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With more than 170 billion barrels of estimated oil sands reserves in Canada, Canada has the third largest
oil reserves in the world. However, more than 80% of oil sand’s reserves are located deep underground
and could not be accessed by surface mining. Nonetheless, a number of in-situ recovery methods have
been developed to extract heavy oil and bitumen from deep reservoirs. Once produced, bitumen is trans-
ferred to upgraders converting low quality oil to synthetic crude oil. However, in the present context,
heavy oil and bitumen exploitation process is not just high-energy and water intensive, but also it has
significant environmental footprints as it produces significant amount of gaseous emissions and waste-
water. In addition, the level of contaminants in bitumen requires special equipment, and has also envi-
ronmental repercussions.

Recently, nanotechnology has emerged as an alternative technology for in-situ heavy oil upgrading and
recovery enhancement. Nanoparticle catalysts (nanocatalysts) are one of the important examples on
nanotechnology applications. Nanocatalysts portray unique catalytic and sorption properties due to their
exceptionally high surface area-to-volume ratio and active surface sites. In-situ catalytic conversion or
upgrading of heavy oil with the aid of multi-metallic nanocatalysts is a promising cost effective and envi-
ronmentally friendly technology for production of high quality oils that meet pipeline and refinery spec-
ifications. Further, nanoparticles could be employed as inhibitors for preventing or delaying asphaltene
precipitation and subsequently enhance oil recovery. Nevertheless, as with any new technologies, there
are a number of challenges facing the employment of nanoparticles for in-situ catalytic upgrading and
recovery enhancement. The main goal of this article is to provide an overview of nanoparticle technology
usage for enhancing the in-situ catalytic upgrading and recovery processes of crude oil. Furthermore, the
article sheds lights on the advantages of employment of nanoparticles in heavy oil industry and addresses
some of the limitations and challenges facing this new technology.

� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

There is no doubt that the world is facing formidable challenges
in meeting energy demands as the available conventional energy
supplies are decreasing due to several factors [1], such as enor-
mous growth of world population, competing demands from a
variety of users, increasing industrialization and motorization of
the world, and increasing technical development and living stan-
dard. Therefore, it is necessary to look for alternative energy sup-
plies that can be produced from natural resources.

Various natural energy resources have been explored; including
biomass, vegetable oils, biodiesel, etc. [2]. These resources are
believed to be environment-friendly fuels [3], but they are costly
and insufficient in meeting energy demands. Further, usually these
types of fuels need to be formulated to meet the relevant
properties of conventional fuels [3]. Most importantly, they require
advanced attention to evaluate their advantages, disadvantages
and specific applications. These facts have led to an increased
demand on the upgrading and recovery of unconventional oil in
order to meet current and future energy needs

Accordingly, due to an increase interest in alternative energy
resources and utilization of fossil fuels, like unconventional crude
oil, Alberta oil sands have now become an important source of
alternative energy resources [4]. Actually, the International Energy
Agency (IEA) has predicted that, by the year 2030, about 60% of the
total worldwide energy growth will be met by fossil fuel sources
such as heavy oil, coal, and natural gas [5]. Nonetheless, due to
its high viscosity, low hydrogen to carbon ratio and high sulfur
and nitrogen content, there are a number of challenges associated
with bitumen recovery and upgrading in the present context.
These challenges need to be surmounted to make it a sustainable
and economically feasible alternative [6–10].

Among the challenges to be solved are the reduction in costs
associated with the production and transportation of oil sands
and the improvement of synthetic crude quality to meet stringent
market specifications with less environmental footprints [11].
Nanotechnology is a rapidly growing technology with considerable
potential applications and benefits [12]. It provides unprecedented
opportunities to develop more cost effective and environmentally
friendly heavy oil upgrading and recovery processes. Interest in
using nanotechnology in heavy oil processing is driven from the
unique physical and chemical properties of the nano-scale particles
[13]. In the world of nanotechnology, a nanoparticle acts as a
whole unit in terms of its transport behavior and properties, and
its diameter is sized between 1 and 100 nm. In other words, as
the size of a particle reduces to nanoscale (i.e., 1–100 nm) the
properties begin to change dramatically as the percentage of atoms
at the surface of a material becomes significant, a phenomena
which is attributed to the large surface area to volume ratio [14].
Quantum confinement, surface plasmon resonance, high adsorp-
tion affinity, enhanced catalytic activity, good dispersion ability
and intrinsic reactivity are just some of the unique properties asso-
ciated with nanoparticles [15].

