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Abstract
Cyclic steam stimulation (CSS) and steam assisted gravity drainage (SAGD) are
the most commonly applied techniques used for heavy oil (HO) and bitumen (B)
recovery. However, these methods, especially CSS, suffer from low recovery
factor and production of highly viscous oil that requires additional up-grading
treatment for transportation. The objective of this dissertation is to overcome such
problems by application of metal nano-particles as catalysts.

During

the

steam

stimulation

process,

a

series

of

reactions,

called

aquathermolysis, occur among oil, water and reservoir matrix. These reactions
tend to break down the complex and big organosulfur compounds in the
asphaltene fraction of the HO/B by cleaving the C-S bonds. Catalyzing these
reactions can provide significant upgrading of the oil at the temperature range of
steam stimulation. This catalysis can be achieved by using transition metal nanoparticles. In this research, nickel, which is commercially used in many catalysis
processes in the industry, is used for this purpose.

Initially, the interactions of the nickel nano-particles with oil and water at
different temperatures are studied, and the effect of the concentration, size and
type of the catalyst on the process is evaluated. Next, a methodology is proposed
to efficiently stabilize and inject the metal nano-particles into heavy oil reservoirs
for catalysis purpose. Also, the degree of catalysis of the aquathermolysis is
determined by studying the kinetics of the aquathermolysis and catalytic

aquathermolysis of heavy oil. Finally, the effect of this catalysis on the recovery
factor of the model cyclic steam stimulation is studied experimentally. In addition
to steam injection dominated by aquathermolysis reactions, the influence of the
nickel ionic solution on the low temperature oxidation during in-situ combustion
is studied through TGA-FTIR and kinetic analysis.

It is concluded that the quality of the produced oil can be significantly improved
by using the nickel nano-particles during steam stimulation or in-situ combustion.
The recovery factor of the above mentioned recovery processes also increases due
to decreasing oil viscosity in the reservoir by catalysis. This method can
significantly improve the economics of the thermal heavy oil recovery projects
and decrease the complexities of heavy oil transportation and ex-situ upgrading.
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Chapter 1:

Introduction

Heavy-oil (HO) and bitumen (B) reservoirs contain about two thirds of the
world’s remaining oil reserves (Alberta ERCB report, 2009). Although these
reservoirs are distributed all over the world, a great portion are contained in
Alberta, Canada, and Orinoco belt, Venezuela (World Energy Council, 2010).
Despite the high cost and technical challenges of exploitation of these resources,
major oil companies have found interest in recovering HO/B due to their large inplace volume. The desire for this exploitation has increased especially after the
sudden increase in oil price over the last five years. Recently, the need for the
economic development of these reserved caused a remarkable development of the
unconventional production technologies. The present work is an attempt to further
develop the current production technologies.
Crude oils with API gravity in the range of 7 - 20 (100 cp < viscosity <10000cp)
and 7 - 12 (viscosity >10000cp) are classified as heavy oil and bitumen,
respectively (Meyer and Attanasi, 2003). Due to this high viscosity and density,
bitumen is immobile and heavy oil has a very limited mobility in the reservoir
condition. Hence, the production by natural drive mechanisms is either impossible
or yields a very low recovery factor, which entails enhanced oil recovery
techniques for exploitation. The main aim of these techniques must be to reduce
the viscosity of the HO/B. This can be achieved by using heat (thermal methods)
or diluents (solvent injection).
The thermal methods of recovery are based on the idea that the viscosity of HO/B
is dramatically reduced by temperature. Therefore, by introducing the heat into
the reservoir, the oil mobility can be significantly increased, which results in
increased recovery. The heat introduction can be performed either by injecting an
energy-carrying medium or by generating the heat inside the reservoir (in-situ
combustion). Due to very high latent heat of water, its availability and price,
steam is commonly used as the energy-carrying medium. It releases heat upon
condensation in the reservoir. The steam based recovery techniques include steam
assisted gravity drainage (SAGD), cyclic steam stimulation (CSS) and steam
flooding. SAGD and CSS are the most commonly applied methods in Canada.
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To implement SAGD technique, a horizontal production well is drilled about 5
meters below a horizontal steam-injection well. The injected steam creates a heat
chamber, which mobilizes the oil flowing it down to the production well where it
is pumped to the surface. However, CSS technique requires only one vertical
well. After injecting the steam through this well, the well is shut-in to soak the
reservoir. After the soaking period, the well is opened for production. The
soaking-production

cycles

are

repeated

until

the

production

becomes

uneconomical due to high water cut or low reservoir pressure. CSS is mainly
applied to recover the bitumen from Cold Lake deposits in Alberta, and SAGD is
used to recover bitumen from Athabasca and Peace River deposits of Alberta.
According to Alberta ERCB, the average recovery factor from CSS technique is
only about 25%, and from SAGD technique is about 50%, and 40% from
Athabasca and Peace River deposits respectively (Alberta ERCB, 2009).
Currently, heavy oil recovery in the Orinoco belt, Venezuela is by cold production
with recovery factor in the range of 8-12%. After this phase, the plan is to apply
SAGD, CSS or in-situ combustion for further production (World Energy Council,
2010). The in-situ combustion technique creates the heat in the reservoir rather
than injecting it from the surface. The air is combusted in the reservoir using a
heater that is placed down the well. After starting the combustion, air injection is
continued to keep the combustion front continuous. Also, in some cases, water is
injected with air or alternatively with air (wet combustion) to create steam in the
reservoir. Using water reduces the amount of required air and makes better
utilization of the heat. Therefore, the oil is recovered by combination of steam and
gas drive mechanisms. Although, the oil is partially upgraded at the high
temperature zones, but at lower temperatures regions, the low temperature
oxidation reactions result in increasing the oil viscosity, which decreases the
mobility of oil and recovery factor.
Apart from the challenges faced during the production stage, and low recovery
factor, HO/B production projects suffer from other issues including environmental
pollution, transportation and converting HO/B to useful petroleum products
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(upgrading and refining). In order to transport the produced heavy oil/bitumen, its
viscosity must be decreased either by on-site upgrading or by adding diluents such
as naphtha, gas condensate or light oils. The amount of the required diluents
depends on the original viscosity of heavy oil/bitumen and the minimum required
viscosity for the pipeline transportation. Usually, the produced bitumen is mixed
with natural gas liquids or naphtha with the ratio of 67% bitumen – 33% naphtha
and 50% bitumen – 50% natural gas liquids. Therefore, the total cost of
transporting a certain volume of heavy oil/bitumen is more than the cost of
transporting the same volume of conventional oil. To reduce the cost of
transportation/upgrading, the recovery methods need to be improved in order to
produce oil with better quality. In other words, the recovery techniques must be
modified in a way to conduct some degree of upgrading during the production
phase (in-situ upgrading).
The idea of in-situ upgrading begun by noticing the chemical reactions among
steam, oil, and reservoir minerals at the temperature range of the steam-based
recovery techniques, called aquathermolysis by Hyne (1986). Aquathermolysis
reactions can result in permanent reduction of HO/B viscosity (Clark et al.,
1990a). These reactions can be catalyzed by transition metal species (Clark et al.,
1990b), which results in more upgrading of HO/B. The details about
aquathermolysis and its catalysis are provided in chapters 2 and 3.

1.1. Statement of the Problems and Objectives
This thesis focuses on the application of the metal nano-particles to enhance the
steam-based and in-situ combustion recovery processes with the following
objectives:
1- Increasing the recovery factor of the steam-based recovery techniques.
The main focus is the CSS process because the current CSS projects
produce only around 25% of the oil in place.
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2- Upgrading HO/B in the reservoir during production phase to remove (or
diminish) the need for the diluents for transportation.
3- Decreasing the effect of low temperature oxidation reactions during in-situ
combustion to produce more oil with better quality using in-situ
combustion technique.
To reach these objectives the following problems need to be investigated:
1- The interactions of the metal species with oil phase at low temperatures
should be clarified. Some portion of the injected nano-particles might be
produced with the oil phase. This process could have an adverse effect on
the rheological properties of oil.
2- The effect of the concentration of the nano-particles on the catalysis
reactions needs to be understood. Using a big concentration of nanoparticles could result in increasing the oil viscosity or plugging the
reservoir pore throats. Hence, it is necessary to find the minimum
concentration of the particles, which is required for catalysis.
3- In conjunction with the above mentioned problem, injection of particles
into the reservoir could adversely affect the reservoir porosity and
permeability by plugging pore throats. Therefore, the transportation of the
nano-particles must be studied to determine the factors influencing this
process.
4- The metal nano-particles will be injected using water as the suspending
medium. However, without using any stabilizing agent, the suspension
would be very unstable due to existence of a big density difference
between water and metal particles. Therefore, a proper stabilizing agent
has to be developed and tested.
5- The interactions of the applied stabilizing agent with the particles, oil,
water, and the matrix are very critical in successful transportation of the
particles into the reservoirs. It is important to propose an appropriate
methodology for injection of the particles, which can successfully
distribute the particles in the desired locations in the reservoir.
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6- The kinetics of the aquathermolysis and catalytic aquathermolysis is
unknown. The length of the soaking cycle required to achieve the desired
upgrading effect must be determined. Therefore, the kinetic parameters
associated with aquathermolysis reactions need to be studied.

1.2. Outline
This is a paper based thesis. Five papers presented at different conferences and/or
published in (or submitted to) different journal publications comprise the five
chapters of the thesis. Each chapter has its own introduction, literature survey,
conclusions, and references. Therefore, the thesis does not contain any specific
chapter covering these for the whole work, except a short introduction chapter
with a few references. At the end, a short chapter covering the contributions of
this research is provided.
In Chapter 2, the mechanisms of the reduction of heavy oil viscosity by metal
particles are presented. The effect of different parameters including temperature,
concentration and type of the metal, size of the particles, and presence of steam is
evaluated in this chapter.
Chapter 3 focuses on the interactions of water, oil, and metal particles at high
temperature during steam stimulation. In this chapter, the mechanism of in-situ
upgrading by catalytic aquathermolysis is investigated. The effect of catalyst type
and concentration on the upgrading levfel is studied. Also, the injectivity and
distribution of the metal particle catalysts is investigated.
Chapter 4 reports a study on the interactions of metal nano-particles with different
phases in the reservoir. In this chapter, the stabilization of nano-particles in water
is studied and a methodology is proposed for injection of these particles for in-situ
upgrading purpose.
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The kinetics of the aquathermolysis and catalytic aquathermolysis is studied in
Chapter 5. Also, the effect of catalytic aquathermolysis on heavy oil recovery is
evaluated.
Chapter 6 investigates the use of nickel ionic solution during in-situ combustion
to overcome the problems associated with low temperature oxidation during this
process.
The final chapter gives the main contributions to the literature and industry.
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Chapter 2:

Viscosity Reduction of Heavy

Oil/Bitumen Using Micro and Nano Metal Particles
during Aqueous and Non-Aqueous Thermal
Applications

A version of this chapter was presented at the SPE Canadian Unconventional Resources
& International Petroleum Conference held in Calgary, Alberta, Canada, 19-21 October
2010, and was also submitted to the Journal of Petroleum Science and Engineering.
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2.1. Introduction
Due to the growing world oil demand and scarcity of the conventional oil
reserves, increasing attention is turning towards huge unconventional resources
such as heavy-oil and oil sands deposits due to their enormous volume and
worldwide distribution. Production from these reservoirs is challenging owing to
the immobile nature of heavy oil and bitumen and reducing the in-situ viscosity of
the oil is considered as the main objective of any recovery process.
Heavy-oil or bitumen recovery requires extensive reservoir heating using either
conventional methods such as steam and air injection or unconventional ones that
apply electrical or electromagnetic methods. Steam applications are costly due to
infrastructure and operational cost, and environmental impacts, eventually
yielding a high SOR (steam oil ratio). Recently, considerable attention was
devoted to find a suitable substitution for steam stimulation to be applied for
uneconomic cases, or to improve steam injection technique in a way to reduce the
SOR. Recently, electric/electromagnetic heating methods have been proposed
and tested as an alternative, especially in thin bitumen reservoirs and oil shale
deposits (Davidson, 1995; Hascakir and Babadagli, 2008; Pizarro and Trevisan,
1990; Sahni et al., 2000). Although they reported technically successful results,
improvements are still required to have economically feasible projects.

The main idea behind the efficiency improvement is to reduce the cost of energy
used to heat the reservoir, either with steam or electric/electromagnetic heating.
In other words, the reduction of heavy-oil or bitumen viscosity should be
achieved in a quick and economic way. To improve the efficiency of steam
applications, a better understanding of the reactions occurring among oil, water
and sand which result in heavy oil/bitumen viscosity reduction is required.

In high temperature steam injection applications, steam is injected into a reservoir
to provide the heat that is required for visbreaking of the heavy oil/bitumen
(Omole et al. 1999). Also, Hyne (1986) showed that the reduction of heavy
oil/bitumen viscosity is not only due to the high temperature effect but also a
9

series of chemical reactions.

These reactions known as aquathermolysis

occurring among steam, sand and oil components lead to further change of the
physical properties of heavy oil/bitumen (Hyne, 1986).

The hydrolysis of

aliphatic sulfur linkages is the main characteristics of these reactions. The main
effects of aquathermolysis are the reduction of asphaltenes and resins, increasing
saturates and aromatics, reducing the molecular weight, decreasing the sulfur
content, increasing H/C ratio and reduction of the viscosity of the produced oil
(Clark et al., 1990a, 1990b; Fan et al., 2002; Fan et al., 2004, Guangshou et al.,
2009). Yufeng et al. (2009) investigated the cracking of asphaltene and resins
into lighter molecules during catalytic aquathermolysis. Nickel and iron based
catalysts yielded significant conversion of asphaltene and resins into gas
components, saturates, aromatics and resins. The gas mixture contained H2, CO,
CO2, H2S, and light hydrocarbons (Yufeng et al., 2009). Therefore, according to
these references, the main effect of the aquathermolysis is to break down the
complex asphaltene and resins structure.

It has been previously shown that micron-sized metal particles improve the
efficiency of some ex-situ processes such as coal liquefaction and pyrolysis,
heavy oil upgrading, oil shale recovery, and heavy oil viscosity reduction. It is
believed that catalyzing the hydrogenation reactions and thermal conductivity
enhancement are the important functions of transition metal species. Some of
these effects result in in-situ oil upgrading. To our knowledge, the first application
of the use of metals in bitumen upgrading during aquathermolysis was reported by
Clark et al. (1990a). They noted that using aqueous metal salts instead of water in
steam stimulation improves the properties of the recovered oil such as viscosity
and asphaltene content. They explained that the observed improvements are due
to the catalytic effect of the metals on the aforementioned aquathermolysis
reactions.

Later, Fan et al. (2002, 2004) studied the catalytic effects of minerals on
aquathermolysis of heavy oils. They reported that, without the presence of water,
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minerals have no effect on oil properties (Fan et al, 2004). Also, Li et al. (2007)
investigated the effect of nano nickel catalyst in the viscosity reduction of heavy
oil. They observed the same effect of the particles on the recovered oil properties
as previous researchers. In an attempt for in-situ upgrading of heavy oil/bitumen,
Hassanzadeh et al (2009) and Loria et al. (2011) studied the effect of a mixture of
metals nickel, tungsten and molybdenum on API gravity. However, their
experiments were conducted at temperature range of 320 to 380 oC which is well
above the steam stimulation temperature. Also in this study, hydrogen was added
to the mixture which is practically a challenging process. The same mixture of
metal species, at the same experimental conditions, was applied by Hashemi et al.
(2013) to enhance the recovery factor of steam flooding. In a different study,
Chen et al. (2009) investigated catalysis of aquathermolysis, in a temperature
range of 200 – 280 oC, using heteropoly acid catalyst containing molybdenum.
Although this catalyst provides very good catalysis of aquathermolysis reactions,
due to its high acidity, its application would require significant modifications in
the production facilities.

Furthermore, Hascakir et al. (2008) applied particles in

a different way than the others. They investigated the effect of micron sized iron
particles on heavy oil viscosity without steam treatment. Surprisingly, they
reported a noticeable viscosity reduction by simply adding micron sized iron
particles in absence of any water.

The objective of this study is to clarify some of the points raised by the studies
listed above. The most critical point is the main cause of viscosity reduction
when metal particles are added that eventually results in improved heavyoil/bitumen recovery. A set of experiments, including viscosity measurement at
different temperatures when the heavy-oil samples were mixed with aqueous and
non-aqueous metal particles, were conducted. Also studied were the effects of the
particle size on viscosity reduction and the improvement of heat transfer when
different metal particles are used.
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2.2. Statement of the Problem
As stated above, the effect of metal particles on oil properties and recovery
enhancement was studied over the last three decades from different points of
view, i.e. in-situ and ex-situ oil recovery with and without thermal processes and
heavy-oil/bitumen upgrading. Although there are a limited number of works in
this area, interestingly, different observations and interpretations were reported on
the mechanics of viscosity reduction. On the basis of the above analysis, the
following were raised as critical points to question and an attempt was made to
answer them in the present study through a set of experimental work:

1. Although Clark et al. (1990 a, 1990b) and others (Fan et al, 2002; Fan et
al, 2004) observed improvements on the physical properties (especially the
reduction in viscosity) of the recovered heavy oil/bitumen from steam
stimulation by using metal catalysts, Hascakir (2008) achieved the same
degree of enhancement by only mixing the oil with metal particles at much
lower temperature.
2. A number of works (Clark et al., 1990a; Fan et al., 2004; Li et al., 2007)
concluded that catalyzing the aquathermolysis reactions by metal particles
is the main contribution of the metal particles in the viscosity reduction
process. Since aquathermolysis corresponds to the breakage of C-S bonds
of the asphaltene molecules, the effect of the asphaltene content needs to
be investigated in the non-aquathermolysis (in the absence of heating)
effects of the metal particles. Use of metal particles instead of ionic
solution for steam stimulation of heavy oil/bitumen and their viscosity
reduction mechanisms have not been studied. Also, the non-catalytic
effects of the metal particles in the viscosity reduction process, i.e.,
exothermic chemical reactions caused by particles, need to be explained.
To clarify the effects of oil composition, especially the asphaltene content,
on these, well designed viscometry experiments and their comparison with
previous studies are needed.

12

3. Although the type and concentration of the particles are reported to be
important factors affecting the degree of viscosity reduction (Clark et al.,
1990b), the influence of the size of the particles has not been investigated.
This should be clarified by testing nano- and micro-sized metals including
iron, copper, nickel, and their oxides.
4. Enhancement of the thermophysical properties of fluids using metal
particles were studied in a number of studies (Hamilton and Crosser, 1962;
Masuda et al., 1993; Choi and Eastman, 1995). Heat transfer improvement
can be considered as another important feature of the metal particles
which can cause a faster recovery of heavy oil/bitumen. This is not well
understood yet and the effect of micron-sized and nano-sized metal
particles on heat transfer through heavy-oil and its possible impacts on
viscosity reduction should be well understood. As there is a controversy
on the abnormal influence of the metal nanoparticles on thermophysical
properties of the fluids (discussed in the next section), the so called
abnormal effect on heavy oil/bitumen should be investigated.

2.3. Theory of Viscosity Alteration with Addition of Particles
2.3.1. Chemical Reactions
Clark and Hyne (1984) analyzed the produced gases during the steam stimulation
of heavy oil, and concluded that steam-oil interactions are chemical as well as
physical. These chemical reactions known as aquathermolysis, occur among high
temperature and pressure water, oil, and sand, and improve the physical properties
of heavy oil/bitumen after steam stimulation. Clark and Hyne (1984) stated that
hydrolysis of sulfur bridge of organosulfur compounds in heavy oil/bitumen is the
important step of aquathermolysis. Hydrolysis is achieved by transferring
hydrogen from water to the oil via water gas shift reaction (WGSR) (Clark and
Hyne, 1984).
CO + H2O 

CO2 + H2

(1)
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Then, hydrolysis results in cleavage of C-S bonds, and releases H2S gas. The
WGSR is catalyzed by a variety of compounds, e.g. iron oxide (Clark and Hyne,
1984). Therefore, water is the main phase of the aquathermolysis process.
Hascakir et al. (2008) reduced heavy oil viscosity without adding water and at
ambient condition. In their study, micron sized metal particles were mixed with
different oil samples. After addition of the optimum concentration of particles to
the sample, the yield point and its resistance to flow decreased (Hascakir et al.,
2008). Therefore, viscosity of the samples was decreased significantly after a
short time. Obviously, aquathermolysis is not the main mechanism of the
viscosity reduction in this case.

Viscosity reduction requires decomposition of big molecules, such as asphaltene
molecules. The dissociation energy of C-S bonds is less than the dissociation
energy of other bonds of the molecule. Therefore, they are the first bonds which
will start to dissociate and result in reduction of the viscosity. The dissociation
energy can be provided by exothermic chemical reactions between metal particles
and oil phase (Hascakir, 2008). The well-known rusting reaction of iron is one
example of such reactions.

2.3.2. Nanoparticles - Effect of the Size of the Particles
Use of nanoparticles is preferred over micron sized particles due to their specific
features. As the particles size drops into nano-scale, they tend to be affected by
the behavior of atoms or molecules themselves and show different properties than
the bulk of the same material (Yokoyama, 2008). On the other hand, the
micronization of solid particles increases the ratio of the surface to volume of the
particles. Both of the mentioned attributes improve the physical and chemical
properties of nanoparticles. Another important benefit of using nanoparticles is
that they are much smaller than the size of the pores and throats in the porous
medium. Therefore, in future applications for the heavy oil/bitumen recovery,
injectivity of the nanoparticles would be less problematic.
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2.3.3. Heat Transfer
Low thermal conductivity of heavy oil/bitumen is an important limitation for
energy efficient thermal recovery techniques. Improvement of thermal
conductivity of the in-situ hydrocarbon or the porous medium can provide faster
recovery. Enhancement of thermal conductivity of fluids using metallic solids,
with high thermal conductivities, has been studied for several decades (Hamilton
and Crosser, 1962; Masuda et al., 1993; Choi and Eastman, 1995). Recent work
on the enhancement of thermal conductivity of liquids by using nanoparticles led
to further research on the nano-fluids thermal conductivity.

An anomalous

enhancement of thermal conductivity and thermal diffusivity of fluids using
nanoparticles was observed in different studies (Choi et al., 2001; Eastman et al.,
2001; Xuan and Lee, 2000). On the other hand, Zhang et al. (2007) disagreed with
the so called abnormal enhancement of the thermal conductivity effect of
nanoparticles. To clarify this controversy, the effect of metal nanoparticles on
heat transfer from heavy oil was also studied in the present paper.

2.4. Experimental Study
2.4.1. Materials, Equipment and Procedure
Different metal compounds of different sizes were selected. Table 2-1 shows the
specifications of the particles. As seen, the nanoparticles are distinguished by
~100 times larger specific surface areas than the microparticles. Heavy oil with
API gravity of 14.7 was used in all experiments. Other properties of the oil are
given in Table 2-2. Figure 2-1 shows the heavy oil composition from stimulated
GC. Also, the change of oil viscosity with temperature is provided in Figure 2-2.
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Table 2-1- Specifications of the Metal Particles Used
Specific surface area
Particle type

Particle size

Form
(m2/gr)

Iron

6-9 µm

powder

0.05

Iron

40-60 nm

nanopowder
(spherical)

6-13

Iron (II,III) oxide

<50 nm

nanopowder

>60

Iron (III) oxide

<50 nm

nanopowder

50-245

Nickel

<100 nm

nanopowder

Copper

10 µm

powder
(spheroidal)

Copper (II) oxide

< 50 nm

nanopowder

Copper (II) oxide

<5 µm

powder

29

Table 2-2- Properties of the Heavy Oil Sample Used
API
gravity

Density
at 25 oC

14.7

960.1

Saturates,
wt%
36

Aromatics,
wt%
37

Resins,
wt%

Asphaltene,
wt%

13.1

13.9

Viscosity
at 25 oC
8492cp

25

weight percent

20
15
10
5

C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31+

0

component
Figure 2-1- Composition of the heavy oil sample
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Figure 2-2- Viscosity versus temperature of the original heavy oil sample. Dashed line
corresponds to the viscosity calculated with the regression equation.

