /

0.0008 -

LT o

0.0006

Slope of Density Curve (g/ml C)

15 17 19 21 23 25 27 29 31 33 35
Temperature (C)

Figure 2.10: Densitometer results for 4% Czg (thin solid line) 4% C3s/4% Cs; (thick solid
line) and 4% C36/4% C3,/4% Cog (thin dashed line)

It can be seen from Figure 2.10 that at lower temperatures, the slope of the
density-temperature curve is greater for both the binary Cs¢/Cs, system and the ternary
system than for the C3s monodisperse system. This result indicates that the crystallization
occurring in between 15 and 35 °C is more than just the crystallization of C3s because of
its solubility limit in dodecane. For the C3g/C3;, system, the additional crystallization
occurring between approximately 27-35 °C is from the independent crystallization of Cs;.
Eventually as the temperature approaches 24 °C, the slope of the density-temperature
curve for C36/C3, becomes similar to the slope of the density-temperature curve for Csg,
indicating that the only crystallization occurring at these lower temperatures is
equilibrium crystallization of both Czs and Ca,.

For the ternary system, there is additional crystallization occurring in between

approximately 27-35 °C, similar to the binary Cs¢/Cs, system, which is consistent with
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Cs2 independently crystallizing. However, whereas the slope of the density-temperature
curve for the binary Css/Cs, system becomes approximately equal to the slope of the
density-temperature curve for Css at lower temperatures, the slope of the density-
temperature curve for the ternary system remains greater. This additional crystallization
at temperatures below 27 °C is consistent with independent crystallization of Cyg that is
occurring at these lower temperatures as confirmed by the DSC trace in Figure 2.3.
Although the independent crystallization of C,g was shown in the DSC trace, the
independent crystallization of C3, was not seen for either the C34/Cs; or the ternary
system. If independent crystallization of C3, occurred, then the DSC trace in Figure 2.3
would have shown a secondary, less prominent peak at a temperature around where Cs;
crystallized independently. This peak would have been similar to the C,g peak seen in the
4% C3,/4% Cog System in Figures 2.3, 2.4 and 2.5. These results show that the degree of
miscibility between two alkanes cocrystallizing in solution is also dependent on the
cooling rate, an additional limitation to the rule of thumb developed by Kravchenko. A
reduction in cooling rate reduces the degree of miscibility between two n-alkanes because
the first crystals to precipitate out will be solely the less soluble n-alkane. At lower
cooling rates, the crystals that are formed are larger, integrating more of the less soluble
n-alkane molecules in the initial crystals being formed. Because these less soluble
molecules are already in a crystal structure, there is an insufficient amount of the less
soluble n-alkane to completely cocrystallize with the more soluble n-alkane. Therefore,
an insufficient amount of the less soluble n-alkane is now present in solution to allow for

complete cocrystallization with the more soluble n-alkane.
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Deposition Results
A coldfinger was used to determine how polydispersity and cocrystallization
impact deposition. These deposition experiments clearly show that polydispersity impacts
deposition characteristics. Table 2.6 shows the results for the monodisperse systems for a
six hour deposition experiment.
Table 2.6: Mass and composition information for monodisperse deposits after six hours. %
wax in deposit represents the percent of the deposit constituted by the particular alkane

(the remainder being the solvent, dodecane). % alkane deposited represents what percent
of the alkane initially in solution deposited onto the coldfinger.

Alkane Deposit | % Waxin | Mass Alkane | % Alkane
Mass (9) Deposit | Deposited (g) | Deposited
Cae 1.17 42.2 0.49 7.9
Ca2 0.42 26.8 0.11 18
Cas 0.19 8.0 0.015 0.24

From Table 2.6, it can be observed that the mass and wax fraction of the deposit increases
with increasing carbon number. As discussed earlier, Cg is the least soluble of the three
n-alkanes shown in Table 2.2 and it would thus follow that more C3 would deposit due
to a higher deposition driving force. Table 2.7 shows the composition of the polydisperse

deposits.

Table 2.7: Mass and composition information for polydisperse deposits after six hours. %
C, represents the percent of the deposit that is Cp,. Total wax % in deposit represents the
amount of the deposit that consists of Cog, C3, and/or Csg (with the remainder being the

solvent dodecane)

System 3255 ?ét) %Co | %Cs | % Coo Ti%taolevgiﬁifﬁ’
Cao-Coo 0.82 — | 147 | 200 34.7
Cs6-Cas 1.23 5.4 — | 358 41.2
Car-Cas 0.23 65 | 76 131
Coe-CsrCos | 1.08 62 | 13.7 | 284 48.3

It would be expected that the polydisperse cases would form deposits that have a higher
mass and wax fraction because these systems have double and triple the wax in solution

and approximately the same cloud point (Table 2.4) when compared to the monodisperse
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cases. However, this expectation is clearly not the case as can be seen in Table 2.7.
Instead of an increase in deposit mass and wax fraction, the deposit mass and the total
wax fraction of the deposit have actually decreased for the two binary systems where
cocrystallization occurs (Cse/Csz and Csp/Cog).

For the case of the C34/Cyg binary system where independent crystallization
occurs, the deposit mass for the binary (b) system (1.23g) is similar to that for the
monodisperse (m) Csg system (1.17g). Additionally, the wax percent of Csg in the deposit
is similar for both systems (35.8% (b) vs. 42.2% (m)). However, the deposition of Cyg is
significantly enhanced by the presence of Czs when compared to the monodisperse Cog
experiment, as shown in Table 2.8, which provides the percent of the respective alkanes
that precipitated out of solution and deposited onto the coldfinger.

Table 2.8: Amounts of the respective n-alkanes depositing from solution for polydisperse

systems after six hours. These values represent the mass of n-alkane (in grams) that
deposited and the percent of n-alkane initially in solution that deposited in the coldfinger.

CZS C32 C’36
Mass % Mass % Mass %

System Deposited | Deposited | Deposited | Deposited | Deposited | Deposited
C35-Cao 0.12 1.9 0.16 2.6
C35-Cos 0.066 1.0 0.44 6.7
C3,-Cog 0.015 0.23 0.017 0.27
C36'C32'

Cag 0.067 1.0 0.15 2.2 0.31 45

Table 2.8 shows that about 3 times more Cog deposits when Cgg is present in solution
(0.066g) compared to the monodisperse Cog system (0.015¢). This result can be explained
by the fact that C3g forms a faster, thicker deposit than C,g because more Cz¢ will initially
deposit at the fluid/coldfinger interface. The higher initial deposit of Cgs is caused by a
higher concentration gradient because Czs is much less soluble than Cog at the lower

interface temperature. The already formed Cszs deposit allows for C,g to diffuse into the
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deposit and precipitate, allowing for more Cyg to interact at the liquid-wax interface,
enabling more Csg to deposit. Additionally, when the Czg deposits, liquid oil (dodecane)
is entrapped, which includes Csg that will also deposit once it reaches its solubility limit
in the oil.

Two trends for the binary systems where cocrystallization occurs are seen, one
for the shorter C,, alkane and one for the longer C,.. For the shorter n-alkane (Cyg in the
C32/Cyg system and Cs; in the C36/Cs, system), the total amount of the shorter alkane
deposited remains relatively unchanged when compared to the monodisperse cases for
the shorter alkane (0.015g (b) vs. 0.015g (m) for Cys and 0.12g (b) vs 0.11g (m) for Csy).
This result is contrary to the Czg/Cog case where much more Csg precipitated in the binary
case in comparison to the C,g monodisperse system. There are two reasons why more Cag
is found in the C34/Csg system deposit than both the C3,/Csg system deposit and the Cog
system deposit. For the binary system, the C,g can deposit onto an already formed Cs
deposit. Further, the additional mass of the C3 in the C3¢/C,g deposit provided more area
for the Cyg to diffuse into, allowing for further deposition of C,s. Although the amount of
Cs, that deposits on the coldfinger is less than the amount of Csg that deposits, it would
still follow that more C,g would be present in the C3,/Cog deposit than the C,g deposit.
This discrepancy can be explained by the fact that cocrystallization is occurring in the
binary system. The impact of cocrystallization on deposition inhibition will be discussed
in more detail below.

A major difference was seen in the cocrystallized systems for the longer n-alkane
(C3; for the C32/Cog System and Cgg for the C36/C3, System), when compared with the

monodisperse systems. The percent composition of the longer n-alkane in the deposit
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(42.2% (m) vs. 20.0% (b) for Csg and 26.8% (m) vs. 7.6% (b) for Cs;) decreased by over
a factor of two. Additionally, the percent of total alkane deposited decreased by over a
factor of three compared to the monodisperse trials for the longer n-alkane (7.9% (m) vs.
2.6% (b) for C3g and 1.8% (m) vs. 0.27% (b) for Cs,). These results show that
cocrystallization significantly hinders deposition of the longer (less soluble) n-alkane.
This fact is interesting because the main driving forces for deposition, a concentration
gradient and a temperature gradient between the gel and the external fluid are either
unchanged or increased for the binary system. This result can be explained from a
morphological standpoint because when cocrystallization occurs, the larger n-alkane will
bend itself and enter into the structure the size of the smaller n-alkane (Turner, 1971,
Chevalier et al., 1999, Paso, 2005). This morphological change affects the ability of the
n-alkanes to either continue to deposit at the interface and/or the diffuse into the deposit.
These issues could also influence the nucleation and/or deposition kinetics of the system,
further causing a reduction in the deposit. The idea of cocrystallization inhibiting wax
deposition is consistent with simulation work done to examine the mechanisms by which
wax inhibitors work, which include the wax inhibitor basically integrating into the crystal
structure of the n-alkane and disrupting crystal growth (Duffy and Rodger, 2002, Duffy et
al., 2004).

Similar to the DSC results, the coldfinger results for the ternary system show a
combination of the cases where independent crystallization occurs and where
cocrystallization occurs. The wax fraction of the deposit for the Cgs/C32/Cog System
(48.3%) is minimally higher than the monodisperse Csg system (42.2%). This result is

caused by the occurrence of independent crystallization and a higher solution wax content
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in the ternary system (12%) compared to the monodisperse Csg system (4%). However,
the amount of C3s that deposited (0.31g) and the total deposit mass for the ternary system
(1.08g) were both lower than that for the monodisperse Css system (0.49g and 1.17g
respectively). This result is consistent with what is seen for the systems where
cocrystallization occurred (as shown in Table 8) because cocrystallization was shown to
reduce both the deposit mass and the amount of the least soluble alkane that deposited.

A unique aspect of the ternary case occurs when comparing the relative amounts
of the respective alkanes in the respective systems (as shown in Table 2.8). For the case
of independent crystallization (C36/Czs), more Cgg deposits than Cog (about seven times
more) because Czs more readily deposits than C,g. Due to a smaller difference in driving
force and the occurrence of cocrystallization, it follows that the ratio of the longer n-
alkane to the shorter n-alkane present in the deposit is much lower for the cases where
cocrystallization occurs because many of the molecules are crystallizing out together. The
ratios of C3,:Cog and Czg:Cs, for the respective binary systems are near 1:1. However, the
ratio of C35:C32:Capg in the deposit for the ternary case is about 4:2:1, indicating that this
system is a combination of co-crystals of C3/C3, and of C3,/Csg along with the
independent crystallization of both Css and Cyg. This result suggests that Css must be
crystallizing independently in the ternary system because much more Csg is present in the
deposit than Cs,, which is the only material present in the system that could cocrystallize
with Cgs. Cocrystals are present in this system because the mass of the deposit is less than
the monodisperse Csg System, consistent with the reduction in mass seen when
cocrystallization occurred (as shown in Table 2.8). Finally, C,g must also be crystallizing

independently because the amount that deposited in the ternary system is far greater than
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the amount that deposited in the binary Cs,/Cg trial, where cocrystallization is occurring.
This result shows that the presence of Cyg is inhibiting the cocrystallization of Csgand Cs;
either by interacting with C3, molecules while in the liquid phase or providing a physical
means to limit the interactions between Css and C3, molecules, allowing for Cgg

molecules to deposit independently.

Summary

This work elucidates various aspects of n-alkane crystallization by usage of three
different types of apparatus (DSC, densitometer and coldfinger). It was found that both n-
alkane polydispersity and cocrystallization play roles in how n-alkanes crystallize in
solution. This work has shown that alkanes can cocrystallize in solution if their carbon
numbers are sufficiently close, consistent with Kravchenko’s rules for melts. Although
Kravchenko’s work can be extended to solutions, limitations exist because it does not
account for either the relative abundance of n-alkanes in solution or the effect of cooling
rate. Both of these variables impact the degree of cocrystallization, leading to cases
where a more soluble alkane will cocrystallize with a less soluble alkane and by itself.
The cocrystallization of two alkanes can also be affected by the presence of a third alkane,
either by cocrystallization with this third alkane or by providing a physical means to
prevent molecular interaction and thus cocrystallization.

Both polydispersity and cocrystallization reduce the heat released during
crystallization, primarily because of the reduction of heat released by the more soluble

alkanes. Additionally, polydispersity and cocrystallization reduce the mass and the wax
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fraction of deposits, in spite of systems having a higher wax fraction in comparison to the
monodisperse systems.

This work shows that more soluble alkanes are greatly impacted by the presence
of less soluble alkanes because of the less soluble alkanes already crystallizing out of
solution, providing nucleation sites for the more soluble alkanes. This homogeneous
nucleation broadens the range over which the crystallization of the more soluble alkane
occurs and the ability of the more soluble alkane to deposit. However, the less soluble
alkanes are not impacted as much by the presence of the more soluble alkanes. The
degree of the impact of the more soluble alkanes on the more soluble alkanes is directly
related to cocrystallization and is primarily seen as a slight increase in the temperature
which crystallization occurs and as a reduction in the amount of less soluble alkane that

deposits.
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CHAPTER I11
THE ROLE OF POLYDISPERSITY AND COCRYSTALLIZATION ON
GELATION
Wax deposition is a major issue facing the petroleum industry, particularly in

extremely cold environments and for highly waxy crudes. This problem has become of
greater importance today as petroleum companies move further offshore to deeper and
colder waters in order to find and extract crude oil (Guo, et al., 2006, Venkatesan, et al.,
2002, Wu et al., 2002). Problems directly caused by wax deposition include the damaging
of oil reservoir formations, the blockage of process equipment, the straining of pumping
facilities, and the restarting of pipelines for a wide variety of reasons, including but not
limited to maintenance, economics, weather and political strife (Carnahan and Carnahan,
1998, Mehrotra and Bhat, 2007, Soni and Bharambe, 2006). Because the crude has to
travel further distances in a cold water environment, the probability of the crude cooling
down sufficiently to reach its cloud point increases, increasing the likelihood that wax
will deposit on the pipeline wall. Deposition can reduce production and if left untreated
can leave the pipeline inoperable, a condition faced in pipelines across the world (Paso
and Fogler, 2004, Venkatesan et al., 2002). While the costs of remediation, usually via
mechanical pigging and/or the addition of a wide array of fluids, inhibitors and additives
can be quite high, these costs are dwarfed by the production losses incurred by flow

reductions and/or pipeline shutdowns and maintenance needed because of wax deposition.
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Therefore, gaining a better understanding of the wax deposit would be of great utility to
the petroleum industry to allow them to optimize their remediation approaches.

Crude oils can contain a large number of components, including but not limited to
paraffins, aromatics, naphthenes, asphaltenes and resins (Hansen, et al., 1991,
Venkatesan et al., 2003). In spite of the complexity of crude oils, it has been concluded
that the primary component of wax deposits are higher molecular weight n-paraffins
(interchangeably referred to as n-alkanes) (Garcia, 2000, Hennessy et al., 1999, Kane et
al., 2003). n-Paraffins are straight chained hydrocarbons containing solely single bonds
with the chemical formula C,H2n+2. Wax deposits can contain n-alkanes with carbon
numbers (n) as low as 10 and as high as 80, but predominantly in the range of 20 to 40
(del Carmen Garcia, 2000, Ronningsen, et al., 1991). Deposits are constituted primarily
of n-alkanes because of their lower solubility in organic solvents and their ability to
crystallize easily in an ordered structure (Hennessy et al., 1999).

