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The considerable interest in molecule-based
models of heavy hydrocarbon structure and reaction
is motivated by the need to predict both upstream
and downstream properties of these materials. This
is because the molecular composition is an optimal
starting point for the prediction of mixture properties.
The potential advantages of molecule-based model-
ing are thus clear. Less readily apparent, however, is
that the development and operation of molecular
models comes with a large requirement for model
construction and solution time as well as analytical
and reactivity information.

The challenge of building molecule-based models
is due to the staggering complexity of the complex
reaction mixtures. There will often be thousands of
potential molecular and intermediate (e.g., ions or
radicals) species. The sheer size of the thus-implied
modeling problem engenders a conflict between the
need for molecular detail and the formulation and
solution of the model. Clearly, the use of the
computer to not only solve but also formulate the
model would be helpful in that it would allow the
modeler to focus on the basic chemistry, physics and
approximations of the model.

Our recent work has led to the development of
such an automated capability to model development.
Monte Carlo simulation of feedstock structure casts
the modeling problem in molecular terms. Reactivity
information is then organized in terms of quantitative
linear free energy relationships. The model
equations are then built and coded on the computer.
Solution of this chemical reaction network, in the
context of the chemical reactor, provides a prediction
of the molecular composition, which is then
organized into any desired commercially relevant
outputs.

This approach is illustrated through the
development of molecule-based models for
petroleum resid structure and reaction. Key results
and the underlying bases of analytical, physical-
organic and computational chemistry will be
discussed.
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Flow assurance in the ultradeep/deep water regime

Steve Allenson

Nalco Energy Services, Sugar Land TX

Flow assurance is the scientific discipline that
ensures successful flow of hydrocarbons from
reservoir to the point of sale. It is the confluence of
science and engineering that is integral to develop
and engineer solutions for various production
challenges such as hydrates, paraffin deposition,
asphaltenes and scale problems likely to be
encountered during operation. Flow assurance
studies commence during exploration activities,
project into asset development and follow throughout
the entire life cycle of the hydrocarbon exploitation.
An accurate prediction of the unique properties of
reservoir fluids is mandatory for the efficient
production and utilization of petroleum reserves.
Decisions regarding the commercial development,
economics and marketability of a prospect hinge to a
great extent on a petroleum reservoir's unique fluid
characteristics. Flow assurance is thus vital to
develop strategies and methodology to address
solids control and management and ensure reliable,
efficient and profitable exploitation of petroleum
resources.

Crude oil production in deepwater and
ultradeepwater (DW/UDW) is an extremely capital
intensive process in what is typically an immensely
challenging environment. Ensuring smooth oil
production from DW/UDW reservoirs is critical due to
the long distances, high pressures and low
temperatures  applicable in  such  regimes.
Transforming ultra-deepwater discoveries into
producing fields necessitates employing enhancing
and enabling technologies for lift and separation. It is
expected that sub-sea separation; ESP and sea floor
pumps as well as cold flow will be technologies that
will be exploited. Subsea processing is highlighted

as a key enabler for the viability of many future
deepwater projects; however, there is also an
acceptance of the difficulties involved in the
application of new technology. With sub-sea
separation, problems with emulsions, foaming and
gas carry-under can be expected. There is a
pressing need to enhance basic scientific
understanding of the anticipated UDW challenges in
order to develop improved predictive tools to help
industry better define and ultimately manage the
risks associated with field development. Flow
assurance thus takes on a whole new form driven by
the combination of a hostile environment,
challenging fluid properties and system reliability
targets found in DW/UDW oil and gas production
systems.

The majority of current flow assurance laboratory
tests is based on analyses performed on dead oil
samples and fail to capture true reservoir conditions.
Recently, new techniques have been developed that
regenerate live oil and simulate production
conditions in the lab. However, to drive further
progress in the flow assurance science of the future,
it is imperative to correlate field flow assurance data
with  laboratory screening tests. Collaboration
between the industry, academia and field are critical
to ensure innovation and improved understanding.
This talk will present both previous and ongoing work
in the area of asphaltene and wax. Data supported
with internal research and cross-collaborations will
be presented. A joint case study on Wyoming crude
oil and asphaltenes will be discussed. Laboratory
techniques to test for paraffin and treating chemicals
will be reviewed.
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Review of the development of models for the prediction of fouling rates in
exchangers heating crude oil

Graham T. Polley

Universidad de Guanajuato, Mexico
Gtpolley@aol.com

Models for the prediction of fouling rates in heat
exchangers quantify the relationship between fouling,
fluid flow (wall shear) and temperature field. Such
relationships can then be used to either alleviate the
consequences of fouling or reduce the rates at which
individual heat exchangers foul in a variety of ways.
These include selection of heat exchanger types
providing superior performance over standard shell-
and-tube configurations; the modification of pre-heat
train structures to provide better overall performance;
the design of heat exchangers to provide an
acceptable level of performance over a pre-specified
operating period; and, the identification of cleaning
strategies that provide the least disruption to pre-heat
train operation.

The mechanism underlying fouling in these heat
exchangers depend upon whereabouts in the train the
exchanger is located. So far, fouling models have only
been successfully employed at the hot end of the
train. Here it is assumed that fouling results from
deposition of asphaltenes.

The development of fouling models in recent years
is largely a response to the pioneering work of Wayne
Ebert and C.B.Panchal. They produced a model
based upon on the assumption that fouling resulted
from a chemical reaction occurring in the hot film
adjacent to the hot surface of the exchanger.

This model has been generalised and extended to
cover fouling in heat exchanger bundles as well as
inside plain tubes; fouling in tubes fitted with tube
inserts; and, fouling in welded plate exchangers
(Compabloc units). These developments are reviewed
and the insights coming from such developments are
outlined.

These models assume that the mitigation of fouling
as a result of a fouling suppression term that is a
linear function of wall shear stress. Their does not
appear to be any theoretical justification for this
assumption.

Furthermore, application of the model requires the
identification of three separate parameters: Activation
Energy of reaction, a deposition constant and a
suppression constant.

Recent work has suggested that the mitigating
effect of wall shear could be based on the frequency
at which turbulent bursts disrupt the laminar boundary
layer. This frequency affects that time at which fluid is
close to the surface of the deposit and will influence
the probability of foulant contained within that fluid
actually attaching to the surface of the deposit.

The rate at which asphaltenes precipitate when oil is
heated has been studied by Wiehe, who has
proposed a two stage reaction. An Activation Energy
of 44.3 kJ/mole has been reported for the rate
controlling step. This value for Activation Energy is
adopted for the new model.

Comparisons between the new model and data
obtained in the laboratory and extracted from
measurements of actual exchanger performance are
described.

Whilst the results of these comparisons are
encouraging a number of questions remain. These
are outlined and discussed.

Ways in which the research can be carried forward
are discussed.
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Differential aggregation of asphaltene probed with time-resolved fluorescence

Cornelia Bohne®*, Hui Ting Zhang?, Rui Li?, Cindy-Xing Yin®, Murray Gray®

% Department of Chemistry, University of Victoria (*corresponding author: cornelia.bohne@gmail.com)
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The aggregation behavior of asphaltenes is still
poorly understood because of the complexity of the
compounds that make up this material. Asphaltenes
contain polyaromatic hydrocarbons, which can
undergo Ti-stacking, and abundant heteroatoms,
which can associate by polar interactions. Some of
the asphaltene components are fluorescent and
different fluorescence techniques were employed in
the past to characterize asphaltenes, such as steady-
state[1], time-resolved[2] and anisotropy
depolarization measurements [3] Aggregation leads to
decreases in the steady-state emission intensity, to
shifts in the emission spectra and to the shortening of
lifetimes, therefore, fluorescence spectroscopy can be
used to study asphaltene aggregation.

We combined time-resolved lifetime with time-
resolved emission spectrum (TRES) measurements
to characterize the aggregation of Athabasca
asphaltene precipitated from pentane (AA-5, with 50%
heptane insoluble material). The emission of
asphaltenes corresponds to the emission of several
chromophores with different emission spectra and
lifetimes. Therefore, the emission decays were fit to a
sum of exponentials and average lifetimes (<t>) were
calculated (eq. 1) where A is the pre-exponential
factor associated to the lifetime (1) of each species “i".
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TRES spectra (Fig. 1) at short delays after
excitation include the emission from short-lived and
long-lived excited states, while only the spectra for the
long-lived excited states are observed for long delays.
A small shift for the TRES at short delays is observed
when the AA concentration is raised from 1 mg/L to
10 g/L, while a marked red shift is observed for the
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Fig. 1. Normalized TRES for the emission (Aex = 335 nm) of
AA-5 collected between 0 and 5 ns (left) and 15 and 20 ns
(right) after the excitation pulse ([AA-5]: (a) 1 mg/L, (b) 10
mg/L, (c) 1g/L, (d) 10 g/L).

TRES at long delays. These results are consistent
with the quenching inside aggregates of the

asphaltene fluorophores with higher excited state
energies and this effect is more prominent for long
lived excited states.

The number of exponentials used for the fit of the
emission decay of AA-5 indicates the number of
lifetimes that can be discriminated and not the
number of different molecules detected. Therefore,
average lifetimes were compared instead of individual
lifetimes. The lifetimes for AA-5 samples excited at
335 nm were measured for the decays at 420 nm or
520 nm (Fig. 2). A decrease of the average lifetime
due to the formation of aggregates was observed
above 10 mg/L for the emission at 420 nm, while this
decrease was only observed above 5 g/L for the
emission at 520 nm. In both cases the samples were
excited at 335 nm and the same excited states were
formed. Therefore, the different dependence
observed indicates that different fluorophores are
incorporated in different aggregates.
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Fig. 2. Dependence of the AA-5 average lifetime with the
AA-5 concentration excited at 335 nm and with the emission
collected at 420 nm (O) or 520 nm (®). The decrease in the
lifetime is indicated by the arrow (> 10 mg/L for O and > 5
g/L for @).

results show that different
asphaltene components aggregate in different
concentration  ranges. Therefore, asphaltene
aggregates have different compositions depending on
the asphaltene concentration and asphaltene
aggregation cannot be described within the
framework of a critical nano-aggregate concentration.

In conclusion, our
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Probing asphaltene aggregation in native crude oils with low-field NMR

Denise E. Freed®’, Lukasz Zielinski®, Martin D. Hirlimann?

& Schlumberger-Doll Research, One Hampshire Street, Cambridge, MA 02139
(* corresponding author: freed1@slb.com)

Recently, much progress has been made in
elucidating the molecular and colloidal properties of
asphaltenes. Many of the previous measurements of
the sizes of asphaltene molecules and
nanoaggregates have been made in model systems.
When the asphaltenes are in their native crude oils, it
is much more difficult to determine the size and
configuration of the asphaltene particles, in part
because of the complexity of the maltene and
because of the optical opacity of the samples. Low
field NMR relaxometry is well suited for measuring
asphaltene properties within crude oils because it is
sensitive to fluctuations at the Larmor frequency.
For low field NMR operated at a few MHz, these time
scales are in the range expected for the rotational
correlation times of aggregates with sizes of a few
nanometers.