An AR-G2 rotational rheometer was used for viscosity measurement. AR-G2 is a
combined motor and transducer (CMT) instrument. The lower component of the
measuring system is fixed; the upper component is attached to a shaft that can be
rotated by a torque produced by an induction motor. The constraint on the low
torque performance of such an instrument is the friction between the rotating and
the stationary components. An induction motor is therefore used not only because
of the rapidity and stability of its response, but more specifically to minimize the
friction. Different types of geometries can be attached to the rheometer (TA
Instruments, 2010). Due to the existence of particles in the samples, the parallel
plate geometry, which has a higher gap between two plates than the cone and
plate system, was used in all measurements. The error of the measurement was
minimized with this geometry (±1% error). The viscometry tests of each sample
were run at three different temperatures; 25, 50 and 80 oC. The shear stress
control mode of the rheometer was applied. In order to have consistent results, the
same range of shear stress was used at each measurement. The zeta potential of
some of the particles suspension solutions were measured using a “Zetaplus” zeta
potential analyzer by Brookhaven Instruments Corporation.
17

All the particles were exposed to 30 minutes of ultrasonication with frequency of
20 KHz. This step is required to reach the original size of the particles before
mixing them with oil to prevent aggregation. Then, the desired amount of
particles was added to the oil sample and was mixed mechanically to reach to a
homogeneous mixture. The mixing was performed very slowly in order to prevent
any heat generation. 0.5 cm3 of the sample was placed on the plate of the
viscometer, which is at a constant temperature. The viscometry test started after
about 15 min when the entire sample is at the constant temperature of the plate.
The time between mixing the particles and end of measurement was about 45
minutes.

The next stage of the study was the investigation of the effect of metal particles at
high temperature in the presence of water phase. Three samples were used for
these tests:


Sample 1: 15 grams of heavy oil sample mixed with 75 grams of deionized water



Sample 2: 15 grams of heavy oil sample mixed with 75 grams of deionized water with different concentrations of nickel nano-particles



Sample 3: 15 grams of heavy oil sample mixed with 75 grams of deionized water with different concentrations of Raney nickel catalyst. The
Raney nickel (provided by Sigma Aldrich) is composed of 89% nickel
(micron-sized), 2% aluminum and 9% water. It was diluted with deionized water to reach to the desired nickel concentration.

The nickel nanoparticles were stabilized in water by ultrasonication. A 500 cm3
stainless steel cylinder was used as a container of the sample to be heated inside
an oven. To prevent oxidation of oil during the heating period, the air inside the
sample was displaced with nitrogen gas after placing the sample in the cylinder.
The system was connected to a backpressure valve which was set at 800 psi for
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safety reasons. The system was heated up to 240 oC and kept at this temperature
for 6 days. The system pressure shown by the gauges was about 2800 ± 100 kpa.
According to the steam table, superheated steam is generated at this condition.
The test was run for 6 days. During this period the cylinder was shaken in order to
prevent particles precipitation and verify their contact with oil and steam. After
the heating period, the cylinder was cooled down slowly to room temperature to
allow condensation of the light components. Water, oil and particles were
separated by centrifugation and the viscosity of oil at 80 oC was measured.
Similar experiments were conducted at higher temperature of 300 oC.

To investigate the enhancement of thermal conductivity with particles, a setup
shown schematically in Figure 2-3, was prepared. The sample was placed inside
the stainless steel cylinder. Interior of the cylinder was insulated with a rubber
sleeve to prevent heat losses in radial direction. The length of the cylinder is
15cm. Using the temperature controller, a constant temperature heating rod heated
the sample from the top and the temperature of the sample was recorded against
time at the bottom. The reason for heating the sample from the top is to prevent
any fluid flow due to change in the density. The accuracy of the thermometer is
±0.1 oC. Therefore, the error of the temperature reading should be at this range.

Five different samples were tested; (1) the untreated heavy oil, (2) heavy oil
mixed with micron sized copper (II) oxide particles, (3) heavy oil mixed with
nano sized copper (II) oxide particles, (4) heavy oil mixed with micron sized iron
particles, and (5) heavy oil mixed with nano sized iron particles. The
concentration of the particles in the tests was 0.5 weight percent of the sample.
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Figure 2-3- Schematic view of the setup used for heat transfer experiment.

2.5. Results and Discussion
2.5.1. Spontaneous Effect of Dry Particles on Oil Viscosity
The results of the viscometry tests are presented in Table 2-3. The measurement
for each sample was repeated at least three times to confirm the results. The shear
stress-shear rate behavior of all the samples was Newtonian. Figure 2-4 and 2-5
show this behavior for different samples. Values given in Table 2-3 are the
arithmetic average values of the measurements. To understand the uncertainty
range of the viscosity measurements, the viscosity of the original oil sample was
measured several times at the same condition. The values of each measurement
and the average deviation from the average value of the viscosity, for the original
oil sample, are given in Table 2-4. These deviation percentages are considered as
the uncertainty percent (error percent) for the measured viscosity values, and are
considered in the viscosity graphs.
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Table 2-3- Viscosity of Heavy Oil at Different Temperatures and
Concentration of Particles
Sample

Concentration of
particles, w/%

η /mPa.s
(at 25 oC)

η /mPa.s
(at 50 oC)

η /mPa.s
(at 80 oC)

Untreated Oil

0

8492

1214

234

0.1

8103

1169

228

0.5

8744

1235

236

1

8685

1236

237

0.1

7897

1160

226

0.5

8390

1209

235

1

8709

1235

240

0.1

7682

1157

222

0.5

7836

1169

238

1

8121

1203

230

0.1

7900

1163

226

0.5

7814

1148

231

1

8309

1192

232

0.1

8168

1165

226

0.5

8196

1159

222

1

8502

1195

232

Oil + MIα

Oil+ NIβ

γ

Oil+MC

Oil+NNη

Oil+ MI (III)ζ

α

MI = Micron-sized iron particles
β

γ

NI = Nano – sized iron particles

η

NN = Nano – sized nickel particles
ζ

MI (III) = Micron – sized iron (III) oxide particles

MC = Micron – sized copper particles
Uncertainty at 80 oC = 1.07%, 50 oC = 1.39%, 25 oC = 2.4%
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Figure 2-4- Shear stress versus shear rate for different oil samples at 25 oC.

160
140
120

shear stress, Pa

shear stress, Pa

1400

100
80
Original oil sample

60

Oil sample with 0.1% copper microparticles particles
Oil sample with 0.1% iron nanoparticles

40

Oil sample with 0.1% nickel nanoparticles

20
Oil sample with 0.1% iron (III) oxide microparticles

0
0

100

200

300

400

500

600

shear rate, 1/s
Figure 2-5- Shear stress versus shear rate for different oil samples at 80 oC.
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Table 2-4- Repeatability of the Viscometry on Original Heavy Oil Sample
Test

η /mPa.s
(at 25 oC)

η /mPa.s
(at 50 oC)

η /mPa.s
(at 80 oC)

Test 1

8828

1229

236

Test 2

8537

1212

234

Test 3

8563

1249

234

Test 4

8213

1196

234

Test 5

8757

1221

238

Test 6

8092

1189

230

Test 7

8454

1197

229

Average

8492

1213

234

Average
deviation

2.4 %

1.39 %

1.07 %

As discussed earlier, there is an optimum concentration of particles in which the
viscosity reduction effect is maximum. According to Table 2-3, such behavior is
noticeable in all cases. The optimum metal concentration is a function of several
parameters including metal type, metal size, oil composition and temperature.
Based on the results of the conducted experiments, the effect of each parameter is
discussed in the following paragraphs.

2.5.2. Effect of Metal Type
To investigate the effect of metal type Figure 2-6 is constructed. In this figure,
the viscosity of the sample mixed with different metal types, with a close range of
particles size (micron-sized), at the fixed temperature of 25 oC, is plotted against
the concentration of particles. As seen, there is a remarkable difference in the
viscosity-particle concentration trends when different additives are used.
Therefore the optimum concentrations as well as the energy of their reactions and
their kinetics are different.
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η/mPa.s
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Figure 2-6- Effect of particles type on sample viscosity at a fixed temperature (25 oC) and
particles size: , micron – sized iron; , micron – sized copper; , micron – sized iron
oxide (III).
(dashed line serving as a guide to the eye)

Copper yielded the biggest amount of viscosity reduction. Also, the trend of
viscosity change with copper concentration is somewhat different than two other
additives. Iron and iron oxide provided a similar viscosity value at the optimum
concentration, and beyond this concentration, the oil viscosity increases to a value
closer to the original oil viscosity or even more than it. Copper showed about 5
percent more viscosity reduction. Additionally, by increasing the copper
concentration, oil viscosity did not increase abruptly to the original oil viscosity.
The difference in the behavior of these three cases arises from the fact that metals
conduct different types of chemical reactions with the oil sample.

According to the observed viscosity-concentration trend, one can conclude that
there are two series of chemical or physical processes conducted by metal
particles: (1) positive, and (2) negative processes. Another conclusion is that the
dominance of these two processes depends on the particle concentration. At the
concentrations below the optimum concentration (about 0.1 weight percent in this
case), the positive processes are dominant. However, by increasing the
concentration, these positive processes become weaker than the negative ones.
One example of the positive processes is the electrical attraction of big asphaltene
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structures of heavy oil to the particle surface. Asphaltenes are complex polar
structures which are responsible for the high heavy oil viscosity. These structures
can be positively charged in an external field. The zeta potential analysis showed
that copper particles are negatively charged (z = -77 mV at pH=7) and iron and
iron oxide (III) particles are positively charged (+30 mV and +20mV at pH=7
respectively). Therefore, the copper particles create a stronger electrical field
which attracts the positively charged asphaltene to its surface. However, the
positive surface charge of iron and iron oxide (III) would repel the asphaltene
molecules. Therefore, in the case of copper, more of the asphaltene structures are
attracted to the particles surface making the bulk oil less viscous.

Another example of positive processes is the exothermic chemical reactions.
Reactions such as rusting could be the reason for viscosity reduction of oil for
iron and iron oxide (III). However, this reaction is very slow, so it is not able to
provide significant heat for viscosity reduction in a short time.

The coordination of the metal species with asphaltene structures can be
considered as a negative process, which is responsible for the increase of viscosity
beyond the optimum concentration. Obviously, this reaction is dependent on
metal concentration. Increasing the metal concentration provides more complexity
of the asphaltenic structures through coordination reactions, which increases the
oil viscosity.

2.5.3. Effect of the Size of the Particles
To understand the effect of the size of the particles on the viscosity reduction, the
viscosity versus concentration behavior of the heavy oil sample mixed with
micron-sized and nano-sized iron particles at fixed temperatures of 25, 50 and 80
o

C are compared in Figures 2-7, 2-8 and 2-9 respectively. According to these

figures, nano-sized iron particles give higher viscosity reduction than micron
sized iron particles.

This is due to the larger specific surface area of the

nanoparticles compared to microparticles. Higher surface area yields more
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reactivity of the nanoparticles. In other words, larger surface areas of the particles
lead to an increase in the contact area of the particles with oil phase and thereby
better interaction between two phases. Surprisingly, at high concentrations, and at
all temperatures, the viscosity of the micro and nano-mixtures become very close.
Due to high contact area of nanoparticles, the possibility of the particles
aggregation is higher than micro-particles as they are both distributed in the same
volume of sample. Therefore, due the very small size of nano-particles, their
collisions due to Brownian motion would be more compared to micro-particles.
This effect results in faster aggregation of nanoparticles and faster increase of the

η/mPa.s

mixture viscosity.
8900
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8100
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7700
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w/%
Figure 2-7- Comparison of the effect of the iron particle size on viscosity (at 25 oC) versus
concentration behavior: , micron – sized iron; ,nano – sized iron
(dashed line serving as a guide to the eye)
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Figure 2-8- Comparison of the effect of the iron particle size on viscosity (at 50 oC) versus
concentration behaviour : ,micron – sized iron; ,nano – sized iron
(dashed line serving as a guide to the eye)
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Figure 2-9- Comparison of the effect of the iron particle size on viscosity (at 80 oC) versus
concentration behaviour: , micron – sized iron; ,nano – sized iron
(dashed line serving as a guide to the eye)

2.5.4. Effect of Oil Composition
Hascakir et al. (2008) reported that iron has the biggest effect on the viscosity of
heavy oil samples used in their studies. They also reported the same trend of
viscosity reduction with particle addition as observed in this study. Figure 2-10
shows the results of one set of their experiments at 25 oC. They used micron sized
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particles in their tests. Table 2-5 compares the effect of micron sized iron
particles on the samples used in this study and samples used by Hascakir et al.
(2008). As seen, the iron particles do not give the same order of viscosity
reduction for all samples. Also, the optimum concentration of the particles differs
from one sample to another. Thus, one may conclude that composition of the
sample plays an important role in the viscosity reduction process. Therefore, the
effect of the particles on heavy oil viscosity is more chemical than physical.
Similar to the aquathermolysis process, one possible reason for reduction of
viscosity with particle addition is the breakage of the unstable C-S bonds in
asphaltene molecules.
2500

η/mPa.s
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0
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w/%
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0.8

1

Figure 2-10- Viscosity (at 25 oC) versus concentration of micron sized iron particles reported
by Hascakir et al.4:
, Camurlu crude oil; , Bati Raman crude oil.
(dashed line serving as a guide to the eye)

Table 2-5-Comparison of the Viscosity Reduction Effect of Micron Sized Iron
Particles on Different Heavy Oil Samples at Room Temperature
Sample

α

Maximum reduction percent

Approximate Optimum
concentration, w/%

Camurlu crude oilα

34

0.5

Bati Raman crude oilα

88

0.5

This study

10

0.1

These results are provided by Hascakir et al.(2008)
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2.5.5. Effect of Temperature
In order to study the effect of temperature, Figure 2-11 is generated. This figure
compares the viscosity trends, caused by three different micron-sized metal types,
at two different temperatures of 25 oC and 50 oC. According to this figure,
different temperatures result in different viscosity trends. The optimum metal
concentration can also be changed with temperature (micron-sized iron oxide (III)
for instance). Copper and iron oxide (III) particles give very similar viscosity
trends to the sample at 50 oC while these trends are very different at 25 oC. Since
chemical reactions are very important in the viscosity reduction process, the effect
of temperature is inevitable, because temperature has a great influence on the
energy and the kinetics of the chemical reactions.

Figure 2-11- Comparison of the effect of particles on sample viscosity at two different
temperatures (25 oC and 50 oC): , micron – sized iron; , micron – sized copper; , micron
– sized iron oxide (III).
(dashed line serving as a guide to the eye)

2.5.6. Catalysis of Steam Stimulation Using Nickel Nanoparticles
The first series of high temperature experiments were conducted at 240 oC for 6
days. The result of the steam stimulation test is shown in Figure 2-12. There are
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some points about this graph that need to be discussed. Firstly, it is noticeable
that, after steam stimulation, the viscosity of oil at 80 oC is more than the
untreated oil viscosity at the same temperature. After stimulation, the viscosity at
80 oC is 331 mPa.s while the viscosity of the original oil sample at this
temperature was 234 mPa.s. This can be attributed to the coordination reactions of
the stainless steel cylinder with oil components. This was also observed by Clark
et al (Clark and Hyne, 1984).
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0.06

Figure 2-12- Effect of nickel nanofluid concentration on oil viscosity (at 80 oC) after steam
stimulation at 240 oC for 6 days): , 500 cm3cylinder; ,150 cm3 cylinder(dashed line serving
as a guide to the eye)

Second point is that by using 0.01 weight percent nickel nano-fluids, about 30 %
of viscosity reduction was achieved. However, the viscosity increases when a
higher concentration of nano-fluids is used. Clark et al. (1990a, 1990b) reported a
similar trend of viscosity reduction with aqueous metal salts after steam
stimulation. Figure 2-13 shows their viscosity measurements for different
concentration of ferrous sulfate. The main reaction is as follows:
R-S-R + H2O  CO + H2S+ Organic compound

(4)
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Figure 2-13- Viscosity of Athabasca bitumen versus concentration of ferrous sulfate at 90 oC
after steam stimulation7
(dashed line serving as a guide to the eye)

The produced CO takes part in the water gas shift reaction (WGSR) and produces
hydrogen. The produced hydrogen molecules attack the unstable and unsaturated
molecule of oil and produce lighter and saturated molecules via hydrogenation or
hydrogenolysis. Both reactions, decarboxylation and WGSR, can be catalyzed by
nickel. In the absence of nickel particles, the coordination reactions of the surface
of the cylinder with the oil molecules dominate the hydrogenation reactions.
Therefore, the net effect is increasing the viscosity. However, when 0.01 weight
percent of nickel nano-fluids is used, the aquathermolysis reactions dominate the
coordination reaction.

In order to verify the effect of cylinder coordination reactions, another similar
test, with 0.01 weight percent nano-fluids, was run with a 150 cm3 cylinder. The
reason for selecting a smaller size cylinder was to reduce the contact between the
sample and surface of the cylinder. The amount of the water was adjusted to reach
to the same steam pressure as the previous experiment. The result of the test is
presented in Figure 2-12. According to this figure, the viscosity of the oil sample
after the catalytic steam stimulation with 0.01 weight percent nickel nano-
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particles is about 80m.Pa.s, which is about 75% less than the oil viscosity after
non-catalytic steam stimulation.

Similar experiments were conducted with an oil sample from a different well in
the same field. The SARA analysis showed similar asphaltene content to the
previous sample. These tests were conducted at the higher temperature of 300 oC
for only one day using a cylinder with 500 cm3 volume. After the experiment, the
oil was separated from water (and nanoparticles) for viscosity measurement. In
addition to nickel nanoparticles, the industrial Raney nickel was also used.

Figure 2-14 shows the viscosity of the recovered oil versus the catalyst
concentration. The optimum concentration for nickel nano-particles is 0.05 weight
percent. At this concentration, the nickel nano-particles yielded about 25%
viscosity reduction. However, Raney nickel showed a little different effect. The
optimum concentration is within the range of 0.025-0.2 weight percent. This is
due to the low surface to volume ratio of Raney nickel catalysts. Changing the
concentration of Raney nickel from 0.025 to 0.2% does not increase the surface of
the catalyst (and therefore reactivity) significantly. However, the abrupt change in
the oil viscosity, after stimulation with nickel nano-particles, is due to the big
change in the amount of surface available for catalysis by small change in the its
concentration.

According to the values of specific surface area for nickel

nanoparticles and Raney nickel, increasing the concentration of nickel
nanoparticles from 0.025 to 0.05 weight percent results in addition of about 200
cm2 surface area. However, the same change in the concentration of Raney nickel
micro-particles provides only 1-2 cm2 of additional surface area. At the range of
optimum concentration, Raney nickel yielded about 15% reduction in viscosity.
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Figure 2-14- Viscosity (at 80 oC) of the oil after steam treatment (at 300 oC) versus the
catalysts concentration: , Raney nickel; , Nickel nano-particles

Comparing the amount of viscosity reduction by nickel nano-particles for 6 days
at 240 oC (33% according to Figure 2-12) and one day at 300 oC (25% according
to Figure 2-14) shows the kinetics of the process. Increasing the soaking time at
low temperature can provide the same upgrading effect gained at high
temperatures.

At the upgrading units, the catalysts are applied with supports such as silica and
alumina. The results of this study confirm that nickel nano-particles can upgrade
the heavy oil without the presence of any support. However, the injection of
nano-particles into the reservoir will cause their adherence to the rock matrix
which is composed of silica (in case of sandstone reservoirs). Therefore, the
reservoir sand will act as a support to sustain nano-particles. Then, we expect to
have more in-situ upgrading effect when the nano-particles are in the reservoir.

2.5.7. Viscosity Variation versus Time after Reaction
As mentioned, coordination reactions of metal particles can result in very high
viscosity oil after reaction. The viscosity of heavy oil sample, after
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aquathermolysis reaction with 0.05wt% nickel nanoparticles suspension, versus

η/mPa.s

time (after reaction) is presented in Figure 2-15.
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Figure 2-15- Viscosity of heavy oil sample (at 80 oC), after reaction (240 oC for 6 days with
0.05wt% nickel nanoparticles), versus time (dashed line serving as a guide to the eye)

After 22 hours, the viscosity of this sample is increased by about 10 percent,
while the sample experienced catalytic reaction, with less nickel concentration of
0.01 wt%, did not show significant change in viscosity. This observation confirms
the importance of the nano-fluids concentration. The concentration should be
minimized in order to prevent increase of viscosity, due to coordination reactions,
after steam stimulation.

2.5.8. Viscosity Reduction Due to Precipitation of Asphaltene Molecules
Based on the previous studies, and results of this study, chemical reactions seem
to be the main reason of viscosity reduction during nano-fluidic steam
stimulation. Nevertheless, there is evidence that confirms the physical source of
viscosity reduction.

Investigation of the size of nickel nanoparticles prior and after reaction was
performed. The average volumetric diameter of the nickel particles is 100 nm.
Figure 2-16 shows that some big clusters of particles, surrounded by asphaltene
aggregates, have formed. The size of some of these clusters is about 1000 times
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the size of original nickel particles. Most likely, these clusters consist of several
nickel particles, attracted due to van der Waals forces. They also contain some
aggregates of asphaltene molecules which have attached to the big metal particles
due to the Ostwald ripening process.

Since the system is a heterogeneous

colloidal solution, Ostwald ripening process intensifies aggregation (Karpinski
and Wey, 2002).

Figure 2-16- Heavy oil sample after aquathermolysisreaction (at 240 oC for 6 days with 0.01
wt% of nickel nanoparticles). The white circles are light passing through the sample

In order to verify the assumption of attachment of the asphaltene particles to the
nickel nanoparticles, the same concentration, 0.01 weight percent, of nanofluid
was formed and visualized after 30 minutes of ultrasonication. After precipitation
of particles in water, a sample is taken from the precipitated portion. Figure 2-17
shows the agglomerated nanoparticles. The maximum size of the clusters is only
15 micrometer. This means that some portion of the clusters in Figure 2-16 is
asphaltene molecules. Therefore, some percent of asphaltene molecules of oil can
be precipitated in this way. As a result, viscosity of the bulk of oil is decreased.
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Figure 2-17- Nanofluid of sample 3 under microscope.

2.5.9. Heat Transfer with Particles
Figure 2-18 shows the result of the heat transfer experiments. The experiment
length of 300 minutes is selected to prevent any settling of particles during the
temperature reading. As shown in this figure, the heat transfer through the heavy
oil sample is improved slightly when metal particles were added. The effect of the
nano-sized particles is more pronounced than the micron-sized copper oxide
particles. According to Figure 2-18, micron-sized particles do not provide any
improvement in the heat transfer process. Nevertheless, by application of nanoparticles, the time required to reach the temperature of 31 oC is about 80 minutes
shorter as shown in Figure 2-18. The Hamilton-Crosser correlation (Holleman
and Wiberg, 2001) is a classical model that describes the effective thermal
conductivity of nanofluids as following:
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Figure 2-18- Result of heat transfer experiments (Temperature at the bottom of
model versus time).

k eff
kf



k p  ( n  1) k f  ( n  1) ( k f  k p )
k p  ( n  1) k f   ( k f  k p )

(5)

where kp and kf are the thermal conductivity of discontinuous particle phase and
fluid respectively.  is the volume fraction of the particles, and n is the empirical
shape factor given by
n

3


(6)

where,  is the sphericity defined as the ratio of the surface area of a sphere with
a volume equal to that of the particle to the surface area of the particle.
According to Eq. 5, the thermal conductivity of the mixture of heavy oil and 0.5
wt% copper oxide particles is about 1.25 times higher than the thermal
conductivity of heavy-oil only. In this model, the only important parameter that
affects the thermal conductivity of the mixture is the volume fraction of the
particles. As shown in Figure 2-18, equal volume fractions of the particles (with
the same sphericity) improve heat transfer through heavy oil to different extents.
Clearly, nanoparticles accomplish better heat transfer improvement. A better heat
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transfer obtained with nano particles, inferred from Figure 2-18, can result in
faster distribution of heat during thermal recovery processes.