The formation of a wax deposit is a solubility based phenomenon. At reservoir
conditions (temperatures ranging from 70-150 °C and pressures ranging from 8000-
15000 psi), the n-paraffins will remain in solution and no solids will form (Venkatesan et
al., 2005). However, as the crude oil is transported through the pipeline, both the
temperature and pressure are reduced, greatly reducing n-paraffin solubility and
potentially allowing for the higher carbon number n-paraffins to precipitate out of
solution. Although the precipitation of n-paraffins in the bulk crude oil can cause issues
in transportation and flow, the major concern is deposition on the pipeline walls. It is
generally accepted that the mechanism of wax deposition is governed by molecular

diffusion (Singh et al., 2001a). After the creation of an incipient gel layer, the gel
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continues to change through a process called aging, where longer chained n-alkanes will
continue to diffuse into the gel layer, while shorter chained n-alkanes with a carbon
number less than the critical carbon number will diffuse out of the gel layer (Singh et al.,
2001b). Aging causes the solid content of the wax gel to increase, leading to the
formation of a harder gel, making the gel more difficult to remediate.

It is known that the gel deposits consist of lamellar crystals that form random,
interlocking structures that have the ability to trap the liquid oil, forming an organic gel
(Ashbaugh et al., 2002). This lamellar structure is similar to the shape seen when pure n-
alkanes crystallize from either a melt or an organic solvent (Turner, 1971). The carbon
atoms of the methylene groups are in an all-trans zigzag conformation where the long
axes of the chains are parallel and the end methyl groups of two layers are parallel to one
another (Dirand et al., 2002, Turner, 1971). A schematic of this can be seen below in
Figure 3.1. More representative images have been completed by Dirand (Dirand et al.,

2002).
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Figure 3.1: Schematic representation of a%r;%ane n-alkane system. Each line
represents a carbon-carbon bond. The entire zigzag configuration represents a long
chained n-alkane molecule. The gap between the zigzags represents the interlayer spacing
between the sheets. (Adapted from Turner, 1971)

In order for a gel to form, a network needs to be formed such that the solid,
interlocking crystals span the entire volume of the gel. This colloidal gel can require as
little as 2% solid wax to form a gel (Singh et al., 1999). In these gels, the n-alkanes will
crystallize out once their solubility limit is exceeded, a temperature known as the cloud
point. As the temperature lowers further below the cloud point, further crystallization
along with aggregation will occur, promoting the formation of a volume spanning
network, i.e. a gel (Radinski, et al., 1996, Vignati et al., 2005). It has been shown that a
polydisperse mixture will form atomically thin, flat aggregates of similar carbon length
over a large temperature range (Radisnki, et al., 1996). Vignati proposed a physical
mechanism in which the aggregation of the wax crystals is driven by dispersion forces

into an extended fractal network (Vignati et al., 2005). While the gel is beginning to form,

wax aggregation is so quick that the system becomes dynamically arrested and the gel
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gains further strength as more wax enters the system because the temperature is
decreasing. The system will become a true gel once it becomes strong enough to sustain
the stresses from gravity and the fluid flow. This gel, particularly its thickness and its
strength, is of great concern in the petroleum industry.

The major variables of interest of a gel are the yield stress, the gelation
temperature (gel point) and the pour point temperature (pour point). The yield stress is
the shear stress necessary to break the gel. Although the gelation temperature and the
pour point temperature are similar: they are both used to represent the temperature at
which a crude oil finalizes its transition from a complex fluid to a solid, their definitions
ar somewhat different. A clear differentiation between the two values has been provided
by Venkatesan, defining the pour point as the temperature where the fluid has stopped
flowing under static conditions and a specified thermal history and the gelation
temperature as the point where solid-like characteristics of the fluid dominate over the
liquid-like characteristics at a particular cooling rate and applied stress (Venkatesan, et al.,
2002). The definition of the gelation temperature was based upon the research of Singh,
who used a controlled-stress rheometer to extend the conclusion of Winter that was
developed for cross-linking polymers (Singh, et al., 1999, Winter, 1987). The gel point is
the temperature where the storage modulus, (G’, representing its solid-like behavior) the
elastic portion showing the ability of a viscoelastic solid to store energy exceeds the loss
modulus, (G”, representing its liquid-like behavior), the viscous portion showing the
ability of a viscoelastic solid to dissipate heat energy. They are represented as the real and
imaginary portions of the complex modulus and the mathematical relationship is shown

below.
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G=G +iG” (1.2)
Where: G = complex modulus
G’ = storage modulus, defined in (2)
G” = loss modulus, defined in (3)

G'= 2 cos(6),G"= £ sin(s) (1.2, 1.3)
O O
Where: ¢ = strain
o = stress
0 = phase lag between stress and strain
At temperatures above the cloud point, the loss modulus will be higher than the storage
modulus. As the temperature is decreased, both G” and G” will begin to increase and
when the temperature goes below the cloud point, the solidification of wax leads to a
sharp increase of G”. If the crude is capable of gelling, G’ will become larger than G”,
with this crossover representing the gelation temperature. Figure 3.2 shows two situations:

the first represents a case where the oil has gelled and the second represents a case where

the oil has not gelled.
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Figure 3.2: Representative rheometric results for viscoelastic fluids. In the top graph, G’

and G” cross over, indicating the occurrence of the formation of a gel. In the bottom

graph, G’ and G” do not cross over although there has been a sharp increase in both G’

and G” (indicating crystallization). The bottom graph shows a system where
crystallization has occurred, but gelation has not occurred.

The properties of the gel are strong functions of the crude oil properties such as

cloud point, wax solubility, wax content, and viscosity and operating conditions such as
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cooling rate, applied stress, thermal history and shear history. A major reason for the
multitude of properties affecting gelation is because crystallization is a required step for
gelation. The larger the crystal size and the greater the number of wax crystals, the easier
it is for a volume spanning network gel to form. Singh showed that faster cooling rates,
lower shear stresses and higher wax fractions in the oil were conducive to forming gels at
higher temperatures (Singh, et al., 1999). Faster cooling rates may lead to higher gelation
temperatures, but wax-oil systems with faster cooling rates have been shown to form
weaker gels (i.e. lower yield stresses) when cooled statically (Chang et al., 2000,
Venkatesan, et al., 2005). Microscopic evidence was provided to show that slower
cooling rates promote the formation of larger crystals that are more conducive to forming
a volume spanning network gel. However, under non-quiescent conditions, Venkatesan
showed that faster cooling rates will form stronger gels, primarily because the systems at
lower cooling rate are exposed to shear for a longer period of time, allowing for the shear
to have a greater impact in disrupting the formation of the gel (Venkatesan, et al., 2005).
This conclusion was validated by Visintin, who measured the effect of stress application
time on the yield stress (Visintin, et al., 2005).

Chemical additives are often introduced to crude oil to attempt to mitigate wax
deposition. They have been known to reduce the temperature at which wax precipitation
and/or gelation will begin, inhibit the wax from depositing onto the pipe wall and/or
weaken the gel structure. Each of these effects is singularly able to reduce wax deposition.
Soni and Bharambe have provided criteria for additives to be good flow improvers: a
linear alkyl chain that can cocrystallize with the carbon numbers crystallizing out of

solution, a polar component to limit cocrystallization and an adsorber onto the wax
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crystal to sterically hinder crystal growth (Soni and Bharambe, 2006). Additionally, they
highlighted properties of good pour point depressants: the number of side chains and their
distance between one another, their solubility in organic solvents and their physical and
chemical stability. The materials used as additives and their mechanisms by which they
interact with the gel are highly varied. EI-Gamal and Al-Sabbagh showed that additives
containing nitrogen (amides, ester and ether with long chains) provided a dispersing
effect that reduces the pour point of lighter Egyptian waxy gas-oil blends (El-Gamal and
Al-Sabbagh, 1995). However, these nitrogen containing additives were not as efficient
when used on Egyptian crude oils. Soni and Bharambe showed that maleic anhydride
copolymers reduce the pour point of an Indian crude oil by changing the crystal
morphology and reducing the viscosity by developing hydrogen bonds with asphaltenes
and resins, two materials naturally present in oil that increase their viscosity (Holder and
Winkler, 1965, Soni and Bharambe, 2006). In work on poly(ethylene-co-vinyl acetate
(EVA) copolymers and Brazilian crude oil, Machado showed that the efficiency of EVA
was a function of both the vinyl acetate composition of the copolymer and the
concentration of the copolymer (Machado et al., 2001). Work using polymethacrytlates
on Brazilian diesel oil emphasized that the efficiency of an additive is dependent not only
on the properties of the inhibitor, but also the composition of the crude oil (Soldi, et al.,
2007). This conclusion was reaffirmed by work using an acrylic ester copolymer on
Croatian crude oil and in a series of works using poly(ethylene butane) copolymers on a
wide variety of model oils (Ashbaugh et al., 2002a, 2002b, Guo et al., 2004a, 2006,

Kuzmic et al., 2006).
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Although these studies have focused on how adding materials can affect the
gelation properties of oil, little work has been dedicated to seeing how the composition of
oil can affect the gelation properties. n-Alkanes are of interest because they are the
primary component of the waxy gels found in subsea oil pipelines. Using model waxes,
Paso showed that polydispersity can assist in the formation of a strong gel (Paso, et al.,
2005). Jennings and Weispfenning proved that waxes do not completely exhibit ideal
solution behavior when crystallizing and that their solubility in a solvent increases as
both the solvent molecular size and the solvent solubility parameter decreases (Jennings
and Weispfennig, 2005). This decrease occurs because of the ability of a smaller solvent
to better contact and solvate the n-alkane and the ability of a lower solubility parameter
solvent to associate with other molecules instead of itself. Studies have shown that
multiparaffin waxes spanning over 20 carbon numbers when cooled will crystallize in a
number of different solid crystal phases at different temperatures when cooled (Briard et
al., 2006, Dirand et al., 1998). These multiparaffin wax crystals are generally
orthorhombic in crude systems, although n-alkanes independently crystallize in a number
of shapes dependent on the carbon number and whether the carbon number is even or odd
(Dirand et al., 1998, 2002). Turner proposed the existence of these groupings of solid
phases and the ability of n-alkanes to form cocrystals that can include a number of n-
alkanes in a particular crystal structure (Turner, 1971). His guidelines for
cocrystallization were that the molecules would not only have to be similar in form and
dimension, but also must have similar crystal symmetries to those when the n-alkane
crystallizes out by itself. Therefore, although an even n-alkane with a carbon number of n

and an odd n-alkane with a carbon number of n+1 (or n-1) are similar in form and
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dimension (and typically have relatively similar solubilities in most organic solvents),
they will not cocrystallize because odd and even carbon numbers have different crystal
morphologies. Dirand proposed a configuration of multiple n-alkanes in one crystal
structure where the length of the layer is equivalent to the layer size of the average carbon
number of the n-alkanes present in the structure (Dirand, et al., 1998). A schematic of this
configuration can be seen in Figure 3.3 where the dark colored molecules are bending to
incorporate the two shorter light colored molecules. The average length of the cocrystal is

equivalent to the length of the longer light colored molecule.
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Figure 3.3: Sample molecular configuration for multiple n-alkanes cocrystallizing. The
dark molecules are bending to associate with the smaller n-alkanes to form a common
crystal structure. (Adapted from Dirand, et al., 1998)

Experiments using differential scanning calorimetry and densitometry were completed in
Chapter 2 to help validate the conclusions by Dirand and additionally have shown that

both cocrystallization and polydispersity have an impact on the thermodynamic and
deposition characteristics of n-alkane systems crystallizing from n-alkane solutions.
The main objective of this work is to extend the thermodynamic analysis of n-

alkane systems to gelation properties. Most of the previous gelation work on n-alkane

systems focused on how inhibitors affect the gel structure. However, little work has been
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dedicated to understanding how the composition of the oil itself affects the gel structure.
Greater insight into how the composition of a crude oil can influence the gelation
characteristics could be crucial in developing more accurate deposition models that could

also incorporate such properties as the gelation temperature and the yield stress.

Materials

Dodecane (99+% purity from Sigma) was used as the solvent for all trials. Five
even carbon number n-alkanes (all purchased from Aldrich) were analyzed:
hexatriacontane (CssHy4, hereafter abbreviated as Css, 98% purity), dotriacontane (CszHes,
hereafter abbreviated as Cs,, 97% purity), triacontane (CsoHe2, hereafter abbreviated as
Cs0, 99% purity), octacosane (CogHsg, hereafter abbreviated as Cog, 98% purity) and
tetracosane (Ca4Hso, hereafter abbreviated as Ca4, 99% purity). Two odd carbon number
n-alkanes (both purchased from TCI America) were used: pentatriacontane (CssH72,
hereafter abbreviated as Css, 95% purity) and heptacosane (C,;Hsg, hereafter abbreviated

as Cy7, 95% purity).

Experimental Methods
Cloud point temperature
Cloud points were determined using a constant temperature bath where a solution,
heated above its cloud point, is slowly cooled and allowed to equilibrate at a temperature.
The solution was removed from the temperature bath and visually inspected for any
precipitation. If the system remained homogeneous, the bath was cooled to a lower

temperature. This process continued until precipitation became visible.
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Pour point temperature

The pour point was also determined using a constant temperature bath. The bath
is initially held at a temperature above the cloud point of the solution. The solution is
preheated in an oven in a vial to a temperature above the cloud point of the solution and
left in there for sufficient time to remove any thermal history. The heated solution is then
inserted into the temperature bath. The bath is then cooled at a rate of 0.1 °C/min. At the
desired sample, the solution is delicately removed from the temperature bath to prevent
disruption of the gel structure and is inverted. If the solution moves upon inversion, then
the solution is above the pour point. The pour point is defined as the highest temperature
where the solution does not move upon inversion. Figure 3.4 shows the result of some

pour point experiments.

Figure 3.4: Pour point samples. The gel in the vial on the left was easily broken down
upon inversion of the vial. The gel in the vial in the middle was not as easily broken
down as the vial on the left but the solution was still able to flow. The gel in the vial on
the right did not flow upon inversion, indicating that the solution is at or below its pour
point.
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Gel point temperature

The gel point was found using a TA 1000AR controlled stress rheometer. The
solution is heated above the cloud point and held at this temperature to remove any
thermal history. As the solution is cooled at a constant rate of 0.5 °C/min, an oscillatory
stress of 0.1 Pa with a frequency of 0.1 Hz is being applied. The stress and frequency are
kept relatively low in order to not disrupt the development of the gel. The storage
modulus (G’) and the loss modulus (G”) are reported and as shown in Figure 3.2, the
crossover point between G’ and G” represents the gel point temperature.
Densitometer

A DMA 500 Density Meter with a measuring range of 0-3 g/mL, repeatability of
1x10°® g/mL, a temperature accuracy of 0.001 °C and a temperature range of 0-90 °C was
used to measure the density of the solutions. The solutions were cooled, starting at a
temperature above the cloud point, at 2 °C/hr (0.033 °C/min) and the density was
measured every 3 minutes. A change in density seen in addition to the relatively linear
change in density caused by the reduction in temperature indicates a transition from
liquid to solid. This phenomenon will be further discussed in the results section.
Microscopy

The solutions were examined using cross-polarized microscopy. The solutions
were initially heated to a temperature far above its cloud point. The solution was held at a
temperature for ten minutes and then cooled 0.5° C over one minute. An image was then

taken to assess the degree of crystallization that occurred.
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Pour Point and Cloud Point Studies

Before the effects of polydispersity and cocrystallization are addressed, the
behavior of the gelation characteristics of single n-alkanes in solvent needs to be
understood. Therefore, monodisperse systems of C,g, C3, and C3g Were prepared in wax
percents ranging from 2.5% to 12.5% and both the cloud point and pour point were
prepared for each system. Systems below approximately 2 wax % did not form gels at
temperatures below 0° C, indicating insufficient wax present for the crystals to interlock
and form a volume spanning network needed to form a gel. Figure 3.5 shows the

relationship between the pour point and the cloud point for these monodisperse systems.
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Figure 3.5: Relationship between the pour point and cloud point for monodisperse
solutions of Cyg, C3; and Css in dodecane. Wax percents ranged from 2.5 to 12%.

Figure 3.5 shows that the pour point of the system of a monodisperse system can
be predicted simply by knowing the cloud point of the system. Highlighted on the graph

are systems that have much different wax percents, but have similar cloud points. In spite
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of the wax content difference, the systems have similar pour points, further confirming
the concept that only a fraction of the wax is necessary to form a gel. An interesting point
to note here is that the slope is greater than one, indicating that the gap between the cloud
point and pour point decreases as the cloud point is increases. Therefore, the difference
between the pour point and the cloud point decreases when (1) the carbon number
increases for a fixed wax percentage and (2) the wax percent increases for a given n-
alkane. The first point can be explained by the fact that higher carbon numbers are longer
molecules that will form longer, larger crystals and the larger the crystals are, the easier it
is to form a volume spanning network. The second point can be explained by the fact that
although only a portion of wax is needed to form a gel, more wax would facilitate in
forming of a gel by more solid wax crystals being present to form a volume spanning
network. Paso’s work has shown that a supersaturation growth regime exists because of a
crystallization lag caused by nucleation, causing a burst of crystals to be released once
the nucleation lag has been overcome (Paso et al, 2005). Therefore, the higher the wax
content, the more wax that is able to precipitate as the solution is cooling. A higher solid
wax present in the solution makes it easier is to form a volume spanning network gel.

