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Chapter 6
Nanoparticles for Heavy Oil Upgrading

Sefatallah Ashoorian, Tatiana Montoya, and Nashaat N. Nassar

6.1 Introduction

The worldwide demand for energy has been steadily growing during the past
decades. The latest published energy outlooks revealed that oil is still the paramount
source of energy supply in the near future. Due to the depletion of conventional oil
reservoirs and the soaring global demand for energy in recent years, unconventional
oil reservoirs have become more attractive and gained interest from researchers and
oil companies. However, due to their nature, these resources are hard to extract,
process, and transport. Their exploitation process is both high-energy and water-
intensive and also has considerable environmental footprints. Furthermore, these
resources themselves usually contain components that have unfavorable environ-
mental impacts. Also, these crudes do not meet the pipeline criteria and therefore
need to be upgraded to be suitable for pipeline specifications. In situ upgrading is
one promising method for recovering these reservoirs. In contrast to surface upgrad-
ing, it needs lower financial investment and substantially reduces the environmental
hazard related to surface upgrading processes.

Due to the advances occurred in the field of nanotechnology in recent years,
these methods have been utilized for heavy oil and bitumen in situ upgrading. One
great example of these methods is the application of ultradispersed (UD) nanocata-
lysts for in situ upgrading of heavy oils and bitumen. Due to their exceptionally high
surface area-to-volume ratio and active surface sites, UD nanocatalysts exhibit a
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unique catalytic and sorption properties. The use of UD nanocatalysts is a cost-
effective and environmentally friendly method for recovering and upgrading uncon-
ventional reservoirs. Furthermore, these materials can also be used to inhibit or
delay asphaltene precipitation, resulting in further oil recovery. However, similar to
any other new technology, several challenges and problems are facing the nanopar-
ticle application in the in situ upgrading process.

In this chapter, the recent advances in the field of UD nanocatalysts will be pre-
sented. Different aspects of the topic along with potential challenges and opportuni-
ties will be discussed. To this end first, a brief review of the current EOR method for
heavy oil and bitumen recovery will be described. Next, the UD nanoparticle syn-
thesis and application will be explained. H-donors will be reviewed next. Then the
effect of nanocatalysts on the yielded liquid quality will be introduced. Different
parameters like variations in crude viscosity, API, and sulfur content upon catalytic
upgrading will be presented. After that nanocatalyst transport behavior in the porous
media will be explained, followed by modeling the reaction kinetics of the in situ
upgrading process. Finally, some issues related to nanoparticle recyclability and
their environmental effect will be discussed.

6.2 The Current Enhanced Qil Recovery Processes

It is estimated that nearly 2.0%1012 of conventional crude oil and 5.0%1012 barrels
of heavy oil will remain underground after natural depletion and utilizing the con-
ventional production methods [1]. Enhanced oil recovery (EOR) methods aim to
recover this portion of hydrocarbon reservoirs. Typically, EOR processes fall into
three categories: thermal recovery, chemical flooding, and miscible displacement
methods [2]. Although some researchers consider microbial EOR as a fourth branch,
it has not been widely recognized since it has been rarely used in the field.

As a rule, thermal methods are suitable for high-viscosity crudes like heavy oil
and bitumen, while chemical and miscible methods are preferred for lighter hydro-
carbons like conventional oil. However, the choice of an EOR method depends on a
variety of factors like geological characteristics, fluid property, and financial param-
eters which help the engineers decide on an optimum scenario.

6.3 Thermal EOR Methods

Since the recovery and upgrading of heavy oil and bitumen are the main topics of
this book, a brief review of thermal EOR is presented in this section as it is the most
prevalent EOR technique for such reservoirs. Thermal EOR has been used for more
than 70 years ago and is known as the most sophisticated process to produce crude
oil [1]. The best candidates for thermal EOR are mostly heavy oils (10-20" API) and
tar sands (<10°API). Viscosity reduction can be regarded as the most important
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mechanism to produce heavy crudes in this technique; however, there are other
active mechanisms like rock and fluid expansion, steam distillation, and visbreak-
ing. Figure 6.1 shows currently used thermal methods. Thermal EOR generally falls
into four categories: hot fluid injection, steam-based methods, in situ operations,
and electrical heating. Each of these methods has its own advantages and disadvan-
tages. Furthermore, it is noteworthy to mention that not all these techniques apply
to a particular reservoir and their implementation relies on different factors like
technical and financial parameters. In the following section, these methods are
briefly presented.

6.3.1 Hot Fluid Injection

Hot fluid injection techniques refer to methods in which a preheated fluid — usually
water — is injected into the reservoir in order to improve the mobility ratio by reduc-
ing the oil viscosity. Different fluids like water, air, and solvents might be used in
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this technique. They might be preheated at the surface or heated using downhole
heaters.

In its basic form, hot water is injected into the reservoir to sweep the oil [3]. Hot
water is generally an immiscible displacement process in which oil is swept by hot
and cold water. Except for some thermal effects, this mechanism is analogous to
conventional water flooding, and before selecting this method, the same precautions
must be taken that consider the possible consequences of swelling clay.

6.3.2 Steam-Based Methods

Steam-based methods which have been used commercially since the 1960s are
believed to be the most advanced EOR techniques implemented in oil reservoirs and
therefore have the least uncertainty in comparison with other techniques [4].
However, caution must always be taken while selecting these approaches just like
any other EOR method [5].

Like any other thermal EOR method, the main concept behind steam-based pro-
cesses is to reduce heavy oil viscosity so it can flow easily toward the production
wells. Viscosity reduction, however, is not the only active mechanism in this tech-
nique, and other mechanisms such as emulsion drive, thermal expansion, solution
gas drive, and steam distillation also contribute to the oil recovery process.

One important issue in steam-based processes is to reduce heat loss. If the wells
are poorly insulated, then there is a high chance that significant heat loss occurs,
resulting in poor performance and changing the technique from steam-based opera-
tions to hot water injection instead.

6.3.2.1 Steam Flooding (Steam Drive)

In steam flooding, the steam is continuously injected into the reservoir in order to
create a steam zone which reduces the oil viscosity and also retains pressure for the
oil displacement [6, 7].

The main difference between hot water injection and steam flooding is the effect
of condensing vapor. In steam flooding, the presence of a gas phase results in the
light components of the heavy oil to be distilled and carried away. Then by reducing
the temperature, this phase would condense and reduce the oil viscosity during con-
densation, which improves the sweep efficiency [8].

Steam flooding recovery factor is usually higher than hot fluid injection and usu-
ally lies between 50 and 60% of the original oil in place, although recovery factors as
high as 70% have also been reported [9]. The major drawbacks of this technique are
the steam override, excessive heat loss, and higher costs as it is highly energy-
intensive [2].
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6.3.2.2 Cyclic Steam Stimulation

Cyclic steam stimulation (CSS), also known as huff-and-puff, is a three-stage tech-
nique which is operated on a single well. Figure 6.2 shows this process [10]. At first,
the steam is injected into a well for a period of 1-3 months. Then the well is shut
down, and the steam is allowed to distribute around the wellbore, a phase referred
to as a soaking period. Finally, the well is opened to flow. The oil rate increases
quickly to high values and stays constant for a while and is then followed by a
decline [10]. The production continues until it reaches the economic limit and then
the cycle is repeated. The steam-oil ratio for this process changes over time. It usu-
ally starts at 1:2 and increases to 1:3 or 1:4 as the number of cycles increases [11].
For this reason, this technique is usually used for one cycle, and then it is converted
to the steam drive process.

There is a great interest in CSS since it has a quick payout; however the final
recovery factors are much less than other thermal processes at around 10-40% of
the OIIP. Moreover, as this process requires high-pressure injection, some consider-
ations must be considered about the overburden pressure and also the reservoir geol-
ogy. Like steam flooding, high costs related to steam generation and gravity override
are the main concerns in this technique [8].
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6.3.2.3 Steam-Assisted Gravity Drainage (SAGD)

SAGD was first proposed by Butler in the 1970s and was first tested for in situ
recovery of Alberta bitumen in 1980 [12]. The main concept of SAGD is two paral-
lel horizontal wells which lie on the same vertical plane. The upper well is respon-
sible for high-pressure steam injection which forms a steam chamber that
subsequently results in reducing the oil viscosity and drains the reservoir by gravity.
The drained oil moves toward the lower well which is a production well, and the
fluid is pumped to the surface. There are several important operational and geomet-
ric parameters in SAGD operation like rock permeability, reservoir heterogeneity,
oil reservoir thickness, and well separation, which needs to be addressed; however
high vertical permeability is considered the most important parameter as it is crucial
to the performance of this method [13-16].

SAGD process is highly energy-intensive. This method results in a high amount
of greenhouse gas emission, and a large volume of water is required to generate
steam. Therefore, some variations of this technique have been proposed to decrease
the high energy intensity of the process. VAPEX,' ES-SAGD,* and SAGP? are the
most important variations which have been proposed so far.