Nowadays, because of these properties nanoparticles are used
in vast areas of engineering applications, such as heavy oil upgrad-
ing [16–18], fuel cell technology [19,20], polymer nanocomposites
[21–23], catalysis [24–26], and wastewater treatment [27–29], to
name only a few. However, there are uncertainties associated with
nanoparticles applications, which should be deeply explored.

Among the potential applications enumerated for nanoparticles
are in oil and gas industry, specially upgrading and recovery
enhancement of heavy feedstocks by nanoparticle catalysts [30].
In addition to its high surface area, these catalysts should maintain
ultra-dispersion ability and high catalytic activity. The ability to
engineer desired surface functionalities of nanoparticles by tuning
its characteristics as well as the possibility of its in-situ preparation
makes nanotechnology an attractive unique option for heavy oil
upgrading and recovery. In addition, owing to their small size
and transport behavior, nanoparticles can be employed in-situ
within the reservoir environment where upgrading and recovery
are needed [11,31].

Extensive research was performed ranging from synthesis of
nanocatalysts to pilot plant application for ex-situ and in-situ
upgrading processes at the University of Calgary. However, there
is still long way to investigate all aspects of these nanocatalysts
properties and performances. Here, we briefly review what are
known about nanoparticles and their behavior as adsorbent/cata-
lysts for heavy oil upgrading and recovery as well as possible chal-
lenges for future implementations. We also discuss state-of-the-
science knowledge and instrumentations related to nanocatalysts
implementation for upgrading and recovery of Athabasca bitumen.
It should be noted here that a comprehensive discussion of the
applications of nanotechnology to heavy oil upgrading and recovery
is beyond the scope of this article. The main objectives here are to
discuss the opportunities and challenges of using nanoparticles as
adsorbent/catalysts in the upgrading and recovery of heavy oil.
2. In-situ prepared ultradispersed nanoparticles

Placement of catalysts inside the porous media is one of the
important steps to apply the idea of ‘‘underground refinery’’ for



Fig. 1. Cartoon representation of in-situ heavy oil upgrading and recovery coupling
ultradispersed nanocatalysts and the SAGD process, whereupon light oil is
produced at the surface and heavy molecules, solids and minerals stay sub-surface.
Obtained from Ref. [31] with permission.
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bitumen upgrading and recovery enhancement [32]. Supported
catalysts could be placed only inside the production well to per-
form in-situ upgrading. Due to coke deposition and metal poison-
ing occurring in three phases, supported catalysts system
deactivates [33]. The three phases are constant deactivation rate
of catalyst caused by metal deposition and blocking active catalysts
sites, coke deposition on the fresh catalyst network and rapid deac-
tivation of catalyst caused by metal deposition which results in
constriction of pore mouth [34]. Therefore, upgrading of heavy
feeds with desired efficiency requires large pore volumes as well
as tolerance to the feedstock constituents.

Good catalytic properties, such as high porosity and resistance
to pore plugging are favorable properties for processing of heavy
Fig. 2. Schematic representation illustrating the top-down and bottom-up
approaches for nanocatalysts preparation. Obtained from Ref. [47] with permission.
feedstocks [35]. In order to overcome mainly the pore plugging
problem ultra-dispersed nanocatalysts were developed for indus-
trial applications [34]. In addition, dispersion is a very important
concept in catalyst industry [36]. Experts in commercial catalysis
research are looking to find the ultra dispersed (UD) catalysts to
achieve higher conversion at the applied pressure and temperature
conditions [37,38]. This is the reason for using dispersed catalysts
for hydrocracking of heavy feedstocks.

There exist several advantages with the usage of nanocatalysts;
including: (a) small size of nanocatalysts offer large surface area to
volume ratio which results in improved catalytic performance for
processing purposes, (b) the probability of contacts between reac-
tants is increased because of nanocatalysts mobilization inside the
reactor which ultimately increases the economics of the upgrading
process, (c) absence of any fixed bed catalysts because of nanocat-
alysts implementation inside the medium make possible longer
run times for conversion as there is no need of catalyst replace-
ment, (d) in absence of any pores in UD nanocatalysts, loss of activ-
ity will not be presented compared to supported catalysts [39], (e)
propagation of nanocatalysts inside the porous media and reacting
in-situ cause bitumen dissolution as well as viscosity reduction of
produced liquid, and (f) successful in situ processing reduces the
operating costs as well as environmental concerns associated with
bitumen production such as greenhouse gas (GHG) emissions, SOx
and NOx production, solid waste by-products and even fresh water
consumption [11].