In this presentation, we show that low field proton
nuclear magnetic resonance relaxation and diffusion
experiments can be used to study asphaltene
aggregation directly in crude oils. The low field
measurements are sensitive only to the maltene
because the spins on the asphaltene relax too quickly
to be detected. However, the asphaltene aggregation
state can still be probed with this method because the
maltene molecules’ interactions with the asphaltene
particles in the oil affects the relaxation of the spins in
the maltene molecules. The NMR relaxation was
found to be multiexponential as expected in a
complex fluid. Remarkably, the relaxation data for
samples with different asphaltene concentrations can
be collapsed onto each other by simple rescaling of
the time dimension with a concentration-dependent
factor & while the observed diffusion behavior is
unaffected by asphaltene concentration. We interpret
this finding in terms of a theoretical model that
explains the enhanced relaxation by transitory
entrainment of solvent hydrocarbons  within
asphaltene clusters and their subsequent slowed
motion and diffusion within the cluster. We relate the
measured scaling parameters & to cluster sizes which
we find to be of the order of 2.2-4.4nm for an effective
sphere diameter. These sizes are in agreement with
the typical values reported in the literature as well as
with the small-angle X-ray scattering experiments
performed on our samples [1].
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Fig. 1. Normalized transverse relaxation for Oil 2 with
varying amounts of asphaltene. The T, relaxation is
multi-exponential, and the decay rates are faster for
samples with higher asphaltene content.
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Fig. 1. Same data as shown in Figure 1, with the time
axis rescaled by &,.
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Kinetics of asphaltene precipitation: Effects of temperature
and precipitant concentration
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(* corresponding author: sfogler@umich.edu)

The precipitation of asphaltenes from crude oils can
lead to serious challenges during oil production and
processing. This research investigates the kinetics of
asphaltene precipitation from crude oils using n-
alkane precipitants. For several decades, it has been
understood that the precipitation of asphaltenes is a
solubility driven phenomenon and the previous
studies on the effect of time are usually limited to
short time scales. By using optical microscopy and
centrifugation  based  separation, we  have
demonstrated that the time required to precipitate
asphaltenes can actually vary from a few minutes to
several months, depending on the precipitant
concentration used. Our results demonstrate that no
single concentration can be identified as the critical
precipitant concentration for asphaltene precipitation.
Based on long term experiments, we have also been
able to establish the solubility of asphaltenes as a
function of the precipitant concentration and it is
shown that the short-term experiments over-predict
the solubility. [1]

The effect of temperature on the kinetics of

precipitation has also been investigated and it is
demonstrated that higher temperatures lead to
substantially faster kinetics. We have also
demonstrated the effects of different types of
precipitants on the kinetics of precipitation. A
generalized geometric population balance approach
has been used to model the growth of asphaltene
aggregates. The results demonstrate that the
flocculation process accelerates with increasing
amounts of heptane added to the asphaltenic crude.
This research opens up a new paradigm for
understanding asphaltene precipitation.
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Fig. 1. Micrographs showing the time dependence of
asphaltene precipitation for a crude-heptane mixture
containing 50 vol % heptanes and 50 vol % K-1 crude oil.
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Observation of liquid crystals in heavy petroleum fractions
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In this work we report for the first time the
observation of liquid crystalline domains of circa 100
um diameter in heavy fractions of petroleum.
Precipitated solids from several bitumen and heavy
oil samples exhibited the characteristic optical
patterns of liquid crystals when observed under
cross-polarized light.

Liquid crystals are a state of matter with molecular
order between that of a solid and an isotropic liquid.
In normal liquids, the molecules are completely
disordered, or isotropic, while in crystalline solids the
molecules are ordered in three dimensions. In liquid
crystals the molecules have partial positional and
orientational order. Liquid crystals are usually divided
into two categories, thermotropic and lyotropic.
Thermotropic liquid crystals are formed by a change
of temperature, while lyotropic liquid crystals are
observed by addition of a suitable solvent. Some
liquid crystals can show both lyotropic and
thermotropic phases which are called amphotropic or
amphitropic [1].

Samples examined in this study included
asphaltenes precipitated from Athabasca, Cold Lake
bitumen (Canada), Maya heavy crude oil (Mexico),
and Safaniya crude oil (Saudi Arabia), and a maltene
fraction of Athabasca bitumen extracted with
supercritical n-pentane. Powdered samples were
placed on a yttrium-aluminium-garnet (YAG) window
and inserted at the bottom of a temperature and
atmosphere controlled cell. An inverted reflective
microscope was used to observe the samples.

The liquid crystal domains in asphaltenes appeared
at ~330 K in a nitrogen atmosphere, and disappeared
at ~430 K. For asphaltenes at approximately 330 K a
phase transition occurred and the first liquid-crystal
domains appeared as droplets with Maltese crosses
(Figure 1). The Maltese crosses (or disclinations with
four dark brushes) rotate in the direction of the
polarizer and analyzer rotation, as observed in
concentric lamellar liquid crystals [2]. Once the liquid
crystal phase appeared upon heating 330 K, it
remained stable upon cooling, at least for a period of
days. When samples are heated beyond 430 K for
asphaltenes and then cooled, however, liquid crystal
domains did not reappear over a period of days.

The domains also appeared in the presence of
toluene vapour. Exposure of asphaltene powder to
toluene vapour at room temperature for circa 10 min
gave transient appearance of liquid-crystal domains,
which then disappeared after 30 min of exposure.
This combination of thermal and solvent interactions

with the liquid crystalline domains was consistent with
amphotropic liquid crystals. Petroleum solids are the
first naturally occurring example of this type.

The microscopy results are consistent with the
previous studies of asphaltene phase transitions
using differential scanning calorimetry and phase
angle measurements. Heavy oil and bitumen undergo
complex transitions from solid like behaviour to liquid
behaviour over the temperature interval 150 K to 520
K and have been shown to exhibit a minimum of
three phases over much of this interval. The
asphaltene fraction gives a broad reversible

endothermic transition spanning the 330 K to 500 K
temperature interval and centred at about 430 K,
which is the temperature for disappearance of these
liquid crystals. Another endothermic transition occurs
at about 330 K which is roughly the temperature for
the formation of these liquid crystals [3].

Fig. 1. Liquid crystal speres with Maltese crosses in
Athabasca asphaltenes (C5) at 358 K.

Asphaltenes appear to comprise a minimum of
three phases in the temperature interval 330 K to 430
K; a liquid phase, a solid phase, and a liquid crystal
phase. This observation of liquid crystal domains in
precipitated samples from bitumen and heavy oils
suggests that molecular self assembly may enable
new separation methods for components of

petroleum.
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Molecular Dynamics simulations of asphaltene aggregation in
supercritical carbon dioxide with and without aggregation inhibitors
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It is well known that asphaltene has a strong
tendency to aggregate in the presence of supercritical
carbon dioxide. Here we present Molecular
Dynamics (MD) simulations of the phase behaviour of
asphaltene in supercritical carbon dioxide (sc-COy)
with and without aggregation inhibitors. The model
asphaltene molecules were obtained using our
Quantitative  Molecular  Representation (QMR)
software, which gives realistic 3D asphaltene
structures based on experimental data [1]. Our
specific asphaltene molecules were taken from a
recent paper, where we studied the aggregation of
asphaltene in both toluene and heptane [2].

Figure 1. Snapshot of MD simulation of asphaltene
aggregation in CO, without inhibitor at 350K and 150 bar.
CO, molecules have been removed for clarity.

First we present simulations of bulk sc-CO, at a
range of temperatures and pressures and observed
that the force-field used correctly reproduces the
experimental system density. Simulations of
asphaltenes were conducted in a fashion similar to
those presented in ref [2] for simulations in toluene
and heptanes: six asphaltene molecules in a bath of
solvent at a concentration of 7 wt%. Simulations were

conducted at a range of different temperatures and
pressures in both sc-CO; and a 50 wt% mixture of sc-
CO, with an organic additive. Asphaltenes in sc-CO;
showed a strong propensity for aggregation, with all
six molecules forming a strongly bound aggregate at
all temperatures and pressures. Simulations in 50
wt% additive : sc-CO, show a considerable decrease
in the aggregation compared with pure CO,. The
temperature and pressure dependence of asphaltene
aggregation in the mixture was complex, showing
minimum aggregation (for the limited range of
conditions studied) at 150 bar and 350K. The
simulation results are confirmed by filtration
experiments.

Figure 2: Snap-shot of MD simulation of 7wt% asphaltene

in 50 wt% mixture of additive and carbon dioxide (350K and
150bar). This shows that the 6 molecule aggregate has split
up in smaller units.
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Effect of inhibitors on asphaltene aggregation

Estrella Rogel

Chevron Energy Technology Co, 100 Chevron Way, Richmond, CA 94802 (ergc@chevron.com)

The use of chemical additives containing inhibitors
to prevent asphaltene precipitation has been a regular
practice in the petroleum industry during many years.
It is known that the efficiency of the additives is
associated to several variables including asphaltene
characteristics[1], inhibitor solubility in the media[l]
and inhibitor characteristics[2]. It has also been
reported that additive efficiency correlates well with
the maximum amount of inhibitor adsorbed on
asphaltenes[3]. In terms of mechanism, it is accepted
that inhibitors adsorb on asphaltenes decreasing the
size of aggregates and/or hindering further
aggregation[4]. However, recent measurements using
Vapour Pressure Osmometry (VPO) have indicated
that this is not always the case[2].

The main goal of this work is to shed some light on
the possible mechanism that rules inhibitor activity on
asphaltene aggregation. To this end, a model is
proposed based on a molecular thermodynamic
approach  successfully used for asphaltene
aggregation[5]. In this model, asphaltenes aggregates
are described as composed of an aromatic core
formed by stacked aromatic sheets surrounded by
aliphatic chains. According to the model the driving
force for the aggregation is the low solubility of the
polyaromatic rings in the solvent due to the strong
TI-Tt interactions.

In the proposed model, inhibitors interact with active
sites in the core of the asphaltene aggregates and
their energetic contribution to the formation of a
complex aggregate-inhibitor is incorporated in the
aggregation model. The incorporation of inhibitors
induces changes in several free energy contributions
to the formation of the asphaltene aggregates. In
particular, it affects the interactions between solvent
and aggregates and induces new steric interactions in
which can be considered as the aliphatic crown of the
aggregates. The effect of the self aggregation of
inhibitors in the solvent is also taking into account in
the model.

Several parameters were evaluating using the
model including: active site number, active site-
inhibitor interactions, driving force to inhibitor's self
aggregation, inhibitor concentration, etc

It was found that the model can reproduce recent
findings related to VPO results[2]. Figure 1 shows the
effect of inhibitor's concentration on VPO
measurements as well as on the number of
asphaltenes and additives present in an average
aggregate change. In the case, inhibitor-asphaltene
interaction energy was considered slightly larger than
the inhibitor-inhibitor interaction energy.
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Fig. 1. Effect of inhibitor concentration on the apparent
molecular weight observed using VPO, asphaltene
aggregation number and number of inhibitor molecules
incorporate in the aggregate.

According to the model, the incorporation of
inhibitors in the aggregates correlates very well with
the deagglomeration of the asphaltenes as can be
seen in Figure 1. Once the active sites in the
asphaltenes are occupied by inhibitors, the
deagglomeration stops and additional inhibitor
remains in solution and depending on its micellization
energy might start to aggregate at larger
concentrations. In terms of the apparent molecular
weight, the sharp decrease observed at the beginning
in the curve corresponds to the deagglomeration
effect on the inhibitor in the asphaltenes up to the
point in which the incorporation of inhibitors in the
aggregate doesn'’t induce significant deaglomeration
but increases molecular weight of the aggregates.
Once all the active sites are occupied, the molecular
weight observed decreases as more inhibitors are
free in the solvent in monomeric form or in small
aggregates.