To determine if this linear relationship between cloud point and pour point would
hold for polydisperse solutions, various solutions were prepared using a combination of
Cas, C32 and Cgs. All of the solutions were made such that the least soluble component
was the highest carbon number alkane. These results can be seen on the left hand side of

Figure 3.6.
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Figure 3.6: (left) Relationship between the pour point and cloud point for monodisperse
and polydisperse systems. The line is the trendline from the monodisperse samples shown
in Figure 5. (right) A blown-up portion of the graph on the left corresponding to a cloud
point of about 44°C.

Figure 3.6 shows that the trendline created from the monodisperse results in Figure 3.5
represents an upper bound for a pour point at a particular cloud point. Additionally, the
pour point of the solution can vary as much as 20°C for a given cloud point. The data
points that fall on a relatively vertical line represent solutions that have the same
percentage of the least soluble component present in the solution. Although adding a
more soluble n-alkane will alter the solubility of the longer n-alkane by changing the
mass ratio of the less soluble n-alkane to dodecane, the solvent, this change has little
effect on the cloud point. Greater insight can be gained by analyzing the vertical columns,
because the same amount of the less soluble n-alkane is present, but their pour points
vary drastically by adding crystallizable n-alkanes Initially, this result appears
counterintuitive because by adding more crystallizable components to a system, the

amount of potential wax crystals that could form a volume spanning network has

increased.
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The right hand side of Figure 3.6 shows a vertical column corresponding to a
cloud point of 44°C, which represents the cloud point for the family of solutions
containing 6% Cass. As the data points are assessed, a peculiar trend is seen: the pour
points for many of the solutions containing C3s and Cs, are surrounded by the pour points
of the solutions containing Css and Cyg. Additionally, it appears that there is no direct
correlation between the wax percent of the shorter n-alkane and the pour point: from the
data points explicitly shown on the right hand side of Figure 3.6, an increase in Cyg
concentration led to a sharp decrease in the pour point while an increase in Cs;
concentration led to an increase in the pour point. An important difference between Cs,
and Csg is how they crystallize with C3s. Chapter 2 showed that Cs, cocrystallizes with
Cas While Cyg does not cocrystallize with Cs6, primarily due to difference in molecular
size. Figure 3.6 shows that both polydispersity and cocrystallization impact the gelation

characteristics of a solution, but their impacts are vastly different.

Rheometric Studies
To gain greater insight into these impacts, two of the vertical lines in Figure 3.6
were further analyzed: the line at a cloud point of approximately 39° C corresponding to
solutions containing 4% Css and the vertical line shown in Figure 3.6 for 6% Csg,
solutions with a cloud point around 44° C. For both cases, the C35 wax percent was held
constant while the C,g and C3, were varied from 0 to 10% and both the pour point and gel

point were measured. The results for the 4% Cgzg Systems can be seen in Figure 3.7.
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Figure 3.7: The effect of varying the wax percent of C,g and Cs, on the gelation properties
of 4% Csg solutions in dodecane. A and e represent the pour points of the solutions
containing Cs, and Cog respectively and m and ¢ represent the gel points of the solutions
containing Cs, and Cyg respectively.

Figure 3.7 shows that similar trends are seen for both the gel point and the pour point and

that the temperatures for the gel points and the pour points for a particular solution are
relatively similar. However, it must be noted that this occurrence is purely coincidental: if
different cooling were used and/or if a different oscillatory stress were used for the gel
point experiments, the values of the gel point and the pour point would change.

From Figure 5, it is clear that two distinct trends exist. First considering the
C36/Cs2 systems where cocrystallization occurs, it can be observed that adding a small

amount of Cs;, causes a noticeable decrease in the pour point and gelation temperature.

This decrease continues until around 3% Cs,, wherea minimum is reached. As more Cs»
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is added, the pour point and gelation temperature both increase. However, it takes 10% of
Cs; in the system for the gel and pour points to reach the temperatures obtained for the
monodisperse 4% Css system. The trajectory of the curve can be explained by the fact
that Css and Cs, cocrystallize. When two (or more) materials cocrystallize together, the
crystal formation will not be as perfect as a single material forming a crystal structure
because of the different size of the components as seen in Figure 3.3. The different chain
lengths provide defects and weaknesses in the crystal structure, making it harder to form
the large crystals that are more conducive to forming volume spanning network gels.
Because cocrystallization reduces crystal size, a decrease in the ability of a gel to form is
seen, even when a small amount of the cocrystallizable material is added. However, as
the concentration of Cs; is increased, the amount of material crystallizing out of solution
will increase because more Cs, will be available to cocrystallize with the Css. At low Cs;
concentrations, a competing effect between the adding more wax crystals (more
conducive to forming a gel) with the decrease in crystal size seen because of
cocrystallization (less conducive to forming a gel) occurs. However, once the wax crystal
size is unaffected by adding more Cs, (at higher concentrations), the gel point and pour
point will increase monotonically.

When the C36/Cyg Systems are considered, a completely different trend is seen. At
low concentrations (less than about 3%), the pour point and gel point are unaffected by
the addition of C,s. However, when slightly more Cog is added, a sharp decrease in the
pour point and gelation temperature is seen with an approximately 15 °C change when
the Cpg concentration is raised 3% to 5%. Once more Cyg is added, an increase in the pour

point and gel point of the system similar to the trajectory for the Cs, system is seen. To
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explain this trend, recall that C3s and C,g do not cocrystallize together and that the
solubility of 4% Cgss and the mass percents of Cyg examined in Figure 3.7 are drastically
different. Therefore, most of the Css will precipitate before any Cog will crystallize out of
solution. At low concentrations, insufficient Cog is present to disrupt the Csg
crystallization so Csg is crystallizing without recognizing the presence of C,g and thus the
gel point and the pour point are unchanged. However, once Cyg is added in sufficient
amounts, it disrupts the formation of the Css gel even though Cys has not crystallized.
This fact that the gelation is dependent on C,g is accentuated when the pour points of
monodisperse Cog solution are compared to the pour and gel points of the C3¢/Csg systems
as shown in Figure 3.8. Figure 3.8 shows that the pour points of the C35/Cog Systems for
higher wax percents of Cyg are the same as the pour points for the corresponding
monodisperse Cog systems. This result shows that these systems will not gel until the
shorter chained, more soluble n-alkane has sufficiently crystallized. From this result, it
appears that the C,g molecules are disrupting the formation of the gel structure by getting
in between the Czg crystals and preventing them from aggregating with one another and
inhibiting their ability to form a volume spanning network. In other words, the C3s
molecules are associating with the C,g molecules via van der Waal forces, preventing the

Cas molecules from forming large crystals.

88



41

® * °
36 .
L 2
G 31
g ° +
c
‘©
& 26 | °
()
o °
5
(@]
o 21 - .
16 T T T T
0 2 4 6 8 10
Wax % C,g

® C28 Pour ¢ (C28Gel —&—C28onlyPour

Figure 3.8: A comparison of the gelation properties of 4% Cgzg/ X% Csg solutions in

dodecane and x% Cyg solutions. @ and ¢ are unchanged from Figure 3.7. A represents the
pour points for the monodisperse C,g solutions in dodecane.
Cross-Polarized Microscopy Studies
To assess this conclusion, cross-polarized microscopy experiments were carried

out and images were taken as the temperature was lowered. Figure 3.9 shows the
microscope images for the monodisperse 4% Cgss base case. At temperatures above the
cloud point (Figure 3.9a)), the microscopy image will not show anything. However, when
the cloud point is reached (Figure 3.9b)), the formation of very large crystals in a lamellar
sheet formation can be seen, conducive to forming a gel. These lamellar sheets are
consistent with what is seen in systems of n-alkanes crystallizing in n-alkane or many
other organic solvents. Therefore, the cloud point and the gel point for this system would

be close together, a result seen in Figures 3.5 and 3.6. As the temperature is cooled
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(Figure 3.9¢)), the crystal images remain virtually unchanged except for some crystal
growth because small amounts of Czg that will crystallize out of solution as the solution is

further cooled because the solubility of Csg is reduced as the temperature is lowered.
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Figure 3.9: Cross-polarized microscopy images for a slowly cooled 4% C3g solution. The
temperatures of the respective micrographs are 42° C for a), 41.5° C for b), 39.5° C for ¢)
and 33° C for d).

Figure 3.10 shows microscopy images from the systems where 2% C,g is added
to the 4% Cgzg System, which is on the level part of the 4% C3/Csg gelation curve in
Figure 3.7. The images (Figures 3.10a) and 3.10b)) are relatively unchanged in
comparison with the images seen in Figure 3.9. This result confirms the results in Figure
3.7 that the gelation characteristics of the 4% Czs and the 4% Cg36/2% Cyg Systems are

very similar. The only difference seen in the micrographs occurs at a much lower
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temperature (16.5° C, Figure 3.10c)), where Cyg will begin to crystallize out because of
its solubility in dodecane. As the solution is further cooled, an increase in the number and
particularly the size of crystals occurs (Figure 3.10d)). These events occur primarily on

the lamellar C3g sheets because of heterogeneous nucleation.
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Figure 3.10: Cross-polarized microscopy images for a slowly cooled 4% C35/2% Coyg
solution. The temperatures of the respective micrographs are 42° C for a), 41° C for b),
16.5° C for c¢) and 15° C for d). (Note: the white speck seen in the bottom left corner of
the two images on the top are not wax and do not affect crystal formation.)

Figure 3.11 shows the microscopic images for the 4% C36/5% Cog Solution, the
bottom of the valley in the C34/Cyg curve developed in Figure 3.7. It is evident that the
images shown in Figure 3.11 are far different from the ones seen in Figures 3.9 and 3.10.
Instead of the lamellar sheets at temperatures right around the cloud point (see Figures
3.8b) and 3.9b)), the 4% C34/5% Cog solution (Figure 3.11b)) has fewer, smaller crystals

present, insufficient for a gel to from. This image is continuously seen (intermediate
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images shown in the Appendices) under the microscope for temperatures between 41° C
and 25° C. At 25° C (Figure 3.11c)), a sudden burst of crystals can be seen, representing
Cays crystals that have reached their solubility limit and are ready to precipitate. Once the
Cog crystals precipitate (Figure 3.11c)), the crystals begin to agglomerate together. As the
solution is further cooled (Figure 3.11d)), a few more crystals appear and there is some
crystal growth, indicating an overall strengthening of the gel. Figure 3.11 confirms the
result presented in Figure 3.8 that the gelation properties of the system become dependent

on Cyg once sufficient Cyg has been added to the system.
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Figure 3.11: Cross-polarized microscopy images for a slowly cooled 4% C35/5% Cag
solution. The temperatures of the respective micrographs are 41.5° C for a), 41° C for b),

25° C for c¢) and 21° C for d).
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Figure 3.12 shows the microscopic images for the 4% C3¢/8% Cog Systems. The
images in Figure 3.12 are similar to the ones seen in Figure 3.11. The only major
difference is the temperature where the burst of crystals is first visible shifts from 25° C
for the system containing 5% Cos, (Figure 3.11c)) to 29° C for the system containing 8%
Cog (Figure 3.12c)). This difference occurs because the solubility limit of C,g is lower for
the system containing 8% C,g than the system containing 5% Cyg. Figure 3.12 further
confirms the results seen in Figure 3.8 showing that the gelation characteristics become
dependent on Cyg concentration, causing an increase in the gel and pour points will

increase with increasing C,g concentration at sufficiently high C,g concentrations.
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Figure 3.12: Cross-polarized microscopy images for a slowly cooled 4% C34/8% Cog
solution. The temperatures of the respective micrographs are 41.5° C for a), 41° C for b),
29° C for c¢) and 25° C for d).
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Figure 3.13 shows the results for three C36/Cyg Systems using the densitometer.
As the system is cooled, the density of the system will increase. However, when a phase
change occurs, the density will increase at a larger rate. Therefore, the slope of the
density curve will be greater at temperatures when part of the solution is changing from
liquid to solid. Figure 3.13 confirms that (a) Css and Cyg independently crystallize
because of the presence of two densitometer peaks, (b) the location of the C,g peak shifts
to higher temperatures as the wax % of C3g increases and (c) the temperatures at which
the bursts of Cyg crystallization were seen using microscopy were reasonable taking into
account the facts that different methods will vary based on the methodology used and that

the cooling rates used were different.

0.0055

4% C14/2% Cog T 4% Cy

0.0045 \

0.0035 -

4% Cy5/5% Cop

0.0025 - /

0.0015 A

Slope of Density Curve (g/ml C)

0.0005 T T T T T T T
17 22 27 32 37 42 47
Temperature (C)

Figure 3.13: Densitometer results for varying C,g concentrations in 4% Cgzg in dodecane
solutions.
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A similar analysis for the C34/Cs3, systems can be completed. Figure 3.14
provides microscopic images for the 4% Cs3,/3% Cs;, system. Unlike the 4% C32/2% Cog
system (Figure 3.10b)), the crystal morphology at the cloud point is significantly
modified and lamellar sheets are not seen (Figure 3.14b)). Instead, large crystals that lack
a well defined shape are seen, contrary to the Csg/high mass % C,g Systems that contain
smaller crystals with a well defined shape (Figures 3.11b) and 3.12b)). As the solution is
further cooled (Figures 3.14c) and 3.14d)), more large crystals begin to appear, making it
possible for a gel to form. The presence of Cs, interferes with the ability of 4% Cs, to

form a gel by cocrystallizing and hampering the ability to form long crystals.
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Figure 3.14: Cross-polarized microscopy images for a slowly cooled 4% C3/3% Cs;
solution. The temperatures of the respective micrographs are 42° C for a), 41.5° C for b),
38.5° C for ¢) and 31° C for d).
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Figure 3.15 shows microscopic images for the 4% C35/6% C3, System. As the
amount of Cs; is increased, that the crystal size has decreased but the number of crystals
present has increased. Although the crystals are initially too small and separated to form a
volume spanning network, the crystals will grow and more crystals will form, enabling
the formation of the gel at a temperature higher than the one for the system containing 3%

Ca.
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Figure 3.15: Cross-polarized microscopy images for a slowly cooled 4% C35/6% C3;
solution. The temperatures of the respective micrographs are 43.5° C for a), 43° C for b),
39.5° C for ¢) and 35.5° C for d).

Figure 3.16 shows the densitometer results for the 4% Cs34/C3, solutions analyzed
using microscopy along with the base case of 4% Cgss. The densitometer results confirm

that cocrystallization is occurring in these systems by the presence of one sharp
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densitometer peak. If cocrystallization were not occurring, Cs, would precipitate by itself

at a temperature approximately 5 degrees lower than Cszs. Additionally, the increase in
Cs, leads to an increase in the slope of the density curve at intermediate temperatures
(between 20 and 38° C), which indicates that although a large amount of Cs;, will

cocrystallize with Csg, all of it will not cocrystallize.
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Figure 3.16: Densitometer results for varying Cs, concentrations in 4% Czg in dodecane

solutions.

Extensions to Other n-Alkane Systems

Although these results show that cocrystallization and polydispersity greatly

influence the properties the gelation properties of the system, it is important to determine

the universality of these results. Consequently, the effect of wax percent of Czs was

analyzed with the wax percent of Css increased from 4% to 6%. Figure 3.17 shows the

97



gel point and pour point results for systems containing 6% Css and various amounts of
Csz and Cyg. Comparing Figure 3.17 (6% Csg) to Figure 3.7 (4% Cszs), similar trends are
observed, but a few differences do exist. One difference is that although the difference
between the minimum and maximum pour/gel point temperature for the Cs, containing
systems is about 8° C, the location of the minimum has shifted to a higher Cs,
concentration. This result can be explained by the fact that more Cs; is needed to

cocrystallize with 6% C3s than 4% C3g to see the same effects on the crystal structure.