These experiments showed that, at the range of metal particles concentration
required for catalysis of steam stimulation (order of 0.1-0.5 wt%), only a small
change in thermal conductivity is observed with micron-sized particles. However,
nano-particles result in faster transfer of heat in the oil. According to the H-C
correlation, increasing the volume fraction of the particles will increase the
thermal conductivity of heavy oil mixture. However, according to the discussion
in previous section, at high concentrations, metal particles would not provide the
desired in-situ upgrading effect.

2.6. Conclusions and Remarks
In this study, questions and points raised in the beginning of the paper (section
“Statement of the Problem”) were answered to some extent. The main question
was the reasons of viscosity reduction when metal particles are used.

The

following conclusions were reached after the analysis of the experiments
conducted in this study:

1- Viscosity of heavy oil can be decreased by metal particles even at room
temperature, and without applying steam stimulation.
2- Catalyzing the hydrogenation reactions of aquathermolysis process during
steam stimulation is the strongest viscosity reduction mechanism of the
metal particles.
3- The coordination reactions of transition metal particles with the heavy
molecules of oil may dominate the exothermic reactions effect in longer
times. As a result, metal particles may strongly increase the viscosity. This
effect

is

inevitable

even

after

conducting

high

temperature

aquathermolysis reactions. In order to prevent this effect the concentration
of particles should be selected in a way that all the particles be consumed
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during the high temperature hydrogenation and hydrosulphurization
reactions.
4- Attachment of asphaltene molecules to the metal particles, mainly due to
Ostwald ripening process, can be considered as the non-chemical viscosity
reduction mechanism.
5- The amount of viscosity reduction and the optimum concentration of the
metal particles strongly depend on the oil sample composition, especially
asphaltene content, and the metal type. Different types of metals reduce
the heavy oil/bitumen viscosity via different series of exothermic
reactions. Therefore, according to the oil composition, proper metal type
should be selected based on the tests on heavy-oil/bitumen sample.
6- Using metal nanoparticles can cause an improvement in heavy oil/bitumen
recovery. This idea can be applied with different recovery methods
including steam stimulation and electrical/electromagnetic technique. For
electrical/electromagnetic applications, other features of the particles such
as, electrical conductivity, magnetic permittivity, and dielectric properties
will be important factors to be considered. Introducing the particles into
the reservoir to create the reactions, discussed in this paper, is another
critical issue. This part of the research is underway.
7- To decrease the cost of high temperature steam, the soaking period should
be increased in order to achieve high upgrading and more valuable oil.
Increasing the soaking time at low temperature can provide the same
upgrading effect gained at high temperatures.
8- Although absolute values of viscosity change with metal particles with and
without aqueous conditions require more experimentation for different
types of heavy oil (it is shown that asphaltene content is a critical property
in this process), the preliminary results clearly indicates that the trends are
captured in this study for different type and size of metal particles. The
results showed that there exist a minimum for all cases indicating an
optimal value of concentration. Also, this study, first time in literature,
identifies the effect of particle size (nano vs. micro) on the viscosity
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reduction process. These two observations are highly encouraging and
promising for further studies.

2.7.
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3.1. Introduction
Reduction of viscosity is the essential element of in-situ recovery of heavy
oil/bitumen (HO/B). Steam injection techniques are the most commonly applied
thermal methods of heavy-oil/bitumen recovery. However, this method is costly
for several reasons including the cost of the gas required to generate steam,
infrastructures, operational costs, and environmental effects. Hence, the reduction
of the steam-oil-ratio (SOR) is essential in steam applications and this can be
achieved by improving recovery or by reducing the steam amount and thereby
cost. The quality of the produced oil by steam injection applications is another
concern. During steam injection techniques, highly viscous oil with lots of
impurities such as hetero-atoms (nitrogen, sulfur and oxygen) is produced.
Unfortunately, it is not possible to eliminate all the impurities at the steam
injection temperature level. However, a catalytic steam-stimulation can remove
most of the sulfur from oil. Sulfur has a significant concentration compared to
other heteroatoms. It was shown that some of the sulfur atoms connect two-ring
structures in the asphaltene fraction. These bonds can be cleaved easily by
hydrodesulphurization (HDS) which occurs at temperature range of 300-345 oC
and hydrogen pressure of 500-1000 psi (Shaw, 1989). Therefore, the removal of
sulfur can enhance oil chemical and physical properties significantly.
The hypothetical molecular structure of asphaltenes consists of C-C, C-H, C=C,
C-S, C-O, C-N, S-H and O-H (Rahimi and Gentzis, 2006; Speight, 1992). During
the thermal heating of HO/B, weakest bonds break first. The bond dissociation
energies of the mentioned bonds are shown in Table 3-1. According to this table,
the C-S bonds are the easiest to be cleaved. This process can be done at the
reservoir temperature range of the thermal recovery techniques (Clark et al.
1990b). Therefore, we focus only on C-S bond breakage in this study for in-situ
upgrading.
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Table 3-1- Bond Dissociation Energies (Rahimi and Gentzis, 2006)
Bonds
H-H
C-C
C-O
C-H
N-H
S-H
O-H
C=C
C-N
C-S
Ar-CH2-CH2-Ar
Ar-H

Kcal/mole
103
83-85
85.5
96-99
93
82
110-111
146-151
69-75
66
71
111

According to Hyne et al. (1982), viscosity reduction of HO/B during steam
stimulation is not only a physical process. There are chemical reactions occurring
among steam, oil and sand that cause in-situ upgrading of HO/B. These chemical
reactions are dubbed “aquathermolysis” by Hyne et al. (1982). The so-called insitu upgrading is accompanied by decreasing the asphaltenes and resins content,
molecular weight and sulfur content and increasing saturates and aromatics
content and H/C ratio. Therefore, the viscosity of HO/B is decreased more than
the heating-only process. This is confirmed by several researchers (Clark et al.,
1990a and 1990b; Fan et al., 2002 and 2004, Guangshou et al., 2009).
Transition metals are used to catalyze different chemical reactions in different
industrial applications. Clark et al. (1990a) used ionic solutions of different types
of transition metals including Al3+, VO2+, Cr3+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+ and
Zn2+ in their experiments. The experiment was to heat the oil sand sample in the
presence of an ionic solution at 240 oC over 14 days. Then, the viscosity of the
recovered oil at a certain temperature (90 oC) was measured. Use of ionic
solutions increased the amount of viscosity reduction. Later, similar results were
reported by other researchers (Fan et al., 2002 and 2004, and Li et al. 2007).
Different types of transition metals, in different forms, were used. The problem
with application of ionic solution is that it is not soluble in the oil phase.
Therefore Clark et al. (1990a) used magnetic stirrer to increase the contact
between oil, water and the catalysts. This condition of shear rate is far from
practical injection condition. To overcome this problem, in this study, the
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catalysts are used in particle form as they are dispersible in both water and oil
phases.
The supported noble metal catalysts are commonly used at the refineries for
hydrotreating of and sulphur removal from heavy oil/bitumen. These metals are
costly and show low resistance to sulphur poisoning. Sulphur poisoning is the
process of chemical bonding of sulphur atoms to the surface of catalyst. This
process reduces the active surface area of the catalyst and reduces its
effectiveness. Nickel catalysts are not as expensive as the noble metal catalysts,
and they show more resistance to sulphur poisoning. Therefore, Pena et al. (1996)
recommended using nickel based catalyst Ni/NiAl2O3 for hydrogenation of
acetylene. Also, Barrio et al. (2003) studied the hydrogenation of aromatics using
nickel based catalysts and recommended using large concentration of nickel (8
wt%) by incorporation of 1% of Pd at the final stages of refinery to obtain high
quality fuel (Barrio et al., 2003). Therefore, in this paper, we study the catalytic
effect of non-supported nickel particles on upgrading of heavy oil during steam
stimulation. Also, the role of sand grains, comprising the porous medium, as the
possible support for these catalysts is investigated.
Although the catalytic reactions of metal species have been studied, the effect of
the reactions on recovery is not clear yet. As opposed to earlier studies (Clark et
al., 1990a, Fan et al., 2002 and Li et al., 2007), in this study, nickel metal particles
are applied as suspended in water rather than being dissolved in ionic form. The
average temperature of a typical steam stimulation process is 150-350 oC (Clark et
al., 1990a). In this study, the steam stimulation experiments are conducted at 300
o

C.

As mentioned, the catalytic effects of the transition metals species have been
proven through some static experiments. However, field application of the idea of
injecting metal species in particle form requires detailed studies on the dynamic
aspects of the process. Efficient transportation of the ionic solution or metal
particles to the reservoir is a challenging task. Also, the concentration of metal
species is of great importance (Hamedi and Babadagli, 2010, Clark et al., 1990a).
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The optimum concentration depends on the oil composition. Therefore, the
problem is more than just transporting the metal particles into the reservoir. They
should be distributed somewhat homogeneously in order to reach the maximum
efficiency.
Injectivity of metal particles to the porous medium has been studied recently by
different authors (Rodriguez et al., 2009, Nguyen et al., 2009, Skauge et al.,
2010). However, these studies investigated the injection of metal particles for
purposes such as injection of nano-sensors or highly effective nano-EOR agents
to assist in locating the bypassed oil (Rodriguez et al., 2009), injection of colloidal
water produced from formation for pressure maintenance (Nguyen et al., 2009),
and oil mobilization (Skauge et al., 2010).
In this paper, the injectivity and distribution of low concentrated nickel particles
suspension are studied and different aspects of this technique for field application
are investigated. The technique consists of five different phases: (1) stabilization
of particles suspension, (2) injection, (3) homogeneous distribution in the porous
medium, (4) catalytic reactions and (5) improved oil recovery. The injection and
propagation of particles in the reservoir is governed by many different forces; Van
der Waals forces, gravity forces, electrostatic forces, Brownian diffusion, inertia
forces, hydrodynamic forces and surface tension (Nguyen et al., 2009). A
dispersing agent is required in order to cancel the attractive forces and further
agglomeration. However, dispersing material might affect the suspension
viscosity. Therefore, its concentration should be optimized with the aim of
maximum injectivity and minimum retention.
Distribution of the particles in the reservoir depends on the forces acting on the
particles. Due to the very small size of nano-particles, the long-range Van der
Waals attraction forces play important role. This force causes agglomeration of
particles and their retention in the porous medium. This force can be controlled by
steric hindrance effect provided by polymer molecules. Also, the repulsive
electrostatic charge on the particles is the other opponent of attractive Van der
Waals forces. Zeta potential measurement is performed to determine the
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importance of electrostatic charges. The other significant force is the viscose
force, which is determined by injection rate. This force provides the momentum
for particles to be distributed in the porous medium. Therefore, a careful study of
all these forces is needed to understand the mechanisms of particles
transportation, agglomeration and retention. In this paper, the influence of
concentration of the dispersing agent, pH, injection rate, injection direction and
particles size, as the factors responsible for the mentioned forcers, on injection
process are studied.

3.2. Experimental Study
3.2.1. Materials and Equipment
High temperature aquathermolysis experiments were run in a Parr 4560 mini
bench top reactor. The vessel size is 600 cc which provides enough space to
generate steam at 300 oC. The evolved gases were analyzed using SRI 8610C gas
chromatograph. The viscosity and refractive index of the oil samples were
measured using Brookfield DV-II+ Pro. viscometer and Rudolph Research J257
automatic refractometer. Physical and chemical properties of the heavy oil sample
are summarized in Table 3-2. Active Raney nickel catalyst, in slurry form, was
provided by Sigma Aldrich. It is composed of 89% nickel, 2% aluminum and 9%
water. This catalyst is used for hydrogenation of aromatics to saturates (Sigma
Aldrich, 2012).
Table 3-2- Properties of the Heavy Oil Sample
Physical properties at 25 oC

SARA analysis (wt%)

Elemental analysis (wt%)

Density,
gr/cc

viscosity,
cp

RI

Saturates

Aromatics

Resins

Asphaltenes

C

H

N

S

0.965 gr/cc

8500 cp

1.56

36

37

13

14

80.47

10.63

0.43

4.09

Micron- and nano-sized nickel particles were used for the injection experiments.
These particles were purchased, in powder form, from Sigma Aldrich. Figure 3-1
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shows the SEM pictures of these particles in powder form. Particles size
distribution is illustrated in these pictures.

The average size of the nickel

microparticles is 5 µm and that of nickel nanoparticles is 100 nm. Note that the
particles need to be injected as suspended in water. Therefore, Xanthan gum
polymer was used as the stabilizing agent. MisonixSonicator 3000 and Polytron
PT6100 homogenizer were used for the purpose of stabilization. The procedure is
explained in the next section. pH and zeta potential of suspension solutions were
measured using a Zetaplus zeta potential analyzer by Brookhaven Instruments
Corporation. Three different glass bead sizes were used to study the injectivity
and productivity of the particles. Table 3-3 summarizes their size and the
corresponding porosity of the porous mediums.

Figure 3-1- SEM picture of (a) nickel microparticles and (b) nickel nanoparticles.

Table 3-3- Size of the Glass Beads and Properties of the Porous Media
Glass bead type

Average diameter (mm)

Porosity, %

1

2.50

42

2

0.75

35

3

0.28

30
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3.2.2. Experimental Setups and Procedure
3.2.2.1.
Steam Stimulation Tests
Parr 4560 mini bench top reactor was used for the steam stimulation tests. It is
connected to a Parr 4848 temperature controller. Two series of experiments were
run: (1) Fluid experiments: To study the catalysis effects of nickel nano-particles
and Raney nickel on heavy oil upgrading during steam stimulation, and (2)
Recovery experiments: To study the effect of catalysts on the recovery factor.
3.2.2.1.1.
Fluid Experiments
The objective of this step is to compare the catalytic effect of nickel nanoparticles with that of Raney nickel which is used as an industrial catalyst. The
experiments were run at different concentrations of the additives to find the
optimum concentration required to reach the maximum upgrading effect.
Therefore, steam stimulation without and with the presence of different
concentrations of catalysts were conducted. 10 grams of heavy oil sample and 20
grams of de-mineralized water were mixed in the reactor cylinder. To remove the
oxygen from the system, the cylinder was pressurized with nitrogen to 30 bars,
and emptied. This process was repeated ten times. Then, the temperature of the
controller was set at 300oC, and the experiment was run for one day. The
maximum heating rate of the reactor (10 oC/min) was applied. After this period,
the system was cooled down to 25oC rapidly using the water circulation system of
the reactor and an external fan. The water-oil emulsion was broken by
centrifugation for one hour, and the separated oil was analyzed. Figure 3-2 shows
the collection of nano-particles at the bottom of glass tube after centrifugation.
3.2.2.1.2.
Recovery Experiments
After determining the optimum concentration of the appropriate catalyst, its
upgrading effect is studied in presence of sand pack porous medium. The sand
pack has a permeability of about 6 D. It is 12 cm in length and 2 cm in diameter.
For the experiments with catalysts, the desired amount of catalyst, which was
dispersed in de-ionized water, was mixed with the sands. Then the mixture was
dried in order to evaporate the water completely. At this state, the catalysts are
attached to the sands surface due to the attractive Van der Waals forces. In this
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state, the sand grains will be acting as the support for the catalyst particles. Then,
the sand pack was saturated with heavy oil (21 wt% oil). Figure 3-3 shows the
sand grain before and after attachment of the catalysts. Then, the homogeneous
sample was placed inside the reactor cylinder using a sieve. De-ionized water was
added to the system (water - oil ratio = 2). The experiment was run at constant
temperature of 300 °C for different lengths (6, 12, 24 and 36 hours). The average
pressure during the tests was 60 bars. At this condition, water is in superheated
state. After the soaking period, the system was cooled down and the recovered oil
and gas were collected for analysis.

Figure 3-2- Separation of oil, water and metal particles after centrifugation.

Figure 3-3- Attachment of catalyst particles to the sand grains (left: after attachment(circles
showing the attached particles), right: before attachment).
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3.2.2.1.3.
Ramp/Soak Experiments
The reservoir temperature during steam stimulation techniques such as CSS is not
constant and it decreases during the production phase. Therefore, to simulate the
practical conditions, two other experiments, with and without catalysts, were
conducted at a ramp/soak temperature program. Figure 3-4 demonstrates this
temperature program. It is assumed that the oil temperature decreases linearly
during the production.

350

Temperature, degree C

300
250
200
150
100
50
0
0

5

10
Time, hrs

15

20

Figure 3-4- Temperature program for the ramp/soak experiments.
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Figure 3-5- Schematic of the injection test setup; a: Constant rate pump, b: Fluid
displacemet cylinder, c: Core holder, d: Data acquisition, e: Pressure transducers.

3.2.2.2.
Stabilization of Nickel Particles in Water
The specified amount of nickel particles, in powder form, were mixed with deionized water and exposed to ultrasonication. This step is required to break down
the particles agglomerations which are formed due to the strong attractive Van der
Waals forces between particles. Then, Xanthan gum polymer was added to the
mixture and mixed with the homogenizer at 21000 rpm to reach a very
homogeneous suspension. Different ratios of nickel particles/polymer were tested
to obtain the optimum concentration of the polymer required for complete
stabilization. The stability of particles was checked by zeta potential analysis. The
stable suspensions have zeta potential values of less than -30 mV.
3.2.2.3.
Injection Tests
Figure 3-5 illustrates the schematic of the injection setup used to study the
injectivity and transport of particles in porous medium. Light mineral oil was used
as the pumping fluid to displace the metal particles suspensions in the fluid
displacement cylinder. First, glass bead packs were saturated with de-ionized
water. Then, 3 pore volume of particles suspension was injected at the specified
rate. Next, three pore volume of de-ionized water was injected. The pressure
difference across the core holder was recorded using pressure transducers
connected to the two ends of the model. The recovered samples were collected at
specific time intervals and their concentrations were measured. Viscosities of the
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recovered samples were also measured to estimate the concentration of polymer.
Different experiments were run to clarify the effect of permeability, core
orientation, concentration of the injected particles, injection rate and nickel
particles size on the injection process. Table 3-4 lists the experiments conducted
in this stage.
Table 3-4- Details of the Injectivity Experiments
Experiment
No.

Glass
bead
type

Ni particles
diameter*, nm

Ni particles
concentration,
wt%

Injection rate,
cc/min

Core orientation

5000

0.88

5

Horizontal

5000

0.88

5

Vertical

3

100

0.1

5

Vertical

4

5000

0.1

5

Vertical

5000

0.1

5

Vertical

6

100

0.1

5

Vertical

7

100

0.1

5

Vertical

100

0.1

2

Vertical

1
2
1

5
2

8

3

*This is the volumetric diameter of the particles

To study the effect of injection rate on nanoparticles distribution, the retained
amount of particles along the model was measured. Particles were separated from
glass beads by mixing them in de-ionized water. Then, viscosity analysis was
performed to estimate the concentration of the polymer and nanoparticles.

3.3. Results and Discussion
3.3.1. Steam Stimulation
3.3.1.1.
Fluid Experiments
Figure 3-6 shows the viscosity of oil sample, collected after the fluid
experiments, versus the concentration of the applied catalyst.

Both catalysts

cause similar trends of viscosity versus concentration, and there is an optimum
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concentration of catalysts which results in maximum viscosity reduction. This
concentration is 500 ppm for both catalysts. At this concentration, nickel nanoparticles result in more viscosity reduction compared to Raney nickel. This trend
of viscosity was also observed by Clark et al. (1990a) when they used metal ionic
solutions as catalysts of aquathermolysis process. During aquathermolysis, the CS bond of organosulphur compounds is cleaved according to the following
equation. According to Hyne et al. (1986) this reaction can be catalyzed by
transition metals.
R-S-R (organosulphur compound)+ H2O  CO + H2S+ lighter organic compound such as

(1)

saturates

The produced CO reacts with water, during the water gas shift reaction (WGSR),
and produces hydrogen. These reactions occurred in the temperature range of the
steam injection processes (200-300 oC). The produced hydrogen molecules attack
the unstable and unsaturated molecule of oil and produce lighter and saturated
molecules via hydrogenation. The WGSR can also be catalyzed by transition

Oil viscosity at 40 C after reaction

metals (Callaghan, 2006).

2900
2700
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2300
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Nickel nano-particles

1900

Raney nickel

1700
0
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1000
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2000

2500

3000

3500

Catalyst concentration, ppm
Figure 3-6- Viscosity of the oil samples after reaction for one day within fluid experiments.
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The asphaltene fraction of heavy oil has a significant effect on its viscosity due to
presence of big complex molecules. Therefore, the reduction in viscosity must be
due to the reduction of asphaltene content and/or modification of the structures of
some of its complex molecules such as organosulphurs. The refractive index of
the heavy oil is a good indicative of its asphaltene content. Figure 3-7 shows the
refractive index of the heavy oil samples against the concentration of the applied
catalyst. As seen, nickel nano-particles with 500 ppm concentration result in a
significant decrease of the heavy oil refractive index compared to Raney nickel.
The asphaltene content of three of the samples (without additives, with 500 ppm
nickel nano-particles, and with 500 ppm Raney nickel) after fluid tests was
measured using the ASTM standard procedure. The results are presented in Table
3-5. Nickel nano-particles decreased the asphaltene content of the sample by
about 5% while Raney nickel yielded only 1.4% reduction. This is in accordance
with the refractive index and viscosity analysis.

Refractive index at 25 C after reaction

1.562
1.561
1.56
1.559
1.558
1.557
1.556

Nickel nano-particles

1.555

Raney nickel

1.554
0

500

1000

1500

2000

2500

3000

3500

Catalyst concentration, ppm
Figure 3-7- Refractive index of the oil samples after reaction for one day within fluid
experiments.
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Table 3-5- Asphaltene Content of Samples after Fluid Experiments
Sample

Asphaltene %

No additives

14.2

500 ppm nickel nano-particles

13.5

500 ppm Raney nickel

14.0

Comparing the trend of viscosity reduction with refractive index for 500 ppm
Raney nickel experiments, one might expect more reduction in refractive index, at
500 ppm, than the observed amount. This could be due to the weaker catalysis
ability of Raney nickel compared to nickel nano-particles. Possibly, compared to
Raney nickel, nickel nano-particles cause conversion of the big molecules of
asphaltene to lighter components, which have lower refractive index. However,
Raney nickel breaks down some of the big molecules to smaller molecules, which
still have high refractive index. But, overall, the viscosity reduction is because of
the bond cleavage and structural changes. Although the modified structures by
Raney nickel is less complex (therefore less viscous) than the original structure,
they are still categorized as asphaltene group due to relatively large size. This is
the reason for low amount of reduction in asphaltene content by Raney nickel.
However, nickel nano-particles break down more asphaltenic molecules to
maltenes with much lower refractive index.
3.3.1.2.
Recovery Experiments
One of the purposes of this part of experimental study is to find out whether sand
grains can have any effect on the catalysis process. Figures 3 - 8, 3 - 9 and 3 - 10
demonstrate the amount of gases (methane, hydrogen sulfide and carbon dioxide
respectively) released as a function of reaction time. Figure 8 shows that the
amount of methane gas evolved with nickel nano-particles catalysis is more than
non-catalytic case. However, this difference is not significant. As mentioned
before, during aquathermolysis (at the temperature range of 200 – 300 oC), the CS bonds are more likely to dissociate. The lightest component of the original oil is
n-heptane. Therefore, the generated methane gas is the result of C-S bond
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cleavages. Thus, the generation of methane gas can be the result of a reaction that
follows.

H3C  S  R  H 2  CH 4  H 2 S  R

(2)

C1 gas evolved (ml/1000 gr oil)

120
100
80
60
40
20

No additives
With additives

0

0

10

20
reaction time (hrs)

30

40

Figure 3-8- Amount of methane gas evolved versus reaction time (recovery experiments).