The proposed model can successfully reproduce
experimental trends observed for the effect of
inhibitors on asphaltene aggregation. It also provides
a plausible mechanism for inhibitors activity.
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Phase behavior of asphaltenes + polystyrene + toluene mixtures at 293 K

Merouane Khammar, John M. Shaw*
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2V4 (* corresponding author: jmshaw@ualberta.ca)

The phase behavior of hydrocarbon mixtures where
one of the constituents is prone to self-aggregation is
a subject of significant industrial interest. Here, a
phased-array acoustic technique is used to
investigate the phase behavior of asphaltenes, a self-
aggregating species of interest to the petroleum
industry, in mixtures with polystyrene and toluene at
293 K and atmospheric pressure. The phased array
records the speed of sound and attenuation spectra
simultaneously at 113 positions along the height of
the cell with a resolution of 0.3 mm. Over a range of
compositions, the ternary asphaltenes + polystyerene
+ toluene exhibits liquid-liquid phase behavior where
both liquids are opaque to visible light, are of uniform
composition and are stable. As polystyrene is likely to
be non-adsorbing on asphaltenes, depletion
flocculation is hypothesized to be the mechanism
causing phase separation [1,2].

Figures 1 shows an example of the profiles of the
speed of sound in the cell obtained for a mixture of
14.4%vol asphaltenes and 3.9 %vol polystyrene in
toluene before and after phase separation. The
evolution of the profile to a steady state is reached
after 90 minutes. Figures 2 shows a comparison
between the attenuation spectra recorded just after
mixing and that recorded after phase separation in
two positions along the height of the cell: z; and z».
After phase separation, they are located in the lower
and the upper phases respectively. The lower phase
has a higher attenuation and speed of sound than the
upper phase. The higher density of asphaltenes
(1.17) vis-a-vis polystyrene (1.047) suggests that the
upper phase is asphaltene poor and the lower phase
is asphaltene rich. The speed of sound and
attenuation in both separated phases are found to be
between the experimental speed of sound and
attenuation measured in the solutions of 15.8 vol%
and 24.1 vol% of asphaletenes in toluene.

Experimental results are compared with the
depletion flocculation theory of Fleer et al [2]. Their
theory predicts liquid-liquid phase separation at the
compositions investigated but the calculated speeds
of sound obtained from Fleer's model do not agree
with experimental speed of sound data per phase. In
particular, the experimental differences between the
speed of sound in the upper and the lower phases are
significantly smaller than those calculated using
Fleer's model. It is suggested that the compositions of
the three mixtures investigated are close to the
colloidal gas-liquid critical point.
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Fig. 1. Speed of sound profiles along the height of the
acoustic cell for a mixture of 14.4%vol asphaltenes and 3.9
%vol polystyrene in toluene.
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Fig. 2.a. Attenuation spectra at height z,=11.24 mm for: (a)
A mixture of 14.4%vol asphaltenes and 3.9 %vol polystyrene
in toluene: (>) Attenuation before phase separation, (<)
Attenuation after phase separation. (b) Binary mixtures of
asphaltenes in toluene: (sq) pure toluene, (4) 3.3 vol%, (X)
7.6 vol%, (0) 15.8 vol%, (+) 24.1 vol%.

Amenuation | d8
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Fig. 2.b. Attenuation spectra at height z,=23.24 mm for: (a)
A mixture of 14.4%vol asphaltenes and 3.9 %vol polystyrene
in toluene: (>) Attenuation before phase separation, (<)
Attenuation after phase separation. (b) Binary mixtures of
asphaltenes in toluene: (sq) pure toluene, (4) 3.3 vol%, (X)
7.6 vol%, (0) 15.8 vol%, (+) 24.1 vol%.

References

[1] Myakonkaya, O. & Eastoe, J. (2009). Advances in Colloid
and Interface Science 149, 39-46.

[2] Fleer, G. J. & Tuinier, R. (2008), Advances in Colloid and
Interface Science 143, 1-47.

013 - Physical Properties

Monday 4:30 - 4:55


mailto:jmshaw@ualberta.ca

015

In-situ velocimetric measurements in flow assurance rheometry
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Waxes are a commonly encountered precipitate that
can result in gelation of crude oils and cessation of
flow in pipelines. In this talk we study a model wax-oil
system that exhibits rheological behavior similar to
waxy crude oils encountered in production
scenarios’. To study the consequences of gelation on
the rheology of the model system a combined
approach of rheometry and PIV is used. This
approach specifically allows for simultaneous
measurement of bulk rheological behavior and
velocity variations for a waxy oil undergoing shear.
Bulk rheological measurements can then be
correlated to deviations from a linear velocity profile
for a sample undergoing simple shear — this provides
new insight into the rheology of these wax-olil
systems. In addition to this, different model wax-oil
mixtures were synthesized to obtain a system that is
representative of the wax precipitation behavior of a
“typical” crude oil.

The model wax-oil system is first characterized using
a number of experimental techniques. The thermo-
rheological behavior of the model wax-oil system is
probed by viscosity-temperature measurements,
while the chemical composition is studied through the
use of GC and DSC. Furthermore the microstructure
of the wax precipitates below the wax appearance
temperature (WAT) is imaged using birefringence
imaging techniques.

The flow behavior of the model system is then
studied under shear, using an experimental
apparatus that allows for direct visualization of the
velocity profile of a sample undergoing shear in the
rheometer. The velocity profile in the molten wax is
measured through the use of digital PIV. This in-situ
approach allows for characteristic flow behavior of the
model waxy oil to be observed under several
scenarios. These scenarios include cessation of flow
under a decreasing temperature (from above the
WAT, to below the gelation temperature), as well as
flow restart of a gelled waxy-oil. The restart behavior
is observed under a steady imposed stress. This type
of scenario is also called a “creep test” and involves
monitoring the local and global strain of a sample
over a given period of time (example data in Fig. 2).
The evolution of the local kinematics during flow
restart can be quantified and compared to the
corresponding bulk rheological measurements. The
evolving flow profiles are typically illustrated in the
form of space-time diagramsz, such as in Fig. 2.
These diagrams show spatial variations of the

velocity (represented by a color scale) between the
two shearing surfaces over a given period of time.

The image analysis technique used for these
experiments is a cross correlation scheme® that
allows for an equally spaced grid of velocity vectors
(typically 30x40) to be obtained for each frame of
video. The high frame rate at which images are
captured results in a large sample size of velocity
measurements. As a result the flow profiles such as
those shown in Fig. 1 can be resolved down to 0.02
seconds while the standard deviation of the velocity
measurements is 0.02 mm/s.

In addition, the effect of varying surface roughness is
investigated by comparing the evolution of these flow
profiles for an initially gelled fluid in contact with both
a roughened and smooth surface. The material
response in each case (as shown in Fig. 2) indicates
that some types of surfaces effectively act as “slip
promoters” and prevent the gelled wax-oil system
from sticking to them. These results are similar to
observations made in other yield stress fluids® and
have an immediate bearing on the design and
construction of pipelines used to transport waxy
crude oil. Thermal history dependence of the yielding
behavior is also being investigated.
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Fig. 2. Restart of a gelled wax-oil system through a
sequence of creep tests. The system exhibits a yielding
behavior at a stress of 2Pa. The space-time diagrams
illustrate the change in velocity profiles resulting from the
different surface types (30um roughness (green) vs. 1um
roughness).
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An innovative approach to asphaltene formation damage prevention
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The aim of this work is to present an innovative
approach to prevent formation damage induced by
asphaltene deposition. Our approach consists in the
treatment of the formation rock by means of dibloc
copolymers apt to be adsorbed onto rock. In this way,
the rock sites already occupied by such molecules,
the asphaltene deposition is drastically reduced.

Diblock copolymers are self-assembling systems,
which adopt a segregated structure in a selective
solvent, the insoluble block form a core and the
soluble block form brushes. We used the copolymer
polystyrene-polyvinyl-2-pyridine, PS-PV2P, toluene is
a good for the block PS and poor for the block PV2P.

The structure of the interface can be described as a
thin layer of dense PVP and a brush of extended PS
chains. From a toluene solution, the copolymer
adsorbs onto rock through the PV2P block, the
polystyrene tail extending toward the solution (Fig. 1).

(a) vz (b) " A (C) = T pyap
Fig. 1. PS-PV2P: (a) diblock, (b) micelle, (c) adsorption.

The effect of PS to PV2P ratio and concentration
were studied for different oil rates. Experiments were
performed in a Hassler cell, using sandstone cores
(9~10%, 30<K<500mD), the copolymer solution was
injected then the oil (Table 1). Samples of PS-PV2P,
of two different sequence ratio, were provided by
Charles Sadron Institute: 552 and 569 (Table 2).

Table 1. Weyburn and Hassi Messaoud (HM) oil properties.

Oil p.g/ml | icP | S(%) | A%) | R(%) | A(%)

HM 0.84 098 | 705 | 255 3.3 0.15

Weyburn 0.87 0.91 | 40.1 | 46.1 8.5 5.3

Table 2. Properties of copolymers used. R is the radii of
occupied surface and Rps is the PS ratio in toluene [1].

PSx- MW R,nm Res | xly | CMC
PV2Py (nm) (ppm)
552 113090 4.4 5.69 | 2.48 | 13.125
569 184400 3.6 405 | 893 | 21.402

The effect of prevention of asphaltene-induced
damage was observed. Figure 2 compares AP
through the core when PS-PV2P is injected or not.
The permeability reduction (Rm=Ko/K) is improved in
20% when the PS-PV2P is injected. Besides,
monomers and micelles of the copolymers PS-PV2P
irreversibly adsorb onto silica surfaces [2].

We studied the influence of x/y and observed that
copolymer 569 is more efficient preventing asphaltene
deposition (Fig. 3). In presence of 569, the damage is
inhibited (Rm~1). It might be explained by the surface
coverage due to the characteristics of PS-PV2P-569.
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Fig. 2. Inhibition effect of copolymer PS-PV2P 552.

According Table 2, the surface occupied (Rps) by
an adsorbed chain 552 is bigger. Besides, the bigger
the x/y ratio the lower the distance D [3]. Figure 4
shows schematically, the distance between adsorbed
polymers for both sequences, D is smaller for PS-
PV2P-569: Dss; > Dsgg and copolymer 569 should
give a better surface coverage. Therefore the screen
formed by PS-PV2P-569 is denser and gives a steric
protection to the surface. On the other hand, as yseo
>> ys55, cOpolymer 569 posses a stronger affinity to
surface and a higher rate of adsorption than 552.

= without PS-PV2P
1.5 { * with PS-PV2P 552 @ 12 ppm ~ CMC
) + with PS-PV2P 569 @ 12 ppm

Rm

PS-PV2P552
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Fig. 3. Effect of PS/PV2P ratio, Weyburn crude oil, 30ml/h.
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Fig. 4. Scheme of distance between adsorption sites, D.