VAPEX

Although VAPEX is a variation of a SAGD, it is not a thermal process [17]. The
concept behind VAPEX is analogous to SAGD; however instead of steam, a solvent
(or a mixture of solvents) is injected into the reservoir. The choice of a solvent
depends on reservoir pressure and temperature. Typical solvents are ethane, pro-
pane, and butane which are injected along with a carrier gas like N, or CO,. Viscosity
reduction is the main active mechanism in this process for oil recovery. Since vis-
cosity reduction in VAPEX relies on molecular diffusion and mechanical dispersion
which are inherently slow processes, its efficiency is less than SAGD. The cost of
solvent and probability of subterranean water contamination are among the most
important concerns regarding this technique.

ES-SAGD

ES-SAGD lies between SAGD and VAPEX because it utilizes both steam and sol-
vent in the injection well to reduce the crude viscosity. In fact, ES-SAGD benefits
from both steam and solvent in order to increase efficiency with respect to VAPEX
and decrease energy intensity compared to SAGD. Typical recovery factors between
40 and 60% have been reported for this process [18].

'"Vapor extraction.
2Expanding solvent SAGD.
3Steam and gas push.
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SAGP

This is another variation of the SAGD technique. In order to reduce the high energy
demand to produce steam in the SAGD process, a non-condensable gas like natural
gas or nitrogen is injected into the reservoir along with steam [19].

6.3.3 In Situ Combustion

In situ combustion (ISC) or fire flooding has been around since the 1920s [20-22].
This technique has been applied to hundreds of fields so far [23-25]; however only
a few numbers of projects were economically favorable [25, 26]. ISC is achieved by
igniting a portion of OIIP via injection of air or oxygen into the reservoir. This pro-
cess creates a huge amount of heat which mobilizes the unburnt portion of the res-
ervoir [25, 27]. Unlike steam-based methods in which the heat is transferred from
outside of the reservoir, in situ heat creation in ISC results in very low heat loss
which makes this technique energy-efficient. Moreover, since all reactions are taken
place inside the reservoir, there is a minimal environmental footprint. Furthermore,
a great advantage of this method is that ISC is able to partially upgrade the heavy
crude and bitumen via thermal cracking. However, there are some drawbacks asso-
ciated with ISC. The main problem that prevents its widespread usage is the diffi-
culty associated with controlling the process, and gas overriding, channeling, and
unfavorable gas-oil mobility ratios are the crucial problems. The main variations of
ISC are forward combustion, dry or wet; reverse combustion; high-pressure air
injection; THAI*, and THAI-CAPRI.®

In forward combustion, the combustion front movement is in the same direction
as the air flows, but in reverse combustion, it is vice versa. When the air is being
injected alone, the process is called dry combustion [28], while water injection can
also be used during combustion to recover the heat from the burnt zone which is
called wet combustion [29]. Reverse combustion performance in field tests was
poor because the process is diminished due to the oxygen consumption before
reaching the production well. In contrast to forward or reverse combustion, high-
pressure air injection involves low-temperature oxidation of the crude. This process
has been implemented on several light oil reservoirs. Due to the importance of
THAI and THAI-CAPRI, processes in improving oil recovery, and in situ upgrading
of heavy oil and bitumen, these methods are discussed separately in more detail in
the following sections.

*Toe-heel-air-injection.
SCatalytic upgrading process in situ.
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6.3.4 THAI

The toe-heel-air-injection is a novel process which was first performed by Petrobank
in 2006, at Christiana Lake, Alberta, Canada [2]. The technique basically benefits
from the ISC concepts; however unlike ISC, it uses a horizontal production well
which helps to control the combustion front. In this technique, the air is injected
from the vertical well, and then a combustion front is created by igniting a portion
of reservoir oil. This front is propagated through the reservoir via a horizontal well
from its toe to its heel which finally results in a stable combustion front and also
eliminates the gas overriding problem [30, 31].

Another advantage of THAI over conventional ISC is a short-distance displace-
ment of the mobilized oil. In ISC the mobilized oil must move hundreds of feet from
the injection well to the vertical production well, whereas in THAI the mobilized oil
moves only a couple of feet which yields more oil recovery and higher production
rates [32]. Experimental studies show recovery factors as high as 80-85% for THAI
which makes it an ideal technique for heavy oil and bitumen recovery [33].
Moreover, THAI is applicable to a higher number of candidate reservoirs compared
to other techniques that cannot be used because of low reservoir pressure, high
depth, or low thickness.

Partial in situ upgrading of the heavy oil and bitumen is a further benefit of the
THALI process that is believed to occur via carbon rejection reactions (thermal
cracking) in the coke and mobile oil zone (MOZ). This process is not only beneficial
for the amount of oil recovery but also increases the oil quality which makes it
easier for transportation and decreases the subsequent refinery operation costs.
Experimental studies and pilot tests have shown a decrease of sulfur and heavy
metal contents in the partially upgraded oil recovered by THAI [2]. In summary,
THALI technique has the following advantages: higher recovery factor (around 80%)
compared to the current steam-based or conventional ISC methods; partially upgrad-
ing the heavy crude and bitumen which makes them appropriate for pipeline trans-
port and reduced refinery costs; the short flow path of the stimulated oil which
reduces the instability associated with the longer flow path in conventional meth-
ods; and more environmentally friendly since less greenhouse gas is emitted and
smaller surface footprints are associated with it.

Like any other EOR method, there are basic criteria which must be considered
when selecting the THAI technique. The followings are some important parameters
which need to be accounted for before THAI is chosen for a particular reservoir:
there should not be any natural or hydraulic fractures in the reservoir; THAI is
applicable in sandstone formations; the minimum thickness of the pay zone must be
6 m; in case of a bottom water drive existence, the thickness should be less than 30%
of the oil zone; the viscosity and density of the crude should be higher than

200 mPa s and 900 kg/m?, respectively; reservoir horizontal and vertical permeabil-
K

v
ity should exceed 200 and 50 mD, respectively. Moreover, the value of g, should
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be more than 0.25; the amount of water cut at the beginning of the THAI should be
less than 70%.

It is noteworthy to consider that these are the necessary conditions which should
be met before selecting THAI, however, the final decision depends on laboratory
screening and reservoir simulation predictions of the process [34].

6.3.5 THAI-CAPRI

Heavy oil and bitumen transportation and refining have always been a major chal-
lenge for engineers. Surface upgrading has been used to modify the oil properties in
order to meet the pipeline criteria; however surface upgrading can cost up to hun-
dreds of millions of dollars [35]. In situ upgrading therefore seems to be a more
favorable choice both financially and environmentally.

The idea of downhole catalytic upgrading using conventional ISC was first pro-
posed by Moore et al. and Weissmann et al. [36-38]. In this process, a catalytic bed
is placed in the reservoir near the production well. By passing the oil through the
catalytic bed at a certain pressure and temperature, the catalytic reactions take place,
and the upgraded oil drains into the production well. Although this process was
tested successfully by Moore and Weissmann [36-38], there are two major prob-
lems with conventional ISC. First, the catalysts should be externally heated, and
second, as the combustion front is not in contact with the production well, the oil
passing the catalyst bed is relatively cold and can cause severe cocking, fouling the
catalyst bed.

Despite conventional ISC, the THAI process seems to have great potential for
inclusion in catalytic upgrading since its unique well geometries can prepare a suit-
able medium with desired pressure and temperature for catalyst activation.

As previously discussed in MOZ, thermal cracking reactions take place which
can act as a precursor for the catalytic upgrading process in situ (CAPRI). The reac-
tants in this process are combustion gases and water (steam). By passing these reac-
tants through MOZ and their contact with the catalytic bed, the condition is prepared
for catalytic upgrading of the previously partially upgraded oil (THAI). The equa-
tions governing the above reactions in THAI-CAPRI process are as follows [39]:

Thermal cracking (pyrolysis):

Heavy residue — Light oil + Coke 6.1)

Oxidation of coke (high-temperature oxidation):

Coke +0, - CO+CO, +H,0 6.2)

Carbon rejection:

CH, - CH, +C(x, >x) 63)
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Hydrogen addition:

CH, +H, > CH, (x, >x) 6.4)

The required hydrogen responsible for upgrading the heavy oil and bitumen is
thought to be formed by water-gas shift reactions [39]:
Gasification of hydrocarbon:

CH, —»C+2H,
2

(6.5)
C+H,O(steam) > CO+H, (6.6)
C+CO, »CO (6.7)
Water-gas shift:
CO+H,0—-»CO, +H, (6.8)

There are some challenges with the CAPRI process which need to be addressed
before deciding on its application. Heavy oil and bitumen usually contain more than
5% sulfur and a high amount of heavy metals like Ni and Vanadium which can
deactivate the catalyst quickly. Moreover, during thermal cracking of heavy oil and
bitumen, coke is produced which can cover the catalyst bed and prevents its perfor-
mance as a catalytic upgrader.