H2S gas evolved (ml/1000 gr oil)

1300
1200
1100
1000
900
No additives

800

With additives

700
0

10

20
reaction time, hrs

30

40

Figure 3-9- Amount of H2S gas evolved versus reaction time (recovery experiments).
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CO2 gas evolved, (ml/1000 gram oil)

100
90
80
70
60
50
40
30
20
10
0

No additives
With additives

0

10

20
reaction time (hrs)

30

40

Figure 3-10- Amount of CO2 gas evolved versus reaction time (recovery experiments).

Hence, the low amount of methane gas at the evolved gas mixture is due to the
limited number of methyl groups associated to sulphur in the oil sample.
However, another source of methane is the methanation reaction (reverse of
methane steam reforming reaction).
3H 2  CO  CH 4  H 2O

(3)

This reaction is exothermic and, hence, it is favoured at low temperature of the
aquathermolysis process (Ross, 1985). However, the reverse reaction can occur at
temperatures as high as 700 oC. Therefore, it is expected that some of the
generated hydrogen is consumed by this reaction for methane generation.
Moreover, the amount of carbon monoxide collected was negligible which
indicates that it is consumed by the above reaction. Also, some of the carbon
monoxide is reacted with steam through water gas shift reaction as follows.
H 2O  CO  CO2  H 2

(4)

Similar to methanation reaction, the above reaction is exothermic which is
favoured at aquathermolysis temperature condition, producing carbon dioxide and
hydrogen. The generated hydrogen is consumed by two reactions (reactions 1 or 2
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and 3). Participating in hydrogenation reactions (1 or 2) generates hydrogen
sulfide. Figure 3-9 shows the amount of hydrogen sulfide released. There is a
significant increase in the amount of hydrogen sulfide by catalysis. Figure 3-9
demonstrates that the reaction time plays an important role on the
hydrodesulphurization reaction and on its catalysis. The difference between the
amounts of hydrogen sulfide released with and without catalyst increases as the
time of reaction increases. Therefore, we can expect much more influence of the
nickel nano-particles on hydrodesulphurization during real steam stimulation
process which has weeks of soaking period.
The catalysis effect of nickel nano-particles is also critical on the amount of
generated carbon dioxide as shown in Figure 3-10. Similar to hydrogen sulfide,
the produced CO2 from water gas shift reaction (reaction 4) is not consumed by
any other reaction. Hence, the expected amount of generated carbon dioxide is
more than the measured values in Figure 3-10. However, some part of the
generated CO2 can be diffused into the heavy oil and water at the stimulation
condition. This diffusion process is another reason (other than bond cleavage) for
reduction of oil viscosity by using the catalyst.
The trend of the change in the amount of released carbon dioxide confirms the
above statement. Diffusion process is a function of time. Therefore, at a longer
reaction time, more diffusion occurs. Nevertheless, more amount of CO2 is
generated at longer reaction time and the general trend is increasing the amount of
carbon dioxide by time. However, with non-catalytic experiments, the amount of
this gas is decreased after 24 hours of reaction. During the non-catalytic
experiments, less amount of carbon dioxide is generated compared to the catalytic
experiments due to catalysis of water gas shift reaction by nickel nano-particles.
Therefore, the diffusion process dominates the carbon dioxide generation after 24
hours for the non-catalytic experiments and the presence of catalysts increases the
release of carbon dioxide monotonically.
The viscosity of the oil sample recovered from four of the experiments (with
reaction time 6 and 36 hours) is given in Table 3-6. Comparing the value of oil
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viscosity after 6 hours of reaction with the catalysts (1513 cp) to that of the oil
sample collected after 1 day of fluid experiment (no presence of porous medium)
with catalysts (1950cp as shown in Figure 3-6) shows the effect of sand grains on
oil upgrading. The sand grains (SiO2) act as the catalyst support, which improves
the catalytic activity of nickel nano-particles. Therefore, the sandstone reservoir
itself can act as an appropriate support for nickel nano-particles to catalyze heavy
oil upgrading during steam stimulation.
Table 3-6- Viscosity of the Recovered Oil Samples after Recovery
Experiments
Experiment

Reaction time

Viscosity at 40o C

No additives

6

2720

With
additives

6

1513

No additives

36

2340

With
additives

36

1430

3.3.1.3.
Ramp/Soak Experiments
The amount of oil recovered after each recovery experiment was measured. The
difference between the catalytic and non-catalytic steam stimulation recovery
factors is not significant. These values are displayed in Table 3-7. The main
recovery mechanism is gravity drainage due to the vertical positioning of the sand
pack sample in the cylinder. Other mechanisms are oil thermal expansion and
viscosity reduction. As mentioned, all the experiments were run at a fixed
temperature of 300 oC. Also, both experiments (with and without catalyst) were
conducted for the same period of time and recovery was measured. Hence, what
is measured is the ultimate recovery that can ever be reached at this temperature.
At the applied temperature (300 oC), the difference in the viscosity of the
upgraded oil and non-upgraded oil is not significant. Therefore, the ultimate
recoveries are very close to each other (Table 3-7).
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Figure 3-11- Typical reservoir temperature profile around steam stimulation well.

However, the change in viscosity over the length of the experiment is not the
same in the experiments conducted with and without catalyst.

Also, the oil

temperature during cyclic steam stimulation decreases over the production period.
This results in reducing the temperature during the life of the process. In other
words, the temperature of the reservoir oil decreases away from the steam
injection well and one may expect a temperature profile around the well similar to
Figure 3-11. To model this temperature condition, the recovery experiments were
run with the temperature profile shown in Figure 3-4. This temperature profile
corresponds to the temperature of the oil sample moving from the reservoir
towards the production well.
Each experiment was repeated two times. The average recovery factor for the
non-catalytic experiment is 62 % (error % = 1.6). The average recovery factor
increased to 67 % when nickel nano-particles were used. The average residual oil
saturation profile for both experiments is shown in Figure 3-12. The oil sand
sample in the pack was divided into four sections according to picture shown in
Figure 3-12. Then, the weight percentage of oil remained at each quarter section
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was measured.

Most of the oil at the top half section of both samples is

recovered. Unlike the case with catalysts, there is a significant residual oil
saturation at the third quarter (X = 7.5 cm) of the sample without catalysts. Due to
heavy oil upgrading with the catalyst, the oil viscosity is reduced. Therefore, it
has a higher mobility compared to the non-catalytic case yielding a faster oil
recovery, which also results in more ultimate recovery. It is expected to have a
higher effect of catalysts on the recovery factor for the horizontal case (similar to
real steam stimulation process) since the oil mobility plays more important role in
the case of pressure driven displacement than the gravity.
Table 3-7- Oil Recovery Factors (% OOIP) after Recovery Experiments
Reaction time,
hrs

RF (%), with
additives

RF (%), without
additives

6

61

61

12

62

63

24

66

65

36

70

70

Table 3-8 shows the composition of the evolved gas collected after each
experiment. The catalytic effect of nickel nano-particles can be clearly observed
by comparing the amount of evolved gases as an indication of upgrading and
viscosity reduction.
Table 3-8- Recovery Factor and Gases Evolved (Ml/1000gr Oil) from the
Ramp/Soak Stimulation Experiments
Experiment

RF (%)

H2S

CO2

CO

C1

C2 – C6

with additives

67

1213

36

0

18

565

without
additives

62

767

35

17

14

30

63

16

Residual oil weight percent

14
12
10
8
6
4

No additives

2

With additives

0
0

2

4
6
8
Distance from the top of sand pack, cm

10

12

Figure 3-12- Average residual oil saturation along the sand pack sample after recovery.

3.3.2. Stabilization of Nickel Particles in Water
Suspension of nickel particles needs to be homogeneous enough to achieve a
better injectivity. Stabilization of particles is important only at the first stage of
the technique for two main purposes. The first purpose is to prevent
agglomeration of particles at the bottom hole and to prevent possibility of
formation damage. This effect might decrease the injectivity significantly. The
second purpose is to reach a homogeneous distribution of particles in the
reservoir. As mentioned earlier, the concentration of particles is very critical
factor affecting the efficiency of the process. Accumulation of particles in some
zones might result in failure of the technique. High concentrated regions might
adversely affect the oil viscosity due to generation of complex molecular
structures by coordination reactions. However, this effect would not increase the
viscosity beyond the original oil viscosity according to the results presented in
previous sections. For instance, according to Figure 3-6, the oil viscosity at 3000
ppm (3 fold of the optimum concentration) of the catalysts is very close to the
viscosity of oil after non-catalytic stimulation.
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Xanthan gum polymer was applied as the stabilizing agent. Some layers of
Xanthan gum molecules adsorb around the surface of particles cancelling the
inter-particle forces that cause agglomeration and precipitation by creating steric
hindrance effect. The thickness of the adsorbed layer (i.e. concentration) is
important in order to reach a stable suspension (Studart et al., 2006) with the
lowest possible viscosity. Different concentrations of the polymer were tested to
stabilize the nickel particle solutions. A zeta potential measurement was done in
order to analyze the stability of the suspensions. The optimum amount of the
polymer concentration required for stabilization is given in Table 3-9. As seen in
this table, stabilization of nanoparticles requires a lower polymer concentration
compared to microparticles. This is due to the very small size of the particles
which gives them a high surface to volume ratio resulting in higher electrostatic
charges on the surface. Thus, electrostatic repulsive force is stronger among nanoparticles compared to micro-particles. Therefore, due to low polymer
concentration, nano-particle suspension has less viscosity than micro-particle
suspension which favors the injection process.
Table 3-9- Concentration of the Stabilized Suspensions
Particles

Xanthan gum

concentration, ppm

concentration, ppm

Micro (dV=5µm)

8800

Micro (dV=5µm)
Nano (dV=100nm)

Zeta potential at
pH=6.5, mV

Viscosity at
25 oC, cp

2600

-35

24

1000

1500

-33

10

1000

300

-32

3

Nickel particles size

In field applications, pH of the aqueous phase may not be neutral. This will affect
the stability of the suspension. Therefore, the effect of pH on the suspension
stability was studied using zeta potential analysis. As can be inferred from Figure
3-13, more stable suspensions are achieved at basic environments. Usually, steam
stimulation techniques operate at a pH range of 5-6 (Clark et al., 1984) which
implies the requirement of more dispersant material to keep the suspension stable
during injection. Thus, the concentration of the dispersant agent should be
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determined according to the pH condition of the process. In this study, for
consistency, all the experiments were run at neutral pH.

Figure 3-13- Stability of nickel suspensions versus pH.

3.3.3. Injectivity
The purpose of this part of study is to understand the role of different factor on
particles injection, transportation, and retention in the reservoir. As mentioned
previously, the particles are expected to retain fairly uniform on the reservoir
matrix surface to act as catalysts. Of course, the reservoir petro-physical
properties, reservoir heterogeneity and specific geological features of the reservoir
would be of great importance on the success of this technique. This study is a first
step to understand the role of very basic factors such as gravity, size of particles,
porosity and permeability and injection rate on a very simple homogeneous
model. The application for field projects would require deep knowledge about the
reservoir properties and conducting a pilot test and simulation studies.
Depending on the application type in the field, the particles may be injected
vertically or horizontally. Comparison of the two injection scenarios
experimentally can clarify the effect of gravity in transport of the particles.
Experiments 1 and 2 were run to clarify this effect (list of experiments is
presented in Table 3-4). The cumulative recovery of the particles in the two cases
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is compared in Figure 3-14. Vertical injection (injection from top to bottom)
results in higher recovery. This is due to the higher density of micro-suspension
(with 0.88wt% micro-particles and 2600 ppm polymer). The difference in density
between nano-suspension and water is not significant. Therefore gravity effect
would be of less importance for nano-particles injection.

Figure 3-14- Effect of the injection direction (gravity) on micro-particles recovery.

Since metal particles act as catalysts, their surface to volume ratio is of great
importance (Hamedi and Babadagli 2010). Therefore smaller size particles are
desired for the chemical aspects of the process to be efficient. The size of the
particles may affect the injectivity. Table 3-9 indicates that the viscosity of the
stabilized micro-suspension is higher than nano-suspension. Therefore, the latter
case should have better injectivity than the former. The results of Experiments 3
and 4 confirm this as shown in Figures 3 - 15 and 3 -16 for two different glass
bead packs with different permeabilities. According to these results, the size of
the particles plays an important role in their transportation. The polymer
concentration for micro-suspension stabilization is five times of that required for
nano-suspension stabilization. Therefore, there are more interactions of the
polymer molecules and micro-particles with the matrix in the case of microsuspension injections. Hence, more retention of micro-particles occurs. Similarly,
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smaller size nano-particles, with less polymer concentration, have less interaction
with porous walls. Therefore, retention would be less. Furthermore, comparing
Figure 3-15 with Figure 3-16 clarifies that decreasing the size of the glass beads
(i.e. a lower permeability porous medium) has an impact on the retention, outlet
concentration, and therefore the recovery of particles. Pressure difference between
injection and production points is a good indicator of injectivity.
Figure 3-17 illustrates the effect of particles size and permeability on the
injectivity. Low injectivity of micro-particles can be attributed to two parameters.
First, due to their larger size, they might clog the injection point and therefore
result in a high pressure difference. Also, the more concentration of polymers in
micro-suspension is of great importance for causing the formation damage.
Comparing the graphs given in Figure 3-17, from 3 to 6 pore volume of injection,
confirms this clogging effect. At this stage of injection, a 3 pore volume of deionized water is injected. There is a big difference between the pressure drops of
the micro-suspension injection and the nano-suspension injection cases. The
second parameter, affecting the injectivity, is the viscosity of the stabilized
suspensions. As mentioned before, viscosity depends on the size of the particles.
Large particles require more concentrations of polymer for stabilization. The
viscosity of micro-suspension is about 3.3 times more than that of nanosuspension. It can be inferred from Figure 3-17 that the ratio of pressure drop for
two solutions is about the same ratio of the viscosities. This is indicative of very
low amount of retention as also observed in Figures 3 - 15 and 3 - 16. Therefore,
viscosity is the main factor rather than particles retention.
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Figure 3-15- Effect of particle size on their recovery and outlet concentration, k=210D.

Figure 3-16- Effect of particle size on their recovery and outlet concentration, k=70 D.
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Figure 3-17- Comparison of pressure drop.

Figure 3-18- Effect of permeability and injection rate on nickel nanoparticles recovery and
outlet concentration.
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Figure 3-19- Influence of permeability and injection rate on pressure drop across the model.

This new technology has the potential to be applied for different types of heavy
oil/bitumen reservoirs. The important factor that should be considered is the
reservoir permeability. Transportation of particles in very tight reservoirs might
be challenging. However, most heavy oil/bitumen reservoirs have enough
permeability for the method to be applicable. Nevertheless, analysis of the impact
of permeability on injectivity and particles’ transport is required for clarification.
For this reason, injectivity tests were run with one more glass bead size with a
lower permeability of 6 D. Figures 3 – 18 and 3 - 19 compare the results. As
permeability decreases, interaction between particles, polymer molecules and the
porous walls increases. Therefore, a more severe retention of particles occurs
which results in lower recovery of particles. The effect of the permeability on
injectivity can be clarified by comparing the pressure drop across different cases
as shown in Figure 3-19.
Another important factor affecting the injectivity of particles is the injection rate.
High injection rates will create bigger viscous forces which can overcome the
attractive forces between particles and the porous medium, resulting in less
retention of particles. Hence, injection rate can be of great importance to control
the distribution and concentration of nanoparticles inside the reservoir. Figures 3 71

18 and 3 - 19 include the results of experiment 8 which was run on glass bead
pack 3 with a lower injection rate of 2cc/min. As explained, greater retention of
particles occurs in the experiment with a lower injection rate. Also, the injectivity
is significantly affected by the injection rate according to Figure 3-19.
Surprisingly, unlike other cases with 5cc/min of injection rate, when an injection
rate of 2cc/min is applied, the pressure difference does not decrease during the
second injection period (injection of 3 pore volume of de-ionized water). This can
be a sign of severe damage at the injection point of the model. Figure 3-20
indicates that the injectivity does depend on the injection rate. Very slow injection
rate does not provide enough driving force for the particles and polymer
molecules to pass through the porous structure which causes formation damage. A
visual comparison of the dependence of injectivity and formation damage on flow
rate is provided in Figure 3-21. The darker entrance (injection point) of the case
with injection rate of 2cc/min is indicative of more retention at the inlet. Also, the
dark area for this case is broader than 5 cc/min injection rate. This means that at
slow injection rate, the suspension has time to travel along the radius rather than
only traveling along the length.

Figure 3-20- Effect of injection rate on injectivity of nano-suspensions.
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Figure 3-21- Injection point after experiments with injection rate of a: 2cc/min and
b:5cc/min.

Very high injection rates might result in a very small retention of particles.
Therefore, injection rate is one of the important factors that control the
distribution and concentration of nanoparticles in the reservoir. Figure 3-22
shows that the average concentration profile depends on the injection rate. At
the5cc/min injection rate, a more uniform concentration profile is achieved.
Nevertheless, increasing the injection rate more than 5cc/min may not result in
better distribution.
The injection data (outlet concentration), for nano-particles injection experiments,
was in good fit to the convection dispersion equation solved by CXTFIT/Excel
(Tang et al., 2010). The results are presented in Figures 3 - 23 to 3 - 26. The
estimated transport parameters are also shown in the figures for each case.
Comparing the transportation parameters of Figure 3-23 with Figure 3-24 shows
the effect of injection rate. The retardation factor is decreased by increasing the
injection rate. Retardation, which is defined as

R  1

b K d


(5)
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(ρb: bulk density, Kd: solute adsorption constant and θ: volumetric water content),

dimensionless concentration, C/C0

is indicative of the retention of particles on the porous matrix.
Exp.8: K=6D, q=2cc/min

0.25

Exp.7: K=6D, q=5cc:min

0.2

0.15

0.1

0.05

0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

dimensionless distance from injection point
Figure 3-22- Dependence of concentration profile along the model on injection rate.

By increasing the injection rate, the dispersivity (λ) of particles decreases (the
same for dispersion coefficient, D). Therefore, higher injection rates decreases the
chance of the particles to distribute throughout the porous medium. Comparing
Figure 3-24 with Figures 3 - 25 and 3 - 26 it can be observed that increasing the
permeability result in decreasing the dispersivity and retardation factor. Higher
permeability provides easier transport of particles and less interaction (collision
and retention) with the porous matrix. In order to reach a uniform distribution of
particles in the reservoir, high dispersivity is required which can be achieved by
low injection rates. However, decreasing the injection rate increases the
retardation factor and particles retention. For the in-situ upgrading process, a mild
retention of particles is required, while extreme retention, which is caused by very
slow injection rate, can cause pore plugging. Hence, the injection rate should be
optimized in order to reach a uniform distribution of nano-particles. According to
the t presented results, this optimum concentration depends on the porosity and
permeability of the reservoir around the injection well.
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Figure 3-23- Estimation of transport parameters for the sand pack with K=6D and 2 cc/min
injection rate.

Figure 3-24- Estimation of transport parameters for the sand pack with K=6D and 5 cc/min
injection rate.
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Figure 3-25- Estimation of transport parameters for the sand pack with K=70D and 5 cc/min
injection rate.

Figure 3-26- Estimation of transport parameters for the sand pack with K=210D and 5
cc/min injection rate.

3.4. Conclusions and Remarks
The results of steam stimulation experiments showed that aquathermolysis
process, during steam stimulation, is catalyzed by nickel nano-particles as well as
Raney nickel which is an industrial catalyst. The degree of in-situ upgrading is
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strongly dependent on the metal concentration. The trend of viscosity of the
upgraded oil versus concentration of the used catalysts showed that there is an
optimum concentration of particles at which the upgrading effect is maximum.
The degree of catalysis by nickel nano-particles is more than Raney nickel. This is
especially due to the very small size of nano-particles which increases the surface
to volume ratio of the catalyst. Also, the catalysis process was improved in the
presence of sand grains which were used as the porous medium. Sand grains act
as the support for nickel nano-particles, therefore improve the catalysis process.
The analysis of evolved gases proved that the upgrading improves by time due to
the kinetic nature of the chemical reactions involved in aquathermolysis.
Therefore, by optimizing the soaking time of the steam stimulation technique it is
possible to reach a high degree of upgrading. Removal of the sulphur, in the form
of hydrogen sulphide gas, is the main reason for upgrading.
Even though the main purpose of using nickel nano-particles was to improve the
quality of produced oil, a significant increase (5% for only few hours of soaking
period) in the oil recovery factor was also observed. This amount of increase in
recovery factor can be further increased by increasing the steam soaking period.
Residual oil saturation measurement at the end of stimulation process revealed
that the main reason for increasing the recovery factor is by increasing the oil
mobility.
The challenging step of this technique is to introduce the nano-particles into
reservoir efficiently. Following are concluded from the injectivity experiments:
1. Size of the particles is very critical in the application of the technique
introduced here. Micro-sized particles need a higher concentration of the
dispersant agent to stabilize in the suspension. This will deteriorate the
injectivity (in addition to upgrading). Also, they have more interactions
with the porous medium which will cause more retention and further
formation damage. Nano-sized particles should be applied in order to
prevent this kind of problems. However, synthesis of nano-sized particles
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is a costly process. Therefore, detailed economic analysis is required in
order to predict the profitability of the project.
2. Homogeneous distribution of the particles in the porous medium should be
achieved in order to reach the maximum possible efficiency of the
upgrading. Experimental results showed that injection rate, injection
direction and suspension viscosity are the important parameters that affect
the injectivity and particles distribution. The injection rate is of utmost
importance, since very high injection rate will result in poor particles
distribution while very low injection rate can cause formation damage due
to pore plugging by extreme retention of particles. Therefore, for field
scale projects, numerical simulations are required in order to find the
proper design of the suspension and injection schedule. Also, the amount
of water injected following the injection of the particles suspension, is
another factor affecting the distribution which needs further study.
3. The in-situ upgrading process requires retention of the injected nanoparticles on the matrix surface. Glass beads (and in general, sandstone
formations) carry negative charges due to hydrolysis of the SiO2 molecule
at the surface. According to the zeta potential measurement results, nanoparticles also are negatively charged. Therefore, there is repulsive
electrostatic force between the particles and the porous walls which
prevents the particles retention. The high recovery factor of nano-particles,
in this study, is indicative of the fact that nano-particles can be injected
deep into the reservoir by application of a proper injection rate and use of
an efficient dispersing agent. After introducing the steam into the
reservoir, the high steam temperature would cause degradation of polymer
molecules, which would destabilize instantly causing collection of nanoparticles on the reservoir rock surface.

3.5.
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Chapter 4:

Behaviour of Nano-Metal Particles in

Porous Media in the Presence of Aqueous and
Oleic Phases

This paper is submitted to Industrial & Engineering Chemistry Research
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4.1. Introduction
One of the nano-science applications in practice is the injection of nano-particles
into porous media. This may be done for several different purposes including oil
recovery (Ogolo et al. 2012; Ju et al. 2006), heavy-oil recovery and in-situ
upgrading of heavy-oil and bitumen (Li et al., 2007; Abu Tarbush and Husein,
2012; Hamedi and Babadagli, 2013b). Other potential applications of nanoparticle injection into subsurface reservoirs include heat transfer enhancement in
geothermal applications (Xuan and Li, 2000; Vadasz, 2011), injecting nanoparticles as tracers (Reimus, 1995; Alaskar et al., 2010; Turkenburg et al., 2012)
and data transmission for subsurface reservoir characterization (Kong and Ohadi,
2010). The use of nano-particles in the improvement of the productivity of
hydraulically fractured oil, gas, and geothermal reservoirs in the presence of
proppants was also reported(Alaskar et al., 2012).In addition to those natural
porous systems, i.e., subsurface reservoir applications for energy production,
nano-particle injection may possibly find applications in synthetic porous systems
including biomedical systems (Pankhurst, 2003), filtering systems (Jain and
Pradeep, 2005)and the textile industry (Becheri et al., 2008).
Transition metal species are applied for catalysis of different chemical reactions
(Lloyd, 2011). Transition metal species are used either in form of ionic solution or
in the form of solid particles for homogeneous or heterogeneous catalysis
respectively. Due to very high surface area of nanoparticles, which provides more
reaction sites for the catalysis, the metal species, in nanoparticles format, have
been applied in processes such as heavy oil upgrading(Lloyd, 2011).These
catalysts are of interest in particle form especially due to the tendency of the
particles to move to oil-water interfaces. However, ionic catalysts are mainly
soluble in the aqueous medium. Recently, the idea of application of metal
nanoparticles, as in-situ catalysts has been studied by several authors (Li et al.,
2007; Hamedi and Babadagli, 2013a, 2013b, 2011, 2010).
Hamedi and Babadagli (2013b) proposed the use of nickel nanoparticles for
catalysis of the so-called aquathermolysis (reactions between heavy oil and steam)
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during steam injection applications for heavy-oil recovery. In this technique,
metal nanoparticles are injected into the reservoir in the form of nano-fluid, with
water as the suspending medium. The critical parameters affecting the upgrading
level include the concentration of particles, soaking time and temperature
(Hamedi and Babadagli, 2013b). The aquathermolysis reactions occur at a
temperature range of 200 to 300 oC. These reactions mainly occur between the
organosulphur components of the heavy oil/bitumen and water as the following
(Hamedi and Babadagli, 2013b):
R-S-R (organosulphur compound) + H2O  CO + H2S+ lighter organic compound such as
saturates.