N w w n
~ N ~ N

Pour/Gel Point (°C)

N
N
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A C32 Pour @ C28 Pour mC32 Gel ¢ C28 Gel

Figure 3.17: The effect of varying the wax percent of C,g and Cs;, on the gelation
properties of 6% Csg solutions in dodecane. A and e represent the pour points of the
solutions containing Cs, and Cag respectively and m and ¢ represent the gel points of the
solutions containing C3, and Cag respectively.
Similarly, the shifting C,g curve occurs because more Csg is needed to prevent the larger
amount of C3s molecules in the 6% Cgg trials from interacting with one another to form a

gel. This shift creates a longer plateau region for the 6% Cgsg Systems (approximately

98



4.5%) than the 4% Csg Systems (approximately 2.5%). Therefore, the amount of the less
soluble n-alkane only shifts the concentration at which the phenomena occur, but does
not change the phenomena, namely (1) that the addition of a small amount of C3, causes a
decrease in the pour point, (2) a threshold concentration of C.g is needed before it impacts
the gel and (3) once the threshold concentration has been reached, a drastic decrease in
the gel and pour points can be seen and these temperatures are dependent on C,g and not
Css.

Another way to explore the universality of the results is to change the most
soluble n-alkane in the system by using Cs, as the longest n-alkane. Experiments were
carried out using Cog (a carbon number difference of four, same as C36/Cs;), Co4 (a carbon
number difference of eight, same as C35/Cag) and Cs3o (a carbon number difference of two).
Cs, cocrystallizes with both Cgp and Cag, but not with Cy4. Figure 3.18 shows the results
of the experiments where cocrystallization occurs. The trend for the C3,/Cog System
matches well with its corollary, the C3/C3, system (see Figure 5) where adding a small
amount of the shorter alkane will cause a decrease in the gel point and pour point. Further,
both curves reach a minimum and then increase because of the changing of solubility
limits and an increase in the number of crystals present as the wax percent of the shorter

chained n-alkane increases.
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Figure 3.18: The effect of varying the wax percent of C,g and Czo 0n the gelation

properties of 4% Cs; solutions in dodecane. A and A represent the pour points of the
solutions containing C,g and C3zp while m and 0 represent the gel points of the solutions
containing C,g and Cso.

Although the C3,/Cog and C36/Cs;, Systems have similar gelation curves, the
C32/Cg gelation curve is drastically different with the C3,/Cso Systems having an increase
in the pour and gel points as the wax percent of Cs is increased. This result can be
explained by considering the differences in molecular size and solubility between C3, and
Cas. Because the size of Cg is closer to Cs; than Cyg is, a smaller amount of the Cs;
molecule will need to bend to accommodate Cs3, than Cyg. The sizes of Cz,and Csp could
be sufficiently close enough such that the Cs, crystal would not need to bend in order to
accommaodate Csg, reducing the vulnerable points of the crystal structure, making it easier
for sustained crystal aggregation to occur, conducive to the formation of a gel.

The solubility difference is important mainly because the carbon number difference

between Czp and Cg, is very small, they have similar solubility characteristics in dodecane.
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In the C36/Cs, and C3,/Cog Systems, a mass percent of around 8 to 10% is needed before
the solubility limit is affected. However, with a smaller carbon number difference, much
less Cgp is needed to alter the system solubility. The effect of C3y concentration on the
solubility limit is shown in Figure 3.19, which shows that the cloud point increases by a
few degrees as the C3o concentration increases. However, the pour point initially
decreases slightly at low wax percents of C3 as a result of the formation of cocrystals. As
the wax percent of Czg increases, the slight changes in crystal structure that would lead to
a reduction in the pour point temperature is overwhelmed by a decrease in solubility,
which allows for the gelation process to begin at a higher temperature. Because the
cocrystals sufficiently resemble the Cs, crystal structure, the C3,/Csq results will act
similarly to a monodisperse system with the gap between the pour point and the cloud

point decreasing as the cloud point increases, a trend previously shown in Figure 3.5.
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Figure 3.19: The effect of varying the wax percent of Csy on the pour point and the cloud
point of 4% Cgs, solutions in dodecane. ¢ and m represent the pour point and cloud point
of the 4% C3,/C3p solutions respectively.
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Figure 3.20 shows the results for the C3,/C,4 system where cocrystallization does
not occur. These results are drastically different from its corollary, the C3s/Cyg System.
Instead of a plateau at low concentrations followed by a sharp decrease where the
gelation properties become dependent on the shorter n-alkane at higher concentrations, a
relatively flat trend is seen with a slight decrease in the gel and pour point temperatures.
Although there appears to be a difference, a major reason why Cog influences the gelation
of Cgzs Is because of its molecular size, large enough to disrupt the Czs. For example, the
solvent (dodecane) is insufficiently large enough to disrupt the crystal structure. If Cyq4 is
also too small, it will not influence the crystal structure and not impact Cs gelation. To
test this hypothesis, systems of 4% C3s/C,4 Were analyzed and these results are also

shown in Figure 3.20.
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Figure 3.20: The effect of varying the wax percent of C4 on the pour point of 4% Cszs and

4% C3; solutions in dodecane. A and e represent the pour points of the solutions
containing Csg and Cs; respectively.
Figure 3.20 shows that C,4 has no effect on the gelation properties of Csg, showing that

Co4 is too small to affect the crystallization of Csg and instead acts like the solvent. This
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result confirms that in order for a non-crystallizable n-alkane to impact the crystallization
of an n-alkane, a steric requirement exists.

The exploration of role of odd carbon numbers on gelation was also conducted.
The systems where no cocrystallization occurred will initially be analyzed. Four systems
were studied: C36/Cag, C36/Co7, C35/Cy7 and Css/Cos. The results of these experiments are
presented in Figure 3.21, which shows that the trends are not greatly impacted by whether
the carbon number is even or odd. An initial difference of about 1° C is seen between the
Cass Systems and the Css systems because Cgg is less soluble than Css in dodecane. Once
the wax concentration of the lower carbon number is sufficiently high, the large drop in
the pour point is seen and the two graphs collapse onto one another, an expected result
because at higher concentrations of Csg, the pour point is dictated by C,g and not the
longer n-alkane. A point to note is that the minimum for the C,7 systems is shifted to
higher concentrations when compared to the C,g Systems, a result that can be explained
by the fact that Cg is a larger molecule so less is required to interfere with the formation

of a gel.
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Figure 3.21: The effect of varying the wax percent of C,gand C,7 on the pour point of 4%
Css and 4% Cgs solutions in dodecane. o, ¢, m and A represent the pour points of the
solutions containing 4% Cs36/Cag, 4% C36/Cy7, 4% C35/Cpg and 4% Cgs/C,7 respectively.
Figure 3.21 shows that the gelation properties are not impacted by whether the
carbon number is even or odd. For the systems containing Csg as the shorter n-alkane,
there is an initial difference of about 1° C solely based on the fact that Cs; is less soluble
than Css in dodecane. However, once the C,g wax concentration is sufficiently high, the
drastic difference in the pour point is seen and the two graphs collapse onto one another,
which is expected because at the higher concentrations of Cog, the pour point is dictated
by Cyg and not the longer n-alkane. A similar result is seen when comparing the two
systems that both contain C,; at the more soluble n-alkane. A point to note is that the
minimum for the C,; systems are shifted to higher concentrations when compared to the

Cog Systems, a result that can be explained by the fact that C,g is a larger molecule so

therefore less of it would be required to interfere with the formation of a gel.
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Finally, the effect of odd/even carbon will be looked at for systems where
cocrystallization occurs. To observe this effect, 4% Css and 4% Css systems with a range
of Cs, concentrations were analyzed. It is important to note that Css and Cs, will not
cocrystallize because odd carbon number n-alkanes and even carbon number n-alkanes
will not crystallize out for these molecular sizes because odd and even carbon number
alkanes crystallize in different morphologies (Turner, 1971). The results of this work are
seen in Figure 18, which confirms that Css and Cs, will not cocrystallize with one another
because no reduction in the pour point is seen. C3, will thus act as a non cocrystallizable

material and affect the Css crystallization if present in sufficient amounts.
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Figure 3.22: The effect of varying the wax percent of C3, on the pour point of 4% C3s and

4% Css solutions in dodecane. e, ¢ represent the pour points of the solutions containing 4%
C36/C32 and 4% C3s/Cs, respectively.

However, because the solubility of Css and Cs, are not extremely different from one

another, a significant drop is not seen. Css and Cs, will instead crystallize independently

and precipitate out of solution. Although Css and Cs; are unable to cocrystallize, the
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crystals from Css and Cs, interlock with one another to form a gel. Therefore, the

presence of both materials will not hinder but in fact accelerate the formation of a gel.

Summary

This work has provided a thorough examination of how cocrystallization and
polydispersity can greatly impact the gelation characteristics of an n-alkane crystallizing
out in an n-alkane solvent. For a given wax percent of a long chained n-alkane, both
polydispersity and cocrystallization actually weaken the gel in spite of the fact that more
crystallizable wax is present in solution. Decreases in the pour point and gel point of as
much as 20° C were seen for the solutions analyzed.

For systems where cocrystallization occurs, the addition of only a small amount
(0.5 mass %) of a more soluble n-alkane reduces the gel and pour points. This reduction
is caused by the more soluble n-alkane joining the crystal structure of the less soluble n-
alkane, causing the formation of weak points in the crystal structure. These weak points
are a result of the longer n-alkane must contort to allow for the shorter n-alkane to be
incorporated the crystal structure. These defects result in smaller crystal aggregates being
formed, thereby inhibiting the formation of a gel, a result shown in microscopy. The
magnitude of this effect is lowered as the carbon number difference between the
materials entering the cocrystal decreases because these form a more “ideal” cocrystal
that contains less of these defects.

For systems where cocrystallization does not occur, a threshold concentration of
the shorter n-alkane is required before the gelation characteristics are affected. For

amounts below this threshold concentration, the longer n-alkane will crystallize without
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recognizing the presence of the shorter crystallizable n-alkane. In other words, the shorter
n-alkane is no different from the solvent. However, as the concentration of the shorter n-
alkane is increased, the shorter n-alkane molecules still in the liquid phase associate near
the longer n-alkane molecules and provide a steric barricade for the crystals to crystallize
out together and form very large aggregates. This result has been confirmed by
microscopy, where the crystal system changes from lamellar sheets to single crystals that
are incapable of forming a volume spanning network gel initially. This hindrance is so
strong that these systems are unable to form a gel until the shorter n-alkane is capable of
forming a volume spanning network, causing a dramatic drop in the pour and gel point at
the threshold concentration . However, because this mechanism is driven in part by
molecular size, the molecules need to be a sufficient size in order for a severe drop in the
gelation properties of the system. This work has also shown that C,g and C,; are large
enough to affect the crystal structure of Cs;, C3s and Csg, but that Co4 is not large enough
affect the crystal structure of C3, and Csg. This effect was not impacted by whether or not

the longer or shorter carbon number was even or odd.
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CHAPTER IV
THE ROLE OF A CARBOXYLIC ACID ON THE CRYSTALLIZATION,
DEPOSTION AND GELATION OF LONG CHAINED N-ALKANES IN
SOLUTION
Introduction
The deposition of select components of crude oil in petroleum transport pipelines
and process equipment is a major problem in the oil industry. Crude oil is a complex
mixture containing a wide variety of organic compounds including paraffins, aromatics,
resins, asphaltenes and napthenes (Paso and Fogler, 2003, Venkatesan, et al., 2005.
Although crude oils contain hundreds or even thousands of individual components, the
primary constituents of the deposits are n-paraffins (Hansen et al., 1988, Hansen et al.,
1991, Hennessy et al., 1999, Singh et al., 1999, Garcia, 2000). Crude oils contain n-
paraffins with carbon numbers ranging from 5 to 160, but deposits generally contain n-
paraffins with carbon numbers ranging from 20 to 50 (Hennessy et al., 1999, Singh et al.,
1999). Paraffins are the chief components of deposits because of their ability to
crystallize easily and in an ordered structure and their relatively low solubility in most
paraffin-based, aromatic or oil like solvents (Hennessy et al., 1999, Singh et al., 1999,
Venkatesan, et al., 2005). As crude oil is transported from the reservoir (temperatures of
70-150 °C and pressures of 8,000-15,000 psi) through subsea pipelines with external

temperatures as low as 4° C, the heavier n-paraffins originally soluble in the crude oil can
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become insoluble (Venkatesan, et al., 2005). This loss of solubility can lead to
precipitation and deposition onto the pipe walls, forming a gel containing orthorhombic
wax crystals trapping liquid oil (Singh et al., 1999, Venkatesan et al., 2002). This deposit
restricts the flow of oil through the pipeline and becomes harder and massier as time
progresses by the process of aging, which can lead to the complete obstruction of flow
pipes or production lines (Singh et al., 2000, Machado et al., 2001, Paso and Fogler,
2004).

In order to gain insight into the deposition seen in crude oil pipelines, a better
understanding of the crystallization of alkanes is needed. n-Paraffins crystallize in one of
four general shapes when allowed to self-crystallize in short chain n-alkane solvents. The
shapes are triclinic, monoclinic, orthorhombic and hexagonal and the shape is largely
dependent on the molecular size and whether the carbon number is even or odd (Turner et
al., 1971, Liu and Bennema, 1994, Dirand et al., 2002). However, it is generally
accepted that wax crystals found in the deposits are primarily orthorhombic in shape
(Singh et al., 1999, 2000, Dirand et al., 2002). Therefore, deviations from the expected
crystallization must be occurring. These deviations are caused by the presence of other
components present in the crystal growth medium, even the solvent (Kern et al., 1992,
Singh et al, 2000). Therefore, materials such as aromatics, asphaltenes, resins, water,
additives, inhibitors, pour point depressants and shorter chained n-paraffins can influence
how the long chain n-paraffins crystallize out of solution. These components can impact a
number of factors: crystal morphology, crystal growth rate, nucleation kinetics,
crystallization thermodynamics, precipitation kinetics and dissolution kinetics (Kern et al.,

1992, Singh et al, 2000).
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The ability of other materials present in crude oils to impact the crystallization of
n-alkanes is an issue of great interest to the oil industry as it attempts to minimize or
eradicate wax deposition. Substantial work has been completed to find additives that can
reduce the wax appearance temperature, modify the wax crystal morphology, decrease
the yield stress of the deposited gel and inhibit crystallization kinetics, all of which can
reduce the problem of wax deposition in subsea oil pipelines. Of particular interest have
been polymers, copolymers and block copolymers containing components such as alkyl
chains, methacrylates, anhydrides, esters, polyethylenes and vinyl acetates (Qian et al.,
1996, Garcia et al., 2000, Machado et al., 2001, Ashbaugh et al., 2002a, 2002b, Wang et
al., 2002).

The mechanisms by which additives work to prevent deposition and/or weaken
the resultant gel vary. In their study of ethylene vinyl acetate copolymer (EVA), Qian
showed that the ability for EVA to reduce the viscosity and depress the pour point of the
crude oil was directly related to the compactness of the copolymer in solution (Qian et al.,
1996). As the EVA copolymer coil dimension decreased, the reduction in both the
viscosity and pour point increased. Machado showed that the ability of an EVA
copolymer to reduce the viscosity and pour point for a particular crude oil was based on
the concentration of the additive added and percent of vinyl acetate in the copolymer
(Machado et al, 2001). Ashbaugh showed that poly(ethylene-butene) (PEB) random
copolymers reduce the yield stress of the resulting gels by aggregating and cocrystallzing
with the paraffins and its efficacy is dependent on the size of the alkane, and the
microcrystallinity and concentration of the copolymer (Ashbaugh et al., 2002a). Further

work on PEB by Guo, et al. showed that aggregation and cocrystallization caused the
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formation of much smaller crystals, which in turn led to decreases in the yield stress (Guo
et al., 2004). Additionally, PEB can impact the nucleation of particular alkanes, further
impacting the flow properties of the crude. Although the mechanisms of wax inhibitors
are varied, it is generally accepted that these mechanisms are only able to act on
particular n-alkanes (Garcia et al., 2000, Machado et al., 2001, Ashbaugh et al., 2002a,
2002b, Wang et al., 2002). Stearic acid is a long chain, saturated carboxylic (fatty) acid
containing 18 carbons and a carboxyl group on an edge carbon that can bind with a wide
range of molecules (Schmidt et al, 2006). It crystallizes in a monoclinic structure in n-
alkane solutions, similar to some long chain n-alkanes (Beckmann et al., 1986).
Additionally, stearic acid is known to dimerize in n-alkane solutions and the basic growth
unit of stearic acid is the dimer, which occurs because of hydrogen bonding between the
carboxyl groups of the respective stearic acid molecules. A schematic of the dimerization

can be seen in Figure 4.1.