6.3.6 Electrical Heating

This method has not been used as much as the previously mentioned thermal meth-
ods. However, there have been some attempts to use electrical heating in order to
increase oil recovery and in situ upgrading of the heavy oils. For example,
ExxonMobil established a method called Electrofrac. In this technique, a conduc-
tive material is placed in hydraulic fractures of an oil shale which then forms a heat-
ing element [40]. Although these methods seem promising, they require a huge
amount of electrical energy input, which may limit the possibility of their commer-
cial use [2].

6.4 Ultradispersed Nanocatalysts

A catalyst is a substance that changes the rate of a chemical reaction and remains
unaltered at the end of the process, making it possible to gain the desired products
with a lower energy barrier.
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A minimum amount of energy is required for a chemical reaction to occur.
Catalysts help to reduce this required energy by providing active sites for adsorption
and reaction where the products are created. For a catalytic reaction to occur, it is
crucial for the reactant to attach to the catalyst active site. One drawback of conven-
tional catalysts was the deactivation problems which occurred when the connection
between catalyst and reactant was lost. For example, during in situ upgrading in the
THAI-CAPRI process, coke deposition on catalytic beds usually resulted in their
deactivation and affected the performance of the upgrading process.

UD nanocatalysts were developed mainly to overcome the pore plugging prob-
lem [41]. Due to their small size, which is usually around 100 nm, UD nanocatalysts
offer a greater surface area, which means more active sites, resulting in a longer
activation time. Another advantage of the UD nanocatalysts, compared to their con-
ventional supported catalysts, is that the former can flow with the feedstock in the
reaction media which makes the reaction time longer. In general, the advantages of
nanocatalysts can be categorized as follows:

* Improved catalytic performance due to their large surface area-to-volume ratio.

* The increased probability of reactant-catalyst interaction due to the mobilization
of nanocatalysts inside the reactor.

* The absence of any fixed bed and elimination of the necessity of catalyst replace-
ment results in longer run times for conversion.

* In the absence of any pores in UD nanocatalysts, loss of activity will not occur
compared to its supported catalyst counterpart [42].

e Successful field applications will reduce the operating costs as well as environ-
mental issues associated with bitumen production such as greenhouse gas emis-
sion and solid waste by-products [43].

* Propagation of nanocatalysts inside the porous media and reacting in situ beside
bitumen dissolution will result in viscosity reduction of the produced fluid.

Transition metals like Mo, Co, Ni, Fe, and Cr are usually used to form the UD
nanocatalyst composition. Molybdenum is the most common transition metal used
since it has superior performance in regard to increasing conversion and reducing
the boiling point and micro carbon residue (MCR).

6.4.1 Synthesis of Nanoparticles

In order to manufacture nanoparticles, several methods have been proposed so far
[41, 42, 44-48]. These methods can be classified into top-down and bottom-up
methods as shown in Fig. 6.2 [45]. In top-down approaches, nanoparticles are pre-
pared directly from bulk materials. They use physical methods such as milling or
grinding, laser-beam processing, repeated quenching, and photolithography to gen-
erate isolated atoms [42]. Bottom-up approaches occur when molecular compo-
nents as starting materials are linked with chemical reactions, nucleation, and
growth processes, to promote the formation of nanoparticles [49-57].
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Bottom-up methods consist of different approaches for nanocatalyst preparation,
such as water-in-oil microemulsions or reversed micelles [41, 46, 52], chemical
reduction [50], hot soap [49, 54], sol-gel [56], pyrolysis [57], and spray pyrolysis
[55]. The water-in-oil microemulsion method is commonly used for the in situ for-
mation of nanoparticles in a heavy oil matrix. An emulsion preparation is obtained
by mixing oil, water, and a stabilizing agent such as surfactant [53]. Microemulsions
have specific properties like very low interfacial tension, small microstructure, ther-
modynamic stability, and translucence, which make them suitable for a variety of
applications [58]. The water-in-oil (w/0) microemulsion preparation technique is
thoroughly described in the literature [41, 46, 52, 53]. In brief, a w/o emulsion is
formed, and then an aqueous solution of corresponding metals is added to it. The
sample is mixed for a certain time, and then a base aqueous solution is added to
initiate nucleation and the growth of the nanoparticles, which remain stable in the
suspension.

Nanocatalyst preparation can be achieved through mixing two reacting systems
(one containing the precursor salt and the other a reducing agent) in the form of
microemulsions [59]. Capek has reported a comprehensive study on the preparation
of nanoparticles in w/o microemulsions with formulations for Fe, Pt, Ni, Au, Cd,
Pd, Ag, and Cu. Therefore, microemulsions are deemed as a breakthrough for nano-
catalyst preparation, particularly for in situ applications such as bitumen upgrading
and recovery. For heavy oil conversion, an emulsion was developed in the presence
of water claiming steam cracking of vacuum gas oil (VGO) catalyzed by a catalytic
emulsion [60]. Furthermore, a hydroprocessing reaction was successfully catalyzed
by implementing a catalytic nanoparticle solution prepared by the decomposition of
w/o emulsion [61]. Thompson et al. investigated the Mo nanoparticle reaction per-
formance for Athabasca bitumen upgrading [62]. They explored the formation of
mixed oxy-carbides composed of MoO,, MoO;, and MoC as well as the agglomera-
tion of nanocatalysts promoted by surfactant-media interactions in a lab-scale reac-
tor packed with sand particles. In another attempt, a microemulsion method was
utilized to prepare Ni, Mo, and Ni-Mo nanoparticle (approximately 10 nm) hydrode-
sulfurization with the potential of using for both surface and in situ upgrading [63].
Although nanocatalyst synthesis and preparation is believed to be fully established,
their stability inside the prepared/reaction media and control over particle size as
well as particle recovery and regeneration are still challenging issues that need to be
addressed.

UD nanocatalyst mechanical separation and deposition have been investigated
based on their movement inside the viscous fluid media in a cylindrical geometry
[64]. These parameters were modeled based on 2D and 3D convective-dispersive
models. Experimental data was used to validate these models [64]. According to the
literature, the dispersion coefficient is a function of fluid medium properties (den-
sity, viscosity, and volumetric flux), and a high-dispersion coefficient value demon-
strates the particle tendency for sedimentation in a medium [64]. Moreover, the
“critical particle diameter” factor was defined to represent the particle deposition
tendency [64]. Based on the particle and medium condition (i.e., initial particle
concentration, velocity change, and medium viscosity change), sedimentation of
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UD particles could take place followed by a change in the properties of the medium
in a lower or higher critical particle diameter.

Alamolhoda et al. [65] proposed another technique to prepare catalyst for water-
gas shift reactions (WGSR). This method avoided the impregnation, drying, and
further calcination steps and produced active catalysts for low-temperature
WGSR. The preparation method is appropriate and incorporates nickel and cerium
efficiently into the silicate MFI structure; however before conducting the WGSR
test, the produced catalyst must be activated in hydrogen at a high temperature to
reduce the oxidation state of nickel. Therefore, the high surface area of the struc-
tured silicate-based catalyst provides a controlled reaction medium, while its pore
structure increases the dispersion and lifespan of the catalytic active sites. The
authors found that the catalysts produced catalyze and accelerate the WGSR with no
methane production at 230°C. During the activity test, nickel catalyzed the WGSR,
and cerium promoted the catalyst because of its ability to provide the required oxy-
gen [66].

Particle size and sufficient quantity per volume of reactive oil are two main fac-
tors governing the UD nanocatalyst hydro conversion performance. Catalyst activ-
ity is dictated by its composition and the degree of dispersion. The catalysts in a
well-dispersed condition favor the uptake of hydrogen, which results in the reduc-
tion of coke formation. In the following section, the performance of UD nanocata-
lysts versus conventional catalysts in in situ upgrading will be discussed.

6.5 Proof of Concept

As mentioned in the previous sections, the THAI-CAPRI process is one of the most
efficient techniques for bitumen and heavy oil recovery. This technique benefits
from both thermal cracking via combustion reactions and catalytic cracking.
However catalytic deactivation upon asphaltenes, coke, metal, and heteroatom
deposition is a major issue regarding this technique [67, 68]. Moreover, there exist
many complications related to fixed-bed pattern design which could be eliminated
by UD nanocatalyst application [69].