(1)

The produced carbon monoxide reacts with the water phase through water gas
shift reaction and generates hydrogen, which is used for hydrogenation of the oil:
CO + H2O  CO2 + H2

(2)

The in-situ heavy oil/bitumen is upgraded during production phase through these
reactions and the hydrogenation reaction. The nickel nanoparticles catalyze these
reactions (Hamedi and Babadagli, 2013b; Lloyd, 2011). This paper focuses on
the behavior of these nano-metal (Ni) particles injected into heavy-oil reservoirs
for upgrading and improved recovery. The problem starts with their stability in
the injected fluid and injectivity. Then, for in-situ upgrading, the nano-particles
need to be present at the oil-water interface or on the reservoir matrix. It is ideal
to keep the nano-particles in the reservoir after accomplishing their catalysis
work, with a minimal effect on the permeability of the medium, as the filtration of
the nano-particle at the surface for further processes may be impractical.
As seen, the process is complex due to the involvement of a high number of
elemental factors. Before proceeding with practical applications, laboratory scale
analyses are required to select the optimal applications conditions. This also
requires a clear understanding of the behaviour of nano nickel particles in porous
media in the presence of aqueous and oleic phases.
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Stabilization of the nano-particles and their transportation is the important stage
of this method. Also, the particles need to be distributed uniformly in the reservoir
to prevent negative effect such as pore plugging (Hamedi and Babadagli, 2013b)
or increasing the oil viscosity due to high concentration of particles and
coordination reactions (Hamedi and Babadagli, 2010). Since the nano-particles
are used as the catalysts, they need to be present at the oil-water interface in the
reservoir or at the matrix surface. The reservoir matrix is believed to play the role
of catalyst support for the injected nickel nano-particles (Hamedi and Babadagli,
2013b).
The objective of this paper is to answer two critical questions:
1- How to stabilize nickel nano-particles in water?
2- How to direct the particles to the desired reaction sites (oil-water interface
and matrix surface) and keep there during the catalysis process and then
after?
The answers to these two questions are not completely independent because the
interactions of the selected stabilizing agent with the particles and matrix will
determine the success of the transportation process. Reimus (1995) studied the
transport of particles, used as tracers in saturated rock fractures, and realized the
importance of electrostatic forces, near the rock surface, in this process. Alaskar
et al. (2012) also investigated the transport of nanoparticles and microparticles in
porous and fracture medium. They studied different type, size and shape of
particles, and suggested that spherically shaped nano-particles of a certain size
and with the surface charge compatible with that of reservoir matrix can be
transported successfully. They observed that the particles, having opposite surface
charge of the porous medium, become trapped; however, modification of their
surface charge by surfactants reduced the trapping.
When nano-particles are injected into a porous medium, they are affected by
different forces. These forces include gravity (FG), long range Van der Waals
(FV), the electrostatic forces between the particles (Fep)and the electrostatic forces
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between the particles and porous wall (Feg), the force of inertia (Fi), and the force
of buoyancy (FB). Figure 4-1 shows these forces for a particle injected into a
porous medium.

Figure 4-1- Schematic of different forces acting on nano-particles. (Assumptions: Particles
and grains are oppositely charged, injection is from left to right.)

Because the mass of nano-sized particles is negligible, the gravity force (FG) is
much smaller than the other existing forces. However, due to the attractive forces
between the particles, they can undergo agglomeration and form bigger particles
with significant mass, which may result in deposition and destabilization of the
suspension. An opposing force to gravity is the buoyancy force (FB). The
magnitude of this force depends on the volume of the particle and the fluid
density. This force is also insignificant for nano-particles due to their very small
volume. If particles and matrix carry opposite charges, then depending on the
position of particles, there might be significant other gravity-opposing force. This
force is the attractive electrostatic force between the particle and the matrix grain
above it, or the attractive Van der Waals force with the particles above it (not
shown in the figure). Also, the same attractive forces between the particle and the
matrix/particle below it may result in a faster deposition. Therefore, there are both
repulsive and attractive electrostatic forces influencing the particles. Considering
only the bulk of suspension, far from the matrix wall, the two significant forces
that affect the stability of particles are the attractive Van der Waals and repulsive
electrostatic forces, which are described by the classical DLVO (Derjaguin,
Landau, Verwey and Overbeek) theory. The magnitude of the attractive force
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depends on the size, shape and type of the particles. However, the magnitude of
electrostatic repulsive force can be changed by modifying the surface charges of
the medium (particles and the matrix).

4.2. Experimental
4.2.1. Materials and Equipment
Nickel nano-particles and micro-particles with a nominal diameter of 100 nm and
5 µm, respectively, were used. These particles were purchased, in the powder
form, from Sigma-Aldrich. Figure 4-2 shows an SEM image of the nanoparticles. The size of the particles is distributed between 20 and 100 nm, and they
are mainly spherical in shape. As seen in Figure 4-2, the particles are attached to
each other and formed aggregates in the powder form. This attachment occurs due
to the Van der Waals attractive forces between them.
Three different surfactants were selected: Sodium dodecylbenzenesulfonate
(SDBS), as anionic surfactant, cetyltrimethylammonium bromide (CTAB), as
cationic surfactant, and Tergitol Np-9, as non-ionic surfactant. Also an anionic
polymer, Xanthan gum, was used. These products were also purchased from
Sigma-Aldrich. Figure 4-3 illustrates the chemical structure of the surfactants. Deionized water, with a pH of 6.5, was used in all the experiments.

Figure 4-2- SEM of nickel nanoparticles in powder form.
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(b)

(c)
Figure 4-3- Chemical structure of the surfactants: a: SDBS, b: CTAB, c: Tergitol Np-9.

Figure 4-4- The setup used for the visualization experiments.
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The experimental setup for visualization of the micro-model experiments is
demonstrated in Figure 4-4. For these experiments, the micro-model was
saturated with kerosene, as the oil phase, by vacuum and using the syringe pump.
Then the injection fluids were introduced using the syringe pump while the
camera, mounted on the microscope, recorded the movements in the model. In
order to distinguish the oil phase from water, a very small amount of non-ionic
oil-based fluorescent dye was added to the kerosene. The fluorescent light source
was used to provide the lighting condition for this purpose.
4.2.2. Sample Preparation
Due to the attractive Van der Waals force between particles, they tend to create
micron-size clusters as indicated in Figure 4-1. In order to break down these
clusters, ultrasonication was applied as suggested by Qi et al. (2013), Al-Kaysi et
al. (2005), and Li et al. (2007).The particles were added to water, and then the
solution was exposed to ultrasonic wave with a power of 200 W for 15 minutes.
Then, the suspension was transferred into a tube, and kept there for 10 minutes to
precipitate out the possible remaining flocculates. Then, the separated suspension
was exposed to ultrasonication for another 5 minutes.
The high power ultrasonication heats the sample rapidly. By increasing the
temperature, the chaotic Brownian motion of the particles is increased, which can
result in agglomeration and precipitation. To prevent this effect, the suspension
temperature was kept between 25 oC and 30 oC during ultrasonication. After
breakage of particulate clusters, the surfactant or polymer was added and once
again the mixture was exposed to ultrasonication for another 5 minutes.
4.2.3. Measurement of Zeta Potential
The zeta potential of the suspensions was measured to analyze the stability of
nanoparticles in solution. This measurement was performed using a Zetaplus zeta
potential analyzer by Brookhaven Instruments Corporation. The samples were
prepared according to the procedure explained above and contained 0.05wt% of
nickel nanoparticles with different concentrations of surfactants or polymer. 2-3
ml of this sample was transferred into cuvettes for measurement. The
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measurement was done at V =10 V and T = 25 oC. Each run was repeated 30
times and the average value of zeta potential and standard deviation were
calculated. The pH of all samples was kept at 6.5 for all the measurements.

4.3. Results and Discussion
4.3.1. Stabilization of Nanoparticles with Surfactants
SDBS and CTAB surfactants have negatively and positively charged hydrophilic
heads, respectively. However, Tergitol Np-9 is a non-ionic surfactant. When
nanoparticles are treated with surfactants, the hydrophobic tail of the surfactant
molecules attaches to the surface of particles with the hydrophilic head aligning in
the direction away from surface as shown in Figure 4-5. Therefore, the
nanoparticles become surrounded by the surfactant molecules.

Figure 4-5- A particle (black circle) attached to an anionic surfactant in water.

Figure 4-6 shows the results of the zeta potential measurement for Ni-H2O system
with different concentrations of surfactants. The application of non-ionic Tergitol
surfactant does not provide any electrical charge on the surface of particles.
Therefore, the zeta potential is about zero, and it does not change by increasing
the concentration of this type of surfactant. On the other hand, the ionic
surfactants impose electric charges on the surface of particles. With the SDBS
surfactant, the negative zeta potential increases by increasing the concentration of
surfactant which improves the stability of the suspension. By increasing the
concentration of surfactant, the number of the SDBS molecules adsorbed on the
surface of particles increases, which increases the amount of negative charges on
them. This trend stops at the concentration of about 0.1 wt% SDBS when the zeta
potential is around -40 mV. By adding more SDBS surfactant, the zeta potential
does not change significantly.
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A different trend in the zeta potential variation was observed when the CTAB
surfactant was used. The zeta potential increased up to +46 mV at 0.1wt % of
CTAB. Then, it remained constant (concentration between 0.1 to 0.4 wt %) and
started decreasing as more surfactant was added. The initial trend of the increase
of the positive zeta potential is due to increase in the number of adsorbed
surfactant molecules on the surface of particles by increasing the concentration of
surfactant. When there is not enough space on the surface of particles for more
surfactant molecules (i.e., saturation reached), the excess surfactant is dissolved
only in water without changing the surface electric charge of the particles.
Therefore, by adding more surfactant molecules, the ionic strength of the solution
is increased, which results in compressing the electrical double layer. This results
in reducing the electrical potential.
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Figure 4-6- Variation of the zeta potential of suspension of nickel nano-particles with
concentration of surfactants.

The zeta potential analysis suggests that 0.1wt % concentration of SDBS or
CTAB is enough to stabilize the nickel nano-particles in water. To verify this
observation, two samples with this concentration of the surfactants and 0.05wt%
nickel nano-particle concentration were prepared and transferred into two separate
tubes to visually observe the settlement of particles.
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Figure 4-7 shows that the suspensionswerenot stable enough. Both suspensions,
prepared with CTAB and SDBS, started to destabilized after about 15 minutes.
This can be noticed from the sharp colour change between the two images of both
pictures in Figure 4-7. At this time, the particles began to agglomerate and form
big flocs, which precipitate rapidly. The sharp colour change is due to this
aggregation and precipitation. Therefore, the electric repulsion created by the
SDBS and CTAB surfactants is not enough to stabilize nickel nanoparticle in
water. To overcome this problem, in addition to enhancing the electric repulsion
between particles, the settling velocity of the particles must also be decreased by
increasing the viscosity of water. This can be achieved by application of ionic
polymers.

Figure 4-7- Settlement of nickel nano-particles in water in prescence of left: 0.1wt % CTAB;
right: 0.1wt% SDBS (a: 0 min, b: 15min, c:30 min, d: 45min, e: 60min, f: 75min after
preparation).
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Figure 4-8- DLVO interparticle interaction potential calculated for Ni-water – 0.1wt%
CTAB system.
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Figure 4-9- DLVO interparticle interaction potential calculated for Ni - water – 0.1wt%
SDBS system.

To understand the reason for the unstability of the suspensions prepared with
surfactants, the interparticle interaction energies is analyzed. According to the
classical DLVO theory, the total interaction energy, as a function of the shortest
distance between particles, is the summation of attractive Vand der Waals (Va)
and repulsive electric (Vr) potentials. The plot of this total interaction energy
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versus the separation distance between nickel nano-particles, in two surfactant
solutions, is provided in Figures 4 – 8 and 4 - 9. The Hamaker constant of 4×1019

joules (Butt et al., 2005) was used in the calculation of the Van der Waals

potentials. Both figures show that the total interaction between nickel
nanoparticles, suspended in surfactant solutions, is attractive with a small energy
barrier at very small separation distance, which is not able to prevent
agglomeration. Hence, in these solutions, the nickel nano-particles rapidly form
flocculated structures, which result in fast sedimentation of particles. Therefore,
the selected surfactants are not good candidates to stabilize nickel nano-particles.

4.3.2. Stabilization of Nickel Nanoparticles in Water Using Xanthan Gum
Polymer
Figure 4-10 shows the results of zeta potential measurment of suspensions with
xanthan gum polymer. As seen, xanthan gum polymer provides a big negative
electric potential at a low concentration (0.01wt%). However, within the
concentration range given in this figure, the value of zeta potential does not
change significantly compared to when surfactants are used.
Figure 4-11 compares the sedimentation photographs of suspensions prepared
with xanthan gum polymer, CTAB and SDBS surfactants. After one day, the
suspension prepared with the 0.03wt% polymer (sample d) was still stable while
the samples prepared with surfactants were destabilized. Also, sample c, prepared
with less concentration of the polymer, started to destabilize at this time. The
attachment of particles to the surface of tube (a) is due to the opposite electric
charge of the particles, created by CTAB surfactant, and negatively charged glass
(silica) surface. This was not observed in the other samples.

Increasing the

concentration of Xanthan gum polymer increases the stability of suspension.
However, it also increases the suspension viscosity as shown in Figure 4-12.
Increasing viscosity results in decreasing the injectivity factor. Also, by increasing
the polymer concentration, the chance of formation clogging increases. Moreover,
the suspension is only needed to remain stable until it reaches into contact with
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reservoir oil. Therefore, 0.03% of Xanthan gum is considered to be the optimum
concentration for stabilization purpose in this process since it is stable for one
day.
Xanthan gum polymer concentration, wt%
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Figure 4-10- Variation of the zeta potential of suspension of nickel nano-particles with
Xanthan gum polymer concentration.

Figure 4-11- Deposition of nickel nanoparticles after one day for a:0.1% CTAB, b: 0.1%
SDBS, c: 0.01% Xanthan gum, d: 0.03% Xanthan gum.
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Figure 4-12- Apparent viscosity of suspension of 0.05wt% nickel nanoparticles versus the
concentration of Xanthan gum polymer viscosity.
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Figure 4-13- DLVO interparticle interaction potential calculated for Ni - water – 0.03wt%
Xanthan gum system.

Figure 4-13 shows the total interaction energy between nickel nano-particles
suspended in water using 0.03 % Xanthan gum polymer. As opposed to the
solutions prepared with surfactants, the net interaction energy is repulsive
(positive) with a big energy barrier. This means that the repulsive electric forces
are dominant. Due to the existence of this big energy barrier, xanthan gum is
successful in preventing the agglomeration of particles. The size distribution of
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the nickel nano-particles in the SDBS and xanthan gum solutions is presented in
Figure 4-14. This measurement was performed with the same Zetaplus analyzer.
The measurments were started about 5 minutes after sample preparation. The size
distribution graphs show that with Xanthan gum, the nano-particles keep their
original size, which was mainly between 20 and 100 nm. However, there was a
wide distribution of size in the solution of SDBS surfactant. This result confirms
the previous discussions about the agglomeration of small nano-particles in the
surfactant solution.
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Figure 4-14- Size distribution of niclel nano-particles (0.05wt %) in suspension of left:
0.1wt% SDBS and right: 0.03 wt% Xanthan gum.

4.3.3. Nickel Catalyst Particles at the Oil-Water Interface
To catalyze the aquathermolysis reactions between oil and water, the injected
nickel nano-particles must move to the interface of oil and water. In order to
achieve this, the electrostatic forces between different existing phases need to be
understood. The experimental investigations in the previous sections suggested
the injection of nickel nanoparticles as suspended in the Xanthan gum polymeric
solution. Since xanthan gum is an anionic polymer, it imposes negative charges
on nickel nanoparticles as proved by the zeta potential analysis (Figure 4-10).
Although the created negative zeta potential is helpful in stabilizing the particles,
the main stabilization mechanism, provided by a polymer like xanthan gum, is by
creating steric hindrance between particles. This hindrance effect would also
prevent the nano-particles from moving to the oil-water interface when injected
into the reservoir. Therefore, the polymer molecules must be moved towards the
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oil-water interface at close proximity to these interfaces. Tucker et al. (2012)
studied the adsorption of polymer-surfactant mixtures at the oil-water interface in
oil-in-water emulsion. They observed that polymer improved the adsorption of
surfactant molecules at oil-water interface. Therefore, this complex interaction
between polymer and surfactant can be useful to move the particles, surrounded
by polymer molecules, to the oil-water interface.
In the absence of the polymer, the nano-particles act very similarly to surfactants
by moving to the interface of oil and water (Binks, 2002; Fan et al., 2012). To
observe the behavior of the particles in contact with the oil phase, the emulsion of
kerosene in suspension of nickel particles was prepared. To facilitate the
visualization, micron-sized particles were used instead of nano-particles. Two
suspension samples were prepared, one without using any stabilizing agents and
the other one with Xanthan gum polymer. These samples were mixed with
kerosene, with 50-50% volume ratio, using homogenizing mixer. The mixing
speed of 2500 rpm was used to simulate the real shear condition during the
injection of suspension into reservoir. A very small amount of oil-based non-ionic
dye was added to kerosene so as to distinguish it from water phase shown in the
images. The emulsion was observed using microscope and the images were
photographed. Figure 4-15 shows that the particles aggregated due to dominance
of attractive Van der Waals forces in absence of stabilizing agents. Big clusters of
particles with sizes up to 20µm can be observed in this picture. The images in
Figure 4-15 also indicate that the particles moved to the interface of kerosenewater, which proves the surfactant-like behavior of particles. However, when the
polymer is used, particles remain in the water phase. As mentioned, this effect is
due to the hindrance effect of the polymer molecules. Also, similar to heavy crude
oil, kerosene contains some fraction of naphthenic acids (Netkel et al., 1996).
With the carboxyl group, naphthenic acid acts similarly to anionic surfactant.
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Figure 4-15- Movement of particles to oil-water interface in absence of polymer
(blue:kerosene). Left: no polymer, right: 0.03% polymer.

Therefore, the surface of kerosene (oil) drops is negatively charged. The negative
charge at the surface of oil repels the particles covered by the anionic polymer
molecules, which prevent the settlement of the particle at oil-water interface. To
avoid this problem, the surface charge of the oil drops must be modified. As
mentioned above, this can be achieved by application of surfactants. Since the
stabilizing polymer is anionic, a cationic surfactant like CTAB needs to be used
for this purpose. In addition to surface charge modification, the surface area of
oil-water interface is increased by reducing the interfacial tension due to the
addition of surfactant molecules. This effect provides more catalysis sites for the
injected nickel particles. Depending on the concentration of surfactant and
polymer, the polymer-surfactant interaction may result in destabilization of the
oil-water emulsion or increase its stability (Tucker et al., 2012). However, if
mixed directly, due to the opposite charges of the Xanthan gum polymer and
CTAB surfactant, they might form complex big molecules, which can result in
precipitation. To investigate this concept, samples of nickel nano-particles
suspension with 0.03wt% xanthan gum and different concentrations of CTAB
were prepared. This suspension was mixed thoroughly using the homogenizer.
Figure 4-16 shows these samples right after preparation. Concentration of CTAB
changes from 0.01% to 0.05% from image (a) to image (e) in this figure. The
rapid settlement of particles in samples (b), (c) and (d) is due to the
aforementioned interactions between CTAB and xanthan gum molecules.
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Figure 4-16 also infers that the extent of this interaction depends on the relative
concentration of CTAB and Xanthan gum in the suspension as also observed by
Tucker et al. (2012). At the lowest ratio of CTAB to Xanthan gum (sample (a)),
the minimum interaction takes place, therefore, the suspension is still stable.
However, it is not as stable as the surfactant-free sample. As the concentration of
CTAB increases from (a) to (b),(c) and (d), the suspension becomes completely
unstable. In samples (b) and (c), some part of the nano-particles is separated as
floated in water (at the water-air interface in Figure 4-16), and some part is settled
(the bottom of the tubes in Figure 4-16). However, in the case of sample (d), the
nanoparticles are mostly floating on water due to the fact that surfactant
molecules tend to move to the interfaces. In this experiment, CTAB molecules
mainly moved to the water-air interface. Movement of CTAB molecules to the
water-nickel interfaces was also observed.
On the other hand, the nickel particles are covered by the Xanthan gum
molecules, which prevented CTAB-nickel attachments. Therefore, CTAB
molecules interact with the surrounding polymer molecules and eventually form
complex surfactant-polymer structure that moves to air-water interface. By
increasing the CTAB concentration, a higher amount of polymer molecules,
which are attached to particles, re-moved to the interface as seen in sample (d).
Sample (e) is more stable than the previous samples. However, as can be observed
at the air-water interface of this sample, particles are also separated at this
interface due to surfactant-polymer interactions. Some particles are suspended in
the solution caused by higher surfactant concentration.
The above investigation proves that the injection of polymer-surfactant at the
same time will result in aggregation of particles. However, the interaction of
CTAB and Xanthan gum in the presence of oil phase should be experimented
before rejecting the idea of application of combination of these agents. For this
purpose, a suspension of 0.05 wt% nickel nanoparticles stabilized with 0.03 wt%
Xanthan gum polymer was prepared. Also, the emulsion of water in oil was
prepared using different concentrations of CTAB surfactant. Equal amounts of
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these samples were mixed using the homogenizer at low rpm. The final
concentration of CTAB (in water) ranged from 0.01wt% to 0.05wt%.

Figure 4-16- Effect of interaction of CTAB and xanthan gum on suspension of nickel nanoparticles. All samples are 0.05wt% nickel nano-particles and 0.03wt% Xanthan gum.
Concentration of CTAB ranges from 0.01wt% to 0.05wt% from (a) to (e) with 0.01%
increments.

Figure 4-17 shows the samples after one week of preparation. As shown in this
figure, increasing the concentration of surfactant results in increasing the percent
of oil phase in the oil-water emulsion. This provides more interface for the nickel
nano-particles. Therefore, in the presence of oil phase (kerosene in this
experiment), the surfactant molecules tend to move the polymer and particles to
this interface instead of air-water interface. Before introducing the nanoparticles,
surfactant molecules are mainly present at the oil-water interface. When
nanoparticles suspended in the polymeric solution are introduced into the
emulsion, the surfactant molecules at the interface attract the polymer-particles
system and form the surfactant-particle-polymer complex at the oil-water
interface. This process results in good stabilization of the particles in the
emulsion.
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Figure 4-17- Effect of CTAB surfactant concentration on transfer of nickel particles from
polymeric solution to kerosene-water interface. Picture is taken after oneweek of sample
preparation. Concentration of CTAB: a) 0.01wt%, b) 0.02wt%, c) 0.03wt%, d) 0.04wt%,
e)0.05wt%. 0.05wt% nickel nano-particles stabilized with 0.03wt% Xanthan gum polymer
for all samples.