Figure 4.1: Schematic of the dimerization of stearic acid. The dashed lines indicates the
hydrogen bonding between the two stearic acid molecules.
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The objective of this paper is to determine how a long, straight chained non n-
alkane can have on the crystallization, deposition and gelation characteristics of n-alkanes
in n-alkane solutions. Work in Chapter 2 showed that shorter n-alkanes can impact the
thermodynamic and deposition characteristics of longer n-alkanes and vice versa. The
impact of stearic acid concentration on these characteristics will also be explored. The
dimerization of stearic acid allows it to be dimensionally similar to n-alkanes Cs,Hgs and
CssH74 (hereafter abbreviated as Cs, and Csg respectively). Additionally, if the solubility
characteristics of stearic acid are similar to both C3 and Cs,, it may be possible for these

materials to cocrystallize together according to the criterion set by Turner (Turner, 1971).

Materials
For all solutions prepared (unless otherwise noted), the mass % of any alkane
present in the solution was 4%. Dodecane was used for the solvent for all trials. The
amount of stearic acid present in solution with Czg and Cs, was varied from 1% to 4%.
Hexatriacontane (98% purity), dotriacontane (97% purity), stearic acid (95% purity) and

dodecane (99% purity) were all obtained from Sigma-Aldrich.

Experimental Methods
Cloud Point Determination
Cloud points were determined using a constant temperature bath where a solution,
heated above its cloud point, is slowly cooled and allowed to equilibrate at a temperature.

The solution was removed from the temperature bath and visually inspected for any
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precipitation. If the system remained homogeneous, the bath was cooled to a lower
temperature. This process continued until precipitation became visible.
Differential scanning calorimetry (DSC)

A Perkin-Elmer DSC 10 was utilized for all DSC runs. The solutions were heated
initially above their cloud point and then cooled at a rate of 1.0 °C/min. The DSC trials
allowed for the onset of a liquid-solid transition and the amount of heat released in the

transition to be determined.

Coldfinger
The coldfinger apparatus is a laboratory device that is used to simulate deposition

(Paso et al., 2005). An image of the coldfinger apparatus can be seen in Figure 4.2.

r

Figure 4.2 The coldfinger apparatus
The apparatus consists of a steel cylinder (12.6 cm?) that can be thermally

controlled and a jacketed vessel (204 +/- 1 mL) where the fluid is located. In order for
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deposition to occur on the surface of the coldfinger, the bulk solution must be above the
solution cloud point and the cylinder must be below the solution cloud point. For these
experiments, the bulk fluid was kept at a temperature of 50 °C and the steel cylinder was
maintained at 10 °C. All cloud points of the solutions used in this work are between 10
and 50 °C, ensuring that deposition can occur. A stirbar was added to induce bulk mixing.
To ensure that the fluid flow properties remain consistent from experiment to experiment,
the fluid volume was held constant (+/- 1 mL) and the stirbar rotation speed was held
constant at 340 rpm. This rotation speed was selected to ensure thorough mixing while
preventing the formation of turbulent eddies in the system. In order to eliminate the effect
of aging on the composition of the deposits, each trial was run for 6 hours. The deposit
was then carefully removed from the steel cylinder and weighed.
Chromatography

To determine the deposit composition, an Agilent 6890N high temperature gas
chromatography with a 0.25 pum fused silica stationary phase and an FID detector was
used. The solutions were diluted with heptane and manually injected into the system. The
samples were run through the gas chromatograph several times and an average
composition (+/- 10%) was determined.
Pour point determination

The pour point was also determined using a constant temperature bath. The pour
point is defined as the highest temperature where a solution can pour when cooled under
static conditions (Venkatesan, et al., 2002). The bath is initially held at a temperature
above the cloud point of the solution. The solution is preheated in an oven in a vial to a

temperature above the cloud point of the solution and kept there for sufficient time to
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remove any thermal history. The heated solution is then inserted into the temperature bath.
The bath is then cooled at a rate of 0.1 °C/min. At the desired temperature, the solution is
delicately removed from the temperature bath to prevent disruption of the gel structure
and is inverted. If the solution moves upon inversion, then the solution is above the pour
point. The pour point is defined as the highest temperature where the solution does not
move upon inversion.
Gel point determination

The gel point was found using a TA 1000AR controlled stress rheometer. The gel
point is defined as the point where the solid-like behavior of a solution is stronger than
the liquid-like behavior of a solution. The solution is heated above the cloud point and
held at this temperature to remove any thermal history. As the solution is cooled at a
constant rate of 0.5 °C/min, an oscillatory stress of 0.1 Pa with a frequency of 0.1 Hz is
being applied. The stress and frequency are kept relatively low in order to not disrupt the
development of the gel. The storage modulus (G’) and the loss modulus (G”) are found

and the crossover point between G’ and G” represents the gel point temperature.

Solubility Studies
In order to assess the solubility of stearic acid in dodecane in comparison to both
Css and Csy, solutions with varying concentrations were prepared and their cloud points
were measured. The results of these cloud point experiments can be seen in Figure 4.3,
which shows that the solubility of stearic acid in dodecane is very similar to the solubility

of C3, in dodecane.
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Figure 4.3: Graph of solubility vs. temperature for Css, C3, and stearic acid in dodecane.
(A represents Cgg, m represents Cs, and ¢ represents stearic acid)

This result shows that stearic acid, a straight chain carboxylic acid containing 18 carbon
atoms and the straight chain n-alkane Cs,, a molecule containing almost double the
number of carbons, have similar solubilities in dodecane, a pure straight chain solvent.
Stearic acid dimerizes in solution, meaning that stearic acid exists as a thirty six carbon
atom molecule when in dodecane. However, it will be more soluble than Csg because of
the presence of the carboxylic acid, which helps stabilize the molecule in solution
because of the energy provided by the hydrogen bonding.

Figure 4.3 can be replotted to determine if stearic acid obeys the van’t Hoff
solubility theory, a relationship seen for n-paraffins in organic solvents (Ashbaugh et al,
2002a, Chapter 2). The van’t Hoff relationship shown below assumes ideal solubility and

that the crystallization does not cause a change in the heat capacity of the solution.
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AHgouie AS gt
In( 1 ): dissolutim Sdlssolutlcm (1)

Xsolute RT R

Where: Xsoiute = mole fraction of soluble material

AHyissolution = €nthalpy of dissolution (kJ/mol)

ASyissolution = entropy of dissolution (J/mol K)

R = universal gas constant (J/mol K)

T = temperature (K)
As can be seen in Figure 4.4, stearic acid also obeys the van’t Hoff equation. It is
important to note that although the van’t Hoff equation was derived for infinitely dilute
solutions, it can be extended to solutions that have relatively low solute concentrations (at
least 4 mass % or approximately 3 mol %), that are not considered dilute. From the slope
and intercept, estimates of the enthalpy and entropy of dissolution can be obtained,

results shown in Table 4.1. The results show that stearic acid has similar values of

AHyissolution and ASgissoiution When compared to the two n-alkanes.

5.7

0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
UT (LK)
mC32

Figure 4.4: Graph of solubility vs. temperature for various organic materials in dodecane.
(A represents Csg, m represents Csp and 4 represents stearic acid)
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Component AHgiss (kJ/mol) ASyiss (J/mol K)
Css 102.0 287
Cs 97.6 283
Stearic Acid 109.1 323

Table 4.1: Paraffin dissolution enthalpy and entropy values determined using the van’t
Hoff solubility relationship using experimental cloud points.

Differential scanning calorimetry was used to obtain a better understanding of
the difference in the thermodynamic solubility between the n-alkane systems and the
stearic acid systems. Figure 4.5 shows the results when 4% solutions of Cgg, C3, and
stearic acid were analyzed using DSC. Thesee results are consistent with Figure 4.3 that
at 4% concentration, the solubility of C3s in dodecane is much lower than both Cs, and
stearic acid and that the solubilities of C3, and stearic acid are very similar. In addition,
the solubilities of Cs, and stearic acid are very similar as indicated by Figure 4.3. This
result can be explained by the work of Paso, who showed crystallization at low cooling
rates was defined in three regimes: (1) a nucleation lag regime where the saturation limit
has been reached but no crystallization has occurred, (2) a supersaturation growth regime
where crystallization begins and (3) an equilibrium growth regime where crystallization
obeys thermodynamic solubility. The peak represents a large portion of the
supersaturation growth regime (Paso et al., 2005). The temperature range of the
supersaturation growth regime is related to the nucleation lag. The larger the nucleation
lag, more time (greater temperature range) is necessary for the solution to return to
thermodynamic equilibrium. The peak for stearic acid is much broader than for either of
the n-alkanes, indicating that the nucleation lag for stearic acid is larger than for the n-
alkanes. This result means that the nucleation kinetics of stearic acid are slower than the

nucleation kinetics for the n-alkanes.
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Figure 4.5: Monodisperse DSC traces: Each sample has 4 mass % of the specified solute
and is being cooled at a rate of 1.0 °C/min.

Table 4.2 shows the relevant thermodynamic values that can be obtained from
the DSC trace. The wax appearance temperature (WAT) represents the temperature
where the trace begins to deviate from the relatively flat heat capacity baseline, indicating
that a phase transition is occurring. The peak temperature represents the temperature
where the exothermic heat (directly correlated to the rate of crystallization) is at a
maximum. The enthalpy of crystallization is proportional to the area in between the curve
and the heat capacity baseline, which is formed by connecting the flat parts of the DSC

trace.

Table 4.2: Thermodynamic information for monodisperse trials. All temperatures are
in °C. All materials are present in 4% mass abundance in dodecane.

Material WAT (°C) | Peak T (°C) AH_ s (kJ/mol)
Css 39.4 38.2 165
Cs 314 29.2 132
Stearic Acid 32.7 31.1 80

Figure 4.6 shows the DSC traces where 4% Cgs, and 4% stearic acid are
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independently added to 4% Css in dodecane. The two graphs are distinctly different with
the 4% Cs36/4% C3; trace showing the presence of only one peak with a lengthy tail and

the 4% Cs36/4% stearic acid trace showing two separate peaks.

4% C45/4% Stearic Acid

Normalized Exothermic Heat
(mJ/mg C)

4% Ca5/4% Cay

6 16 26 36 46
Temperature (C)

Figure 4.6: Polydisperse DSC traces: Each sample has 4 mass % of the specified solute
and is being cooled at a rate of 1.0 °C/min.

Previous work has shown that C3 and Cs; cocrystallize together, causing Cs; to
crystallize out at the solubility limit of C3s (Guo et al., 2004, Chapter 2). This effect is not
solubility driven as it is seen for any concentration of Cs,. The presence of two peaks in
the Cae/stearic acid DSC trace indicates that Cg and stearic acid have not cocrystallized
together. Using Turner’s criteria for cocrystallization, it appears that the two molecules
are sufficiently structurally different (the carboxylic acid groups in the dimerized stearic
acid) and their pure crystal shapes are dissimilar enough to prevent the two materials
from cocrystallizing together. This lack of cocrystallization occurs even though Css and
stearic acid consist primarily of straight chained carbons and the solubility characteristics

of stearic acid are similar to Cs,, a material that cocrystallizes with Csg.
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Beyond the difference in the number of peaks, further information can be
obtained by analyzing both the peaks and the relevant thermodynamic information,
provided in Table 4.3. In the 4% Csg/stearic acid system, the peak location of Czg has
shifted about 1 °C higher from the monodisperse Css System because the ratio of solute to
solvent has increased. The shapes of the C3s and stearic acid peaks remain relatively
unchanged compared to the monodisperse systems, indicating that the presence of stearic
acid does not affect the crystallization of Czs and vice versa. However, the peak for the
C36/Cs2 system has drastically changed when compared to the monodisperse trials. The
decrease in the peak width and the increase in the slope right below the wax appearance
temperature show that the presence of Cs; is accelerating the crystallization kinetics of
Css.

Table 4.3: Thermodynamic information for polydisperse trials in Figure 6. All
temperatures are in °C. All materials are present in 4% mass abundance in dodecane.

Material WAT (°C) | Peak T (°C) AH_ ¢ (kd/mol)
4% Cg36/4% Cs, 41.0 39.8 131
4% C36/4% Stearic Acid | 40.7,34.4 38.9, 32.6 112

A review of the literature on chemical inhibitors has shown that adding too much
inhibitor may reduce its efficacy for a number of reasons including the fact that the
inhibitor can self-associate with itself and not the n-alkane (Guo et al., 2004). To
determine if this effect is being seen with stearic acid, the concentration was reduced to 1%
and 2%. Additionally, monodisperse systems containing 1% and 2% of stearic acid were
prepared and analyzed using DSC to determine if the crystallization of smaller amount of
stearic acid is influenced by the presence of an excess of C3s. The DSC traces for all the
monodisperse stearic acid trials are presented in Figure 4.7 and the DSC traces for all the

binary 4% Cg3s/x% stearic acid trials are displayed in Figure 4.8.
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Figure 4.7: Monodisperse stearic acid DSC traces: The cooling rate is 1.0 °C/min.
Comparing Figures 7 and 8, it can be observed that stearic acid has virtually no
effect on the precipitation of C3s. The C36 peaks are reasonably similar to one another in
both size and shape and occur at approximately the same temperature. However, it
appears that the precipitation of stearic acid is influenced by the presence of Css. When
comparing the stearic acid curves, a noticeable shift in the temperature where the peaks

occur is present.
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Figure 4.8: Binary Cge/stearic acid DSC traces: All systems contain 4% Cgss and the
cooling rate is 1.0 °C/min.

Table 4.4 provides the WAT and peak temperatures for the monodisperse stearic
acid trials as well as for the stearic acid peaks for the binary systems. The magnitude of
the shift increases as the amount of stearic acid decreases with approximately a two
degree shift for the 4% sample and an approximately seven degree shift for the 1%
sample.

Table 4.4. Peak information for monodisperse stearic acid trials and binary trials with
stearic acid and 4% Csg.

Monodisperse Binary (with 4% Cgg)
% Stearic Acid WAT (°C) | Peak T (°C) WAT (°C) Peak T (°C)
1% 19.8 16.5 25.3 24.2
2% 25.1 23.3 29.6 28.1
4% 32.7 311 34.4 32.6

Previous work and Chapter 2 have shown that a more soluble material can experience a
reduction in solubility with the presence of a less soluble material even if
cocrystallization does not occur (Dirand et al., 2002). The precipitated crystals provide

nucleation sites that allow the more soluble components to crystallize out before reaching
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their solubility limit. However, this heterogeneous nucleation generally leads to a
broadening of the temperature regime over which crystallization can occur, which is not
seen for the stearic acid in these trials. Instead, the entire peak has shifted and the peak
has undergone little to no broadening. This result can best be explained by recalling the
strong hydrogen bonding that exists between the stearic acid monomers, a result that has
been discussed elsewhere (Jennings and Weispfennig, 2005). This strong association
indicates that the stearic acid molecules are likely to cluster together in various locations
throughout the solution. Therefore, if a small amount of the stearic acid heterogeneously
nucleates, there will be a cluster of molecules nearby that will be capable of crystallizing.

To determine if the trends seen for stearic acid are valid for other long carbon
number n-alkanes, solutions of 4% C3, and 1, 2 and 4% stearic acid were prepared. Cs; is
the least soluble component for the 1% and 2% stearic acid experiments, but stearic acid
is the least soluble component for the 4% stearic acid experiment. The DSC traces are

shown for the 4% Cs,/stearic acid experiments in Figure 4.9.

4% Stearic Acid

2% Stearic Acid

1% Stearic Acid

9 14 19 24 29 34 39 44

Normalized Exothermic Heat (mJ/mg C)

Temperature (C)
Figure 4.9. Binary Csy/stearic acid DSC traces: All systems contain 4% Cs, and the
cooling rate is 1.0 °C/min.
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A major difference can be seen for the 4% C3,/4% stearic acid trace where only
one peak is present. Initially, the one peak indicates that it is possible for stearic acid and
Cs, to cocrystallize together. However, the other two traces in Figure 4.9 show two
distinct peaks. If the two materials did cocrystallize, then the second peak would not be
present or severely minimized because the less soluble component would enter the crystal
structure of the more soluble component independent of its solubility limit or
concentration. Therefore, the 4% C3,/4% stearic acid result is best explained as
simultaneous crystallization without cocrystallization with stearic acid (the slightly less
soluble component, see Figure 4.5) influencing the solubility of C3,. The precipitation of
stearic acid allows for heterogeneous nucleation sites for C3,, which shortens the
nucleation lag regime for C3, by providing an easier means for Cs, to precipitate. This
heterogeneous nucleation allows for stearic acid and Cs, to enter the supersaturation
regime almost simultaneously.