Hart et al. [70] investigated the performance of UD nanocatalysts in THAI-
CAPRI operation and compared it to the conventional fixed-bed catalytic upgrad-
ing. Co-Mo/Al,O; was used as a catalyst in a fixed-bed test at a temperature of
425°C, pressure 20 bar, and residence time of 10 min. A batch reactor was used for
these UD nanocatalyst tests. The operational parameters, like residence time and
catalyst-to-oil ratio (CTO), were kept the same to guarantee the dynamic similarity.
The upgrading performance of each method was evaluated based on API gravity,
viscosity reduction, impurity removal, and true boiling point distribution. According
to their results, a fixed-bed technique could increase the API around 5.6°, while
dispersed ultrafine catalysts enhance the API up to 8.7°. Viscosity is another impor-
tant parameter which has a tremendous effect on heavy oil transportation.
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Fig. 6.3 UD nanocatalyst effect on fractions TBP for different systems [70]. Permissions related
to the material excerpted were obtained from Elsevier, and further permission should be directed
to Elsevier; Hart, A., M. Greaves, and J. Wood, A comparative study of fixed-bed and dispersed
catalytic upgrading of heavy crude oil using-CAPRI. Chemical Engineering Journal, 2015. 282:
pp. 213-223

A fixed bed was able to reduce the initial 1091 mPa s (feed oil) around 97.4%, to
28.4 mPa s. On the other hand, UD nanocatalysts could reduce the viscosity amount
down to 7 mPa s which is again superior compared to its fixed-bed counterpart.
Product oil true boiling point (TBP) was another criterion which was compared
between the above methods. Figure 6.3 shows the TBP distribution results.

According to Fig. 6.3, UD nanocatalysts and fixed-bed catalysts could reduce the
residue fraction from 24 vol% in the feedstock to 10 vol% and 13.3 vol%, respec-
tively. Meanwhile, the gasoline fraction was increased from 34.6 vol% in the feed-
stock to 45.5 vol% for fixed-bed and 56.6 vol% for UD nanocatalysts. This could be
attributed to the accessibility of active sites in the case of UD nanocatalysts so that
heavy molecules have better access to them, while in fixed-bed catalysts, the long
diffusion path length leads to pore plugging and deactivation [71, 72]. It is also
noteworthy to mention that thermal cracking alone produced the most residue frac-
tion among all cases, which shows the importance of catalytic cracking in reducing
the residue fraction. UD nanoparticles also showed better performance in removing
asphaltene, sulfur, and metals from the crude. Table 6.1 shows the amount of
unwanted constituent removal for the 4 different scenarios.

Table 6.1 clearly shows that dispersed ultrafine nanoparticles surpass thermal
cracking and fixed-bed catalyst techniques. The poorer performance of the
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Table 6.1 Asphaltene, metal, and sulfur content before and after upgrading at 425°C, nitrogen
reaction medium, 10 min residence, and 0.195 Reynolds number [70]

THAI- Fixed-bed Thermal Dispersed ultrafine
Impurities produced oil catalyst cracking Co-Mo/AL,O;
Asphaltenes (wt% of | 10.40 4.88 3.79 2.32
feed oil)
Aluminum (ppm 2 2 <1 <1
mass)
Boron (ppm mass) 6 3 4 2
Iron (ppm mass) 5 <1 <1 <1
Nickel (ppm mass) 41 24 8 7
Vanadium (ppm mass) | 108 57 16 15
Ni + V (ppm mass) 149 81 24 22
Sulfur (Wt% of feed 3.52 2.50 2.08 2.16
oil)

Permissions related to the material excerpted were obtained from Elsevier, and further permission
should be directed to Elsevier; Hart, A., M. Greaves, and J. Wood, A comparative study of fixed-
bed and dispersed catalytic upgrading of heavy crude oil using-CAPRI. Chemical Engineering
Journal, 2015. 282: pp. 213-223

fixed-bed catalysts is related to their large size, which results in lower surface area
compared to ultrafine catalysts, therefore limiting access to their active sites.

In another study, Galarraga et al. [51] investigated the effectiveness of submi-
cronic multimetallic catalysts in the bitumen hydrocracking process. In this study,
NiWMo submicronic catalysts were derived from emulsified metallic aqueous solu-
tions in order to evaluate their impact on bitumen upgrading. The experiments were
conducted in a batch reactor at a total pressure of 3.45 MPa, temperature from 320
to 380°C, stirring speed of 500 rpm, and 3-70 h reaction times. They concluded that
bitumen upgrading was enhanced by the proposed submicronic multimetallic cata-
lysts by increasing the hydrogen-to-carbon ratio and decreasing both viscosity and
coke formation.

6.6 Hydrogen Addition Processes

In the in situ upgrading technology, hydrogen addition processes allow the manipu-
lation of the crude oil molecular composition by breaking bonds and adding hydro-
gen to those large molecular chains. This process leads to a higher H/C ratio and a
slight density reduction of the fluid. In fact, this process makes the large molecules
more reactive or more prone to crack. Other reactions eliminate contaminants and
improve the quality of the fluid.

Hydrogen addition reactions are summarized in Table 6.2. The main characteris-
tic is that the heavier the feedstock, the higher the severity of the conditions for
treatment [61].
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Table 6.2 Hydrogen addition reactions [61]

Operating
Process Feed Products conditions Remarks
Hydrotreating | All cuts Same as feed | 72-2320 psi | Hydrogenates the feed with
260-400°C 10% or less hydrocracking
0.15-10 h™! Removes sulfur, nitrogen, and
metals
Hydrocracking | Medium and | Light gases 1450— Changes the skeletal structure
heavy cuts | Naphtha 2900 psi of the feed, by breaking C—-C
Kerosene 350-430°C bonds
Diesel fuel 0.2-2h"!
Lube oils
Mild Medium and | Kerosene 725-1160 psi | Same as hydrocracking, but at
hydrocracking | heavy cuts | Diesel oil 350-440°C lower severity
0.2-2 h! Hydrocracks 40% or less of
the feed

As shown in Table 6.2, the main hydroprocesses are as follows: hydrotreating,
hydrocracking, and mild hydrocracking. Hydrocracking is classified as a destructive
hydrogenation process in which the carbon-carbon bond is broken, followed by
hydrogenation. This process leads to saturated products with a lower boiling point.
It consists of a combination of cracking, hydrogenation, isomerization, and treating
operations [73]. On the other hand, hydrotreating is a nondestructive mild process-
ing condition reaction. Its main objective is to eliminate contaminants like sulfur,
nitrogen, oxygen, and metals. The most important hydrotreating processes are
hydrodesulfurization (HDS), hydrodemetallization (HDM), hydro denitrogenation
(HDN), and hydrogenation of complex structures [74].

6.6.1 Hydrogen Donors

As previously discussed, heavy oils encounter two major problems: transportation
and processing. It is proven that both problems can be solved by utilizing upgrading
techniques. Hydrogen addition and carbon rejection are two major mechanisms
responsible for heavy crude oil upgrading. Carbon rejection is usually performed by
delayed coking techniques, while hydrogen addition-based technologies mostly uti-
lize catalytic hydroprocessing.

The benefits of the introduction of hydrogen during in situ upgrading offer much
promise. In fact, hydrotreating processes play three important roles for heavy oils:
desulfurization, pretreatment for fluid catalytic cracking processes, and hydrocrack-
ing [8]. Utilizing hydrogen donors is one approach used to add hydrogen to the
upgrading process. The idea of using H-donors was first introduced in 1933 when it
was employed for the hydrogenation of coke to treat oil residue. Since then, differ-
ent H-donors were introduced and utilized for different applications but with the
same concept of releasing hydrogen to enhance the specific operations [75].
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H-donors are chemical compounds that have the ability to transfer hydrogen to
heavy crude oil. Based on hydrogen donor capacity, cost, and degradation condi-
tions, different H-donors have been introduced. It has been proven that the use of
H-donors can significantly enhance the upgrading process.

A proper H-donor should be capable of diminishing the retrogressive reactions
by capping free radicals. The rate of progressive and retrogressive reactions is con-
trolled by the H-donor quality. Suitable H-donors like tetralin can promote the rela-
tive rates of the progressive reactions, whereas weak H-donors like naphthalene
advance the retrogressive reactions [76, 77]. In the upcoming sections, different
aspects of H-donors and their effect on upgrading will be discussed.

6.6.2 Different Types of H-Donors

Practically any organic compound which has a low oxidation potential can be uti-
lized as an H-donor. The low oxidation potential allows H-donors to transfer the
hydrogen(s) to the substrate under mild reaction conditions. The optimum donor
selection is related to different parameters like the nature of the reaction, its avail-
ability, and its solubility in the reaction medium. Some H-donors are polyaromatics
like pyrene, fluoranthene, and basic nitrogen compounds such as quinoline [78, 79].
Tetralin, decalin, and naphthalene are some other H-donors which have been used
so far. Although these H-donors are so well known, problems associated with their
recovery and reuse and their high prices made researchers use other H-donors like
alcohols, hydroaromatic, cyclic ethers, and formic and ascorbic acids [80]. Some
researchers have also used certain crude oil fractions as H-donors [81, 82]. These
fractions are usually rich in compounds with condensed aromatic rings like alkyl
naphthalene and phenanthrenes alkyls. In the following sections, some of the most
popular model molecules which are used as H-donors are discussed in more detail.