Figure 4-18- Comparison of the effect of SDBS and CTAB on stability of nickel nanoparticles in oil-water emulsion. A: SDBS, B: CTAB. 0.1wt% of nickel nanoparticles used in
both cases.
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Application of an anionic surfactant, such as SDBS, instead of CTAB was also
tested. The samples were prepared and mixed with the similar procedure.
0.05wt% of surfactant was used. Figure 4-18 compares the created emulsions
with SDBS and CTAB. Different effects of surfactants can be distinguished
through the images in this figure. Shortly after sample preparation, it was
observed that the particles had not been able to enter the oil-water emulsion phase
with SDBS surfactant. They are mostly present in the water phase at the bottom of
the tube. This is due to the similarity of charges of the surfactant and surface of
particles (negatively charged by the polymer molecules). Therefore, negatively
charged SDBS molecules repel the particles and prevent their existence at the oilwater interface within the emulsion. After one week, as can be observed in Figure
4-18, the particles completely precipitated at the bottom of tube (sample A with
SDBS in Figure 4-18). However, using a cationic polymer, instead of Xanthan
gum, could provide a similar stabilizing effect as the CTAB-Xanthan gum system.

4.3.4. Micro-Model Experiments
The micro-model experiments were conducted to visually observe the interactions
of the particles injected with the proposed methodology in the porous medium.
These experiments were done in a square shape sandstone replica model. This
model had the dimensions of 5cm × 5cm with 40 µm of depth. It was prepared by
chemical-etching technique (Naderi and Babadagli, 2011).

There was one

injection and one production point at two opposite corners of the model. The size
of the pore throats varied between 40 µm and 340 µm. To be able to visualize the
particles with the available visualization system, micron-sized nickel particles,
with nominal diameter of 5 µm, were used. Non-ionic oil-based and water-based
dyes were used to be able to distinguish four phases: oil, water, matrix and
particles.
The first experiment was conducted to observe the behavior of particles in the
absence of any surfactant/polymer additives. 0.05 wt% of the particles was
stabilized in de-ionized water using the ultra-sonication system. Next, the
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suspension was injected using a syringe pump at the rate of 0.5 ml/min. During
the injection, the oil was produced due to the viscous forces. Therefore, the
interaction between the residual oil and particles was observed. Figure 4-19
shows two different small sections of the micro-model after the first test. This
figure demonstrates that the particles were not distributed uniformly in the
medium. One may observe that the particles agglomerated and formed big
clusters, which eventually yielded precipitation.
In the second test, the nickel particles, stabilized with Xanthan gum polymer,
were injected into the micro-model. Zeta-potential of sandstone grains at neutral
pH is negative (Sharma et al., 1986), therefore, the surface of the matrix is
negatively charged. As mentioned earlier, the surface of oil droplets is negatively
charged due to existence of carboxylic acids. The particles are also surrounded by
negatively charged xanthan gum molecules. Hence, the repulsive electrostatic
force prevents the transfer of particles to oil-water interface or attachment to the
surface of the matrix. Two pictures presented in Figure 4-20 demonstrate this
effect. As seen, the particles are very stable in the micro-model, and they do not
tend to attach to any oil-water interfaces.
To successfully move the particles to the desired interfaces, one slug of CTAB
solution was injected before injecting the particles polymeric solution. Figure 421 shows that injection of surfactant resulted in formation of oil droplets in the
medium, which increased the surface area of the oil-water interface. Increasing
the area of this interface increased the catalytic reaction sites during, for example,
steam injection into heavy-oil reservoirs. The size of the formed droplets depends
on the injection rate. The CTAB solution was injection with the rate of 0.5cc/min.
Their size varied between 50 to 200 µm, as observed in Figure 4-21. Increasing
the injection rate would decrease the size of these droplets, which would provide
more interface area. After surfactant flooding, the suspension of nickel particles in
the Xanthan gum solution was injected at the rate of 0.02cc/min. Figure 422shows two different sections of the medium after this phase. By comparing this
figure with Figure 4-20, the effect of cationic surfactant on the behavior of
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particles can be clarified. It can be observed in Figure 4-22 that some particles
moved to the oil-water interface. Also, the particles are uniformly distributed on
the matrix surface, which provides the desired bed for the catalytic
aquathermolysis reactions. It is expected to have better distribution of nanoparticles compared to the micron-sized particles applied here. The injection rate is
an important factor in distribution of particles (Hamedi and Babadagli, 2013b)
and their interactions with the medium.

Figure 4-19- Nickel particles injected into the micro-model without any stabilizing agent.
Circle indicates a particle flocculate.

Figure 4-20- Nickel particles injected into the micro-model with Xanthan gum as the
stabilizing agent.The circle shows a particle.
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Figure 4-21- Formation of oil droplets in the medium after injection of CTAB solution (no nickel
particles).

The third test (CTAB injection followed by injection of suspension of nickel
particles) was repeated with a higher injection rate of 0.5 cc/min of the second
slug (suspension of nickel particles). Higher injection rate decreases the
possibility of attachment of particles to the interfaces due to the dominance of
viscous force over the electrostatic attractive force. Figure 4-23 shows a section
of the micro-model during high rate injection. Due to heterogeneity of the model,
there are different flow regimes inside the model depending on the pore-throat
structure. The arrow in Figure 4-23 shows the very high shear rate zone. Close to
this zone, the particles cannot settle down on the rock surface. However, in the
low shear rate zone, there is higher concentration of particles close to the matrix
and oil-water interface.
A critical aspect of nano-metal particle injection into porous media is that
particles should reside in the system instead of re-produced. This is especially
desired when they are used for oil recovery purpose as separating them from oil
could be problematic. In order to confirm that the particles remain at the matrix
surface after oil production phase, one slug of pure water was injected at the end
of this experiment. This is done to simulate the viscous force created during oil
production phase. About ten pore volumes of water were injected with rate of
0.05cc/min. Figure 4 – 24 shows the section of the model after this phase. This
figure demonstrates that the viscous forces during water injection were not able to
remove the particles from the matrix surface. Comparing the particle distribution

105

Matrix

Figure 4-22- Nickel particles moving to the oil-water interface and attached to glass surface.
The arrows indicate some oil-water interface occupied by the particles.
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Figure 4-23- Injection of nickel particles with high rate. The arrow shows the high shear rate
path. A particle is indicated by the small circle.

in this figure with the ones in Figures 4 - 22 and 4 - 23 indicates that most of the
injected particles remained attached to the matrix. Note that the viscous force
applied is comparable to the one observed at the field scale assuming that the oil
viscosity will be close to that of water after heated by steam.
Based on the observations given above, it is suggested to inject one slug of CTAB
surfactant before injecting the solution of nano-particles and polymer to introduce
nickel nano-particles into an oil reservoir to catalyze aquathermolysis reactions.
These injection phases must be conducted after one production phase during
steam injection process when reservoir temperature is not too high. The high
temperature condition can result in thermal degradation of surfactant/polymer.
Thermal degradation of the surfactant/polymer during injection/distribution of
particles will result in failure of this process. Srivastava et al. (2012) studied the
thermal degradation of Xanthan gum polymer through thermogravimetry
107

Figure 4-24- Remaining of particles on the micromodel surface after flushing with ten pore
volume of water. Black points, shown by the arrows, are the attached particles.

analysis. According to this study, slight thermal degradation of this polymer starts
at 232 oC, and about 50% of the polymer is degraded up to temperature of 300
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C.Also, Kumar et al. (2006) observed that the thermal degradation of CTAB

surfactant starts at 200 oC. Therefore, injection of these agents can be performed
when reservoir temperature is not higher than 200 oC so that the particles can be
distributed in the reservoir and attach to oil-water interface and matrix.

4.4. Conclusions
In this paper, the stabilization and transportation of nickel nano-particles injected
as catalysts for aquathermolysis reaction into porous media containing oil was
investigated. The main conclusions from this work are as follows:
1. To prevent agglomeration of nickel nano-particles (with the size range of
the particles used in this study), Xanthan gum polymer should be used. A
concentration of 0.03wt% of Xanthan gum was required to stabilize the
nano-particles for 1 day.
2. CTAB and SDBS surfactants are not able to stabilize the nickel nanoparticles because they are not able to provide the required zeta potential to
prevent the Van der Waals attraction. However, they can provide the
surface charge modification, which is required for the transfer of particles.
3. Concentration of the CTAB surfactant plays and important role in the
transfer of particles to oil-water interface. The observed sedimentation
photographs show that a concentration of 0.05wt% was needed to
uniformly distribute the particles in the emulsion and prevent
agglomeration.
4. To move the nickel nano-particles to oil-water interface, one slug of
CTAB must be injected before introducing the particles. The injected
CTAB solution creates oil-water emulsion, which increases the oil-water
interface area, and also positively charges these interfaces. Then, nickel
nano-particles, stabilized with Xanthan gum solution, should be injected.
The electrostatic interactions between polymer and surfactant molecules,
moves the particles to oil-water interfaces.
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5. The micro-model visualization experiments, conducted with micron-sized
particles, shows that some part of the particles will be attached to the
matrix surface.
6. If the particles are not treated with Xanthan gum polymer, they tend to be
trapped in the model. By providing the steric hindrance, polymer
molecules overcome the attractive forces between the particles. This effect
also prevents formation of multilayer of particles on the matrix surface
after attachment of the first layer of particles on the surface.
7. The injection rate and heterogeneity of the model are two of the important
parameters that affect the distribution of particles in the porous medium.

4.5.
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Chapter 5:

Kinetics of the In-Situ Upgrading of

Heavy Oil by Nickel Nanoparticle Catalysts and Its
Effect on Cyclic Steam Stimulation Recovery
Factor

This paper was submitted to SPE Reservoir Evaluation and Engineering.

113

5.1. Introduction
Heavy-oil (HO) and bitumen (B) reservoirs are the most well-known
unconventional resources. High viscosity of oil of this kind complicates the
recovery; therefore, up-grading the oil during its recovery is a critical but
challenging process. Existence of hetero-atoms such as sulphur, oxygen, and
nitrogen as well as metals such as nickel, vanadium, iron, and copper further
complicates the up-grading process (Rahimi and Gentzis, 2006) bringing about
more difficulties to the upgrading of HO/B. These components mainly exist in the
asphaltene fraction of heavy oil/bitumen. Asphaltenes play a significant role in the
physical properties of HO/B and have adverse effects on processing HO/B. In
fact, the highly viscous nature of HO/B is due to the presence of asphaltenes. The
strong attractive forces among asphaltene molecules cause a striking increase in
viscosity (Luo et al., 2006).

Apart from the challenges faced during the

production stage, HO/B production projects suffer from other issues including
environmental pollution, transportation and converting HO/B to useful petroleum
products (upgrading and refining).
Due to the high viscosity of heavy/bitumen, thermal recovery methods are used to
exploit the reservoirs with this type of oil. Steam assisted gravity drainage
(SAGD) and cyclic steam stimulation (CSS) are the most common thermal
recovery techniques applied for this purpose. However, these methods become
uneconomical and environmentally unfavourable because of the high steam
requirement in certain cases. On the other hand, due to the very low mobility of
the recovered HO/B, its transportation is problematic and costly. The viscosity of
the produced products is lowered by addition of proper diluents (typically a C5+
paraffinic liquid hydrocarbon or condensates) in order to gain enough mobility for
transportation. Apart from the cost of the solvent, its availability and asphaltene
precipitation in the pipeline are other problems associated with the dilution
technique (Anhorn and Badakhshan 1994). Hence, the reduction of the viscosity
of HO/B prior to transportation is a vital issue. The modification of the existing
thermal recovery techniques to produce upgraded oil with lower viscosity can
help to overcome the above mentioned challenges. This idea has been under
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investigation recently for improvement of steam based recovery techniques (Clark
et al., 1990; Fan et al., 2004; Li et al., 2007; Hamedi and Babadagli 2010 and
2013a) and in-situ combustion (Ramirez et al., 2008; Hamedi et al, 2013b).
Clark et al. (1990) studied the catalysis effect of a series of transition metal
species, in ionic solution form, on the catalysis of the aquathermolysis reactions.
Aquathermolysis is referred to the chemical reactions occurring between heavy
oil, water, and reservoir matrix at the steam stimulation condition (Hyne 1986).
According to Clark et al. (1990), the transition metal species result in partial
upgrading of the bitumen oil. However, the metal species in ionic form is only
soluble in the water phase. Therefore, they applied continuous mixing to have the
contact between the catalysts, water, and oil. Also, Fan et al. (2004) realized that
the minerals can catalyze the aquathermolysis reactions and result in in-situ
upgrading. Later, Li et al. (2007) studied the effect of nickel catalyst, in nanoparticle form, on upgrading of heavy oil during aquathermolysis.
Hamedi and Babadagli (2013a) also proposed application of nickel nano-particles
to overcome the mentioned problems to some extent. They showed that the nickel
catalysts mainly catalyze the breakage of C-S bonds in the asphaltene fraction of
the oil, which results in generation of hydrogen sulfide and lighter hydrocarbon
components. They concluded that the nickel nano-particles can be stabilized by
Xanthan gum polymer and injected into a medium with permeability of 6000mD.
It was also shown in this paper that the concentration of 500 ppm of nickel nanoparticles provides the maximum upgrading effect on the heavy oil type that was
used in the study.
Later, Hamedi and Babadagli (2013c) investigated the interactions of the nickel
nano-particles with water, oil, and matrix by analyzing the electrostatic
interactions between these media. They showed that one slug of a cationic
surfactant must be injected into a silica-based porous medium (sandstone) to alter
the electric charges of the medium to positives. Then, the nickel nano-particles
can be introduced as stabilized with 300 ppm of Xanthan gum polymer. With this
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technique, the particles move to the oil-water interface and to the surface of the
matrix (Hamedi and Babadagli, 2013c).
In the literature, the catalytic effect of the transition metal species on the
aquathermolysis was mentioned, but the kinetics of this process was not studied.
In the present study, the kinetics of the non-catalytic and catalytic
aquathermolysis was studied by investigating the evolved gases during the
process. For this purpose, aquathermolysis experiments were conducted at three
different temperatures: 240, 270, and 300 oC. Also, the tests were run for three
different lengths of time: 1, 3, and 5 days. Analysis of the produced hydrogen
sulfide after the process is indicative of the extent of aquathermolysis (Hamedi
and Babadagli, 2013a). Therefore, the kinetic parameters of the catalytic and noncatalytic aquathermolysis are calculated by analyzing the concentration of
hydrogen sulphide in the evolved gas mixture.
The other objective of this work was to understand the effect of catalyst on the
recovery factor. Experimental study of this effect can provide an understanding
about the practical application of this technique and its profitability.

5.2. Experimental
Aquathermolysis reactions occur in the temperature range of 200-300 oC (Hyne,
1986; Kapadia et al., 2012). To study the kinetics of this process, the first set of
experiments was conducted at three different temperatures of 240, 270, and 300
o

C for different lengths of time. According to the experimental data reported by

Hyne et al. (1982) and Hyne (1986), the aquathermolysis reaches its equilibrium
after about 5 days. Therefore, the length of reactions in this study was selected in
the range of 1 to 5 days.
The first set of experiments was conducted using a Parr 4560 mini bench top
reactor with an internal volume of 600 cc. The oil sample was mixed with sand
and water and placed into the reactor. The temperature of the reactor was
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controlled using a temperature controller. The oil sample was mixed with sand
and water and placed in the cylinder of the reactor. To prevent any effect of the
stainless steel surface of the reactor on the reactions, the sample was kept in a
glass container in the reactor. At the end of the experiment, the gas and oil
samples were analyzed using SRI 8610C gas chromatograph and simulated
distillation GC respectively.
Figure 5-1 demonstrates the setup used to study the effect of nickel particles on
recovery factor of the steam stimulation model. The steam was generated in the
steam generation cylinder which was placed inside the oven. Three cycles of
steam soaking – production periods were applied. Table 5-1 summarizes the
details of each experiment.

1: Pump, 2: Displacement cylinder, 3: light mineral oil, 4: nano-particle suspension, 5: steam, 6: water, 7: steam
generation cylinder, 8: one way valve, 9: one way valve, 10: core holder, 11: sand saturated with heavy oil, 12Production line, and 13: Oven

Figure 5-1- Experimental setup for the recovery experiments.
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Table 5-1- Injection – Production Schedule of the Recovery Experiment
Experiment

1

Sample
length
13 cm

Phase 1
(6
hours)
Inject
steam
(250 oC)

Phase 2

Phase 3
(3 days)

Phase 4

Phase 5
(3days)

Phase 6

production

Inject
steam

production

Inject
steam

production

soak
2

13 cm

soak
Inject
steam
(250 oC)

production

13 cm

Inject
steam
(250 oC)

production

35 cm

5

35 cm

Inject
steam
(250 oC)
Soak
Inject
steam
(250 oC)

13 cm

Inject
steam
(150 oC)

production

soak
Inject
steam

production

production

soak
Inject
surfactant

production

inject
polymer
with Nickel

Production

soak
Inject
steam

production

Inject
steam

production

soak

production

soak

6

soak
Inject
surfactant

Inject
steam
soak

inject
polymer
with Nickel

Soak

4

production

inject
polymer

Soak

3

Inject
surfactant

soak

Inject
steam
soak
Inject
steam

production

production

soak

production

soak
7

13 cm

soak
Inject
steam
(150 oC)
soak

Production

Inject
surfactant

production

inject
polymer
with Nickel

soak
*Steam temperature in phases 2 and 3 was 250 oC for all experiments

The oven was started to heat the steam generator cylinder and core holder up to
250 oC. Steam saturation pressure is 576.7 psi at this temperature. The amount of
water had to be between 10 and 400 gr (with steam generation cylinder of 500 cc
volume) in order to have saturated steam. When the steam pressure was stabilized
at 576 psi, valve 8 was opened to let the steam flow into the sample. After 6 hours
of soaking with steam, valve 8 was closed. The oven was set to 90 oC. The outlet
valve was fully opened to start production. When the pressure in the core holder
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dropped to atmospheric pressure, the production line was closed. Then, valve 9
was opened and injection of CTAB solution followed by Xanthan gum polymeric
solution (with nickel nano-particles in case of experiment 3) was started using the
pump. The injections were done at the rate of 0.5cc/min. Then, valve 9 was
closed. The oven was set to temperature of 250 oC again, and the soaking period
was started for another 3 days. After 3 days, production line was opened. The
recovery experiments were conducted with two different lengths of sand pack
samples (13 and 35 cm as seen in Table 5-1).The permeability of the sand packs
was measured to be 4200mD and the porosity was 32%.

5.3. Results and Discussion
5.3.1. Kinetics Measurement Experiments
Figure 5-2 shows the gasification (gram gas generated per gram of oil) percent of
the oil sample after each experiment and clarifies the effect of time, temperature,
and nickel nano-particles on the amount of gasification. By increasing the
temperature and length of soaking time, the gasification increased. Also, the
presence of nickel nano-particles has the same effect on the gasification with
increasing temperature and length of reaction. This means that nickel nanoparticles catalyzed the active chemical reactions during the soaking process.
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Figure 5-2- Gasification of the heavy oil sample during aquathermolysis reactions versus
soaking time.

It was reported earlier that the gases evolved during aquathermolysis of heavy
oil/bitumen include H2S, CO2, CO, H2, CH4, as well as hydrocarbon gas
components from C2 to C6 (Hyne et al. 1986). The source of these gas compounds
is explained by Clark et al. (1990) and Hamedi and Babadagli (2013). According
to these references, the generation of hydrogen sulfide during aquathermolysis is
due to the breakage of the C-S bonds within the organosulfur compounds. In fact,
the C-S bonds are the weakest bonds in heavy oil (Hamedi and Babadagli, 2013)
and can be broken at the aquathermolysis temperature range. Hence, the amount
of generated hydrogen sulfide can be indicative of the kinetics of the
aquathermolysis reactions. Figure 5-3 presents the amount of hydrogen sulfide
generated as a function of temperature, length of reaction, and presence of
catalysts.
The main source of hydrogen sulfide is the following reaction (Hamedi and
Babadagli, 2013):
Heavy oil + H2O  CO + H2S+ lighter organic compound such as saturates

(1)
120

According to the trend of the generation of hydrogen sulphide presented in Figure
5-3, an accelerating reaction model can be used to model reaction 1 (Vyazovkin et
al., 2011).

d
 n ( n1) / n .k (T )
dt

(2)

where  : Fraction of conversion (generation of consumption) of the component, t:
time, n: order of the reaction, k: reaction rate, and T: temperature.
Integrating from both sides of the above equation gives:



1

n

 k.t  constant

(3)
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Figure 5-3- Amount of H2S gas released during the aquathermolysis reactions.

The order of reaction can be estimated by plotting the experimental data versus
time assuming different values of reaction order in Eq. (3). Figure 5-4 shows the
regression coefficient of each plot versus the assumed order of reaction. As seen,
the reaction order of one yields the best regression coefficient with the
experimental data. Therefore, the reaction of generation of hydrogen sulfide is
accepted as the first order and n = 1.1 was used for kinetic analysis.
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Figure 5-4- Regression of the experimental data with different values of reaction order for
reaction (1).

Figures 5 - 5 to 5 - 7 demonstrate the linear regression of the experimental data of
hydrogen sulfide generation with time (with proper reaction order from Figure 54) to estimate the rate of reaction. The values of the reaction rate for each
experiment, which are the slope of the linear trends in Figures 5 - 5 to 5 - 7, are
given in Table 5-2.Using these values of the reaction rates at different
temperatures, the Arrhenius plots for two cases, with and without the catalyst, are
plotted in Figure 5-8. The kinetic parameters, calculated using the Arrhenius plot,
are presented in Table 5-3. Using nickel catalysts results in significant
reduction—more than 50%—of the activation energy for hydrogen sulfide
generation. Therefore, nickel particles can result in breaking more number of C-S
bonds (source of hydrogen sulfide), which also breaks the big organosulfur
compounds into smaller molecules. Eventually, this process reduces the oil
viscosity.
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Figure 5-5- Generation of hydrogen sulfide at 240 oC – Estimation of reaction rate.
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Figure 5-6- Generation of hydrogen sulfide at 270 oC – Estimation of reaction rate.
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Figure 5-7- Generation of hydrogen sulfide at 300 oC – Estimation of reaction rate.

Table 5-2- Values of Reaction Rate of Generation of Hydrogen Sulfide
Without
nickel
With
nickel

T(oC)

k (1/day)

240

0.00008313

270

0.0001972

300

0.0004524

240

0.00023096

270

0.00035395

300

0.00059183
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0.0017

0.00175

0.0018

0.00185

0.0019

0.00195

0.002
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Figure 5-8- Arrhenius plot for the experiments with and without nickel catalysts.

Table 5-3- Kinetic Parameters for the Generation of Hydrogen Sulfide in
Presence and Absence of Nickel Catalysts
Experiment

Activation energy, KJ/mol

Without additives
With Nickel

69
38

Frequency factor,
(1/day)
870
1.8

Regression coefficient
0.96
0.99

In order to understand the progress of the reaction with reservoir temperature
during steam stimulation processes, the obtained kinetic parameters were used to
calculate the reaction rate at different temperatures. Figure 5-9 shows the plot of
the calculated reaction rate with temperature. The nickel nanoparticles start to
catalyze at the temperature of about 100 oC. However, the reaction rate at this
temperature is very low as can be inferred from Figure 5-9.