A comparison of the stearic acid peak locations for the Cs,/stearic acid
experiments is displayed in Table 5. Similar to the C35 systems, the precipatiting n-alkane
decreases the solubility of stearic acid in dodecane. The shifts in the peak locations for
the Cs, solutions are smaller than the shifts for the Csg solutions, indicating the existence
of a nucleation time lag between the formation of solid n-alkane crystals and the
heterogeneous nucleation of stearic acid on the n-alkane. The shift is larger for Css than
Cs, because C3p precipitates at a higher temperature than Ca,.

Table 4.5: Peak information for monodisperse stearic acid trials and binary trials with
stearic acid and 4% Cas,.

Monodisperse Binary (with 4% Cs,)
% Stearic Acid WAT (°C) | Peak T (°C) WAT (°C) Peak T (°C)
1% 19.8 16.5 225 21.3
2% 25.1 23.3 26.9 255
1% 32.7 311 32.1 30.0
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Finally, the area under the curve, the amount of heat released during
crystallization can be analyzed to assess how the combination of stearic acid and an n-
alkane affects the heat requirements of the system. Chapter 2 showed that for
multicomponent n-alkane systems, both polydispersity and cocrystallization lower the
enthalpy of crystallization with cocrystallization having a greater effect. Table 4.6
compares the enthalpy of crystallization found for the binary systems to the enthalpy of
crystallization that would be expected if the components were to crystallize
independently. This value was found by taking a weighted mass average of the
crystallizable components and multiplying by the respective enthalpies of crystallization
found in the monodisperse systems shown in Table 2 (see Appendix A). These results are
shown in Table 4.6.

Table 4.6: Impact of stearic acid on heat of crystallization. AHcys; represents the enthalpy
of crystallization found using DSC. The expected AHcys: represents the heat of

crystallization expected if the various components were to crystallize independently of
one another.

AH, s Expected
Sample (kJ/mol) AH.,.: | % Difference
4% Cz6-4% Cgs, 132 148 -10.8
4% C45-1% Stearic Acid 149 139 7.2
4% Cz6-2% Stearic Acid 129 125 3.2
4% C34-4% Stearic Acid 112 111 0.9
4% C3,-1% Stearic Acid 128 117 9.4
4% C3,-2% Stearic Acid 118 109 8.3
4% C3,-4% Stearic Acid 105 100 5.0

The most interesting result from Table 4.6 is that although the 4% C3¢/4% Cs,
system has a lower actual enthalpy of crystallization than what would be expected, all of

the stearic acid trials have a higher actual enthalpy of crystallization than what would be
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expected if the enthalpy of crystallization was taken as a weighted average. Because the
Cs; and Cgg are basically unaffected by the presence of stearic acid, the increase in AH is
caused by stearic acid. As discussed earlier, the presence of the long chained n-alkane
allows stearic acid to crystallize out of solution at higher temperatures than if stearic acid
were to precipitate out of dodecane by itself. This fact, along with the energy needed for
stearic acid to come out of solution at temperatures above its solubility limit causes the

enthalpy of crystallization to be higher than expected.

Deposition Studies
Table 4.7 shows the deposition results for the monodisperese systems in dodecane.
When completing a deposition run, there are two variables of interest: the amount of the
deposit and the composition of the deposit.
Table 4.7. Mass and composition information for monodisperse deposits after six hours. %
in deposit represents the percent of the deposit constituted by the crystallizable material
(the remainder being the solvent, dodecane). % component deposited represents what

percent of the alkane initially in solution deposited onto the coldfinger. All components
are present in dodecane at a concentration of 4 mass %.

Componen | WAT || Pepost | i | peposiveaor | % Componen
Component (g)
(OFF 39.4 1.17 42.2 0.49 7.9
Ca 31.4 0.42 26.8 0.11 1.8
Stearic Acid 32.7 0.54 29.4 0.16 25

The driving force for deposition is a concentration gradient between the
concentration in the bulk liquid and the equilibrium concentration at the interface
between the bulk and the deposit (initially, the temperature of the coldfinger apparatus)
(Singh et al., 2001). Because the initial mass concentration of the three solutions were the

same and the coldfinger apparatus was held at the same temperature for all trials, the rate
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of deposition and the mass of the deposit was expected to be related to the solubility of
the crystallizable component. This hypothesis is confirmed by the results in Table 4.7
where the deposit mass, the solid percent of the deposit and the amount of the material
deposited were directly correlated to the solubility limit of the three components. The
deposit containing Css had the greatest mass and largest solid percent followed by stearic
acid and then Cs,, with the latter two having similar deposits because of their similar
solubility limits in dodecane at 4% concentration.

Table 4.8 presents the results for the binary deposition trials. For the 4% Cgg
experiments, Cs, greatly influences the ability of Css to deposit whereas stearic acid has
no effect.

Table 4.8. Mass and composition information for polydisperse deposits after six hours. %
in deposit represents the percent of the deposit constituted by the crystallizable material

(the remainder being the solvent, dodecane). % component deposited represents what
percent of the component initially in solution deposited onto the coldfinger.

% in Deposit %ggpngzﬁggm
Solution 3255?5) Cas | Coo | SA |Cos | Caz | SA
4% C36/4% Cs, 0.82 200|147 | — | 26 | 1.9
4% C16/4% Stearic Acid (SA) 1.39 36.7 | --- 6.5 7.8 1.2
4% C36/2% Stearic Acid 1.13 410 | --- 3.3 7.0 1.1
4% C36/1% Stearic Acid 1.17 414 | --- 1.6 7.4 1.1
4% C3,/4% Stearic Acid 0.72 83 [ 10.2 | --- 0.9 1.2
4% C3,/2% Stearic Acid 0.47 --- 110.0 | 3.0 0.7 0.4
4% C3,/1% Stearic Acid 0.40 - 110.7 | 11 0.7 0.3

This result is even true for the sample containing 4% stearic acid, which is less soluble in
dodecane and thus has higher thermodynamic driving force than 4% Cj,. The ability of
Cs, to form cocrystals with Czg limits the ability of Csg to deposit onto the coldfinger.

Although the wax percent of Css in the 4% C34/4% stearic acid deposit is slightly lower
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than in the monodisperse 4% C3g deposit, this reduction can be explained by the presence
of another crystallizable material in the deposit. However, the amount of Czs that
deposited remains relatively the same.

Although Csg is unaffected by the presence of stearic acid, the ability of stearic
acid to deposit is hindered by the presence of C3s. The percentage of stearic acid in the
deposit and the percentage of stearic acid in solution that actually deposits are much
lower than the monodisperse stearic acid system. This result can also be explained by the
strong self-association of stearic acid. When the solution consists of only stearic acid and
dodecane, the solid part of the deposit contains of stearic acid molecules, providing a
large area (the entire deposit) for the stearic acid molecules to precipitate and deposit.
However, when Csg is present, the ability of stearic acid to deposit onto the coldfinger is
limited because Cs3 has a stronger driving force. Stearic acid’s strong self-association
will allow it to primarily and rapidly deposit only where stearic acid has deposited. These
limitations to where stearic acid can easily deposit subsequently reduces the presence of
stearic acid in the deposit.

As the concentration of stearic acid is decreased in the 4% Cgg/stearic acid trials,
the absolute amount of stearic acid present in the deposit is also decreased. . This result is
expected because less stearic acid is present in the fluid, which alters the solubility limit
and reduces the driving force for stearic acid to precipitate. However, the percent of
stearic acid in solution that becomes part of the deposit is independent of the
concentration of stearic acid, but is half the amount seen for the monodisperse stearic

acid solution.
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The 4% Csy/stearic acid deposition results show distinctly different results for the
4% stearic acid system from the 1% and 2% stearic acid system. When the stearic acid
concentration is 4%, it has a larger driving force than Cs; allowing for stearic acid to
constitute a larger portion of the deposit than Cs,. Because the solubility limits for 4%
stearic acid and 4% Cs; in dodecane are similar, their relative amounts in the deposit are
similar to one another because a competition between the molecules ensues for nucleation
sites both on the coldfinger and on the gel layer. This competition reduces the amount of
Cs, and stearic acid that deposits out of solution when compared to their respective
monodisperse solutions. However, when the stearic acid concentration is reduced to
values where Cs; is the least soluble component, the results resemble those seen for the 4%
Cas/ stearic acid systems. In the Csy/lower concentration stearic acid deposits, the solid
percent of C3, remains relatively the same along with the percent of Cs; in the initial
solution that becomes part of the deposit. These amounts are higher than the values seen
for the 4% C3,/4% stearic acid trials because stearic acid becomes a weaker competitor
for nucleation sites now that it is no longer the least soluble crystallizable material in
solution. Similar to the Csg trials, the percent of the deposit containing stearic acid is
reduced as the amount of stearic acid in the solution is reduced, but the percent of stearic
acid in solution that deposits remains constant. However, this percentage is lower than
the one seen for the Cgg trials. This result can be explained by the fact that Czs forms
larger deposits than Cs, because it is less soluble in dodecane. The larger deposit allowed
for a larger surface area and volume for the stearic acid to diffuse into the gel layer and

then precipitate.
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Gelation Studies

Experiments were carried out on binary solutions containing either 4% Css or 4%
Cs, and stearic acid in concentrations ranging from 0% to 8%. The results of these
experiments can be seen in Figure 4.10. The results show that the pour point and gel point
results fall on the exact same curves. However, it must be noted that this phenopmenon is
purely coincidental: the cooling rates for the two experiments were different and the pour
points are found statically while an oscillatory stress is applied in order to find the gel
point. If the cooling rates were different and/or the applied oscillatory stress was different,
the values would be different and not relatively identical. The most important point to
note is that two separate methods used to measure the gelation properties of a system

both had similar trends.

45
G 40 N A 4% Ca i
N [ ] [ |
C o | a
2% .
_ ® 4% C,,
S 30 ¢ -
Q 30 & o *
< .
©)

25 T T I

0 2 4 6 8

Mass Percent of Stearic Acid
AC36 Gel EC36Pour #C32Gel ®C32Pour

Figure 4.10: The effect of varying the mass percent of stearic acid on the gelation
properties of 4% Cszs and 4% Cs; solutions in dodecane. A and ¢ represent the gel points
of the solutions containing Css and Cs; respectively and m and e represent the pour points
of the solutions containing Css and Cs, respectively.
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The trends shown for Cg¢ and for Cs, are quite similar from 0 to 4%, but deviate
at concentrations higher than 4% where the Csg curve remains flat, but the Cs; curve
increases as the stearic acid concentration increases. At stearic acid concentrations below
4%, Cs6 and Cs, are both less soluble than stearic acid. Chapter 3 showed that more
soluble components can greatly inhibit the ability of an n-alkane to form a gel if the
component can associate with the crystallizing n-alkane and is sufficiently large enough
to act as a blockade between the Cs; crystals from interacting with one another.
Preventing this interaction inhibits the formation of a volume spanning network of solid
crystals, which is the definition of a gel. Because stearic acid undergoes dimerization in
solution, the molecule would be large enough to impact the gelation properties of the
system. The strong hydrogen bonding that exists between stearic acid molecules prevents
them from associating with the n-alkane. Therefore, the n-alkanes will crystallize and
form a gel independently of stearic acid until sufficient stearic acid is present so that it
will crystallize out at a similar temperature as the n-alkane. The difference in solubility
between stearic acid and Csg is large enough such that even at 8% stearic acid, 4% Csg is
still less soluble and therefore the gel point and pour point remain relatively independent
of stearic acid concentration. However, for the 4% C3,/x% stearic acid systems, stearic
acid will become less soluble than Cs; at a stearic acid concentration of around 4%.
Therefore, as the stearic acid concentration is increased, an increase in the cloud point
will be seen because more of stearic acid, the least soluble material, is present. An
increase in the wax appearance temperature causes the gel point and pour point to

increase.
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Summary

This work has analyzed how an organic non n-alkane can influence a wide range
of thermodynamic, deposition and gelation properties of a crystallizing n-alkane in an n-
alkane solute. Although stearic acid, a straight chained carboxylic acid, dimerizes in
solution such that its size and its solubility in an n-alkane solvent resembles a long
chained n-alkane, it behaves much differently than the long chained n-alkane. Differential
scanning calorimetry results show that Cs; is capable of cocrystallizing with Csg, but
stearic acid at any concentration is unable to cocrystallize with either Cs; or Csg.
Deposition experiments carried out using a coldfinger apparatus showed that while
adding Cs; to a Cg solution inhibits the formation of a deposit, adding stearic acid to a
Css solution does not slow deposition and at high concentrations of stearic acid can
actually increase the amount of deposit that forms. Further, the deposition of C3, was
influenced by stearic acid only when stearic acid was present in sufficient concentration
such that it was less soluble than Cs,. Rheometric experiments showed that adding Cs, to
Css caused a decrease in the pour point for a wide range of concentration whereas adding
stearic acid to Csg did not affect the gelation characteristics. Similar to the deposition
results, stearic acid only influenced Cs, when stearic acid was the least soluble
component.

The major reason for the differences seen between Cs;, and stearic acid is the
hydrogen bonding that exists between the carboxylic acid groups of stearic acid
molecules. This strong hydrogen bonding causes strong self-association between the
stearic acid molecules, causing a minimization of association between the stearic acid

molecules and the crystallizing n-alkane molecules. Because the stearic acid molecules
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are not interacting with the n-alkanes, the ability of the n-alkane to crystallize, deposit
and gel are not greatly influenced by stearic acid unless stearic acid is present in
sufficient quantities such that its solubility is similar to or less than its n-alkane

counterpart.
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CHAPTER V
CONCLUSIONS

This dissertation has provided a fundamental look at how the composition of oil
impacts the crystallization, deposition and gelation of n-alkanes in n-alkane solutions.
Through the use of a wide number of techniques: thermal analysis via visual inspection,
densitometry and differential scanning calorimetry, deposition analysis via a coldfinger
apparatus and gelation analysis via visual inspection, rheometry and cross-polarized
microscopy, the importance of polydispersity, cocrystallization, solubility and molecular
size and type on crystallization, deposition and gelation have been established. Although
the systems used in this research are less complex than typical crude oils, the conclusions
developed in this work provide fundamental insight into some of the concerns faced by
the petroleum industry and can be used for the more complex fluids they handle on a
daily basis. The immediate developments of this research are primarily in the realms of
thermodynamic modeling of wax deposition, modeling of the resultant gel layer and the
development of wax inhibitors. However, a major contribution of this research is that it
has laid the groundwork for a wide array of continuing work that can extend this research
into even more facets of the petroleum industry. These developments will be discussed in

further detail in the following chapter.
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Thermodynamic and Kinetic Wax Deposition Modeling

Cocrystallization and polydispersity are issues that must be accounted for when
developing appropriate thermodynamic models because both influence the
thermodynamics of lower carbon numbers. Materials that are able to cocrystallize with
less soluble materials will precipitate at a higher temperature than predicted from solely
evaluating their solubility limit. The solubility of the more soluble component becomes
dependent on the less soluble component or components that are in the cocrystal. This
work has confirmed limitation exists in the composition of cocrystals, based on the
criteria set by Turner: molecular size, molecular type and crystal shape when the material
self crystallizes in solution (Turner, 1971). For n-alkanes, this limit is dependent on the
molecular size of the n-alkanes: longer chained n-alkanes will be capable of
cocrystallizing with a wider range of n-alkanes than shorter chained n-alkanes. The major
reason is the difference in the molecular length of an n-alkane with a carbon number C,
to the molecular length of an n-alkane number with a carbon number C,..; (C,; is used
because this work has confirmed that although even and odd numbers may be part of a
common solid solution, they will not cocrystallize together.). The ratio of the sizes is
smaller for higher carbon numbers than for lower carbon numbers. To emphasize this
point, Figure 5.1 shows the value of this ratio for a carbon number, C,, using a correlation
for the half length of a carbon chain that is relatively independent of the crystal shape of
the n-alkane provided by Dirand (Dirand, et al., 2002).

c/2 = 1.2724C,, + 1.8752 (5.1)

Where: ¢ = length of crystallographic ¢ parameter (Angstroms)
C, = carbon number
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Figure 5.1 shows that as the carbon number increases, the difference in size
between a molecule with carbon number C,, and a molecule with carbon number C,,»

changes from about 15% to about 4% for carbon numbers ranging from 15 to 50. For

small carbon numbers, it is physically impossible for a crystal structure to contain a wide

range of n-alkanes because of the drastic difference in size between the n-alkanes.
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Figure 5.1: Ratio of molecular length for an n-alkane with a carbon number C, and to an

n-alkane with a carbon number C,., as a function of C,.