6.6.3 The Applicability of H-Donors with UD Nanoparticles

In the previous sections, it was proven that the use of UD nanoparticles can over-
come the problems associated with catalyst blockage during in situ upgrading of
heavy oil. On the other hand, the in situ-generated hydrogen via water-gas-shift is
not usually sufficient to diminish the amount of free radical formed during heavy oil
pyrolysis, and to assist the upgrading process; an external source of hydrogen is
required. H-donor addition is one of the methods which is used to provide the
desired amount of hydrogen in the reservoir. Hart et al. [83] investigated the effect
of cyclohexane as H-donors in UD catalytic upgrading of heavy oil. The results
indicated that the presence of an H-donor could enhance the yield of the upgraded
oil and also suppress coke yield [83]. Table 6.3 shows the effect of H-donor in
enhancing the liquid yield product and reducing the coke formation. Their results
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Table 6.3 Yields of liquid, gas, and coke after thermal and UD catalytic upgrading [83]

Experiment Liquid (wt.%) Gas (wWt.%) Coke (wt.%)

Thermal cracking + N, 78.71 +0.11 13.35 +0.54 7.95+0.43
Ultradispersed + N, 83.79 £0.17 11.55+0.19 4.67 +0.36
Ultradispersed + H, 86.81 +0.47 10.45 £ 0.49 2.74 £ 0.03
Ultradispersed + N, + CH/oil (0.01) 86.97 + 1.38 8.66 £ 1.62 4.38 +0.29
Ultradispersed + N, + CH/oil (0.02) 87.05+1.23 8.93+1.85 4.02+0.13
Ultradispersed + N, + CH/o il (0.04) 87.94 +0.38 8.64 +0.22 343 +0.16
Ultradispersed + N, + CH/oil (0.06) 88.25+1.28 856+ 1.11 320+0.18
Ultradispersed + N, + CH/oil (0.08) 88.76 £ 1.11 8.69 £ 1.20 2.55+0.13

Permissions related to the material excerpted were obtained from Elsevier, and further permission
should be directed to Elsevier; Hart, A., et al., Effect of cyclohexane as hydrogen-donor in ultra-
dispersed catalytic upgrading of heavy oil. Fuel Processing Technology, 2015. 138: pp. 724-733

also demonstrated that by choosing the proper donor-oil ratio, upgrading with
H-donors present better performance than using the hydrogen atmosphere.

6.6.4 Challenges and Opportunities

There are several methods to introduce hydrogen to the upgrading process. Using
H-donors has some benefits over some conventional methods like injecting molecu-
lar hydrogen. Due to the low molecular weight of molecular hydrogen, it has a high
diffusion capacity and is readily combustible, which results in a high-risk operation
[75]. Moreover, using H-donors with thermal processes has some other advantages,
including increased distillate yields, lower coke formation, the option of using sev-
eral compounds depending on the technical and operational issues, and the process
can be either pure thermal or catalytic.

On the other hand, like any other operational method, there are some drawbacks
associated with H-donors: difficulties associated with H-donor separation from the
product stream and the lack of any universal guideline for the H-donor application.
The process effectiveness is highly dependent on the operating conditions and crude
properties; the operation may not be fully predictable since the exact mechanism
behind hydrogen transfer is not understood yet; the performance of external rehy-
drogenation cycles may be required to justify their cyclical hydrogen transfer.

6.7 Liquid Quality Enhancement

Evaluation of product quality is crucial in any upgrading process to determine the
extent of the increased value of heavy feedstocks. Product quality determines the
process cost-effectiveness, transportation pipe designs, as well as processing facility
specifications [84]. It is therefore necessary to evaluate the quality of the liquid
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streams produced based on hydrocarbon quality parameters like hydrogen-to-
carbon ratio (H/C), API gravity, viscosity, MCR, sulfur, and nitrogen content.

6.7.1 H/C Atomic Ratio

One of the main characteristic properties of heavy oil and bitumen is the low value
for the H/C ratio. The H/C ratio for different crude oil cuts is shown in Fig. 6.4 [85].
During the heavy oil upgrading, the H/C ratio increases. Cracking and hydrogena-
tion are two main mechanisms in any thermal upgrading process in which heavy
molecules decompose to lighter components with smaller molecules as well as
higher H/C ratios [86]. Galarraga and Pereira-Almao [87] employed a batch mode
to investigate the catalytic hydroprocessing reactions of Athabasca bitumen. They
used nanocatalyst suspension in situ by using heavy oil emulsion and subsequently
tested in a batch reactor working at marginal levels of hydrogen and sand for bitu-
men upgrading.

Their results revealed that nanocatalysts could promote the bitumen upgrading
process by significantly increasing the H/C atomic ratio and reducing both viscosity
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Fig. 6.4 Hydrogen-to-carbon ratio for the various petroleum cuts [86, 88] with permission.
Permissions related to the material excerpted were obtained from Elsevier, and further permission
should be directed to Elsevier; Hashemi, R., N.N. Nassar, and P.P. Almao, Nanoparticle technology
for heavy oil in-situ upgrading and recovery enhancement: Opportunities and challenges. Applied

Energy, 2014. 133: pp. 374-387
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Fig. 6.5 Hydrogen-to-carbon ratio (H/C) of Athabasca bitumen at different conversions of residue
for reaction performed at 653 K [87]. Permissions related to the material excerpted were obtained
from the American Chemical Society, copyright 2010, and further permission should be directed
to the American Chemical Society; Galarraga, C.E. and P. Pereira-Almao, Hydrocracking of
Athabasca bitumen using submicronic multimetallic catalysts at near in-reservoir conditions.
Energy & Fuels, 2010. 24(4): pp. 2383-2389

and coke formation [87]. Moreover, a remarkable reduction of sulfur and MCR was
also observed. The H/C ratio enhancement as a function of residue conversion for
products obtained at 653 K and 3.45 MPa is shown in Fig. 6.5. The graph shows a
polynomial trend for H/C ratio enhancement, which clearly provides sufficient evi-
dence for the effectiveness of nanocatalyst presence inside the porous media and
effective incorporation of hydrogen within the liquid products. According to these
results, nanocatalysts can increase the H/C ratio via hydrocracking followed by the
hydrogenation process. Furthermore, higher H/C ratios take place at higher conver-
sion values.

6.7.2 Viscosity Reduction and API Enhancement

Viscosity and API are the most important parameters regarding the pipeline specifi-
cation requirements. One of the main ideas behind any upgrading process is to mod-
ify these parameters to make them suitable for fluid transport through the pipeline.
For commercial transportation, bitumen API gravity should be in the range of
19-21° API, and bitumen viscosity should be decreased to approximately 250 cP at
283 K [89]. Reported results for both batch and pilot tests indicate the effectiveness
of nanocatalysts in lowering the heavy oil and bitumen viscosity after upgrading
[64, 87]. Surface upgrading and adding diluent has long been used to reduce the
bitumen viscosity [90]. However, recent findings in the field of UD nanocatalyst
application showed that these catalysts can be employed in situ to enhance the bitu-
men quality that can meet pipeline transportation criteria without any diluent
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Fig. 6.6 Viscosity of liquid products from reaction at constant pressure of 3.45 MPa, temperatures
of 593, 623, and 653 K, and at reaction times from 3 up to 70 h [87]. Permissions related to the
material excerpted were obtained from Elsevier, and further permission should be directed to
Elsevier; Hashemi, R., N.N. Nassar, and P.P. Almao, Nanoparticle technology for heavy oil in-situ
upgrading and recovery enhancement: Opportunities and challenges. Applied Energy, 2014. 133:
pp. 374-387

addition. These results have been obtained by testing UD nanocatalysts in both
batch and packed bed reactors in the presence of hydrogen. The performance of UD
nanocatalysts from a batch reactor and packed bed reactor experiment is shown in
Fig. 6.6 [87]. According to Fig. 6.6, nanocatalysts could substantially reduce the
bitumen viscosity.

Reaction time and temperature are two main parameters affecting the bitumen
viscosity. The results (batch and pilot tests) showed that the extent of viscosity
reduction increases as the reaction time and temperature increase. The viscosity of
the produced fluid is also dependent on the carrier type. The lighter the carrier, the
more viscosity reduction will be achieved.