To achieve a

significant effect of nickel catalysis on heavy oil upgrading at this low
temperature range, significantly long soaking times are required.
The reaction rate increases by increasing the temperature for both cases. Also, the
difference between these reaction rates increases by increasing the temperature.
However, as shown by the green curve in Figure 5-9, the difference between the
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reaction rates reaches a maximum at a temperature of T = 270 oC. Above T = 270
o

C the difference between the reaction rates starts to decrease. To explain this

behaviour, the mechanism of reaction (1) needs to be reviewed. The reaction
mechanism proposed by Hyne (1986) is presented in Figure 5-10. This figure
shows the aquathermolysis of a simple organosulfur compound. During reaction
(A), the C-S bond of the sample organosulfur compound is exposed to hydrolysis.
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Figure 5-9- Reaction rate versus temperature calculated using the estimated kinetic
parameters.
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Figure 5-10- Reaction mechanism of aquathermolysis, adopted from Hyne et al. (1986).

This hydrolysis is catalyzed by transition metals (Hyne, 1986) such as nickel. This
process results in intermediate alcohol and thiol compounds. The rearrangement
of the alcohol molecules yields aldehyde compounds. Thermolysis of the
aldehyde compounds produces alkanes and carbon monoxide (reaction B). The
generated carbon monoxide is involved in the water gas shift reaction (reaction C)
with water and generates hydrogen and carbon dioxide. Finally, the produce
hydrogen hydrogenates the thiol compounds from reaction A and produces
alkanes and hydrogen sulphide.
At temperatures close to 300 oC, the cracking reaction starts to dominate the
aquathermolysis. Decreasing the difference between the reaction rates of the
catalytic and non-catalytic cases above T = 270 oC in Figure 5-9 implies that the
nickel nanoparticles do not provide any significant catalysis for the cracking
reaction. At temperatures slightly below 300 oC, the aquathermolysis reactions are
still dominant (Hyne, 1986; Kapadia et al., 2012). Therefore, the obtained kinetic
parameters are valid for temperatures below 300 oC. On the other hand, the
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reverse water gas shift reaction (reaction C in Figure 5-10) dominates the forward
reaction, which results in generation of less amount of hydrogen.
The distillation GC analysis results for samples from the experiments conducted
at a time length of 5 days are presented in Figures 5 - 11 through 5 - 13. These
figures show that by application of nickel nano-particles, the composition of the
heavy components is decreased and the composition of light components (mainly
lighter than C30) is increased. This can be attributed to the catalysis effect of the
nickel. At 300 oC the thermal cracking reactions increases the upgrading effect.
Therefore, comparing Figure 5-13 with Figures 5 - 11 and 5 - 12, it can be
observed that there is a significant reduction of the concentration of heavy
components at 300 oC. Also, at 300 oC, the composition of components between
C30 and C42 is increased. This can be due to breakage of other types of chemical
bonds in addition to C-S that results more upgrading.
3
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Figure 5-11- Composition of the oil sample after stimulation for 5 days at 240 oC.
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Figure 5-12- Composition of the oil sample after stimulation for 5 days at 270 oC.

4
3.5

2.5

2

With nickel
Without nickel

1.5
1

Compound
Figure 5-13- Composition of the oil sample after stimulation for 5 days at 300 oC.

For better observation of the effect of catalysis on the composition, the percent of
heavy components C31+ is presented in Figure 5-14. This figure shows the effect
of soaking time, temperature, and catalysis on the percentage of C31+ fraction of
oil. The original oil contains 70% of C31+ fraction. Comparing the catalysis
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effect at different temperatures with t = 5 days reveals that the amount of decrease
in the concentration of C31+ at 270 oC (3.6%) is more than the amount of
decrease at 240 oC (1.9%) and 300 oC (3.19%). As mentioned earlier, the catalysis
has its maximum effect on the reaction rate of reaction (1) at 270 oC. This means
that there is a direct correlation between the breakage generation of hydrogen
sulphide and breakage of the C31+ fraction. In fact, it can be concluded that the
main reason for reduction of the C31+ fraction is breakage of the C-S bonds,
which yields hydrogen sulphide.
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69
67
T= 240 C, without nickel

65

T= 240 C, with nickel

63

T= 270 C, without nickel
61

T= 270 C, with nickel

59

T= 300 C, without nickel

57

T= 300 C, with nickel

55
0

1

2

3

4

5

6

Soaking time, days
Figure 5-14- Mass percent of the C31+ component in the oil sample after stimulation.

5.3.2. Effect of Nickel Catalyst on Recovery Factor
Figure 5-15 shows the results of the first three recovery experiments. Each
experiment was repeated two times to confirm the repeatability. The average
experimental absolute error is about 1%, which is shown in Figure 5-15. Figure
5-16 shows the pressure of the system during the experiment. The pressure of the
system in the sand pack sample reaches to about 600 psi due to the steam pressure
(576 psi at 250 oC) and the thermal expansion of oil. The first cycle of all the
experiments was conducted without injection of any additives (blue bars). This
cycle produces about 51% of the initial oil in place (IOIP). The production is
mainly due to oil viscosity reduction and pressure drawdown. Therefore, after the
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first cycle, oil saturation drops to about 49%, which causes reduction in oil
relative permeability.
The production in the second cycle is only 5.7% IOIP even though much longer
soaking time (3 days) was applied in this cycle. Furthermore, in the third cycle,
the recovery factor decreases further to about 3.6% IOIP.
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Figure 5-15- Results of the recovery experiments with sand pack sample of 13 cm long.
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Figure 5-16- Pressure of the system during the recovery experiment.
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In the first cycle of all the experiments, about 0.5 PV of the initial oil in place is
produced. This volume is replaced by the surfactant (0.25 PV) and polymeric
solution (0.25 PV - with nickel in the third experiment) in the second and third
experiments. In the second experiment (red bars), the solution of 0.1wt% cationic
surfactant, CTAB, was injected followed by injection of solution of 0.03wt% (300
ppm) Xanthan gum polymer. 0.25 PV of these solutions was injected with the rate
of 0.5cc/min. As seen in Figure 5-15, the recovery factor from the second cycle of
experiment 2 increased to 21%IOIP, which is significantly more than the first
experiment. This incremental recovery factor is due to a decrease of the interfacial
tension with the surfactant, which reduces the residual oil saturation. However,
the recovery factor of the third cycle is the same as in the first experiment
(3.5%IOIP).
In the third experiment (green bars), the nickel nano-particles were injected as
suspended in the polymeric solution. This injection was done after the first cycle,
and as similar to the second experiment, it was preceded by 0.25 PV of surfactant
injection. The ionic interactions between the polymer and surfactant molecules
move the particles to the oil-water interface and to the matrix surface (Hamedi
and Babadagli, 2013c). After three days of soaking, the recovery factor of second
cycle increased to 25% IOIP, which is 4% more than the second experiment. This
incremental increase of recovery factor is due to the catalysis effect of the nickel
nano-particles. As shown in the previous section of the paper, nickel particles
catalyze the aquathermolysis reaction, which yields oil upgrading and reduction
of viscosity. Also, the retained particles on the surface of the matrix provides
additional 2% recovery factor for the third cycle of this experiment. Therefore, the
overall recovery factor in this experiment reaches to 83% compared to 76% and
61% for experiments two and one, respectively.
The second set of experiments was conducted with a longer sample (35 cm) to be
able to observe the distribution of the nano-particles within the oil saturate porous
medium. In this case, only two experiments were conducted. Experiment 4 was
steam only (control cases) and experiment 5 included using surfactant, polymer,
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and nickel (as similar to the third case in the previous set of experiments).The
injection pressure as a function of time, before the second cycle, is shown in
Figure 5-17. As seen, the pressure of the system does not increase significantly.
This first reason for this is that the viscosity of the polymeric solution is only 3
cp.

The other reason is the surfactant and polymeric solution replaces the

produced oil volume. Therefore, the low liquid compressibility does not adversely
affect the injectivity, and, in turn, a good injectivity is achieved.
Figure 5-18 presents the recovery factor of each phase and overall recovery factor
of this set of experiments. The pressure of the system was similar to the previous
experiments as shown in Figure 5-16. As seen in Figure 5-18, the recovery factor
of the first cycle was about 4% less than the previous experiments with the 13 cm
sample. Application of the catalyst in the second cycle of experiment 5 caused an
increase in the recovery factor of this cycle by about 21%. This incremental
increase was about 19% with the 13 cm sample. The higher incremental increase
of the recovery factor is due to presence of higher oil saturation in the beginning
of the second cycle; therefore, more amount of oil is upgraded with nickel
catalyst.

Figure 5-17- Change of pressure due to injection of surfactant and polymer – sand pack
sample with 35 cm length.
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Figure 5-18- Results of the recovery experiments with sand pack sample of length 35 cm.

Analyzing the oil samples, taken from two ends of the long sand pack model,
shows different degrees of upgrading. The viscosity of these samples was
measured along with the simulated distillation GC analysis. These samples were
taken at the end of experiment 5 (long sand pack sample with nickel additives)
and 3. The result is given in Table 5-4. This analysis shows the distribution of the
catalysis along the sand pack model with 35 cm length. At the far end of the
model (30 cm), the catalysis effect is less than the inlet point. This means that
there was less concentration of particles at the far end of the model. Due to this
reason, the oil saturation at 30 cm distance is more than the inlet point. Therefore,
it can be inferred that the upgrading causes the observed incremental recovery,
and that the distribution of the particles is an important factor in this process.
Table 4— Sample Analysis for Determination of Catalyst Distribution
Sample
5 cm from injection point
(35 cm sand pack)
30 cm from injection point
(35 cm sand pack)
5 cm from injection point (13
cm sand pack)

Viscosity at 40 oC

C31+ composition, wt%

Residual Oil
Saturation

1700 cp

64.2

19

1930 cp

66.1

24

1720 cp

63.7

18
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Experiments 6 and 7 were conducted to investigate the effect of oil saturation, at
the beginning of the catalysis stage, on the incremental recovery factor. To
achieve higher oil saturation than previous experiments, the first cycle of the
experiments 6 and 7 were carried out at a lower temperature of 150 oC. This
yielded less oil in the production phase of this cycle (only 24%) than the one
obtained from the previous experiments (about 51%). In experiments 6 and 7,
only two steam soaking cycles were applied.

Experiment 6 was conducted

without using any additives as a control case. Nickel catalysts were applied in the
second cycle of experiment 7. In the second cycle of experiment 7, the same
amount of catalysts, as in experiment 3, was used by adjusting the nickel
concentration for the remaining oil after the first steam cycle. Figure 5-19
presents the recovery factor from each phase of experiments 6 and 7. The
recovery factors of the experiments 1 and 3 are also included in this plot for
comparison.
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Figure 5-19- Effect of steam temperature of first cycle on the catalysis process. All
experiments are conducted with 13 cm sand pack model. Experiments 1 and 6: without
additives; Experiments 3 and 7: with nickel catalyst. First cycle of experiments 6 and 7
conducted at temperature of 150 oC.
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Due to less recovery factor (which is the result of low temperature) in the first
cycle of experiment 6, the oil saturation in the beginning of second cycle of these
experiments is about 1.5 times that of experiments 1. Therefore, the oil relative
permeability in experiment 6, cycle 2 is significantly higher than experiment 1,
cycle 2. Hence, the recovery factor in the second cycle of experiment 6 is
significantly higher (about 12% more). Interestingly, the net recovery factor
(phase 1+phase 2) of experiment 1 is about 16% more than experiment 6 due to
use of less energy in experiment 6. Nevertheless, when the catalyst is used
(compare experiments 3 and 7), the effect of less energy consumption is
compensated due to catalysis of more (about 1.5 times) oil in experiment 7 than
experiment 3. Although the first cycle of experiment 7 produces only about 25%
of oil in place, in the second cycle of this experiment, 75% of oil in place is
exposed to catalysis. However, in the second cycle of experiment 3, about 49%
of oil in place is exposed to the catalysis. Hence, the second cycle of experiment 7
produced more oil (25% more) than the second cycle of experiment 3.
To better understand the reason for the increase of recovery factor by nickel
catalyst, the viscosity of the heavy oil sample was analyzed. The heavy oil
composition from distillation GC analysis is presented in Figure 5-20. To
estimate the viscosity of the oil sample at high temperatures, WinProp (Computer
Modelling Group, CMG) fluid model was created using the experimental
viscosity and density data. For simulation purpose, the components of the oil were
lumped into 5 pseudo components. The oil viscosity and density at different
temperatures, from 25 to 100 oC, were measured and used to tune the equation of
states (Peng Robinson 1978) in the WinProp fluid model. Figure 5-21 shows the
viscosity versus temperature of the experimental measurement and the simulation
for the original oil sample. The viscosity values in this figure belong to the oil
sample after three days of aquathermolysis at 250 oC (measured after second cycle
of experiment 1).
Figure 5-22 displays the viscosity behaviour obtained experimentally and
numerically after catalytic aquathermolysis that was conducted for 3 days at 250
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o

C. Finally, the two viscosity trends are compared in Figure 5-23. This figure

shows that the difference in viscosities is significant at temperatures below about
135 oC with about 1 cp of viscosity difference (8%) at 135 oC, and 18 cp of
viscosity difference (22%) at 90 oC. Therefore, the amount of the incremental
increase of recovery factor depends mainly on the amount of viscosity reduction
at the lowest temperature at which the oil is mobile and can be produced.
However, the change of the oil composition due to upgrading may also change the
interfacial properties such as interfacial tension and wettability (thereby the
relative permeabilities). This may also be the cause of the observed incremental
recovery factor.
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Figure 5-20- Composition of the original oil sample.
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Figure 5-21- Viscosity versus temperature used for non-catalytic aquathermolysis simulation
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Figure 5-22- Viscosity versus temperature used for catalytic aquathermolysis simulation
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5.4. Conclusions
1. Nickel nano-particles reduce the activation energy of the main
aquathermolysis reaction from 69kJ/mol to 38kJ/mol. This reaction is the
breakage of the C-S bonds in organosulfur compounds and generation of
hydrogen sulphide and lighter components.
2. The maximum catalysis effect of nickel nano-particles is observed at the
temperature of 270 oC. The nickel nano-particles provide the maximum
difference of reaction rate at this temperature. Above this temperature, the
difference between the reaction rates of catalytic and non-catalytic
aquathermolysiss is decreased, which means nickel does not catalyze the
cracking reactions efficiently.
3. By catalyzing the aquathermolysis reactions, the concentration of
components heavier than C30 is decreased while concentration of lighter
components is increased. This effect results in decreasing the oil viscosity.
4. The recovery experiments show that nickel nano-particles increase the
recovery factor of the steam stimulation technique by about 22% when
applied with surfactant and polymer. The contribution of the catalytic
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effect of nickel nano-particles in this incremental recovery factor is about
7%. The viscosity of the produced oil, measured at 25 oC, is decreased by
40% after catalysis.
5. Conducting the experiment with longer sand pack model showed more
incremental recovery factor with the catalyst. This is due to less amount of
recovery factor in the first phase of the experiment with longer sample.
Therefore, for practical application of the technique, in order to achieve
higher incremental recovery factor with the catalysts, it is recommended to
start injection of the particles at high oil saturation.
6. By using nickel catalyst, an efficient utilization of energy can be achieved.
The experiment conducted in this study shows that if the first cycle of the
CSS process is conducted at a lower temperature, the catalysts provides
more effect on the recovery factor. In other words, the catalysis in the
second cycle of CSS compensates the less recovery, due to lower
temperature, in the first cycle. Furthermore, having higher saturation at the
beginning of the catalysis cycle results in producing more oil with higher
quality.

5.5.
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6.1. Introduction
Heating is essential in in-situ production of heavy-oil or bitumen. Steam-based
thermal recovery techniques, such as steam assisted gravity drainage (SAGD),
cyclic steam stimulation (CSS) and their modifications are the most common
ones. Despite its technical success, it is an energy intensive process due to the
cost of steam generation. The in-situ combustion technique is an alternative to
heat generation at surface. This method is economically more viable compared to
steam based techniques but it has its own technical challenges.
The main mechanism of the in-situ combustion technique is the generation of heat
via exothermic oxidation reactions which produce coke as the combustion fuel.
Therefore, efficient oxidation of the oil is required for successful combustion.
Since there are different zones in the reservoir with different temperatures,
different types of oxidation are expected. Dabbous et al. (1974) classified the
hydrocarbon oxidation reactions as: 1) high temperature oxidation (HTO) which
occurs at temperatures above 300oC and 2) low temperature oxidation (LTO)
which corresponds to temperatures lower than 300oC. HTO reactions mostly
consist of carbon-hydrogen bond breakage and the production of water and
carbon dioxide (He et al., 2005). These exothermic reactions provide the energy
required for continuous combustion. These reactions result in the partial
upgrading of oil. On the other hand, LTO reactions produce oxygenated
hydrocarbons such as carboxylic acids and sulfones (Lee and Noureldin., 1989).
Therefore, they adversely increase the viscosity of oil which can affect the
displacement efficiency and recovery factor.
The catalytic effect of transition metal compounds on steam stimulation and insitu combustion processes have been investigated by several authors. In the case
of steam stimulation, it is shown experimentally that metal species catalyze the
breakage of carbon-sulfur bonds existing in the organosulfur compounds. In other
words, metal species catalyze the hydrodesulfurization and aquathermolysis
reactions (clark et al., 1990; Fan et al., 2004; Li et al., 2007; Hamedi and
Babadagli, 2011), which increase the upgrading effect of the steam-based
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techniques. He et al. (2005) studied the catalytic effect of metallic salt additives
on the efficiency of in-situ combustion at the temperature range of HTO reactions.
They observed that metallic salt additives (Fe3+) enhanced fuel deposition,
reduced the activation energy and produced more complete combustion.
However, the exact mechanism of the catalytic reactions is still unknown. Also,
the effect of metallic additives on LTO reactions was not studied. Later, RamirezGarnica et al. (2008) investigated the effect of a nickel ionic solution on the
recovery factor of the in-situ recovery technique through combustion tube
experiments. Again, the experiments were run at the temperature range of the
HTO reactions. Ramirez-Garnica et al. observed that the nickel catalyst improved
oil upgrading during in-situ combustion and increased the recovery factor
(Rqmirez-Garnica et al., 2008). The catalytic effect of metal species on heavy oil
upgrading was also studied by other researchers in different processes (Ovalles et
al., 1998; Nares et al., 2007; Ramirez-Granica et al., 2007).
In this paper, the effect of a nickel ionic solution on the LTO reactions is studied
using the TGA-FTIR system. LTO reactions can create low mobility zones which
reduce the displacement efficiency and recovery. It was observed that metal
species catalyze HTO reactions (He et al., 2005; Ramirez-Granica et al., 2008;
Kok and Bagci, 2004), but their effect on LTO reactions is unknown. The
production of oxygenated compounds in heavy oil can drastically influence the oil
viscosity and reduce the process efficiency. Metals may also coordinate to some
big asphaltenic molecules and produce more complex structures, which adversely
affect the oil viscosity. Therefore, the effect of metal species on oil properties at a
low temperature needs to be investigated. Metals accelerate the HTO reactions by
destroying the antioxidants which exist in oil (Donaldson et al., 1961; Boreskov,
1964) and we expect the same kind of catalytic reactions to occur in the
temperature range of LTO reactions.
Thermogravimetric analysis (TGA) is a useful tool to study the kinetics of in-situ
combustion. The TGA was applied to study the kinetics of HTO reactions earlier
(Kok and Bagci, 2004; Kok, 2009; Ambalae et al., 2006). Kok and Bagci (2004)
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used simultaneous TG-DTA and reaction cell experiments to study the
combustion of light crude oil in the presence of metallic additives. They observed
that magnesium chloride and copper chloride lowered the reaction interval and
peak temperature of the HTO reactions. The additives also decreased the
activation energy of the crude oil. Ambalae et al. (2006) applied TG experiments
to study the pyrolysis and combustion behavior of heavy oil and its asphaltenes.
Kok et al. (2009) investigated the effect of reservoir rock composition on
combustion kinetics using TG/DTA. From the TGA data, they calculated the
activation energy of the LTO and HTO reactions. In the case of a limestone
matrix, the activation energy of LTO (between 10-20 kJ mol-1) reactions was
about ten times smaller than the activation energy of HTO reactions (between 90120 kJ mol-1). In the case of the sandstone matrix, the activation energy of HTO
reactions decreased to values between 50-70 kJ mol-1 while the activation energy
of LTO reactions did not change significantly (Kok, 2009). These observations
confirm the importance of the catalyst type on combustion kinetics.
In the present paper, a simultaneous TGA-FTIR (Fourier Transform Infrared
Spectroscopy) system was used to study the kinetics of heavy oil combustion at
low temperatures (LTO region), as well as the effect of a nickel ionic solution on
this process. FTIR was used to analyze the evolved gases. The amount and type of
the evolved gases detected by the FTIR system are the important parameters,
which were used as the analysis parameters for studying the mechanisms of the
catalytic reactions.

6.2. Experimental
The equipment utilized for this study consisted of a Cahn TGA interface to a
Nicolet 6700 Fourier Transform Infrared Spectrometer (Thermo Scientific). The
evolved gases from thermogravimetric measurements were transported by a
vacuum pump at constant flow rate, to a gas cell installed in the FTIR
spectrometer through a transfer line. The transfer line was kept at 200 °C using a
heating tape to prevent condensation of the released gases. The results obtained
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from the TGA–FTIR are presented as follows: (1) a Gram–Schmidt plot, which
shows related information with the total IR absorbance of the evolved
components in the whole spectral range; (2) a three-dimensional spectra (as a
stack plot) of the evolved gases; and (3) the IR spectra obtained at the maximum
evolution rate for each decomposition stage.
Heavy oil with 14.7oAPI was used in all of the experiments. The physical and
chemical properties of the oil sample are presented in Table 6-1. 0.1 M of nickel
chloride solution was prepared and mixed with heavy oil with a 50-50wt % ratio.
The suspension was mixed for 15 minutes at 6000 rpm using a Polytron PT6100
mixer. Around 20 milligram of sample was put into a TG pan. The experiment
started by heating the system at a 50 oC/min heating rate to reach the desired
isothermal temperature. Then, the temperature was kept constant for a specific
period of time. Air was used as the purge gas. Its flow rate was 40cc/min in all of
the experiments. The experiments were run at three different temperatures: 200,
250 and 300 oC.