Finally, the effect of concentration of copolymer 569
was studied. For solutions of 569 below CMC, the
prevention of asphaltene deposition is more efficient
compared to solutions above CMC. Below CMC the
surface occupied by monomers is much smaller than
above CMCJ[2]. In consequence, the surface coverage
is more uniform and the screen is denser, then
inhibition of asphaltene deposition is more important.

In conclusion, the dibloc copolymer tested is an
efficient way to diminish asphaltene induced formation
damage.
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Prediction of gas injection effect on asphaltene precipitation using different
thermodynamic models
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Gas injection is one of the main types of Enhanced
Oil Recovery (EOR) techniques that can recover
significant amounts of residual oil. One of the
challenges of applying EOR gas injection in reservoirs
is the potential of asphaltene precipitation and
subsequent deposition. The probability of asphaltene
precipitation increases dramatically when light gases
are considered for miscible gas injection [1]. Proper
predictions of the asphaltene onsets at these
conditions represent a challenge for reservoir
modeling and flow assurance applications.

Anadarko Petroleum Corporation, Ecopetrol S.A.
and Schlumberger have jointly investigated the effects
of gas addition to the phase behavior of oil, especially
its effect on asphaltene precipitation.

In this work, the prediction of the asphaltene phase
behavior in a live fluid and dead oil from deepwater
GOM is investigated in a range of pressures and
temperatures in the presence of carbon dioxide,
nitrogen and methane using cubic-plus-association
and statistical mechanics models such us the PC-
SAFT equation of state [2]. The Asphaltene Instability
Trend (ASIST) method was also used to predict the
asphaltene precipitation onset at reservoir conditions.
The model is based in a linear relationship observed
between the refractive index (or solubility parameter)
at the asphaltene precipitation onset (PRI) and the
square root of molar volume of precipitant liquid n-
paraffins. Asphaltene precipitation kinetic effect was
also considered in this study [3].

The study compares PVT and Flow Assurance
simulation results with experimental data recently
obtained for a GOM live fluid and for additions of
nitrogen, carbon dioxide, methane and n-heptane at
high pressure and temperature conditions. Fluids from
the field presented a compositional variation with a
variety of asphaltene contents from 3 to 15%.

Results of simulation assessments revealed the
black oil has high propensity for asphaltene
precipitation due to addition of injected gas. The
addition of nitrogen, carbon dioxide or methane
significantly aggravates the asphaltene precipitation
condition of reservoir fluids.
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Fig. 1. GOM fluid phase behavior after the addition of
methane, N2 and CO2.
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pH controlled interfacial mechanisms and macroscopic O/W separation
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In a previous presentationm, we have shown how
naphthenic acids, bases, and asphaltenes interplay to
control oil/water separation, depending on the final pH
of the water : from simple tests, by varying the initial
pH of the water phase, it is possible to determine a
classification of "acidic" crude oils and to rank their
potential issues, in particular concerning separation.

In this paper, we study how kinetic mechanisms
taking place at oil/water interfaces are governed by
the pH of the water phase, itself influenced by the
contact with the crude oil, and control the
macroscopic rate of oil/water separation.

We have realized bottle tests using water, with initial
pH varying from 2 to 12, and crude oils. We monitor
the separated water over time at 50°C, and measure
the final pH of the water (pHf).

When pHf is very high, an O/W emulsion is obtained
in the water phase; separation is usually slow.

Up to pHf that can be as high as 11, a W/O
emulsion is observed. Over time, the emulsion is
composed of big water droplets stabilized by organic
films. The stability of the emulsion varies as a function
of pHf : The emulsion for acidic pHf is very stable. A
strong optimum of separation rate is observed at
intermediate pHf (from 7 up to 11 sometimes).

In order to understand the phenomena governing
the macroscopic separation, we have used a pendant
drop tensiometer to determine the interfacial tension,
and to perform dynamic interfacial rheology.

At very basic pHf, there is no interfacial film, the
level of the interfacial tension is very low
naphthenates control the interface.

The difference between the acid stable emulsions
and the intermediate optimum range is not related to
the level of interfacial tension : in both case, at acidic
pH, or at the optimum, the interfacial tension is close.

The use of dilatational rheology is necessary to
understand the interfacial phenomena and their
kinetics.

The determination of the level of elastic modulus,
and of the viscoselastic behaviour of interfaces over
time shows that rigid films are formed, similarly to
what has already been observed (@ or P among
many other examples).

There is a strong control of the pHf on the properties
of these films, both on their formation, or
rearrangements and their level of elasticity.

At acid pHf, the interfacial film is formed right after
the formation of the droplet, and its properties vary
only slowly with time. The slower water / oil
separation is usually attributed to these interfacial
films preventing coalescence.

Surprisingly, at intermediate pHf, there is also
formation of a film. Initially, this film has even a higher
modulus than at acidic pHf. Its evolution over time is
not monotonic, and, if the elastic modulus finally gets
close to the level of the acid film, it keeps a very
specific signature, with a purely elastic behavior
whereas the acid film is always viscoelastic.

The improved oil / water separation observed for the
intermediate pH could in fact come from breakage of
these very elastic interfacial oil films during the
drainage of the organic films between water droplets,
and not from the absence of solid films at the oil /
water interface.
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Fig. 1. Evolution of the interfacial tension versus time for
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Understanding the effects of solvents and vapours on interactions of
asphaltene surfaces by surface forces apparatus (SFA)
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Asphaltenes represent about 0-20% of crude oils
and 10-20% of bitumen by weight. Asphaltenes are
known to be composed of polyaromatic structures
with aliphatic side chains, doped with some metals
and polar heteroatoms (such as oxygen, nitrogen and
sulphur) [1]. Asphaltenes play important roles in crude
oil production, and bitumen extraction, processing and
transportation due to its amphiphilic nature. A
fundamental understanding of surface properties,
intermolecular and surface interactions of asphaltenes
is of great value in many engineering processes of
crude oil and bitumen production [2-3]. Due to its
unique ability to provide a simultaneous direct
measurement of the force, F, as a function of the
absolute surface separation, D, and the local
geometry of two interacting surfaces (the local radius
R or contact area A) with a force sensitivity of ~10 nN
and a absolute distance resolution of 0.1 nm
measured in situ and in real time [4-5], surface forces
apparatus (SFA) has been extensively used in many
biologically and non-biologically related research, and
could be a unique and ideal technique for such
research objectives.

In this study, an SFA was used to exploit the
intermolecular and surface forces of asphaltene
surfaces in organic solvents (toluene and heptane),
organic vapours, and air of different relative humidity.
The force against distance curves, or so-called force
profiles, have provided valuable information on local
material properties such as interaction energies,
Hamaker constant, molecular conformation changes,
phase transition, viscoelastic properties of the
interacting asphaltene surfaces or films. Atomic force
microscopy (AFM), and contact angle measurements
were also employed to provide complementary
information on the surface morphology and surface
energy of asphaltene films studied.

The results show that the surface interactions and
kinetics of asphaltenes strongly depends on types of
surrounding solvents or vapours, contact time, load
(pressure), adsorption time and  supporting
substrates. The adhesion energies of two asphaltene
thin films were found to increase dramatically with
contact time measured by contact mechanics tests
using SFA, depending largely on the environmental
vapour conditions. Bridging adhesion forces were
measured between one asphaltene surface and one
mica surface in both toluene and heptane, as well as
between two asphaltene surfaces in heptane. While
small bridging adhesion was observed for two
asphaltene surfaces in toluene, pure repulsion was
observed with increasing interaction time. The AFM
experiments showed conformation and morphology

changes with time of dip-coated asphaltene thin films
in toluene, but showed no change in heptane, which
is in line with the results from the SFA force
measurements. Our results provide an insight into the
basic interaction mechanisms and kinetics of
asphaltenes in organic media and hence in crude oils
and bitumen production.
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Fig. 1. Schematic of SFA experiments for studying the
intermolecular and surface interactions of Asphaltenes in
organic solvents or different vapours. (a) Asphaltene film vs.
mica surface, (b) two asphaltene surfaces, (3) two mica

surfaces across asphaltene solutions of different
concentrations.
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Fig. 2. Interactions between dip-coated asphaltene layer and
mica surface in toluene (strong bridging adhesion was
observed after compression, but only weak adhesion was
measured following immediate contact, not shown here).
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Formation of coke precursors from pyrene-based model compounds

Ali H. Alshareef®, Khalid Azyat®, Rik Tykwinski¢, and Murray R. Gray*?

®Department of Chemical & Materials Engineering, University of Alberta, Edmonton, Alberta, Canada T6G 2G6 (*
corresponding author: murray.gray@ualberta.ca)
®Department of Chemistry, University of Alberta, Edmonton, Alberta
“Friedrich-Alexander-Universitat Erlangen-Nurnberg, D-91054 Erlangen, Germany

Understanding coking mechanisms is an important
goal for the industry in order to minimize coke yield,
increase the liquid vyield, and sustain longer
operational cycles. The current work investigates the
thermal behaviour and coking mechanisms of pyrene-
based model compounds.

Tan et al [1] showed that a pyrene-based model
compound, with two pyrene groups linked to
bipyridine by two ethyl bridges, behaved similarly to
asphaltenes in terms of solubility, adsorption, and to
some extent association behaviour. Similar structures
were used for this study but with a different group in
the middle of the molecule, e.g. bipyridine was
replaced with a phenyl group (Py-m-Phenyl-Py).

This model compound was thermally cracked first in
an inert atmosphere in a Thermal Gravimetric
analyzer (TGA) to estimate the MicroCarbon Residue
(MCR) by ramping the temperature at a constant
heating rate to 500°C and keeping it there for 15min.
The average solid residue of three runs was 3%.
Although the vyield of solid residue was low, the coke
generated by Py-m-Phenyl-Py was produced from
liquid phase reactions similar to coking in heavy
hydrocarbons. Since the reaction in TGA goes to
completion, analyzing this coke gave very little useful
information. Microreactor experiments at controlled
conversion conditions gave more insight into the
cracking products and coking mechanism. The
sample was loaded inside a one-end-sealed glass
liner inside the microreactor to collect any solid
residue that formed, then reacted at 395°C for 15 min
in a sand bath. The products were extracted from the
reactor by using excess methylene chloride followed
by concentration using a rotary evaporator. The
conversion of Py-m-Phenyl-Py was ~30% and all the
products were soluble in methylene chloride which
enabled the mass spectrometric analysis of high
molecular weight products.

GC-MS was used to analyze the low molecular
weight cracked products. The major products
observed, shown in figure 1, were pyrene, 1-
methylpyrene, parent compound minus methyl-pyrene
(m/z 320), parent compound minus pyrene (m/z 334),
and the dehydrogenated products of the last two.
Most of the other peaks are due to column bleeding
which was experienced when high molecular weight
compounds were injected. The observed products
were consistent with cracking by free-radical
mechanisms; the formation of pyrene was observed
before [2], and was attributed to radical hydrogen

transfer. Addition products were revealed by MALDI-
TOF which showed masses up to m/z 1530 (starting
material was 534 g/mol), illustrated in figure 2. All
addition products, except a few minor unknowns,
were likely generated from the same species: methyl-
pyrene, Py-m-phenyl-methyl, Py-m-phenyl-ethyl, and
the parent compound. Adding the weights of these
groups gave the masses of the observed addition
products. The MALDI peaks showed dehydrogenation
of the addition products up to -4H, which may imply
cyclization. These coke precursors were likely formed
by sequential olefin formation and radical additions in
accordance with the proposed mechanism for addition
reactions during coking [3].
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Fig. 1. Major cracked products of Py-mPhenyl-Py from
GCMS. The unassigned peaks are from column bleeding.
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Fig. 2. MALDI-TOF spectra of the addition products. Top
region show the peaks formed up to 1530 m/z.
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Dehydrating of heavy crude oil using radio-frequency
and microwave radiation: What is better?
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The problem of water-in-oil emulsion destruction is
connected with many technological processes in oil-
and-gas branch, especially in extracting and
processing, preparation and transportation of oil when
the rate of water blockage of the formation promptly
increases. One faces the same problem in the
process of liquidation of oil-sludge barns and while
recycling their product.