Figure 6.7 displays the results obtained for in situ oil upgrading technology
(ISUT) in carbonate rocks already packed with Ni-Mo nanocatalyst [91]. In that
method, the recovered vacuum residue from the produced oil is reinjected into the
reservoir as a heat carrier along with nanocatalyst and hydrogen to provide the
required energy for activating hydro-upgrading reactions. It is seen in Fig. 6.7, when
there is less than 7% of VR conversion, there is a decrease of one order of magni-
tude in viscosity at 100°C. Also, at 35% conversion of VR, the viscosity was
decreased by 99.8%. In addition, a reduction in the asphaltene content of 51% and
an increment on the API gravity by 8° API were reported [91]. All these properties
changed considerably due to the presence of the nanocatalyst; without it, unstable
oil would result.

API is another significant parameter that can be evaluated in the bitumen upgrad-
ing process. When heavy oil or bitumen is upgraded, it results in lower density
products which means higher API gravity of the produced liquid. The results of
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Fig. 6.7 Variation of viscosity based on VR (vacuum residue). Red dot corresponds to feed’s
properties [91]. Permissions related to the material excerpted were obtained from Elsevier, and
further permission should be directed to Elsevier; Elahi, S.M., et al., In-situ upgrading and
enhanced recovery of heavy oil from carbonate reservoirs using nanocatalysts: Upgrading reac-
tions analysis. Fuel, 2019. 252: pp. 262-271

batch and pilot plant tests revealed a significant increase in API gravity values dur-
ing the upgrading of Athabasca bitumen in the presence of UD nanocatalysts [92].
According to these results, at different reaction times, the API for UD nanocatalysts
is improved compared to their reference tests which lack the UD nanocatalysts. This
implies the effectiveness of the UD nanocatalysts for improving the produced liquid
quality by creating new reaction pathways and leading to higher levels of upgrad-
ing. The effect of the presence UD nanocatalysts in the reaction medium at different
temperatures is shown in Fig. 6.8. It can be seen that UD nanocatalysts improved the
upgrading process of the Athabasca bitumen.

6.7.3 Micro Carbon Reduction

Micro carbon residue is another quality enhancement criteria of a produced liquid
after upgrading [92]. MCR content is measured based on the amount of carbon
residue which is left behind after the thermal treatment of the heavy feedstocks. A
low amount of MCR is desired in the produced liquids since it is a sign of a high-
quality product. The obtained results in the literature proved the capability of UD
nanoparticles to decrease the MCR amount of liquid products to a suitable extent
[51, 94]. For example, the results of a batch reactor test for Athabasca bitumen
catalytic hydrocracking showed that by implementing the UD nanocatalysts, the
MCR content changed from 16 wt% in the blank experiment to about 11 wt% in
the selected experimental conditions [51]. The same observations were also pub-
lished regarding MCR reduction in produced samples for the continuous mode
experiments [93].
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Fig. 6.8 API gravity of produced liquid samples from porous media at different times in the
absence and presence of tri-metallic UD nanocatalysts at pressure of 3.5 MPa, hydrogen flow rate
of 1 cm*min, and temperatures of 593 and 613 K [93]. Permissions related to the material
excerpted were obtained from the American Chemical Society, copyright 2014, and further per-
mission should be directed to the American Chemical Society; Hashemi, R., N.N. Nassar, and
P. Pereira Almao, In situ upgrading of Athabasca bitumen using multimetallic ultradispersed nano-
catalysts in an oil sands packed-bed column: Part 1. Produced liquid quality enhancement. Energy
& fuels, 2014. 28(2): pp. 1338-1350

6.7.4 Sulfur Removal

There are very strict regulations on the sulfur content of fossil combustibles based
on environmental considerations [95], and the amount of sulfur in the final product
of the refineries must be decreased to meet the minimum requirements of the envi-
ronmental regulations. Hydrodesulfurization is considered as one of the most
important reactions in hydrotreating processes which involves eliminating the sulfur
from petroleum compounds to produce hydrogen sulfide as well as desulfurized
compounds [86]. Dispersed catalysts, owing to their effective accessibility, gener-
ally show higher percentages of sulfur removal compared with supported catalysts
[96-99].

The results of a sulfur content after upgrading with and without UD nanocata-
lysts in a continuous mode experiment are shown in Fig. 6.9. It can be seen that the
amount of sulfur is decreased with time and temperature. The results also proved the
efficiency of UD catalysts to enhance the product quality regarding sulfur content
reduction. According to the results, UD nanocatalysts could decrease the amount of
sulfur, especially at lower temperature samples. However, one important issue
which needs to be considered is that sulfur removal is associated with hydrogen
sulfide production, which can negatively impact nanocatalyst implementation inside
the porous media.
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Fig. 6.9 Sulfur content of produced liquid samples from porous media at different times in the
absence and presence of tri-metallic UD nanocatalysts at pressure of 3.5 MPa, hydrogen flow rate
of 1 cm*min, and temperatures of 593 and 613 K [93]. Permissions related to the material
excerpted were obtained from the American Chemical Society, copyright 2014, and further per-
mission should be directed to the American Chemical Society; Hashemi, R., N.N. Nassar, and
P. Pereira Almao, In situ upgrading of Athabasca bitumen using multimetallic ultradispersed nano-
catalysts in an oil sands packed-bed column: Part 1. Produced liquid quality enhancement. Energy
& fuels, 2014. 28(2): pp. 1338-1350

6.7.5 Coke Formation Mitigation

In a typical thermal upgrading process, decomposition of heavy feedstocks occurs
in the presence of hydrogen that saturate the free radicals and lead the production of
lighter components as well as a great amount of coke and a considerable amount of
light gas such as methane, ethane, and CO, [99, 100]. The use of catalysts in the
reaction medium can result in fewer amounts of coke since catalysts can create new
pathways in the reaction schemes [101].

Heavy oil and bitumen usually contain about 50 wt% of residue fraction with the
normal boiling point higher than 818 K [102]. Catalyst deactivation due to metal
deposition and coke formation is one major problem associated with the catalyst
application in heavy feedstock catalytic upgrading [103]. Therefore, extensive
research works have been conducted to improve the activity of the catalyst by intro-
ducing UD nanocatalysts which navigate along with the heavy feedstocks as well as
catalyzing the upgrading processes [104]. Furthermore, UD nanocatalyst deactiva-
tion is less likely to happen than conventionally supported catalysts [105].

According to the literature, the use of nanocatalysts for Athabasca bitumen
upgrading showed successful results, confirming the potential application of UD
nanocatalysts for upgrading purposes. Tri-metallic nanocatalysts used in batch reac-
tor tests for Athabasca bitumen upgrading could substantially reduce the coke for-
mation with no detriment in residue conversion [87]. However, when the severity of
conditions was increased, coke formation increased dramatically. The same results
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Fig. 6.10 Coke content of produced samples from porous media as a function of reaction time in
the absence and presence of tri-metallic UD nanocatalysts at pressure of 3.5 MPa, hydrogen flow
rate of 1 cm*min, and temperatures of 593 and 613 K [94]. Permissions related to the material
excerpted were obtained from the American Chemical Society, copyright 2014, and further per-
mission should be directed to the American Chemical Society; Hashemi, R., N.N. Nassar, and
P. Pereira Almao, In situ upgrading of athabasca bitumen using multimetallic ultradispersed nano-
catalysts in an oil sands packed-bed column: Part 2. Solid analysis and gaseous product distribu-
tion. Energy & fuels, 2014. 28(2): pp. 1351-1361

are also obtained for continuous mode experiments which are shown in Fig. 6.10.
As stated by Fig. 6.10, the presence of nanocatalysts inside the porous medium
significantly improved the quality of produced samples regarding coke content [94].

The performance of UD nanocatalysts versus supported catalysts in reducing the
amount of coke production is also an important topic. The results of supported cata-
lysts versus dispersed ones demonstrated that during the upgrading of bitumen at
typical upgrading conditions, the dispersed catalyst can reduce the coke formation
more effectively than the supported catalyst. It was shown, however, that while UD
nanocatalysts could reduce the coke formation up to a certain concentration, over
which the catalytic particles acted as coke seeds and led to more coke forma-
tion [99].

6.8 Gas Emission Reduction

The significant amount of greenhouse gas (GHG) emissions is one of the main con-
cerns related to the current upgrading technologies. Due to the severe side effects
which these gases have on the environment, the governments start passing laws that
limit the amount of GHG emissions. For example, the province of Alberta was the
first in North America to legislate the GHG emission reduction for large industrial
facilities [106]. Moreover, increasingly strict legislation limits on the level of fuel
contaminants have forced the industry to explore novel cost-effective and environ-
mentally friendly technologies for heavy feedstock processing [107].
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In situ upgrading is one possible promising new technology that can enhance the
quality of crude oil and decrease the level of contaminants such as sulfur and nitro-
gen as well as the GHG emissions to appropriate levels [108]. However, there is not
sufficient information about the produced gases emitted during the in situ upgrading
of heavy oils and bitumen by using nanocatalysts. A recent study by Hashemi et al.
[93] explored the efficiency of nanocatalysts on gaseous emission reductions. They
concluded that the presence of tri-metallic nanocatalysts promotes the hydrogena-
tion reactions which led to a considerable reduction in CO, emission. According to
their results, at high-pressure and high-temperature conditions, UD nanocatalysts
could reduce the CO, emission by 50%, compared to the conventional medium that
lacked nanocatalysts. Furthermore, UD nanocatalysts promote hydrocarbon gas
production as a result of hydrocracking which can act as a diffusing solvent for
enhancing heavy oil production. It is noteworthy to mention that gas emission dur-
ing catalytic in situ upgrading is still a challenging topic that needs more laboratory
investigations and pilot-scale testing in order to scrutinize its different aspects.