Kravchenko developed his rules for partial and total miscibility of n-alkanes. His

results (Table 5.1) show that miscibility is a function of both molecular size and carbon

number difference.

Table 5.1: Kravchenko’s predictions for miscibility of solid solutions of binary mixtures.

An represents the difference in carbon number between the two components of the

mixture (Dirand et al., 2002). ® In order for miscibility to occur, the crystalline structures

must be identical (for total miscibility) or similar (for partial miscibility)

Miscibility of Solid Solutions

An Total Partial None
12 n=17 8<n<17 n<7
2 n=34 14<n<34 n<13
4 n=68 28<n<68 n<27
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Although Kravchenko focused on solid solutions, this work has shown that his
conclusions can be extended to n-alkanes crystallizing in n-alkane solvents.

Unlike the systems used in this research, crude oils will contain consecutive
carbon number n-alkanes over a wide range of carbon numbers, meaning that the
difference in carbon number will be one and not the higher numbers used in this research.
However, this research has shown that cocrystallization is based on the highest carbon
number or average carbon number of the n-alkanes present in the cocrystal. Although Css
is capable of cocrystallizing with C3, and Cs; is capable of cocrystallizing with Csg, Cgs
and Cyg did not cocrystallize with one another. Therefore, crude oils will contain a large
number of different cocrystals. These cocrystals associate and interlock with one another
to allow the solid crystals to form a gel. As time progresses, further precipitation will
only strengthen the gel, making it more difficult to remediate. To properly predict gel
formation, it is crucial to model how both the crystals precipitate out of solution and the
composition of the cocrystals.

Thermodynamic models have mostly ignored the interaction effects between the
respective n-alkanes and have treated each n-alkane as an independent component. Initial
work focused on individual solid/liquid equilibrium for each component, taking into
account the Gibbs free energy needed to transition from the liquid phase to the solid
phase (Won, 1986). In developing his model, Hansen included a binary interaction
parameter that was related to the sum of interactions between a carbon atom of one
molecule and a carbon atom of another molecule and later fine tuned the model to better
handle the enthalpy change of wax crystallization (Hansen, et al., 1988, Pedersen et al.,

1991). However, this work, along with extensive work by Coutinho using activity
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coefficient models such as NRTL and UNIQUAC do not completely account for the
change in solubility of an n-alkane that undergoes cocrystallization (Coutinho et al., 1995,
Coutinho, 1999). Instead, it breaks the deposit into multiple phases containing both even
and odd carbon numbers, more accurate than the previous work, but it does not account
for cocrystallization in explaining how deposits develop (Heidemann et al., 2005). This
research has shown that a compositional model that takes into account not only multiple
solid phases but also multiple cocrystals is necessary to properly understand deposition
and gelation. This fact becomes more crucial as kinetic models are developed to
understand both the crystallization and gelation kinetics of the wax deposit, a point noted
recently by Coutinho (Coutinho, 2006).

This work has shown that oil composition plays a very important role in the
ability of an n-alkane system to form a gel. Because crude oil contains a continuum of
carbon numbers, many at compositions lower than the ones used in this research, the
effects would not be expected to be as drastic as the ones seen in this research. However,
the mechanisms shown in this work for both polydispersity and cocrystallization will be
present in crude oil and must be taken into account when developing a kinetic model for
understanding the growth of a gel. The ability to determine the components of a cocrystal
will allow for the proper estimation of crystal size, a crucial piece of information for
determining gelation. Furthermore, this research has shown that the interaction between
different cocrystals and between the crystals and molecules still present in the liquid

phase can also greatly influence crystal size.

145



Understanding Wax Inhibitors and Additives

In the wax inhibitor literature, it is often discussed how the efficacy of an
inhibitor is dependent not only on the properties of the inhibitor but also the properties of
the crude oil (Garcia, et al., 2000). The inhibitor properties of interest include but are not
limited to concentration, backbone chain length, side chain length and functional groups
while the crude oil properties of interest include but are not limited to wax content,
carbon number distribution, asphaltene content, resin content and temperature. This
work shows that the composition of the oil can self-inhibit the formation of a wax-oil gel.
This fact emphasizes that the composition of oil is crucial in selecting and developing
appropriate wax inhibitors and additives. Crude oil deposits consist of a large number of
solid solutions and distinct cocrystals, an effect not seen in this work because of
simplicity of the systems used. Previous work has shown that one wax inhibitor will be
unable to influence all of the cocrystals because of the differing carbon lengths present in
each cocrystal: inhibitors generally can only influence a certain range of carbon numbers
(Kuzmic, et al., 2007). Therefore, the efficacy of the inhibitor will be dependent on which
cocrystals it can interact with and how important these particular cocrystals are in the
thermodynamic, deposition and gelation characteristics of the wax-oil gel.

This research shows the importance of cocrystallization and how it drastically
impacts crystal morphology when compared to a single component crystal. Currently,
most fundamental research has been focused on understanding how wax inhibitors such
as diblock copolymers and microcrystalline poly(ethylene butane) effect monodisperse
crystals ranging from C,4 to Cgs in decane (Ashbaugh et al., 2002a, 2002b, Guo et al.,

2004, 2006). However, when attempting to understand the mechanisms by which a wax
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inhibitor works, systems where cocrystallization occurs are necessary. Otherwise, the
mechanism that inhibited the growth or formation of Czs crystals may not be applicable to
a system containing both Czs and C3; or a system containing a continuum of n-alkanes.
This work has shown that multiple carbon numbers must be taken into account when
completing this analysis because of the major differences that exist between the
formation of single component crystals and multi-component cocrystals.

Finally, the work on stearic acid has shown the effect functional groups have on
wax inhibition. Stearic acid is capable of influencing thermodynamics, deposition and
gelation only when present in sufficiently high concentrations such that it less soluble
than the n-alkane in the solvent. At low concentrations (concentrations much higher than
those at which wax inhibitors are typically added), stearic acid did not affect the
crystallization of C3 and Cs,. The major reason why stearic acid did not impact the n-
alkanes was because of its strong ability to self-associate due to hydrogen bonding.
Therefore, stearic acid, along with other straight chained carboxylic acids would make
terrible wax inhibitors. However, the strong self association of the carboxyl groups could
prove to be very beneficial in developing wax inhibitors because they can cluster and
disrupt the formation of crystals and therefore the formation of a gel. However, for these
to be useful inhibitors, additional groups would have to be added to the carboxylic acid
such that either the molecule is less willing to associate with itself and/or more willing to
associate with other molecules. Previous work has shown that the addition of more
carbon chains either as a branch or as a replacement for hydrogen in a hydroxyl group
can help in improving the interaction with n-alkane molecules (Wang, et al., 2002, Guo,

et al., 2004).
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CHAPTER VI

FUTURE WORK

The fundamental nature of this research combined with the large number of
properties that influence crude oil crystallization, deposition and gelation in subsea
pipelines that need a more in-depth understanding makes the possibilities to expand upon
this research almost limitless. However, some major areas should be investigated first
because additional research could provide an immediate and indelible impact in the
petroleum industry. These areas: analysis for more complex systems, gel strength, wax
additives/inhibitors, molecular simulations for binary/ternary systems and incorporation

of polydispersity in wax deposition modeling are discussed in further detail in this section.

Analysis for More Complex Systems
This research is one of the first to explore how the composition of the oil can

greatly influence the characteristics of wax-oil gels seen in subsea oil pipelines. However,
the systems used for this research were rather simplistic, primarily focusing on n-alkanes
in n-alkane solvents. Actual crude oil systems are far more complex, containing hundreds
or even thousands of different components, each of which can impact crystal growth and
gel formation (Sangwal, 1996). Although an almost infinite number of ways to conduct
this research exist, below are areas of greatest interest. Experiments similar to the ones

conducted in this research and those mentioned later in this section could be completed to
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investigate these areas.

1.) Continuous n-alkane systems: Although this research has accounted for solutions
where cocrystaliization between two n-alkanes occur, these cocrystals are much simpler
than what is seen in deposits because a continuous set of n-paraffins are present in crude
oils (Briard et al., 2006). Wax-oil gels generally contain a number of crystal structures,
each containing a number of n-alkanes that cocrystallize with one another, a phenomenon
not studied in this research (Dirand et al., 1998). Work has shown that crystal size
decreases as the composition of the system becomes more complex, which would
influence gelation (Anderson, et al., 2001). An appropriate method of developing such an
n-alkane system has been discussed by Paso, where the relative concentrations of the
respective n-alkanes are related by a recurrence relationship (Paso, et al., 2006). Initial
research could focus on a small continuum of carbon nuumbers (4-8) before expanding to
distributions more commonly seen in petroleum.

2.) Non n-alkane components: Although n-paraffins are the primary components in wax
deposits, they are not the only constituents of the deposit. Branched paraffins and
aromatic hydrocarbons are also present in smaller amounts in the deposit (Garcia, 2000).
Depending on the crystal shape and solubility of these components, it may be possible for
some of these compounds to cocrystallize within a polydisperse n-alkane crystal structure.
Initially, work would focus on adding branched alkanes and aromatics, particularly those
known to cocrystallize with the n-alkanes used in this research. However, further
investigations could incorporate asphaltenes, resins and water, components known to
influence the thermodynamic and gelation properties of the deposit (Fuhr et al., 1999,

Visintin et al., 2008).
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3.) Solvent: Although the solvent remains in the liquid phase during wax deposition, it is
a crucial part in dictating both the thermodynamics of crystallization and the formation of
the wax-oil gel. However, the role of the solvent in crude oil systems has not been
extensively studied. The solubility of an alkane or group of alkanes in a particular solvent
is dictated by a number of properties including functional groups, polarity, molecular
volume and molecular weight (Haulait-Pirson et al., 1987). The more soluble a wax is in
a solvent, the lower the cloud point and the amount of wax present at higher temperatures.
Work has shown that different solvents have drastically different abilities to form gels
(Abdallah and Weiss, 2000). For example, a 0.04M C,g system does not gel in heptane,
decane and dodecane, but does gel in octanol, ethyl acetate and ethanol at approximate
temperatures of 29.5, 33 and 46 degrees Celsius respectively. Because of this, solute-
solvent interactions are a major component of any crystallization model, which is
discussed in more detail later on in this chapter. Therefore, work could be conducted
using longer chained solvents and more complex solvents that contain more complex

hydrocarbons.

Gel Strength
This work has conclusively shown that polydispersity and cocrystallization
impact the formation of a gel, namely the temperature at which gelation occurs. Another
important aspect of the gel is the strength of the gel. The strength of a deposited gel
increases over time for two reasons. The first reason is that time allows for greater
interactions between the crystals inside the gel with both the solvent and the crystals
themselves. The second and more important reason is the aging, where the deposit

becomes waxier with the diffusion of higher carbon number alkanes into the deposit and
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the counterdiffusion of lower carbon number alkanes out of the deposit (Singh et al.,
2000). The ability to model how gel strength changes over time is necessary for proper
wax remediation.

As time goes on, the deposit, in addition to becoming stronger, will also grow in
size, reducing oil flow and can completely block the pipeline if left untreated. Mechanical
pigs are sent into the pipeline to remove the wax from the pipeline wall. However, if the
wax becomes too hard, the pigs could become unable to break the gel and get stuck in the
pipeline, causing further blockage. To prevent this issue from happening, petroleum
companies have utilized a conservative pigging schedule. However, this conservative
pigging schedule comes at an expense to the companies. Therefore, a better
understanding of the formation of a gel will allow for optimization of the pigging
schedule.

To properly understand the strength of the gel, the process by which a gel breaks
must be understood. Boger has provided insight into the yielding mechanism of waxy
crude oils (Wardhaugh and Boger, 1991, Chang et al., 1998). The yielding process has
been broken down into three regimes: elastic response, creep and fracture. In the elastic
response regime, the wax deposit acts as a Hookean solid. In the creep phase, the wax-oil
gel is being slowly deformed and the internal structure is slowly being broken down.
Finally, the fracture regime represents the breaking of the solid and the transition to a
liquid. The transition from the creep to fracture regime is very sharp and abrupt.
Experimentally, this transition can be seen by a sharp decrease in the viscosity as the
shear stress is increased or a sharp decrease in G’ and G” as the stress amplitude is varied.

The stress necessary to break a wax-oil gel is commonly referred to as the yield stress.
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The yield stress is dependent on a number of variables, many independent of oil
composition. Early work showed that both themal history and shear history can impact
the rheological behavior of a crude oil (Petrellis and Flumerflet, 1973). Further work has
shown that the yield stress is dependent on variables such as the cooling rate, the final
temperature the gel is held at before some sort of force is applied, the magnitude of the
applied stress, the rate of change of the applied stress, and the strain rate (Chang et al.,
2000, Venkatesan et al., 2005).

The ability of a gel to maintain its solid-like characteristics is greatly dependent
on the strength and amount of interactions between the wax crystals in the deposit.
Although thermal treatment impacts the shape and number of crystals that form, the
properties of the crude oil greatly influence both the crystals and the resulting gel
network (Chang et al., 2000, Venkatesan et al., 2005). Properties of the oil that can
influence the yield stress include the cloud point, the gel point, the wax fraction, the
amount of asphaltenes and/or resins present, the presence of water and the presence of
additives. One of the mechanisms by which wax inhibitors act is by disrupting these
crystal interactions, reducing the strength of the gel as seen in a lower yield stress
(Ashbaugh et al., 2002a, 2002b, Guo et al., 2004, 2005, Kuzmic et al., 2008). The further
study of wax inhibitors as a future aim of this research will be discussed later.

Paso has provided some initial insight into how polydispersity influences the
strength of a gel (Paso et al., 2005). His work showed that a polydisperse system can
form stronger gels than a monodisperse system because the sharp, ordered crystals
typically seen in monodisperse systems hinders the formation of strong crystal-crystal

interactions required to form a strong gel. However, this work is not extensive and does

154



not evaluate the effects of cocrystallization and independent crystallization that have been
shown in this work to impact gel properties.

An issue brought up by the work of Paso is that monodisperse gels may not be
very strong and could be broken without much very stress being applied. Therefore, it
could be difficult to obtain a yield stress for these gels, which has been confirmed by
early work conducted using a cone and plate rheometer. This issue can be overcome in
one of two ways: (1) optimizing the operating conditions of the yield stress test such as
temperature, shear rate, etc. and (2) using a rheometer such as a Haake or vane rheometer,
which have been shown to be more suitable to obtain yield stresses (Wardhaugh and

Boger, 1991).

Wax Additives/Inhibitors

Although this work is the first to show how n-alkanes impact the crystallization
and gelation of n-alkanes, a large amount of research has been completed in a parallel
area: wax additives. Wax additives are materials added to crude oil to alter the properties
of the crude. These include but are not limited to wax inhibitors, pour point depressants
and flow improvers. n-Alkanes have been shown in this work to act like certain wax
additives (although in much greater concentrations than typical wax additives) by altering
the properties of crystallizing n-alkanes. Inhibitors such as polalkyleneimines and
polymethacrylates can influence the solubility of n-alkanes in n-alkane solvents, similar
to the results presented in this work (Wang et al., 2002). A sequestration mechanism has
been discussed by Jang to show that inhibitors alter the solubility by associating with the

longer chained paraffins (Jang et al., 2007). Similarly, both n-alkanes and certain wax

155



inhibitors such as poly(ethylene-butene) random copolymers, polymethacrylates,
ethylene vinyl acetate copolymers can act as pour point depressants (Wang et al., 2002,
Guo et al., 2004, 2006, Soldi et al., 2007, Taraneh et al., 2008). Mechanisms to explain
how these inhibitors work are varied: most notable are the ability for an inhibitor to
incorporate into the crystal structure and perturb the aggregation of wax molecules, to
adsorb onto the wax crystals to block the growth of hard deposits and to sterically hinder
the ability of wax molecules to aggregate without incorporating to the crystal structure.
Finally, this work has shown that n-alkanes, like wax inhibitors, can act as crystal
modifiers, generally decreasing the size of the wax crystals (Guo et al., 2004, 2006). A
reduction in crystal size makes it harder for the crystals to aggregate together and form a
crystal network, a necessity to form a gel.