High stability of water-in-oil emulsions is caused by
the presence of heavy high-molecular and polar
components in oil which, being adsorbed on a surface
of water drops, form the armor envelopes. Thus the
methods of influence on emulsion should be directed
to reduce the strength of armor envelope, to destruct
water drops and to create favorable conditions for
their coalescence. One of these methods is the
electromagnetic (EM) field impact, which is used in
two frequency ranges: radio-frequency (RF) — from 10
to 100 MHz, and microwaves (MW) — in the range 300
MHz — 300 GHz.

The effect of the RF EM field on w/o emulsion
mainly consists in destruction of an armor envelope
due to the orientation polarization of polar
components of oil (asphaltenes, resins, etc.), because
expectably at these frequencies the resonant
interaction of polar components with RF EM field
takes place. Under the MW radiation action, the main
object is water within the droplets which heats up and
can destroy an armor envelope.

Experimental investigations of RF and MW influence
on w/o emulsion samples have been carried out.
Since interaction of substance with quickly variable
EM fields is defined by resonant effect, frequency
dependences of dielectric permeability and dielectric
loss tangent for investigated samples have been
measured in advance. Experiments were carried out
by radiation of RF or MW EM energy into the vessel
with water-in-oil emulsion. The RF generator with
working frequency of 13.56 MHz and the MW
generator with frequency of 2.4 GHz were used.

On Fig. 1 the results of researches of RF and MW
fields influence and, for comparison, of usual thermal
heating for two emulsion samples are presented. It is
important to note, that the reached temperature in all
experiments was one and the same.

The figure shows, that for sample Nel (on the left)
the dehydration process occurs most intensively
under the RF EM field impact (curve 1). It is
connected with the used radio frequency which is the

resonant frequency in relation to polar components of
the armor envelopes covering droplets of water.
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Fig.1. Dyhahics Jof stfatification of tvv‘errAﬁulsio‘n saﬁwples at
various kinds of EM influence: 1 — RF; 2 — MW, 3 - thermal
heating.

After that, the armor envelopes collapse, and
droplets of water have an opportunity to coalescence.
It should be added, that in both cases, the heating of
phases of the emulsion system takes place at
different rates. This explains the presence of the
temperature gradient on the water-hydrocarbon fluid
interface. And we can also say, that under RF or MW
influence on w/o emulsion not only heating
phenomenon takes place. It is proved by lower values
of curve 3.

While processing the sample Ne2 (on the right
picture on Fig.1), radio frequency has not coincided
with resonant frequency of polar hydrocarbon
components. In this case, the method of the MW
influence turned out to be the most effective.
However, sometimes when destructing armor
envelopes under MW influence the "injection nozzle"
phenomenon occurs. As a result, droplets of water
become even smaller, and consequently, emulsion
becomes more stable. It can be seen in the photos
taken during one of the experiments (Figure 2).

Fig.2. Photos of a water-in-oil emulsion structure before and
after MW influence.

As a result of carrying out many experiments it has
been established that, the use of EM radiation, both
radio-frequency and microwaves, can be successfully
applied for dehydration of heavy crudes. It is
necessary to note, that in case of RF field it is
practically always effective. But In the case of MW it
depends on strength of armor envelope, and it can
sometimes lead to negative result.
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Analysis and identification of biomarkers and origin of blue color in an

unusually blue crude oil
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Mono Ethylene Glycol (MEG) reclamation units
(MRU) are often used to recover glycol in hydrate
treatment. A Gulf of Mexico platform experienced filter
plugging issues in the MRU and produced unusually
blue (in color) oil with a viscosity approximately that of
diesel (API gravity ~24). The MEG recovery unit deposit
was clear and waxy. Here, we describe the
comprehensive analysis and characterization of the
blue oil and filter deposit by advanced analytical
techniques to identify the deposit composition and the
species responsible for the oil’s distinct blue color.

Fourier Transform lon Cyclotron Resonance Mass
Spectrometry (FT-ICR MS) and comprehensive two-
dimensional gas chromatography (GC X GC) identify
the species responsible for the MRU deposit. 2D
Fluorescence spectroscopy identifies the source of the
blue color, results also supported by APPI FT-ICR MS.
The filter deposit is comprised mainly of high-molecular
weight multi-ring biomarkers that originate from the blue
oil. The most abundant component is identified by GC X
GC as 17a(H), 21B(H)-25-norhopane (Figure 1).
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Fig. 1. Suite of 25-norhopane homologues and Perylene
identified by GC X GC in the deposit

The APPI FT-ICR broadband positive-ion mass
spectra for the crude oil and deposit reveal a high
relative abundance of species between 350 < m/z < 450
that are assigned to the hydrocarbon (HC) class
centered at DBE = 5, characteristic of hopanoid
biomarkers. The deposit is greatly enriched in these
species relative to the whole crude. Presence of 25-
norhopanes in a crude oil is considered as a diagnostic
benchmark for severe biodegradation.

The blue color of the hydrocarbon is attributed to the
presence of polycyclic aromatic hydrocarbons (PAH)
that are known to fluoresce. Based on 2D fluorescence
spectroscopy, perylene is confirmed to be the source of
the blue color in the crude oil (Figure 2). Perylene has
one of the highest quantum vyields of any PAH
molecule, reportedly almost unity at room temperature
in n-hexane. Similarities in the EEM spectra of the
crude oil to standard solutions of 0.5 ppm perylene lead
us to infer that perylene at a ppm levels is most likely
responsible for the blue color.

-1 cude on | Perslene
i ad

Fig 2. 2D-EEM of crude oil matches that of 1ppm of perylene.

Further evidence for the low concentration of
perylene in the crude oil is supported by APPI FT-ICR
MS results shown in Figure 3.
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Fig 3. Mass scale-expanded segment (m/z) 252 of the positive
ion APPI FT-ICR mass spectrum of the blue crude oil reveals a
low abundance species with the elemental composition of
perylene.

Work supported in part by NSF (DMR- 06-54118) and the
State of Florida.

033 — Characterization

Thursday 9:10 - 9:35



035

Comparing laser desorption laser ionization mass spectra of model
compounds and asphaltenes
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Defined by their solubility in benzene or toluene,
asphaltenes are the most enigmatic component of
crude oil. Asphaltene elemental compositions are well
known and a consensus is rapidly forming regarding a
typical asphaltene molecular mass distribution.
However, the description of the asphaltene molecular
architecture remains controversial.

Two theories have been proposed to describe the
dominant structure of molecules present in
asphaltenes: the "island" model and the "archipelago”
model. To address this controversy, nine model
compounds were synthesized, belonging to both
types of models. These compounds were analyzed
employing laser desorption laser ionization mass
spectrometry (LZMS). This technique consists of
desorbing with a pulsed infrared laser beam the solid
materials into a gaseous phase with no fragmentation
followed by resonance enhanced multiphoton
ionization to analyze the PAH content.

The L®°MS spectra of each compound were recorded
under the same conditions as the L°MS spectra of
asphaltenes (Fig. 1). Model compounds were divided
into three classes based on their fragmentation
behavior in L?MS. The first two classes - "highly
fragmented" (Fig. 2.) and "variably fragmented" -
exhibit fragmentation behavior inconsistent with that
of asphaltenes under the same experimental
parameters. Therefore, the eight specific compounds
included in these two classes are excluded from being
dominant in asphaltenes. The third group — “highly
stable” — contains a single model compound having a
single, ‘'island-like" aromatic core and exhibits
behavior consistent with previously observed
asphaltene samples.
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Figure 1. L?MS spectra of BG5 asphaltene powder recorded
at different ionization pulse energies. The spectra show no
change in molecular mass distribution but the intensity grows
with increasing laser pulse energy.
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Figure 2: L*MS spectra of six candidate "asphaltene-like"
model compounds, from the top: 4,4’-Bis(2-pyren-1-yl-ethyl)
-2,2'-bipyridine, 1,4-Bis(2-pyren-1-yl-ethyl)-benzene, 2,7-
Bis(2-pyren-1-yl-ethyl)-9,9-diethyl-9H-fluorene, 5,5-Bis(2-
pyren-1-yl-ethyl) -2,2’-bithiophene, 2,5-Bis(2-pyren-1-yl-
ethyl)-thiophene, 2,6-Bis(2-pyren-1-yl-ethyl)-pyridine.

035 — Characterization

Thursday 10:00 - 10:25



P1-1

A comparison of asphaltene model compounds and asphaltenes.
The “island” vs. “archipelago” models
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& Purdue University 560 oval drive West Lafayette, IN 47906
b Department of Chemical and Materials Engineering, U of Alberta, Canada
¢ Department of Chemistry, U of Alberta
(* corresponding author: dborton@purdue.edu)

Asphaltenes are defined as the fraction of crude oil
that is soluble in toluene and insoluble in n-
heptane.[1] Many problems arise from the presence
of asphaltenes in crude oil. They are known to foul
catalysts during the processing of crude oil, and to
precipitate out in equipment, thus increasing regular
maintenance needs.[2,3] As light crude oil reserves
diminish, creating a shift towards using heavier crude
oil reserves containing a higher percentage of
asphaltenes, the need to better understand
asphaltenes in order to efficiently utilize heavier crude
oil reserves has become urgent.

Asphaltene structure is a topic of intense debate.
Two different model structures, the “island” model and
the “archipelago” model, are being considered. The
“island” model features a large aromatic core with
alkyl chains branching out. The “archipelago” model
contains multiple aromatic cores linked via alkyl
chains, and possibly also alkyl chains branching out
from the aromatic systems. We have examined
several model compounds of both the “island” and
“archipelago” variety via laser-induced acoustic
desorption combined with electron ionization
(LIAD/EI) mass spectrometry (MS), electrospray
ionization (ESI) MS, and atmospheric pressure
chemical ionization (APCI) MS. The observed
fragmentation pathways were compared to those of
asphaltenes in order to gain insight into the structures
of asphaltenes.

LIAD/ElI MS was performed using a 3 T Fourier
transform-ion cyclotron resonance (FT-ICR) MS, as
described previously [4]. This method has been
shown to allow the desorption of asphaltenes and
ionization of the gaseous neutral molecules via El
while avoiding the severe limitations that hamper the
use of methods such as ESI and MALDI. Most model
compounds yielded a stable molecular ion upon
LIAD/EI, while a few produced only fragment ions.
Energy-resolved studies were conducted to examine
the energetic requirements of the different
fragmentation pathways for the model compounds.
These results where compared to LIAD/EI results
obtained for asphaltenes.