6.9 Nanocatalyst Transport Behavior Inside
the Porous Media

In the previous sections, we have discussed the preparation and synthesis of nano-
catalysts in a microemulsion system. The next important issue regarding the usage
of nanocatalysts for bitumen upgrading would be the feasibility of nanocatalyst
transport inside the porous media. This is a crucial topic since the efficiency of the
UD nanocatalysts for heavy oil upgrading is highly related to the suitable placement
of the nanocatalysts down in the reservoir. Although there have been many reports
regarding the transport behavior of nanoparticles in the porous media [109], most of
them focused on nanoparticle movement in deep bed filtration for wastewater treat-
ments, so the obtained results are obviously not representative of the reaction condi-
tions which exist in the oil sand base matrix.

In recent years, there have been some efforts to examine nanoparticle transport
behavior in the porous media for oil reservoir conditions [93, 109-111]. In one
attempt the transport behavior of metallic and multimetallic nanoparticles at typical
pressure and temperature of the SAGD recovery process were investigated. The
results showed the feasibility of the UD nanoparticle propagation in the oil-sand-
packed bed column, as neither major permeability reduction nor pore plugging, was
observed [93]. According to the results, nanoparticles tend to aggregate in both low
and high permeability conditions. Moreover, the deposition tendency of the nanopar-
ticles was highly dependent on the type of the metal, temperature, and sand pack
permeability. Figure 6.11 demonstrates the breakthrough curves for different
nanoparticle transportations through porous media at high pressure and tempera-
ture [111].

In another study, the transport behavior of nanocatalysts inside the porous media
at a lower temperature was investigated. The results showed that nanocatalysts were
able to propagate through the sand medium; however, larger agglomerated particles
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Fig. 6.11 Breakthrough curves for different multimetallic NPs suspended in VGO matrices in an
oil-sand-packed bed column with clean silica sand of 100-140 mesh size saturated with Athabasca
bitumen. Other test parameters are a residence time of 36 h, porosity of 33.7%, pressure of
3.5 MPa, and temperature of 320°C [111]. Permissions related to the material excerpted were
obtained from the American Chemical Society, copyright 2012, and further permission should be
directed to the American Chemical Society; Hashemi, R., N.N. Nassar, and P. Pereira-Almao,
Transport behavior of multimetallic ultradispersed nanoparticles in an oil-sands-packed bed col-
umn at a high temperature and pressure. Energy & Fuels, 2012. 26(3): pp. 1645-1655

were filtered out and remained inside the porous media [110]. According to these
results, the sand media retained 14—18% of injected UD nanocatalysts, mainly at the
bed entrance. However, this retention of nanocatalysts had a negligible effect on the
pressure drop and caused no permeability damage inside the experimental medium.

Controlling the particle size during the injection and reaction times is one of the
most important and challenging aspects of nanocatalyst transport inside the porous
medium. This is crucial since the particle size would affect the pressure drop via
permeability reduction, dispersion ability, adsorption affinity, and catalytic activity
of nanoparticles inside the medium [93].

Another crucial topic in the sense of transport behavior of the nanocatalysts in
the porous media is the mathematical modeling of this transportation. In fact,
besides numerous experimental studies, valuable information on the concept of par-
ticle mass transfer can be provided by the robust mathematical modeling of nano-
catalyst transport behavior inside the porous medium. Several researchers explored
the modeling of mass transfer and deposition behavior of fine particles in cylindrical
channels [64, 112—115]. In one of these novel studies [64], a mathematical model
for nanocatalyst transport and deposition was developed that considers the geome-
try of the channel, fluid medium properties and characteristics, particle diameter
and concentration, and the effects of the temperature on the particle agglomeration
and deposition of nanocatalysts. This 2-D and 3-D convective-dispersive model,
which provides the concentration profile of particles immersed in fluid media
enclosed in a circular cross-section, was validated by experimental data obtained
from an injection rig [64].
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In short, nanocatalyst propagation inside the porous media is feasible, and UD
multimetallic nanocatalysts could be controllably conveyed through oil sand porous
media into a targeted heavy oil reservoir, where they could act as adsorbents/cata-
lysts for the heavy oil upgrading process. However, the results showed that some
parts of the injected particles could be retained inside the porous media. Nonetheless,
the deposited particles inside the medium can potentially enhance the medium
activity [116] and could be estimated by mathematical modeling [64].

6.10 Modeling of Reaction Kinetics

One of the important concepts related to in situ upgrading technology is the model-
ing of reaction kinetics. Generally, in chemical engineering, kinetic modeling is
performed for effective process control and simulation of the reaction vessels. In in
situ upgrading technology, process control is also of great importance to monitor the
quality, exothermicity, and dilution and to reduce or eliminate the coke formation or
oil instability. Therefore, modeling of reaction kinetics for in situ upgrading tech-
nology has great importance.

So far, several approaches have been proposed to model the reaction kinetics.
Some of these methods are based on lumping techniques, while others used continu-
ous mixture concepts. In general, the following methods have been presented to
model the reaction kinetics [117]: lumping techniques, continuous mixture,
structure-oriented lumping, and single event models.

Each of the abovementioned methods has its advantages and disadvantages. Due
to complexities associated with the presence of large molecules like resins and
asphaltenes, the lumping method has shown to be the best way to model the reaction
kinetics in the case of bitumen and heavy oil upgrading [118-120]. In the following
sections, some basic concepts related to kinetics are presented, and then catalytic
hydroprocess reaction modeling techniques are discussed.

6.10.1 Kinetics

In order to comprehend the in situ upgrading process kinetics, it is crucial to learn
about some basics of the chemical reactions. Reactions can be homogenous or het-
erogeneous. Reactions can also be classified based on their reversibility. The reac-
tion is called irreversible when it is unidirectional and continues until the reactant is
exhausted. On the other hand, reversible reactions can proceed in either direction
based on the reactant and product concentration relative to the equilibrium condi-
tion. Catalytic heavy oil upgrading is a heterogeneous reaction. In this process, the
reactant is adsorbed on the active site of the solid surface (catalyst) and reacts. The
adsorption mechanism can be modeled by Langmuir-Hinshelwood isotherms.
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It has been proven that the reaction rate constant is temperature dependent. This
was first introduced by Svante Arrhenius and is described in the following equation
known as Arrhenius equation:

-E
k, (T)=Ae &t ©9)
where A, E, R, and T are the pre-exponential factor or frequency factor, activation
energy, universal gas constant, and absolute temperature, respectively. Any model-
ing of reaction kinetics should be able to predict the proper E and A for the
desired system.

It is also noteworthy to mention the effect of the catalyst in enhancing the reac-
tion rate based on the above equation. According to the collision theory, the fre-
quency factor A is proportional to the number of collisions which can result in a
reaction. Catalysts can provide a larger number of reaction sites and/or decrease the
activation energy. Therefore, it can increase the chance of collision which leads to
an increase in the frequency factor that finally results in increasing the rate constant
and rate of reaction [121].

6.10.2 Reaction Kinetics Models

Different aspects of the heavy oil hydrocracking kinetics have been investigated
based on proposed cracking reaction schemes [122—-125]. Modeling the heavy crude
oil reactions is a challenging task due to the complexities associated with the crude
composition. Heavy crude oils and bitumen comprise thousands of different com-
pounds and, most importantly, large molecules like asphaltenes and resins which
make the modeling of reaction kinetic very complex. However, using the traditional
lumping method along with defining the pseudo components is a common method
for bitumen studies [118—120]. Group selection is one of the most important stages
in this method. The number of groups will determine the amount of required experi-
mental work for estimating the kinetic parameters. Generally, for modeling the
reaction kinetics of bitumen, a first-order rate equation is used [126, 127].

In recent years, due to the advances in nanotechnology and proving the potential
of UD catalyst application for enhancing the in situ upgrading process, several stud-
ies were performed to securitize the modeling of reaction kinetics for the UD cata-
lytic hydrocracking. These models are mostly based on a famous lump model first
proposed by Sanchez [124]. This model, which could precisely predict the product
composition of heavy oil after hydrocracking, simply lumps the heavy oil to the fol-
lowing five different groups: residue (R), VGO, distillates (D), naphtha (N), and
gases (G).