Table 6-1- Properties of the Oil Sample
Physical properties at 25
o
C
Density,
viscosit RI
gr/cc
y, cp
0.965
gr/cc

8500
cp

1.5
6

SARA analysis (wt%)

Elemental analysis (wt%)

Saturat
es

Aromati
cs

Resi
ns

Asphaltene
s

C

H

N

S

36

37

13

14

80.47

10.6
3

0.4
3

4.0
9

6.3. Results and Discussion
6.3.1. Kinetic Analysis
Figure 6-1 shows the results of the TG experiments at 200 oC. The effect of water
evaporation is seen as a sharp mass loss at the beginning of the test. Although the
utmost effort was made to prepare the emulsion samples with an equal water
fraction, according to the TG results, the percentages of water in the emulsions
with and without additives are slightly different, as can be seen from Figure 6-1.
This can be seen by looking at the rapid slope change of the TG plots. To study
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the oil combustion, the water effect has to be removed from the TG plots. Boiling
points of heavy oil components being higher than water, the rapid change of TG
plot at earlier time zone belongs to the evaporation of water. Therefore, the extent
of mass loss at the time of slope change corresponds to the water percentage in
the initial emulsion samples. The TG plot part before this slope change is cut to
remove the water effect, and the remaining section is normalized to the oil
fraction. Another correction is made to consider the effect of the weight of the
additives (1.3 wt %) in the experiments conducted on the samples with nickel
ions. Since the mass of nickel chloride in the pan remained constant during the
test, this value was subtracted from the TG data. After these corrections, Figures
6 - 2 to 6 - 4 were obtained. Comparing these three figures, we realize that the
effect of metal additives becomes significant at higher temperatures. At 200oC, no
significant change on the TG plots is seen. However, there are considerable
changes observed at 250 oC and 300 oC.
Figures 6 - 2 to 6 - 4 demonstrate that the effect of nickel ions is to increase the
amount of oil mass loss during LTO combustion. This effect is more significant at
higher temperatures. At 300 oC, an increase in mass loss of about 10% can be
seen. However at 200 oC, this effect is not observed. Therefore, the catalytic
activity of nickel ions increases by increasing the temperature.
Increasing the mass loss during combustion is indicative of increasing the amount
of light components production during the reactions. To understand this effect, the
FTIR results have to be analyzed. However, more information can be obtained
from TGA results about the kinetics of combustion and the effect of catalysts on
kinetic parameters of LTO reactions. The kinetics of high temperature oxidation
of oil was studied earlier using TG results (Kok, 2009; Ambalae et al., 2006).
According to Vyazovkin et al. (2011), the rate of reaction can be calculated using
the following equation:
d
 k (T ) f ( )h( P )
dt

(1)
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In this equation, k is the reaction rate, h(P) is the pressure function and f ( ) is a
function of the component fraction,  . The h(P) is neglected in this work,
because the experiments were conducted at constant atmospheric pressure. Based
on the definition provided by Vyazovkin et al. (2011) for the reaction models, the
TG profiles (Figures 6 - 2 to 6 - 4) show that the combustion reactions are of the
decelerating type. Therefore, the reaction-order model can be applied to model the
reaction (Vyazokvin et al., 2011) as follows:
f ( )   n

(2)

In this equation, n is the reaction order. The combustion reactions were assumed
to be first-order. Validity of this assumption is investigated in the next section.
The Arrhenius model was applied to model the TG results in order to determine
the kinetic parameters. The Arrhenius equation describes the temperature
dependence of the reaction rate as follows:
k (T )  A exp(

E
)
RT

(3)

Where A is the exponential factor and E is the activation energy. With the
assumption of the first-order reaction, Eq. (1) becomes:
d
 k (T ).
dt

(4)

By integrating from equation (4), the following equation is obtained:


)  k (T ).(t  t0 )
0

ln(

(5)

Therefore, a linear regression of the above equation can be used to obtain the
reaction rate at a specific temperature. The TG data pointing to the time where the
major mass loss happens were used for this analysis (e.g., data points to t=1000
minutes for the experiments conducted at 300 oC according to Figure 6- 4).
Table 6-2 reports the reaction rate values calculated at each temperature with the
corresponding regression coefficient. The kinetic parameters can be calculated
using the Arrhenius plot. This process is shown in Figures 6 - 5 and 6 - 6. Based
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on these plots, the activation energy of the original oil sample was 16.9 kJ/mol;
however, the activation energy of the reaction was reduced to 10.9 kJ/mol when
nickel ions were used. The calculated activation energies and pre-exponential
factors are tabulated in Table 6-3 along with the regression coefficient of the
corresponding Arrhenius plot. The values of the regression coefficient indicate
that Arrhenius equation provides a good description of the kinetics of the LTO in
the experimental sample. About 35% reduction in activation energy confirms the
catalytic effect of nickel chloride additive on LTO reactions.
The reactions were assumed to be of first order for performed kinetic calculations.
Thus, an analysis of the reaction order is required to verify the kinetic
calculations. If the reaction is of order n, then by introduction of the reactionorder model (equation (2)) into equation (1), we obtain:
d
 k (T ). n
dt

(6)

Integration from both sides of equation (6) results in the following equation:

  1n 
1
( )  1  t
n1 
(n  1)kn 0   0


for n≠1

(7)

In equation (7), kn is the reaction rate constant,  0 is the initial concentration of
the component (oil phase fraction here) and t is time. The oil phase is considered
to be the only component. The calculated values of the reaction rates at different
temperatures and the concentration changes at a specific time interval, from the
TG results, were used to analyze the effect of the reaction order. According to
equation (6), the plot of

[( / 0 )1n  1]

versus the time at different values of the

reaction order (except n=1) should be linear. For n=1, equation 5 was applied.
Figure 6-7 shows this curve fitting process for the experiment conducted on a
sample with additives at 300 oC. Different reaction orders, in the range 0.3 – 2,
were assumed. According to Figure 6-7, although the regression coefficients (R2)
corresponding to reaction orders n=0.3, 0.6, 0.7 and 0.8 are very close to one, the
value of the regression coefficient at n=1 is the closest to one. Similar plots are
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obtained for other experiments with the result of the best regression coefficient for
n=1. These graphs confirm that the assumption of the first order reaction is valid.
According to Figure 6-7, any deviation of the reaction order from one results in
decreasing the regression coefficient.

Table 6-2- Reaction Rate Constant Values Calculated from Regression of
Equation (5) of TG Results
Sample
Emulsion without
additives
Emulsion with
additives

Temperature (oC)
200
250
300
200
250
300

Reaction rate  10-4 (sec-1)
1.92
2.50
4.11
2.29
2.87
3.73

Regression coefficient
0.993
0.997
0.992
0.988
0.989
0.981

Table 6-3- Calculated Kinetic Parameters
Sample
Emulsion without additives
Emulsion with additives

Activation energy,
KJ/mol
16.94
10.94

Pre-exponential
factor, 1/min
0.816
0.219

Regression
coefficient
0.95
0.99

Figure 6-1- TG plots at 200 oC before corrections.

150

Figure 6-2- TGA plots after corrections at 200 oC.

Figure 6-3- TGA plots after corrections at 250 oC.
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Figure 6-4- TGA plots after corrections at 300 oC.

ln(k)

1/T (1/K)
0.0016
-7.7
-7.8
-7.9
-8.0
-8.1
-8.2
-8.3
-8.4
-8.5
-8.6
-8.7

0.0017

0.0018

0.0019

0.0020

0.0021

0.0022

Figure 6-5- Arrhenius plot for the sample without any additives.
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1/T(1/K)
0.0016
-7.8

0.0017

0.0018

0.0019

0.002

0.0021

0.0022

-7.9

ln(k)

-8
-8.1
-8.2
-8.3
-8.4
-8.5

Figure 6-6- Arrhenius plot for the sample with additives.

Figure 6-7- Curve fitting demonstrating the effect of reaction order on the model regression
(sample with additives at 300 oC).

6.3.2. TGA-FTIR Analysis
The sample was scanned 12 times by the FTIR with the sampling interval of 12
seconds. The resolution is 4. 12 background scans were performed before the test.
The results of TGA-FTIR are presented in three forms: (1) Total absorption
(Gram-Schmidt) plot, which is used to detect the time at which the maximum
amount of gas evolution/discharge occurs, (2) Three-dimensional (3-D) FTIR
result, which shows the absorbance of the IR frequencies in the range of 500 –
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4000 cm-1, and (3) absorbance spectrum at the time of maximum discharge.
Interpretation of infrared spectroscopy is based on the detection of functional
groups in the spectrum. Every chemical bond is absorbed at a certain wavelength
which is characteristic of that bond. The magnitude of this wavelength depends on
the strength of the chemical bond.
Figure 6-8 demonstrates the Gram-Schmidt plots of the experiments conducted at
200 oC. According to this graph, there are three maximum discharge times (20, 52
and 113 minutes) observed in the experiment without nickel ion additives.
However, a monotonic increase in the intensity is observed when additives are
used. Figures 6 - 9 and 6 - 10 present the 3-D FTIR spectra plots of the gases
evolved during the experiments. Figure 6-11 shows the IR spectra detected at the
times of maximum discharge in the experiment without additives. For qualitative
analysis of the effect of nickel ions on the combustion process, the FTIR spectra
obtained at the first maximum discharge time, for both experiments, is presented
in Figure 6-12.
During low temperature oxidation, a very small amount of carbon monoxide and
carbon dioxide is produced since most of the available oxygen is consumed to
produce oxygenated compounds such as carboxylic acids, ketones and phenols.
These compounds are detected on FTIR spectra plots. Looking at the FTIR
spectra at time t = 20 min in Figure 6- 11, a broad range of spectrums is observed
at the wavenumber interval 3400-4000 cm-1.These spectrums correspond to O-H
stretching vibrations. They can be indicative of water, phenols or both
compounds. Looking at the fingerprint spectrum region, the bending vibrations of
the hydroxyl group corresponding to both water (1518 and 1701 cm-1) and
phenols (650-770 cm-1 and 1330-1430 cm-1 range) are observed, meaning that
there is the presence of both compounds at the evolved gas mixture at early times.
The intensity of these bands decreased at t = 52 min and almost vanished at t =
113 min. At later times, all the water content of the emulsion was most likely
evaporated and the detected water must be the product of oxygenation reactions.
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Asymmetrical stretching and bending vibrations of CO2 occur at 2360 cm-1 and
670 cm-1, respectively (Fraust, 1997). These spectra are observed in the FTIR
results (Figure 6-11). Some fraction of carbon dioxide gas is produced during
oxidation of aromatic hydrocarbons to produce phenols, according to the
following equation, as proposed by Kaeding (1963):
C6H5CH3 + 2 O2 → C6H5OH + CO2 + H2O

(8)

The other source of carbon dioxide is related to the production of carboxylic
acids. According to Figure 6- 11, a small amount of carboxylic acids was detected
at times t = 20 and t = 52 min (2900 cm-1), which was confirmed by the presence
of a carbonyl band at around 1700 cm-1. The reason for the low concentration of
carboxylic acids is that most of the produced carboxylic acids were involved in
decarboxylation reactions to produce carbon dioxide. Therefore, a great amount of
carbon dioxide is detected by FTIR.
Table 6-1 indicates that the oil sample contains about 4% sulfur. The dissociation
energy of the carbon-sulfur bond is the lowest amongst the existing chemical
bonds in heavy oil. Therefore, they are the first bonds to break, producing
hydrogen sulfide. However, the hydrogen-sulfide spectrum is not detected by IR.
Thus, as stated by (Lee and Noureldin, 1989), the organosulfur compounds must
have been oxygenated into sulfones. The produced sulfones can be converted to
hydrocarbons and sulfur dioxide through an endothermic reaction. The following
reactions, proposed by (Lee and Noureldin, 1989) describe the mentioned
mechanism:
R-S-R + O2

R-SO2-R

(9)

R-SO2-R

R-R + SO2

(10)

The existence of sulfur dioxide in the products is confirmed by detection of the
corresponding spectrum in the FTIR result. The asymmetrical stretch,
symmetrical stretch and bending vibrations of sulfur dioxide occurred at 1360
cm-1, 1150 cm-1, and 540 cm-1,respectively (Fraust, 1997). These spectrums were
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observed at times t = 20 and t = 52 min and entirely vanished at t = 113 min
(Figure 6-11).
As mentioned, the concentration of carboxylic acids, which is high initially
(Figure 6-11) is decreased at t =113 min. Also concentration of sulfur dioxide is
high initially, but decreases at later time. Therefore, the first peak in Figure 6- 8
corresponds to water, phenols, carboxylic acids, sulfur dioxide and little amount
of carbon dioxide. The later peaks, especially the one at t=113 correspond mainly
to carbon dioxide. This means that at later times, the reactions producing CO2
prevails the oxygenation reactions.
In presence of nickel ions, the reactions generating carbon dioxide are catalyzed.
This catalysis results in conversion of most of the hydrocarbons to carbon dioxide
and water vapour without giving them the time to be oxidized. Therefore less
amount of oxygenated hydrocarbons are generated. Comparison of the amount of
gasses released in two cases, with and without additives, is indicative of this
mechanism. In presence of nickel ions, higher amount of gases are released,
because there is fewer amounts of oxygenated compounds generated. The
oxygenated compounds are complex molecules with high boiling point. Therefore
in the experiment without additives, due to the oxygenation, less amount of gas is
produced.
The effect of nickel ions on the evolved gas composition is presented in Figure 612. Based on this result, nickel ions reduced the amount of evolved phenols,
carboxylic acids and sulfur dioxide. In other words, nickel ions decreased the
concentration of the products of oxygenation reactions. The other effect of nickel
ions was to increase the concentration of carbon dioxide in the evolved gases, as
can be seen in Figure 6-12. Therefore, nickel ions acted as a catalyst for
decarboxylation reactions.
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Figure 6-8- Gram Schmidth plots of tests conducted at 200 oC.

Figure 6-9- Three dimensional FTIR spectra plot of the gases evolved from the sample
without additives, T=200 oC Wavenumber (cm-1).

Figure 6-10- Three dimensional FTIR spectra plot of the gases evolved from the sample with
additives, T=200 oC.
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Figure 6-11- FTIR spectra of the sample without additives at the maximum discharge times
at 200 oC.

Figure 6-12- FTIR spectra of the gases evolved at time t= 20 min, T=200 oC.

Figures 6 - 13 to 6 - 15 present the results of the experiments conducted at 250 oC.
The Gram-Schmidt plot of the experiments conducted at 250 oC (Figure 6- 13)
exhibits two and three maximum discharge times in the experiments with and
without nickel ions, respectively. The earlier maximum discharge time, when
additives are used, is due to the catalytic activity of nickel ions. According to
Figure 6-13, in the absence of catalysts, a delay of about 25 and 41 minutes are
observed in the occurrence of the first and the second maximum discharge times,
respectively. More proof for the catalytic activity of nickel ions can be seen from
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Figures 6 - 14 and 6 - 15. A decrease in the concentration of phenols and
carboxylic acids, as the main products of oxygenation, is observed in Figure 6-14.
Also, the concentration of sulfur dioxide declined. Furthermore, the concentration
of carbon dioxide in the evolved gases increased. Figure 6-15 shows very similar
FTIR spectra at later times. At these times, carbon dioxide constitutes most of the
evolved gases regardless of the application of nickel ions.

Figure 6-13- Gram-Schmidt plots of tests conducted at 250 oC.

Figure 6-14- FTIR spectra of the gases evolved at the first maximum discharge times, T=250
o

C.

159

Figure 6-15- FTIR spectra of the gases evolved at the second (and third for experiment
without additives) maximum discharge times, T=250 oC

The results of the experiments conducted at 300 oC are illustrated in Figures 6 16 to 6 - 18. According to the Gram-Schmidt plot (Figure 6-16), two points of
maximum gas discharge are observed when additives are used. However, the
intensity of the discharged gases is monotonically increased in the absence of
nickel ions. The absorption spectra of the experiment with nickel ions, at a very
early time (Figure 6-17), shows that more carbon dioxide evolved compared to
the experiment on the sample without additives.
Another observation from Figure 6-17, based on the spectra at a wavenumber
range of 2800 - 3000 cm-1, is that almost the same level of carboxylic acids were
generated in both experiments. Comparing Figure 6-17 with Figure 6-12, it can be
seen that at 300 oC, a higher concentration of carboxylic acids was produced (look
at the band around 2900 cm-1). This is in contrast with the fact that by increasing
the temperature, the intensity of the LTO reactions decreased. Therefore, we must
doubt if the observed spectra at 2800 – 3000 cm-1 corresponds only to carboxylic
acids. This range of spectra can also be representative of aliphatic compounds.
According to Figures 6 - 17 and 6 - 18, there is a strong band around 1470 cm-1
which is indicative of methylene/methyl functional groups. Also, a weak methyl
band around 1380 cm-1, and a weak band around 700 cm-1, which corresponds to
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methylene rocking vibration, are seen. Finally, the C-H stretching vibration is
observed at 2800-3000 cm-1. From this information, it can be concluded that there
are some linear aliphatic molecules in the evolved gases. The hydrocarbons with
low boiling points must be evaporated at 300 oC. These hydrocarbons could be
produced by the breakage of big molecules. At the later time of 44 minutes
(Figure 6-18), the concentration of hydrocarbons and carboxylic acids in the
experiment with nickel ions was less compared to the other experiment. In
addition, nickel ions caused an increase in the intensity of the carbon dioxide band
and the band corresponding to the hydroxyl group. The hydroxyl group (34004000 cm-1) must be representative of a water compound, since producing carbon
dioxide is associated with water production.

Figure 6-16- Gram-Schmidth plots of tests conducted at 300 oC.
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Figure 6-17- FTIR spectra of the gases evolved at time = 10 minutes, T=300 oC.

Figure 6-18- FTIR spectra of the gases evolved at time = 44 minutes, T=300 oC.

According to the FTIR analysis, the following paragraphs summarize the main
effects of nickel ions on LTO reactions:
1. Nickel ions reduce the concentration of carboxylic acids in the evolved
gases at temperature range of the LTO reactions. Carboxylic acids can be
generated by oxidation of aldehydes or benzylic hydrocarbons. These
compounds are either present in the heavy oil sample or can be generated
during the thermolysis of oil (Clark and Hyne, 1984). Nickel ions can
produce very stable complexes with hydrocarbons (Sivaramakrishna et al.,
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2010). Generation of these complexes will decrease the possibility of

oxygenation of the hydrocarbons. However, some level of oxygenation of
hydrocarbons will be inevitable, because not all the hydrocarbons will be
protected by nickel ions. The generation of organic complexes with the
catalyst can negatively affect the oil properties if the catalyst concentration
is too high. Therefore, before any field application of the process, a careful
study on the concentration of the catalysts should be performed. Since
these kinds of catalysts provide two opposite effects (the catalysis and
generation of complex compounds), there must be an optimum
concentration which would yield the maximum positive effect.
2. Nickel ions increase the concentration of carbon dioxide in the evolved
gases. Carbon dioxide is generated either by combustion of the
hydrocarbons or by decarboxylation of the generated carboxylic acids. It is
been proved that hydrocarbon combustion reactions can be catalyzed by
transition metals (Neyestanaki and Lindfors, 1994).

Catalysis effect of

nickel ions causes the combustion of oil to happen at lower temperatures.
Therefore, compared to the experiments conducted without the catalyst,
during the experiments with catalysts more hydrocarbon molecules will be
combusted (rather than being oxidized) and generate carbon dioxide and
water. However, according to the FTIR spectra, even in presence of the
catalyst, some traces of carboxylic acids are detectable. Some part of these
carboxylic acids is converted to carbon dioxide and hydrocarbons. These
decarboxylation reactions can also be catalyzed by transition metals (Xue
et al., 2011).
3. The concentration of sulfur dioxide in the evolved gas mixture is
decreased by nickel ions. As mentioned, the source of sulfur dioxide is by
removal of sulfonyl group from the sulfone hydrocarbons generated by
oxygenation of organosulfur compounds (equation 10). The elimination of
sulfonyl group from sulfones can also be catalyzed by nickel (Gai et al.,
1993). In presence of nickel ions, due to occurrence of combustion,
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oxygenation of organosulfur compounds is reduced, and the generated
sulfones are mostly converted to sulfur dioxide.

6.4. Conclusions
In this paper, the effect of nickel ions on LTO (Low Temperature Oxidation)
reactions was studied using TGA-FTIR. The kinetics of the process, as well as
qualitative analysis of the evolved gases during the reactions was investigated.
The followings are the main conclusions from this study:
1. The TG results showed that the effect of nickel ions on combustion
increases by increasing temperature. This is in accordance with reports of
other researchers at higher temperatures concerning the catalytic effect of
metal species on the HTO process. However, a significant catalytic effect
on LTO reactions was observed by studying the FTIR spectra of the
evolved gases.
2. According to the kinetic analysis performed by using the TG results,
nickel ions decreased the activation energy of the process. The activation
energy of LTO reactions decreased from 16.9 KJ/mol to 10.9 KJ/mol.
3. Based on the obtained FTIR spectra, the amount of oxygenated
compounds, such as phenols and carboxylic acids, is decreased by
increasing the temperature.
4. At each temperature, nickel ions caused a significant decrease in the
concentration of the oxygenated compounds and sulfur dioxide, and
increased the concentration of carbon dioxide and water. Hence, nickel
ions tend to shift the oxidation reactions from LTO to HTO. This effect is
more promising at higher temperatures.
5. This finding can be of significant importance for improvement of in-situ
combustion. During this process, LTO reactions at low temperature
regions tend to increase the oil viscosity. The application of metal species
such as nickel ions would decrease this effect considerably.
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Chapter 7:

Summary, Contributions and

Recommendations

167

In this chapter, the main conclusions are highlighted and specific contributions to
industry and literature are outlined after a brief summary of the research.
This research investigated the use of metal catalysts, such as nickel, in nanoparticles and ionic solution form, to improve the recovery factor of thermal
techniques such as cyclic steam stimulation (CSS) and in-situ combustion.
Different aspects of this method were studied thoroughly, from preparation,
injectivity, and catalysis potential to the recovery improvement potential of nanofluids.
Nickel nano-particles were suspended in water phase using Xanthan gum
polymer. The optimum concentration of the nickel nanoparticles required to
maximize the upgrading effect was found to be 500 ppm for the heavy oil sample
used in this study. This concentration of nickel nano-particles can be stabilized
using 300 ppm of Xanthan gum polymer. The nano-fluid suspension must be
prepared right before the injection to have the maximum stability during injection,
as the stability decreases with time.
Before injection of the nano-fluid, one cycle of heavy oil production, using hot
water or low temperature steam, is required to lower the viscosity of heavy
oil/bitumen in the reservoir to achieve a good injectivity. After this cycle, one
slug of cationic surfactant (dissolved in hot water to prevent cooling the reservoir)
is injected. This step is required to direct the nano-particles onto the matrix
surface and oil-water interfaces where the catalysis occurs.
In the next cycle, the nano-fluid is injected to move the particles to the desired
locations. Then, one cycle of steam at a temperature higher than 240 oC is
injected. To achieve a maximum upgrading effect, the soaking time must be at
least 5 days with steam temperature of 240 oC.

Obviously, using a lower

temperature steam would require longer soaking time. After this phase, the
production is started. The soaking-production cycles can be repeated without
injection of further nano-fluid. However, the quality of the produced oil must be
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checked after each production cycle to ensure the catalysis effect. If the quality
drops below the expected level, another slug of nano-fluid must be injected.
The followings are the specific -scientific and practical- contributions of this
thesis to the literature:


It is observed that metal nano-particles decrease oil viscosity even at low
temperature if a proper concentration is applied. However, this amount of
viscosity reduction is insignificant compared to their viscosity reduction
effect at higher temperatures. High concentration of metal nano-particles
must be prevented because it may increase the oil viscosity.



At any temperature level (up to 300 oC) there is an optimum concentration
of metal particles at which the maximum viscosity reduction is achieved.



The injection rate, injection direction, and suspension viscosity are the
important parameters that affect the injectivity of the nano-fluid and
particles distribution. The injection rate is of utmost importance. If the
particles are injected without stabilization, very high injection rate will
result in poor particle distribution while very low injection rate can cause
formation damage due to pore plugging because of the extreme retention
of particles. However, if proper stabilizing agent with the appropriate
concentration is used after injection of the cationic surfactant, the nanofluid must be injected with low injection rate. At low rates, the
electrostatic forces dominate the viscous force and direct the particles to
settle down on the matrix surface or move to the oil-water interfaces.



Nano-size metal particles can be stabilized in water using Xanthan gum
polymer. According to the analysis of the DLVO forces, this level of
stability cannot be achieved using any kind of surfactant.



This thesis suggests that for long term stabilization of metal nano-particles
in the liquid phase—an emulsion of oil-water created using surfactant—
can be used. For this purpose, the nano-particles are required to be
stabilized in a polymeric solution and then mixed with oil-water-surfactant
emulsion. The used surfactant and polymer must be oppositely charged.
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In this work, for the first time, it is suggested to use oppositely charged
polymer and surfactant to transport and distribute nano-particles into the
reservoir. This idea can be applied for other purposes other than in-situ
upgrading that requires settlement of particles in the reservoir with proper
distribution.



The kinetic parameters for breakage of C-S bonds during aquathermolysis
and catalytic aquathermolysis are measured. Similarly, the kinetic
parameters for the low temperature oxidation and its catalysis are
provided. The latter would also lead to further investigations on the use of
metal catalysts during low temperature air injection.

Suggested Future work


More research is needed to clarify the effect of oil composition on
catalytic aquathermolysis and the degree of in-situ upgrading that can be
achieved with different oil compositions. For this purpose, oil samples
with different asphaltene or sulphur contents should be considered.



A combination of transition metal catalysts, rather than single metal type,
might be helpful to catalyze different chemical reactions in the
aquathermolysis process which would improve upgrading.



Other type of hydrogen donor, such as tetralin, instead of water can also
be used to conduct aquathermolysis.



The full field application of this technique needs to be studied through
numerical simulation. The chemical reaction kinetics, developed in this
research can be helpful in this exercise.
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