The model compounds were also studied using
APCI and ESI in a linear quadrupole ion trap (LQIT).
ESI could ionize only one of the model compounds,
while APCI (with toluene) yielded stable [M+H]" for all
of the compounds studied. The protonated molecules

were isolated and subjected to collision-activated
dissociation (CAD), which yielded a unique fragment
ion distribution for each compound. Asphaltenes were
also examined using ESI and APCI, and those data
were compared to the model compound results.
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Fig. 1. “Island” model compound DDP. LIAD/EI yields the
molecular ion along with fragment ions formed by

consecutive losses of CgHy from its alkyl chains.
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Fig. 2. Positive mode APCI spectrum for the model
compound DDP. APCI in toluene produces a stable [M+H]"
(top), and CAD of this ion yields consecutive losses of its
entire alkyl chains

This  study showed  distinct fragmentation
characteristics for ions arising from “island” vs.
“archipelago” model compounds. These findings will
aid in the elucidation of the molecular structures of
asphaltenes .
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A fuller characterisation for a better understanding of instability risks of heavy
petroleum products
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Instability of heavy petroleum products and fouling
of process units are major industrial concerns.
Because of the lack of understanding of their driving
mechanisms, better characterisation and deeper
understanding of these risks are required.
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£ : dielectric constant
h : Planck constant

kg : Boltzmann constant
n : refractive index

Cuow = 3KsTay

Cyow : van der Waals interaction coefficient
a, : equivalent radius
T : Temperature

At IFP, the classical characterisation techniques for v, - UV absorption frequency

managing these plugging risks are based on spot
tests and on measurements of total sediments
(IP375). Although, with experience, they can be good
means of following sediment accumulation in units or
critical evolution of products, they are often not
reliable enough as heavy products encompass a wide
molecular composition.

New analytical techniques have been
investigated to get a more complete picture of the
critical factors that explain instability behaviours.

To replace manual spot tests, S-value (ASTM
D7157) has been chosen to give a more detailed
characterisation of heavy fractions. Similar to the
manual Martin-Bailey analysis, the technique gives
semi-automatically information about asphaltene’s
peptisability, oil's peptising power and the general
stability of product (Sa, So & S). In comparison, the
data is now both more practical and more reliable. It is
proving to be a useful tool for process units follow up.

To replace sediment measurements, an optical
microscope methodology has been developed to
improve the quality and the quantity of information
available. It also quickens the results and reduces the
sample volume required. The technique does not
exactly give the same information: instead of a weight
percentage of sediments, the microscope only
indicates a 2D surface percentage of sediments in the
pictures, but with better fidelity. This technique can
also give size distributions, mean distances between
aggregates, aggregates' density...

These characterisations are necessary to gain fuller
understanding of the nature of the products. The real
need of process engineers though is to be able to
anticipate any critical situation while maximising the
heavy fuel conversion. In order to predict the stability
limit of a product, a mechanistic interpretation of its
aggregation is necessary, as well as the
corresponding characterisation.

The aggregation of asphaltenes in maltene can be
described through the determination of the van der
Waals forces involved between molecules, based on
the following equation [1]:

A classic assumption made is to consider only
London's dispersion forces. But it is wrong to
underestimate Keesom and Debye's polar forces [1].
Refractive index alone will not give a good
understanding of the solubilising capacity of a solution
(be it solvent or maltene). For instance, if THF, which
has a poor refractive index compared to toluene or a-
methylnaphtalene, is a good asphaltene solvent, it is
most certainly because of its higher polarity. Whereas
CDCl3 can be considered a better solvent as it is the
best compromise between the two forces (as
illustrated in the table below) [3].

RMN-DOSY solvent Toluene THF

CDCI3

solvent refractive index

1.4961at 20°C | 1.4076 at 21°C | 1.4459 at 20°C

solvent dielectric

2.379at25°C | 7.52at22°C | 4.807 at 20°C
constant
diluted/semi diluted
asphaltenes state 0.5% 2% 3%
threshold
aggregation threshold 0.75 - 3% 3-5% 5-10%

To complete the picture, it is therefore necessary to
characterise both polarisability and polarity of
maltenes and asphaltenes. To do so we are working
on ways of measuring both asphaltenes’ and
maltenes' refractive index and dielectric constants.
Dielectric constants are measured using complex
impedance spectroscopy. Characterisation protocols
and data results will be presented.

Combining these different techniques allows a
better assessment of the multiple causes for instability
and provides necessary data for predicting the
evolution of products near their instability threshold.
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Modelling gas clathrate hydrates using SAFT-VR
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Gas clathrate hydrates are crystalline inclusion
compounds in which a water host lattice encages
small guest atoms or molecules. They are
environmentally important as a potential means for
CO, capture and also in terms of the vast oceanic
reserves of methane hydrate, which represent both a
potential source of fuel for the future and a potential
threat in the event of methane escape to the
atmosphere. They are important in the oil and gas
industry because they form in and clog pipelines
during oil and gas recovery.

Modelling the phase equilibria of hydrate systems is,
in some respects, a solved problem; accurate
calculation of the hydrate locus for many simple and
mixture gas hydrates has been possible for decades.
At the core of many modelling techniques is the
statistical-thermodynamic treatment of van der Waals
and Platteuw [1], first published almost 50 years ago
and generalised to mixtures by Parrish and Prausnitz
[2] in the 1970s.

However, an important constituent part of the
modelling is the thermodynamic treatment of the fluid
phases, which requires the use of an equation of state
(EOS). The accuracy of any prediction is thereby
limited by the abilty of the EOS to represent
accurately the free energy of the fluid phases. In the
case of simple systems involving only water and the
guest gases, the water and gas phases can be
treated independently; here traditional cubic EOSs
provide for excellent prediction. However, in practice,
systems may be more complicated, involving hydrate
inhibitors such as methanol or glycol, and / or salt; in
these cases the use of a traditional cubic EOS
provides less-reliable predictions, requiring some
adjustment to be made to the method, such as the
use of an activity-coefficient model to treat the liquid
phase.

The statistical associating fluid theory (SAFT) is
specifically designed to treat associating systems
such as those involving water and methanol. It
provides  excellent  representations of the
thermodynamics of the important hydrate-forming
gases [3] and, moreover, has been shown to be
effective in the treatment of electrolyte systems [4,5].

In this work we introduce SAFT-VR to a van der
Waals and Platteeuw modelling framework, thereby
providing a thermodynamically consistent platform on
which to improve the reliability and predictive
capability of hydrate modelling in industrially relevant
systems. In particular, to describe the interaction
between the water molecules forming the hydrate
cages and the guest molecule, we use a square-well
cell potential related to that used within the SAFT
theory, thereby creating a direct link between the
interaction of a guest molecule and water in the
hydrate, and their interaction as fluids.
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1. Synthesize of the Qil-soluble Viscosity Reducer

According to the characteristics of high-viscous
oil of Tahe, we synthesized the polybasic copoymer
oil-soluble viscosity reducer of heavy oil was by using
orthogonal method. This synthetic viscosity reducer
has better effect than commercial viscosity reducer.
The viscosity reduction rate is up to 95.47 at 50 °C.
Infrared spectra (IR) and interfacial tensions of heavy
oil with or without viscosity reducer were investigated
to explain the viscosity reduction mechanism: when
viscosity reducer is added, molecules of viscosity
reducer are inserted into molecules of crude oil, and
that will destroy original structure of crude oil and
make their ability of forming hydrogen bonds by
hydrogen bonds or carboxy groups weak, so viscosity
of crude oil is reduced.

2.Influence of oil-soluble viscosity reducer on oil-
water interfacial tension

Adding viscosity reducer to 10 model oil of crude
oil(viscosity reducer is 1% of model oil mass fraction),
stirring evenly, putting the above-mentioned mixture
as oil phase and formation water as aqueous phase.
At 25 °C, considering the impact on oil-water
interfacial tension with or without viscosity reducer,
the results are shown in Fig. 1.
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Fig.1 Impact of viscosity reducer on interfacial tension
between TK1074 crude model oil and formation water.

As can be seen from Fig. 1, by adding viscosity
reducer, interfacial tension between crude model oil
and formation water system reduces significantly, this
shows that viscosity reducer has a high interfacial
activity and can cause interfacial tension between oil
and water to reduceing. Viscosity reducer can spread
from oil phase to oil-water interface; it could replace

macromolecular active substances of oil-water
interface so new interfacial film can be formed and
interfacial tension is reduced.

3. Field test of the oil-soluble viscosity reducer

The field test of the developed oil-soluble viscosity
reducer has been carried out for two months in well
TH12510 (machine pumping well) and TH 12210
(flowing well) of the second oil production plant of
Tahe. Results are as follows: (1) well TH12510,
during the test, the doped light oil ratio was down-
regulated from 0.83 to 0.49 respectively. In normal
circumstances, the relative savings rate of light oil
each day was 44.5% after adding viscosity reducer
per day, the average relative savings rate of light oil
each day was 21.00%, the maximum of absolute
amount of savings each day was 6.1 t/d, the average
absolute amount of savings was 4.5 t/d. (2) well
TH12210, during the test, the doped light oil ratio was
down-regulated from 1.42 to 0.99 after adding
viscosity reducer. In normal circumstances , the
relative amount of savings each day was up to
30.42%, the maximum of absolute amount of savings
each day was 12.3 t/d, the average absolute amount
of savings was 8.99t/d.
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Determination of pressure needed to restart a pipeline containing non-
Newtonian oil at or below the pour point
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Winter on the North Slope of Alaska presents
challenges to the operators of petroleum production
facilities. In particular, oil export lines can become
blocked with either gel or high viscosity oil when the
line is shut-down and the oil is allowed to cool. The
blockage occurs when there is insufficient pressure to
move either gel or oil near its pour point. To avoid this
condition, a shut-down/restart procedure needs to be
developed to provide the operators guidance
regarding the options available to them. The
procedure must cover both planned and emergency
shut-downs. A key element in developing the
procedure is knowledge of the restart pressure
requirement as a function of the time that the oil has
been allowed to cool. Of course, the initial
temperature profile of the line prior to shut-down and
the ambient temperature are additional variables that
must be included in both the analysis and the
resulting procedure.

The viscosity of oil containing even a small amount
of waxy compounds (e.g. normal paraffins) increases
dramatically as the temperature is lowered below the
wax appearance temperature. The fluid behaviour
becomes non-Newtonian as the amount of wax solids
increases. When the oil temperature reaches the
pour point, the oil becomes a gel with even different
behaviour from a rheological point of view. Usually,
the gel requires a yield stress to be exceeded before
flow will initiate.

There have been several investigations (e.g. [1]) of
the restart of lines that have gel throughout the cross
section of the pipe and for a large length of the pipe.
The models developed in the prior studies require
special rheological tests (e.g. controlled stress
Rheometer and model pipeline tests) to determine the
gel's yield requirement. Often the shear history of the
oil prior to gelation is also important. Those analytical
approaches are certainly appropriate for the case of
complete gelation. In our studies of a particular
pipeline on the North Slope, we found that the
available pump discharge pressure at the pipeline
inlet would be exceeded well before the line had
become fully gelled. The increased viscosity alone
was sufficient to require the line be emptied after a
given shut-in time.