In a first attempt, Galarraga [58] applied the Sanchez model to study the kinetics
of a catalytic hydrocracking process of crude oil. He used Ni-Mo-W UD catalysts
for bitumen hydroprocessing in a batch reactor. After Galarraga obtained satisfac-
tory evaluation results, Loria et al. [128] investigated the applicability of the lump
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Fig. 6.12 Experimental setup used for evaluating the bitumen UD catalytic hydrocracking [128].
Permissions related to the material excerpted were obtained from the American Chemical Society,
copyright 2011, and further permission should be directed to the American Chemical Society;
Loria, H., et al., Kinetic modeling of bitumen hydroprocessing at in-reservoir conditions employ-
ing ultradispersed catalysts. Energy & Fuels, 2011. 25(4): pp. 1364-1372

model to predict the kinetic parameters at a larger scale in a pilot plant test. The
utilized pilot plant in this study is shown schematically in Fig. 6.12.

The results indicated that a great reduction in the viscosity of liquid products can
occur based on the reaction temperature and residence time. They also proposed a
modified model for UD catalytic hydrocracking which is shown in Fig. 6.13.

In another attempt, Da Silva De Andrade applied the same kinetic model to
investigate the applicability of the Sanchez model to predict the kinetic parameters
for ultradispersed catalytic hydrocracking of bitumen, vacuum residue, and pitch
[129]. Their results demonstrate that the lump model is capable of predicting the
kinetic parameter with high accuracy.

6.10.3 Model Description

This model consists of 5 lumps: residue (+550°C), VGO (343-545°C), distillates
(216-343°C), naphtha (IBP — 216°C) and gases, and ten first-order reactions.
Figure 6.14 shows the lumps and their reactions [124].

A kinetic expression is formulated for each component as a function of mass
fraction and the kinetic constant which is shown below:

re =—(k +k, +k +k,) > v, (6.10)
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Fig. 6.13 Modified kinetic model for UD catalysts proposed by Loria et al. [128]. Permissions
related to the material excerpted were obtained from the American Chemical Society, copyright
2011, and further permission should be directed to the American Chemical Society; Loria, H.,
et al., Kinetic modeling of bitumen hydroprocessing at in-reservoir conditions employing ultradis-
persed catalysts. Energy & Fuels, 2011. 25(4): pp. 1364-1372
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Fig. 6.14 Proposed kinetic model for the UD catalytic hydroprocessing of bitumen [124].
Permissions related to the material excerpted were obtained from the American Chemical Society,
copyright 2005, and further permission should be directed to the American Chemical Society;
Sanchez, S., M.A. Rodriguez, and J. Ancheyta, Kinetic model for moderate hydrocracking of
heavy oils. Industrial & engineering chemistry research, 2005. 44(25): pp. 9409-9413

Fugo = kY = (ks + kg + k) = Yugo (6.11)
1y = koY +ksYyao — (ks +ky) > vy (6.12)
Iy =k Ve +hoYyoo +heyp —kig = Vg 6.13)
To =k Yr + k3 Yyoo +koYp +Kig = Yy (6.14)

where k, r, and y are reaction constant [h~'], reaction rate [h~'], and component mass
fraction [wt%], respectively.
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The results indicated that the proposed lump model could predict the kinetic
parameters with an average percentage error of 3.11% and an overall correlation
coefficient of 0.978, which indicates the suitability of the model for analyzing the
UD catalytic hydrocracking of heavy oil and bitumen. There are also other studies
which focused on the kinetics of the decomposition of bitumen and asphaltenes in
the presence of the nanocatalysts. These studies also revealed some important
aspects of the nanocatalyst hydrocracking and also the importance of the reaction
kinetics modeling for such processes [130-134].

In another study, Elahi et al. [91] used the same lump model for heavy oil catalytic
upgrading reactions in carbonate rocks. They found that the first reaction of the
model (conversion of residue to VGO) played the most important role in the upgrad-
ing reactions and that reactions 7 and 9 do not have a significant impact on the overall
reaction scheme, due to the negligible k values obtained. They therefore concluded
that the gases were produced mainly from the residue and the naphtha cuts. Also, the
authors found that the proposed model could successfully predict the products’ dis-
tribution with an average error of 6% and with a good correlation to Arrhenius law.

6.11 Other Important Topics

6.11.1 Nanocatalyst Recycling

Nanocatalysts along with hydrogen incorporation aim to enhance the produced lig-
uid quality via catalytic hydrocracking. As previously discussed, the fast deactiva-
tion of conventionally supported catalysts is one of the major disadvantages
compared to UD nanocatalysts. UD nanocatalysts can also provide a desirable level
of reaction activity and an option to implement at the well level [135]. Recyclability
of the used nanocatalysts is a key bottleneck for their in situ application because
recycling can lead to cost-saving as well as reducing the environmental footprint.
Peluso, E. et al. [136] proposed a promising alternative for the downhole upgrading
process. In this technique, nanocatalysts are injected inside the porous media through
an injector well, and the upgraded oil is produced via recovery well. Produced liquid
from the reservoir contains some active nanocatalysts inside the non-distillable resi-
due which can be recycled and reinjected to the porous reservoir [136].

Understanding the nanocatalyst behavior with respect to stability and recyclabil-
ity potential is of paramount importance since it can lead to favored economic out-
comes. In one promising work, Peluso [136] demonstrated the feasibility of UD
nanocatalyst recycling, although there is still the chance of particle agglomeration.
However, the lack of extensive study in this area is quite tangible. In order to capture
the main aspects of nanocatalyst recycling potential and challenges, it is crucial to
perform more laboratory investigations and pilot-scale testing to make this tech-
nique economically beneficial for the existing heavy oil industry.
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6.11.2 Environmental Effect of Nanoparticles

Nanotechnology is the science of controlling matters at the nanoscale [137], prom-
ising to enhance economics in different fields ranging from transportation to agri-
culture to health [138]. Over the last decade, numerous nanomaterials have been
introduced to the marketplace [139] with direct and indirect application in society.
Despite this fact, the effect of nanoparticles’ exposure to human health and the envi-
ronment is not clearly studied. Some research on this subject raised questions about
the effects of these materials on humans and the environment [140]. From the envi-
ronmental point of view, the benefits of nanoparticles are limited by potential chal-
lenges that may be difficult to predict. In addition, there is not sufficient information
about the manufacturing, usage, and disposal of the nanomaterials and any associ-
ated risks from the exposure to nanomaterials [141]. Furthermore, detection meth-
ods, measurement, and analyzing and tracing the nanomaterials are still an ongoing
area of research and development [142].

Nanoparticle applications as adsorbent/catalyst for heavy oil upgrading and
recovery is a quite new and challenging chemical process, which like other areas of
nanotechnology are faced with both opportunities and challenges. In this chapter,
several challenges regarding the nanoparticle’s application were addressed; how-
ever, there are still other issues which need to be fully scrutinized. For example, it is
shown that some portions of injected nanofluids remain underground [93]. But the
long-term effect of these deposited nanoparticles has not been studied. Furthermore,
some operational issues like the possibility of groundwater contamination by the
synthesized nanocatalysts should also be considered as an operational failure risk.
Produced sustainable nanocatalysts show higher activity, higher selectivity, more
efficient recovery, as well as durability and recyclability in a cost-effective process.

6.12 Conclusions

Due to their unique properties, nanoparticles have tremendous potential in oil and
gas industry applications especially in the field of in situ catalytic upgrading of the
heavy oils and bitumen. The in situ employment of nanoparticles would result in
more oil recovery, as well as quality enhancement in all three produced phases of
liquid, gas, and solid. Nanocatalysts demonstrate that they can enhance oil quality
by viscosity reduction and API enhancement and are able to decrease the sulfur,
nitrogen, metal, and MCR contents of the heavy oils via catalytic upgrading, which
substantially increases the crude quality. Furthermore, they could considerably
decrease GHG emissions.

Another important issue regarding the in situ application is the nanoparticle
transport behavior in the porous media. The results exhibited that experimental
studies along with mathematical modeling of the nanoparticle penetration inside the
porous media and the reaction kinetics of the process can provide valuable informa-
tion which helps to design a successful upgrading process.
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Although the results obtained so far are a harbinger of the paramount effects of
nanoparticles in the recovery and upgrading of the heavy oils and bitumen, there is
still a long way ahead and a number of limitations and challenges which need to be
addressed. For example, mass production of required nanoparticles, the stability of
the produced volume, and the control over the size of the nanoparticles are some
important topics that should be addressed in any industrial applications. Moreover,
environmental considerations must be fully scrutinized before any mass usage of
the nanoparticles in order to mitigate the associated risks. In this regard, nanoparti-
cle recovery and reusing could be very promising in terms of process, economic,
and environmental footprint reduction.
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