Because this work is unique in its analysis of n-alkane polydispersity, very little
academic work has been conducted in assessing wax inhibitors with polydisperse n-
alkane solutions to allow for a better mechanistic understanding of wax inhibitors. Wax
inhibitor studies have generally fallen into two areas. The first area is using wax
inhibitors on crude oils (Qian et al., 1996, Wang et al., 2002, Soldi et al., 2007, Kuzmic et
al., 2008, Taraneh et al., 2008). Although these works can assist in proper selection of
wax inhibitors based on the properties of the oil, little fundamental understanding can be
obtained from these works. The other realm of investigation has focused on using wax
inhibitors on monodisperse systems (Ashbaugh, et al., 2002a, Guo et al., 2004, 2006).
Although gaining mechanistic understanding from these works is feasible, the authors
have generally not provided a fundamental understanding into the interaction between the

n-paraffin and the wax inhibitor. Additionally, the wax crystals that precipitate out of
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these solutions are all monodisperse, a situation not seen in crude oils.

The proposed experimentation would examine wax inhibitor efficacy on binary
and ternary systems. Systems where cocrystallization occurs would be of greater interest
because of the difference between the morphology of monodisperse crystals and more
complex cocrystals. For example, would an inhibitor that is highly effective in modifying
Css is crystals be equally effective for C36/Cs, cocrystals? Systems where
cocrystallization does not occur would also be of interest because of the potential for the
wax inhibitor to be influenced by the presence of another n-alkane. For example, would
the aforementioned inhibitor that impacts C3s have a change in efficacy because of the
presence of C,g? The experimentation completed in this work would provide an effective
investigation for this work: the coldfinger apparatus to examine deposition effects, cross-
polarized microscopy to examine crystal morphology, differential scanning calorimetry to
examine thermodynamic effects and rheometry to explore gelation effects. Inhibitor
selection will be extremely important in developing this research because no inhibitor is
universally effective (Wang et al., 2002). The efficacy of an inhibitor is not only based on
its composition (i.e. length of backbone chain, number of functional groups, types of
functional groups, length of functional groups) but also the concentration of the inhibitor
and the composition of the crude oil itself.

A few other properties discussed in the inhibitor literature not analyzed in this
work that would also be of great interest. As discussed earlier, a variable of interest
would be the shear stress, a variable examined in many inhibitor studies (Ashbaugh et al.,
2002a, 2002b, Guo et al., 2004, Kuzmic et al., 2008). Many wax additives have been

shown to be effective flow improvers, primarily by reducing the viscosity of the solution
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(Qian et al., 1995, Dong et al., 2001, Kuzmic et al., 2008, Taraneh et al., 2008). Both of
these properties can be explored by use of rheometry. The information obtained from this
research could provide a greater mechanistic understanding and be extended to more

complex systems.

Molecular Simulations of Binary/Ternary Systems

Cross polarized microscopy has provided a crystal level view of the systems and
has shown how composition can affect the overall morphology of the crystals. However,
microscopy does not allow for a molecular level view of how the molecules are
aggregating together and forming either single crystals or multicomponent crystals via
cocrystallization. To obtain a molecular level view, molecular simulations could be used.

Molecular simulations must account for a number of parameters such as crystal
(solute) properties, solvent properties, solvent-solute and solute-solute interaction
parameters, crystal growth kinetics, transport properties and the degree of supersaturation.
Because so many parameters must be taken into account, a significant limitation in using
molecular simulations for crude oil systems is the massive computational intensity
needed for a mixture such as crude oil. However, work has been conducted on much
simpler organic systems and a few of these developments will now be discussed.

Some of the first successful computational work was completed by Liu and
Bennema (Bennema et al., 1992, Liu and Bennema, 1993, 1994). In these works,
statistical mechanics were used to investigate interfacial interactions between the crystal
and the solute and were combined with kinetic growth models and solvent-crystal
physical properties obtained from either experimentation or molecular dynamics to

predict crystal shapes for systems such as n-C,4 and n-Cy in hexane. To make these
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calculations less computationally intensive, Winn and Doherty used pure component
properties and an attachment energy model to determine the interfacial interactions
between the crystal and the solute (Winn and Doherty, 1998, 2000). In the attachment
energy model, the intermolecular forces (primarily Van der Waals repulsive and
attractive forces and electrostatic forces) are summed together to find the lattice energy,
which obeys the following relationship.
Eiatt = - AHgup — 2RT (6.1)
Where: Ejy = lattice energy (kJ/mol)
AHgyp = heat of sublimation (kJ/mol)
R = universal gas constant (kJ/mol K)
T = temperature (K)
This model has been used to predict the crystal shape of a wide number of organic
solvent/solute combinations, most notably the growth of flat biphenyl crystals in the
presence of toluene, shapes generally seen in both crude oil systems and simpler n-
alkane systems. The major issue with these models is that only single crystal growth is
taken into account, ignoring the presence of other n-alkanes present in the solution.
However, this work could provide an entry point into simulating the simpler systems
used throughout this work.

Using the fact that crystals grown from solvents that are chemically similar form
thin crystals, van Hoof performed a Monte Carlo simulation for n-alkane solvent/n-
alkane solute combinations (van Hoof et al., 1998a, 1998b). In a Monte Carlo simulation,
the probability of breaking and creating a bond are determined and used to determine

whether a bond is created, broken or maintained from the previous time step. These
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probabilities are shown in Equations 6.2 and 6.3.
P™ =Ko exp (-2ip/kT), P* = ko exp(-4¢/kT)exp(AWkT) (6.2,6.3)
Where: P- = probability of breaking a bond
P+ = probability of forming a bond
I = number of first-order nearest neighbors
¢ = bond energy (J/mol)
k = Boltzmann constant (J/molec K)
Ap = change in chemical potential (J/mol)
AWKT represents the driving force and is found using the relationship below.
AWKT = (AWKT)” - 2¢/LKT (6.4)

Where: (AW/KT)* = driving force for the growth of an infinitely large crystal
L = width of the plate crystal (m)

By comparing their simulations to experimental results, appropriate bond energies were
determined, which could be used for more complex systems.

The promising use of Monte Carlo simulations to simulate simple n-alkane
systems along with the great potential of molecular dynamics has been used to develop
better wax inhibitors. van Enckevort and Los completed work to make a broad class (not
solely wax inhibitors) of “tailor-made” inhibitors (van Enckevort and Los, 2008).
“Tailor-made” inhibitors retard the growth of particular crystal faces because of selective
adsorption, causing a change in crystal morphology. These inhibitors are very similar to
the crystal molecules they are modifying, but have a large chemical group on one end of
the molecule that causes a change in bond energy because of steric repulsion. Their work
showed that these type of inhibitors have the greatest impact on the flat faces of a crystal.

Duffy and Rodger have spearheaded the work for wax inhibitors for n-alkane
systems (Duffy and Rodger, 2002a, 2002b). Their work has focused on chained polymers

with varying functional groups. An example is modeling the inhibition of n-Cyg
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crystallizing in heptane by a poly(octadecyl acrylate) inhibitor. Molecular dynamics
showed how the inhibitor adsorbed onto the (010) surface of a C,g crystal, which is

shown below.

Figure 6.1: Top (a) and side (b) views of a poly(octadecyl acrylate) inhibitor adsorbed on
a (010) surface of a C,g crystal. The inhibitor is represented in black, the top crystal layer
is dark gray and the lower crystal layer is light gray. (from Duffy and Rodger, 2002a)
Using Monte Carlo simulations, this work showed that the inhibitor worked on Cyg by
reducing the growth of a particular crystal face of Cyg . This reduction significantly limits
the ability of these inhibitor affected agglomerates to attract other Cog crystals and further
grow the crystal. The inhibitor is adsorbed onto the surface and creates a weak interaction
between the inhibitor and surrounding crystals.

With molecular dynamics and Monte Carlo simulations, the solutions used in this
work could be simulated with dodecane replacing heptane as the solvent and another n-
alkane (or multiple n-alkanes) replacing the inhibitor. Although a significant learning
curve is involved with properly using these methods and significant computational power

is required, this research could provide further insight into the results, analysis and

conclusions developed in this work.
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Incorporation of Polydispersity Effects in Wax Deposition Modeling

The research presented in this work along with the proposed future work
provides a solid backbone to improve the quality of wax deposition modeling. Wax
deposition modeling requires the governing principles of thermodynamics, fluid
mechanics, heat transfer, mass transfer and precipitation kinetics. Of these areas, the
greatest advances this research could provide are in developing more reliable
thermodynamic models.

Thermodynamic models for petroleum systems have been around for a lengthy
period of time. Abrams and Prausnitz developed the UNIQUAC model that can be used
for multicomponent systems that are either partly or completely miscible (Abrams and
Prausnitz, 1975). The UNIQUAC model consists of two parameters dependent on
structural parameters and deviation from random mixing for each binary combination of
materials present in the solution. Although this model provides a starting point, it is
severely limited by focusing only on the fluid phase and not rigorously analyzing the
solid phase. Coutinho improved on the UNIQUAC model by changing the values of the
structural parameters, accounting for the molecular difference between molecules in the
fluid phase versus molecules in the solid phase (Coutinho, 1999). Although these models
can reasonably match experimental data for relatively simple systems, they are limited by
their inability to properly account for the solid phase and ignore the changes in
thermodynamics that occurs because of polydispersity and cocrystallization.

Won’s work was one of the first to incorporate solid/liquid equilibrium into a
thermodynamic model for alkane systems (Won, 1986). Using the fact that the fugacity

of the liquid and solid phase must be equivalent at equilibrium, a function can be derived
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in terms of the equilibrium between the liquid and solid phases of a particular component.

_S _ Vs pAH T
K=2= ex% . Tf)} (6.5)

Where K = solid/liquid equilibrium constant

S =solid phase

L = liquid phase

y = activity coefficient of the respective phase

AH; = heat of melting (kJ/mol)

Tt = melting point (K)
The activity coefficients were found by using modified solution theory and for many of
the alkanes, the ratio of these coefficients was approximately one (Hansen et al., 1988).
Therefore, the equilibrium ratios were almost solely dependent on the melting point and
heat of melting of the pure components, making the wax appearance temperature
dependent on the heaviest component present, independent of the entire composition of
the oil, which is known to be false. Hansen built upon Won’s model by making three
noteworthy additions: (1) initially integrating the presence of non paraffins such as
naphthenes and aromatic), (2) using Flory’s generalized polymer solution theory to obtain
liquid phase activity coefficients by use of a group interaction parameters and (3)
beginning to account for the two stages of wax formation: nucleation and crystal growth
(Hansen et al., 1993). Coutinho built upon this model by addressing the nonidealities in
both the liquid (caused by entropic effects such as difference in size and energetics
between dissimilar molecules) and solid (by introducing pair interactions which take into
account physical considerations relating molecular interactions with macroscopic effects)
phases (Coutinho, 1995, Coutinho and Ruffier-Murray, 1997). These models have done a

relatively good job in matching somewhat complex solutions. However, current research

has shown that the presence of higher carbon number n-alkanes increases the temperature
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at which lower carbon number n-alkanes will change phase. Additionally, a number of
crystal phases are actually present in very polydisperse n-alkane systems, each containing
a different range of n-alkanes, a fact not accounted for in these models. Therefore, in
order for appropriate, physically relevant thermodynamic models to be developed, they
must account for (a) how nearby carbon numbers interact with one another and (b) the
different crystal phases. The fact that numerous crystal phases are present in a crude
system has been shown conclusively in work by Dirand (Dirand, et al., 2002, Briard et al.,
2006).

Once a more rigorous thermodynamic compositional model can be developed, it
can be incorporated into wax deposition models, which currently base most of their
thermodynamic information on solubility curves. Although the complexity of crude oil
makes a truly compositional model infeasible both in obtaining appropriate values and
interaction parameters and its computational intensity, aspects of it could be integrated
into a model either by the use of appropriate pseudo-components or incorporating some
facets with a solubility curve when in-depth compositional information is unavailable.

Any useful wax deposition model for the petroleum industry must also provide
some insight into the characteristics of the gel deposit that forms on the pipe wall. Using
fundamental principles, Singh modeled the formation of gel deposits and their growth by
accounting for the convective flux of wax molecules from the bulk to the gel and the
diffusive flux into the gel at the gel interface (Singh et al., 2000). These relationships are

provided below.

Rate of Change of Wax in Deposit:
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Growth Rate of Deposit:

dr; dC
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Where: R = radius of the pipe (m)

ri = radius of the deposit layer (m)
F, =average mass fraction of the gel

pger = density of gel (kg/m®)

L = length of the pipeline (m)

k; = mass transfer coefficient (m/s)

Cwp = bulk concentration of the wax (kg/m?)

Cus = Saturation concentration of the wax (kg/m°)
Ti = interface temperature (K)

Although these equations have been successfully used to predict the size and wax
content of the gel for various crude oil systems, it does not provide an accurate means to
properly account for the properties of the gel (i.e. gelation temperature, yield stress, etc.).
Earlier parts of this section discussed the need for further research into the impact of
polydispersity, cocrystallization and overall composition on the properties (particularly
strength) of an n-alkane gel in great detail. It would be beneficial to incorporate these
effects, either by correlation or theory into a model to provide a better prediction of the

gel properties of the system to assist in proper additive addition and/or an optimal pigging

schedule.
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APPENDIX A
CALCULATION OF EXPECTED ENTHALPY OF CRYSTALLIZATION FOR
POLYDISPERSE SYSTEMS
In order to evaluate an expected enthalpy of crystallization (Table 4), it is
assumed that the heat released by the n-alkanes is the same for the monodisperse and
polydisperse system. For the 4% C36/4% Csg system, the heat released by each
component can be determined using the enthalpies of crystallization shown in Table 2
and then combined to find the expected enthalpy of crystallization. By using a basis of
100 grams, there is 4 grams of both Css and Cyg

Heat released by Csg:

molC 174kJ

4.09C = =1.38kJ
(409C,) g e )

Heat released by Cog:

molC 107kJ

4.09C 28 =1.09kJ
(4.09C,)( 394 )(moICZS)

Therefore, a total of 2.47 kJ of heat would be expected to be released. In order to
find the enthalpy of crystallization on a molar basis, the total number of moles must be
determined.

Total moles in the system:

Cas )+ (4-OgC28)(mOIC28) —.0181mol

mo
4.09C
(4.00C4)( 5064 3949
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Dividing the amount of heat released by the total moles in the system yields the
enthalpy of crystallization, which is 137 kJ/mol.

This calculation also enables the determination of what percent of the heat would
be released by the respective alkanes in a polydisperse system as done in Figure 5. The

percent of the heat in the 4% C36/4% Cjg System that would be released by Csg is:

heat released by C,, _ (1.38kJ )(100) = 56%
heat released by C,, & C,, 2.57kJ

% heat released by C,, =

171



APPENDIX B

INTERMEDIATE MICROSCOPY IMAGES FOR CROSS-POLARIZED
MICROSCOPY EXPERIMENTS

Work in Chapter 3 on cross polarized microscopy was completed to show how
polydispersity and cocrystallization changed the crystal morphology of the systems,
altering the gelation characteristics of the system. For wide temperature ranges, the
microscopy images remained relatively constast with the exception of some crystal
growth. This appendix is devoted to showing some of the images at intermediate

temperatures not shown in Chapter 3.

»
&' >
.
35.5 “(3, 95.9 ° 29 "C,°84.2 oF

.24 % F o .65 % v-u 8
TIT/2008 4:48:51 BM ‘ 7712008 7:19:50 PMS

15.5 °C, 59.9°
71812008 12:28:04 ' 7182008 733:22 M

Figure B.1: Cross-polarized microscopy images for a slowly cooled 4% C3¢ solution. The
temperatures of the respective micrographs are 33.5° C for a), 29° C for b), 15° C for c)
and 10.5° C for d).
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Figu>re B.2: Cross-polariied microscopy images for a slowly cooled 4% C3¢/2% Cog
solution. The temperatures of the respective micrographs are 37.5° C for a), 28.5° C for
b), 19° C for ¢) and 11.5° C for d).
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Figure B.3: Cross- polarlzed microscopy images for a sIowa cooled 4% C36/5% Cog
solution. The temperatures of the respective micrographs are 38° C for a), 33.5° C for b),
22° C for c¢) and 20° C for d).
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Figure B.4: Cross- polarlzed mlcroscopy images fora slowly cooled 4% 036/8% Cos
solution. The temperatures of the respective micrographs are 37.5° C for a), 32.5° C for
b), 20° C for ¢) and 14.5° C for d).
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_Figure B.5: Cross-polarized microscopy images for a slowly cooled 4% Cg36/3% Cs,
solution. The temperatures of the respective micrographs are 35.5° C for a), 27.5° C for
b), 20° C for ¢) and 12.6° C for d).
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Figure B.6: Cross-polarized microscopy images for a slowly cooled 4% C36/6% Cs,
solution. The temperatures of the respective micrographs are 37.5° C for a), 29° C for b),
20.5° C for ¢) and 15° C for d).
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