In other cases, there may be sufficient pressure to
allow some gel to form on the pipe wall. To examine
those cases, a two dimensional dynamic shut-down
model was developed that determined the axial and
radial temperature profiles of the oil as a function of

cooling time. The gelled regions were defined by oil
temperatures below the pour point. In addition, a
restart model was developed that determined the
temperature and pressure history during the restart
operation. In one form of the restart model, the gel
layer was not allowed to change once formed. In
another form of the restart model, the gel layer
thickness was dynamic as determined by a heat
balance on the gel layer. In this latter restart model,
the gel layer disappeared as the oil temperature
exceeded the pour point. The differences in the
pressure requirements between these two restart
models were not great. The greatest difference
occurred for cases where gel had just begun to form.

In some emergency shut-down scenarios, the
pipeline may have been de-inventoried by pigging.
Then the question arises: can the cold line be refilled
without the use of a leading slug of non-gelling oll
(e.g. diesel)? To answer that question, a refill model
was developed. This model allows a gel layer to form
in the oil at the liquid front, but that layer then
disappears as the local temperature increases due to
the warmer oil behind the front. The simulation shows
a gel layer “travelling” down the pipeline with time.
The thickness of this layer grows as the liquid front
cools while it travels down the line. In the pipeline
examined, it was found that diesel was not needed for
the refill operation.

The one dimensional, dynamic restart and refill
models allow for either laminar or turbulent flow.
They also allow for the fluid to be either Newtonian or
non-Newtonian  depending upon the local
temperature. The flow was assumed to be
incompressible thereby allowing the flow rate to be
specified as a function of time. This allowed the
pipeline and wall dynamic heat balances to be solved
first with a known velocity, and then the momentum
balance was solved to obtain the inlet pressure
requirement.

The rheological measurements required for the
restart and refill models include viscosity at several
shear rates in the temperature range of interest and
measurement of the pour point. Yield stress and
shear history for the gel are not required to develop a
decision tree for the shut-down and restart operating
procedure.
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A wax crystallization model from DSC experiments
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Wax deposition in pipeline during operations
represents a concern in petroleum production.
Different models have been developed during years
to describe this phenomenon and molecular diffusion
is typically considered as the most important
mechanism [1]. However, in addition to the molecular
diffusion, other mechanisms were considered
important to study wax deposition and gelification [2].
In this work, a preliminary mathematical model is
presented for crystals segregation/dissolution in a
model mixture which mimics the behaviour of waxy
oils. The mathematical model is based on a multi-
scale approach [3], which takes into account
microscopic phenomena, such as nucleation and
growth of wax crystals, and macroscopic phenomena,
such as diffusion and gelation. The multi-scale
approach is able to discriminate among several
mechanisms, such as thermal diffusion, segregation
of waxes, diffusion of dissolved and segregated
waxes and last but not least gelification. The idea
underlying the system is to exploit simple
experimental data, such those coming from DSC of a
mixture, which are employed here to validate the
mathematical model. Effects of supercooling in
cooling experiments as well as phase change
phenomenon in both heating and cooling experiments
demonstrate that DSC plots never provide the real
solubility curves and phase change inertia is needed
to be included to avoid this discrepancy. The model
represents a relatively simple procedure to predict the
behaviour of a two component mixture during
heating/cooling cycles. Based on its validity, the
model could be extended to more complex systems,
such as waxy crude oils, to reasonably make
predictions on segregation dynamics, eventually
leading to wax deposition on the wall of a pipeline.
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Adsorption of asphaltene on rock surfaces from Molecular Dynamics
simulation and Atomic Force Microscopy experiments
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The adsorption of molecular asphaltene from crude
oil on rock surfaces is widely believed to cause
wettability alteration and to affect the recovery of
hydrocarbons in an adverse way. One typical
example is the case of carbonate reservoirs, which
often have intermediate or mixed wet properties.
However, there is very little direct evidence for this
process at the molecular scale. Here, we present
preliminary results of a fundamental study to
determine the free energy of adsorption of asphaltene
on model surfaces using a combination of Molecular
Dynamics (MD) computer simulations and Atomic
Force Microscopy (AFM) experiments.

We have used MD simulations to calculate the
Potential of Mean Force of model asphaltene
molecules on a calcite surface. A shapshot of a

typical MD simulation is shown in Figure 1.

Figure 1: MD simulation snapshot of the calcite surface and
an adsorbed asphaltene molecule

The model asphaltene molecules were obtained
using our Quantitative Molecular Representation
(QMR) software, which gives realistic 3D asphaltene
structures based on experimental data [1]. As a
model surface, we used calcite, representative of a
carbonate rock. We constrain the distance between
the center of mass of the asphaltene molecule and
the calcite surface. By allowing conformational
changes in the asphaltene molecule, we calculate the
potential of mean force. This provides us with
detailed information of the force and free energy of
adsorption as a function of distance between the
asphaltene molecule and calcite surface.

In a complementary set of AFM experiments at
Imperial College, we have determined the force —
separation dependence for a similar set of asphaltene
— surface systems. We have measured the
interactions between an asphaltene coated glass
sphere and a calcite surface, immersed in water at
various values of the pH.

In Figure 2 we present the data for pH=6. We
observe that, on separation, there is an attraction
between the two surfaces, which is likely to be a
combination of van der Waals forces and attractive
electrical double layer interactions. The explanation is
that asphaltenes are likely to be negatively charged
and the calcite positively charged at this pH. The
absence of a long ranged attraction on approach of
the surfaces suggests the presence of short ranged
steric interactions, either due to surface roughness of
the minerals or on the asphaltene surface. We
observe that the experimental results are in good
agreement with the simulations.
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Figure 2: AFM measurement of force vs. Separation for
interaction between an asphaltene coated sphere and a
calcite surface in water (pH 6.0).
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Research on low-temperature dewatering
for produced crude emulsion in Jilin oilfield
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As oilfield development has been in the mid and
late period in east China, the content of resins and
asphaltene in crude oil increases making the crude oil
emulsion more and more stable. Besides, the content
of salt and water in oil produced fluid become higher,
which impose heavier load upon oil desalting and
dehydration treatment [1]. Therefore, it is necessary
to exploit new demulsifier for the treatment of
produced liquids. The techniques of low temperature
demulsification and low temperature processing can
reduce the energy consumption in oil producing
greatly and therefore reduce the production cost,
which has wide industrial application prospects.

This thesis is mainly aimed at investigating the low
temperature technology of demulsification of
produced liquid in Jilin oilfield (China). Firstly, the
basic characterization parameters of crude oil and the
character of sewage were investigated, and then the
viscosity-temperature curve of crude oil and the
anomalistic point and dewaxing point were obtained
using Anton Paar MCR301 rheometer. Using bottle
test to select low temperature demulsifier by
manufacturing simulated emulsion in laboratory
experiments, it was found that the demulsifier PR929
has a better performance of demulsification and
dewatering rate at low temperature, its dewatering
rate can reach above 95% in two hours and its
optimum dosage range is 80-120mg/L, and also
inquiring the stability of emulsion and the mechanism
of demulsification.

The check experiments of demulsifying emulsion in
field show that only heating displacement dewatering
can't reach the dewatering criterion of purified oil, but
the emulsions from-large scale systems using
demulsifier PR929 to dehydrate for 72h, the water
content in purified oil can be reduced to below 0.5%
at 45 , meeting the dewatering standard of purified
oil. For the emulsions from small oilfields, PR929 is
much better than DW-2 in dewatering performance.
For the emulsions in Fuyu water-oil treatment center
when the temperature is above 55 , the water
content can be reduced to below 0.5% by using
PR929 to demulsify and dehydrate after 72 hours.

The oilfield tests of the low-temperature
demulsification technology show that the water
content of the overflow of chemical sedimentation
tank in Fuyu water-oil treatment center and purified
oil can be reduced significantly, the water content of
chemical sedimentation tank overflow can be

maintained in 0.35%~0.5%(Fig. 1), the water content
of purified oil can be maintained in 0.12%~0.18%;
assuming that the average temperature of
furthermore is 55 and the dosage amount is
300kg/d, it can save demulsifier 240,000 and also
save 1.09 million cubic meters natural gas annually
after technological transformation (Table 1), so it has
important economic and environmental benefits.
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Fig. 1. Variation of water content of 4# and 5#

sedimentation tank during field test

Table 1. Economic and environmental benefits

estimated
Savings estimated
Terms Parameter Quantity
Savings per month 60kg
Demulsifier 22ton
Savings per year
24x10*
Savings per month | =3000m3
Gas 2
_ 109x10*m3
consumption | savings per year
147x10*
Savings per year 171x10*
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Determination of thermal properties of cuts and residues streams obtained in
the molecular distillation process
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In Brazil, the discovered oil reserves (conventional
and unconventional) by the year 2008 are about 20,9
billion barrels. Regarding to the unconventional oil,
Brazil has an approximate reserve from three to four
billion barrels of heavy oil and two billion barrels of
ultra-heavy oil. This fact has stimulated the new
separation processes research which will suite for a
heavy petroleum processing alternative. This
separation technique promotes a significant gain in
the product quality operating at high vacuum. [1].

The molecular distillation or short path distillation as
its known, is a non-conventional process of
separation indicated for separation of homogeneous
liquid mixtures which contains heat-sensitive
substances of high molecular weight (typically above
180g/mol) and low volatility.

In this process, the mixture is fed to a distiller that
has an evaporator equipped with an internal
capacitor. This evaporator operates under high
vacuum and provides the necessary heat for some
parts of fed molecules volatilize. The volatile
molecules that migrate to the condenser, turn into
solution and are removed from the equipment. Thus,
this process creates two effluent streams that are
withdrawn from the process. One consists in material
which is not volatilized, called the residue, and
another formed by molecules that are volatilized
during the process, called the cuts [2].

The molecular distiller used in this study was
manufactured by UIC GmbH, model KDL 5. (Fig 1).

The molecular distillation process allow to obtain
fractions and residues of oil in the range of 500 ° C to
700 ° C, which extends the characterization of olil,
especially the ultra-heavy. Within the characterization
of oil, it is very important to determine some thermal
properties such as specific heat, enthalpy and thermal
conductivity. These properties can be measured using
the Differential Scanning Calorimetry (DSC)
technique, with great sensitivity and precision.

The technique of Differential Scanning Calorimetry
(DSC) recorded on a continuous basis the apparent
heat capacity or specific heat of any macromolecule
according to temperature, through thermograms. This
is characterized by a peak of heat absorption
corresponding to a transition process or thermally
induced, which, according to the second principle of
thermodynamics (considering the case in equilibrium),
is a procedure endothermic. [3].

Fig. 1: Molecular distiller (LOPCA / FEQ / UNICAMP).

An Oil with °API less than to 25 was obtained by
atmospheric and vacuum distillation (100 and 2
mmHg) according to ASTM D2892, resulting in the
residue 400°C +, which was the feed of the molecular
distillation process. The molecular distillation
generates cuts and residues in the range of
temperature of 500°C to 700°C, which were analyzed
using the Differential Scanning Calorimeter, DSC
model 823e, in the range of temperature from 80 to
350°C. The temperature limit is intended to prevent
the oil degradation, either undesired craking or
polymerization.

The analysis of enthalpy variations, specific heat
and thermal conductivity with temperature have been
evaluated and confirmed, as expected, an increase in
enthalpy and specific heat in heavy fractions with
increasing temperature in the studied range, and a
decrease in conductivity heat.

The thermal properties of the material are a
contribution for the literature as new experimental
data and are of great importance in the computational
modelling of molecular distillation processes.
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Comparison of viscosity data from Brazilian crude oils using NMR
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Oil is a very complex multi-component system
constituted by tens of thousands of different
hydrocarbon molecules, and its 'H NMR relaxation
profile can be modeled as a linear combination of
characteristic relaxation times from the measurable
hydrogens present in their structure. [1, 2]. This work
presents a study of different Brazilian crude oils (A, B
and C) with attempt to explore the benefits of a
multivariate data analysis (MVA) approach in the
viscosity prediction of crude oils using nuclear
magnetic resonance spectroscopy (NMR) data [3].

The 'H spectra were run in 5 % solutions of a 1:1 (V/v)
CDClI3:C,Cl4 mixture at 300 MHz using 45° pulses, 1.0s
intervals between pulses and 128 transients were
accumulated. The C NMR, experiments were
performed on a Varian INOVA 500 MHz spectrometer
equipped with 5 mm probe (bbsw) at 25°C (298K).
NMR samples were prepared in CDCl; (600uL) with
sample concentration of ~100 mg. The 'H transverse
relaxation time, T, measurements were performed in
duplicate at 45°C in a 460 Gauss (2MHz for 1H)
bench-top NMR spectrometer MaranUltra (Oxford
Instruments, UK), using a 52 mm probe equiplped with
a homemade variable temperature device. "H NMR
relaxometry was used because it is a non-destructive
method and requires a very little sample and it is
quickly.

The °API classification of oils A, B and C is 13,3, 18,5
and 19,9, respectively. Results of the spectroscopic
signals of *H and **C NMR are summarized in Table 1.
The samples showed lower values of Hy and higher
proportions of aromatic carbon (Cy), suggesting that
ring systems contain aromatic hydrocarbons with high
degree of substitution by alkyl groups. Comparing
samples (A, B and C), oil A presents the highest
proportion of aromatic carbon than oils B and C, which
indicates its higher degree of polyaromatics. Oil C has
a lower proportion of C4 and substituted alkyl groups,
indicating a lower proportion of aromatic rings. The
measurement of transverse relaxation time (Ty)
obtained by low field NMR technique showed that B
and C presented similar ranges of relaxation time (100
ps < T, < 100 ms, characteristic of medium/heavy oils),
and oil A showed a relaxation profile with a shift to the
left (100 ps < T, < 6ms, characteristic of heavy /extra
heavy oils) (Fig.1). Analysis of the Apparent Hydrogen
Index (HIA) shows that, A presented a deficit in HIA
while B and C showed a very similar value that
decreased in number of detectable hydrogen atoms
per unit mass of oil (Table 2). Thus there is an
interesting correlation between relaxometry data and

'H and *C chemical shifts, both in agreement with
relative viscosity.
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Fig. 1. Relaxation times (T,) of the oils: A, B and C.
TABLES

Table 1
Regions of chemical shift of *"H NMR and *C NMR

NMR Chemical Integrated Area (%)
Shift (ppm) A B C
. 0-4 91.86 92.77 95.28
H
6.0-9.0 8.14 7.23 4.72
0-70 85.68 88.81 92.68
13C
110-170 1432 11.19 7.32
Table 2

Apparent Hydrogen Index (HIA) of the samples

Sample HIA
A 0.503
B 0.953
C 0.957
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Rheological parameters of several bitumen and heavy crude oils by using a
piezoelectric quartz resonator
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Due to the increasing demand for oil and to face
the depletion of natural resources, the petroleum
industry has resorted to exploit non-conventional oil
fields, and particularly bitumous sands. These oil
reserves are huge but their exploitation has proved to
be difficult and very costly so far. The recovery of
these extra-heavy oils thus represents a major
interest for the oil companies. One of their goals is to
develop technigues making it possible to improve the
extraction efficiency of these resources. Among these
enhanced oil recovery (EOR) methods, injections of
hot steam or gases have been performed to decrease
the viscosity of these heavy crude oils.

As the solubilization of gas in these heavy ails is
very slow, conventional PVT techniques do not allow
the accurate measurement of the phase equilibria of
these systems. It is thus necessary to work on very
small samples. Therefore, a microweighing technique
under pressure using quartz crystal resonators has
been developed in the Laboratory of Complex Fluids
at the University of Pau. This technique was already
implemented in the University of Aveiro to study the
solubility of carbon dioxide in polymers [1]. It must
then be adapted to quantify the solubilization of gas
in samples of heavy crude oils. The quartz resonators
are also tremendously sensitive to the pressure and
the rheological properties of the medium in contact
with the crystal.

Based on the piezoelectric effect, the experimental
device is composed of a thin AT-cut quartz strip
sandwiched between two metallic electrodes. A
network analyzer measures the admittance spectrum
around the harmonic frequencies. The resonance
frequency and the dissipation of the resonator, which
is related to the damping in the system, are then
derived. According to Sauerbrey’s equation, a linear
relationship links the frequency changes to the
variation of the deposited mass on the surface of an
electrode covering the crystal. Mass shifts of about 1
nanogramme can be detected. The Kanazawa's
equation allows linking the shifts in frequency and
dissipation to the density-viscosity product of the
surrounding fluid. In this work, the capacity of the
piezoelectric device to determine the shear modulus
of viscoelastic systems is used.

The viscosity data of bitumen and heavy crude oils
available in the literature were obtained using various
types of viscometers and particularly rotational
viscometers for which the steady shear mode was
employed. Hasan et al. [2] measured the complex
viscosity of Athabasca bitumen and Maya crude oil
with the oscillatory shear method for frequencies
varying between 0.0001 Hz and 100 Hz. Quite the
reverse, very few works were performed at higher
frequencies, in the kilohertz and megahertz range.

We have determined the storage (elastic) modulus

G’ and loss (viscous) modulus G" of several
bitumen (Athabasca) and heavy crude oils (Maya) by
an impedance analysis by measuring the change in
resonance frequency and bandwidth on several
overtones of a coated quartz resonator vibrating in
the thickness shear mode at a fundamental frequency
near 5 MHz.
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Fig. 1. Conductance spectrum around the 5™ overtone for a
bare 5 MHz quartz crystal and the same crystal loaded with
a sample of Maya crude oil.
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Using the fluorescence of DBO to study the aggregation of asphaltenes
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Asphaltenes, which are operationally defined as the
fraction of bitumen that is insoluble in heptane (or
another alkane) but soluble in toluene [1], is the least
characterized component of crude oil. Asphaltenes
can aggregate even at low concentrations, which
causes problems both in the reservoir and during
transport and processing of oil.

Vi
N

Fig. 1. The structure of DBO.

Fluorescence techniques have been employed to
characterize asphaltenes, by either exploring the
intrinsic emission from asphaltene solutions [2] or by
adding external probes [3]. DBO (2,3-diazabicyclo
[2.2.2]oct-2-ene, Fig. 1) is a fluorescence probe
molecule where the lifetime is shortened through an
aborted hydrogen abstraction, making the probe’s
lifetime sensitive to the presence of aliphatic C-H
bonds. In addition, DBO has a long fluorescence
lifetime. These properties were previously explored to
study the binding dynamics of DBO with host systems,
such as cyclodextrins [4]. In this work, we used DBO
as an external fluorescent probe to characterize the
aggregation of Athabasca asphaltene. (AA-5,
containing 50% heptane insoluble material).
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Fig. 2. Normalized fluorescence spectra: a to d: DBO (2 mM)
in toluene in the presence of increasing concentrations of
AA-5 (a=0, b=1, c=10, d=100 mg/L); (2) e: (red) asphaltene
emission in toluene, [AA-5]= 100 mg/L. The samples were
deaerated by bubbling nitrogen and were excited at 335 nm.

DBO has a broad emission spectrum with a
maximum around 420 nm, while AA-5 has an
emission spectrum with a maximum around 460 nm
(Fig. 2). With the addition of AA-5 the emission
intensity for DBO was quenched leading to a red shift
of the normalized spectra. At an AA-5 concentration
of 100 mg/L the emission of DBO cannot be
differentiated from the AA-5 emission in the steady-
state experiment. The observed quenching indicates
that DBO interacted with AA-5.

The lifetime of DBO was measured using single
photon counting. Asphaltenes have an intrinsic
emission and the fluorescence decay for AA-5 does
not follow a mono-exponential function indicating that
several chromophores with different lifetimes (< 15
ns) are present. The advantage in using DBO is that
its emission lifetime in toluene is 217 ns and it can be
differentiated from the lifetimes associated with the
emission of AA-5. Our preliminary lifetime
measurements show that AA-5 quenches the
emission of DBO leading to a shortening of the DBO
lifetime (Table 1). The abrupt decrease in lifetime
between 10 mg/L and 100 mg/L maybe related to the
interaction of DBO with the AA-5 aggregate and
detailed AA-5 concentration studies are being
performed to test this hypothesis.

Table 1 Lifetime for the singlet excited state of DBO (2 mM)

in deaerated toluene solutions. The lifetimes correspond to

the longest lifetime component of a fit of the decay to a sum

of exponentials. The samples were excited at 335 nm and
the emission was collected at 420 nm.

[AA-5]/mg L™ Lifetime/ns
0 217
1 215
10 150
100 13.5
1000 12.3

In conclusion, our preliminary experiments showed
that DBO interacts with asphaltene components and
DBO has the potential for being used as a probe to
study the aggregation of asphaltene.
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The crude oil is a kind of complicated mixture,
so there is actually no freezing point for it.
However, it is often to use freezing point to
describe the fluidness of crude oil in China. The
freezing point is the highest temperature at
which oil will stop flowing under specific test
conditions. There is another definition for the
fluidness of crude oil — pour point, which is the
lowest temperature at which oil will flow freely
under its own weight under specific test
conditions [1]. The pour point will usually higher
than freezing point for a crude oil because crude
oil is usually not a crystalloid.

The authors carried out an investigation on
freezing point using 92samples of crude oil from
Tarim basin and 61 samples of crude oil from
Junggar basin. The results are completely
different for the two basins in China (Fig. 1 and
Fig. 2). The freezing point is positively related to
wax content for the 92 samples from Tarim basin,
but negatively related to the content of resin and
asphaltene. However, there are no obvious
relationships between freezing point and content
of wax, resin and asphaltene.

Based on the result, the authors suggest that
the freezing point of crude oil is mainly
controlled by wax content if the wax content is
not too low. With decreasing temperature, the
waxes generally crystallize as an interlocking
network of fine sheets, thereby entrapping the
remaining liquid fuel in cage-like structures [1-2].
It is good explanation why the freezing point of
crude oil can be controlled by wax. So it is widely
accepted that flow improvers affect the crystal
growth, modify the wax crystal structure and prevent
the interlocking of wax crystals, thus enhancing the
flow properties of crude oil [2]. However, it might be
also controlled by other factors such as quantity
and types of aromatics and heterocyclic
compounds when wax content is low [3-4].
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Fig. 1. The scatter diagram of freezing point, the content of
wax, the content of resin and asphaltene for 92samples from
Tarim basin
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Fig. 2. The scatter diagram of freezing point, the content of
wax, the content of resin and asphaltene for 61 samples
from Junggar basin
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