Nanocatalysts were introduced into the porous media to per-
form upgrading inside the reservoir to convert bitumen to lighter
products. A cartoon representation shown in Fig. 1 shows the
potential mechanism of nanocatalysts application for bitumen
upgrading and recovery during the steam assisted gravity drainage
(SAGD) process [31]. Since SAGD is the dominant recovery process
for bitumen production, then the final goal for the nanocatalysts
usage is to couple both the benefits of nanocatalysts presence
inside the porous media as well as thermal drive mechanism
simultaneously. However, there is a long way and extensive work
to commercialize and test the proposed method for in situ pro-
cesses inside the porous media.
Fig. 3. Schematic representation of water-in-oil microemulsions. The water pools
solubilise the precursors and accommodate the resultant nanoparticles. The size of
the water pool can be manipulated by controlling the ratio of mole water/mole
surfactant. Obtained from Ref. [31] with permission.
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Fig. 4. Schematic representation of the experimental setup for in-situ upgrading
and recovery enhancement of Athabasca bitumen. Obtained from Ref. [63] with
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3. Synthesis of nanocatalysts

A number of preparation techniques have been reported for
nanoparticles manufacturing [40–48]. These methods can be
grouped into top-down and bottom-up methods as seen in Fig. 2
[47]. Top-down methods are defined as those by which nanoparti-
cles are directly prepared from bulk materials via the generation of
isolated atoms by using various distribution techniques that
involve physical methods, such as milling or grinding, laser beam
processing, repeated quenching and photolithography [48].
Bottom-up approaches involve molecular components as starting
materials linked with chemical reactions, nucleation and growth
processes to promote the formation of nanoparticles [49–57].

There are various bottom-up methods for preparation of nano-
catalysts, such as water-in-oil microemulsions or reversed micelles
[43,46,49], chemical reduction [50], hot-soap [51,52], sol–gel [53],
pyrolysis [54], and spray pyrolysis [55]. Water-in-oil microemulsion
method is commonly used for in-situ formation of nanoparticles in
heavy oil matrix. Emulsion preparation is obtained by mixing oil,
water and a stabilizing agent such as surfactant [56]. Preparation
procedure and conditions are selected in such a way to have micro-
emulsion in the media. Microemulsion hold specific properties such
as very low interfacial tension, small microstructure, thermody-
namic stability and translucence that can be used in variety of
applications [57]. Water-in-oil (w/o) microemulsion preparation
technique was described in literatures [43,46,49,56]. In brief,
aqueous solution of corresponding metals were added to a w/o
emulsion and then mixed for certain time. After that, a base aqueous
solution is added to initiate nucleation and growth of the nanoparti-
cles, which remain stable in suspension. Fig. 3 shows a simple
cartoon representation illustrates the structure of reverse-micelle
‘‘nano-reactor’’ used for in-situ formation of nanoparticle [31].

Preparation of nanocatalysts could be obtained by mixing two
reacting systems (one containing the precursor salt and the other
a reducing agent) in form of microemulsions [58]. Capek [58] has
reported a comprehensive study on the preparation of nanoparti-
cles in w/o microemulsions with formulations for Fe, Pt, Ni, Au,
Cd, Pd, Ag and Cu. Thus, microemulsions are considered as a break-
through for nanocatalysts preparation, especially for in-situ appli-
cations such as upgrading and recovery of bitumen. For heavy oil
conversion, an emulsion was developed in presence of water
claiming steam cracking of vacuum gas oil (VGO) catalyzed by cat-
alytic emulsion [59]. Furthermore, a catalytic nanoparticle solution
prepared by decomposition of w/o emulsion was successfully
implemented to catalyze hydroprocessing reaction [60]. Thompson
et al. [34] performed a work on Mo nanoparticle reaction perfor-
mance for Athabasca bitumen upgrading [34]. A lab scale reactor
packed with sand particles were used to explore the formation of
mixed oxy-carbides composed by MoO2, MoO3 and MoC as well
as agglomeration of nanocatalysts promoted by surfactant-media
interactions. Using the microemulsion method, Ni, Mo and
Ni–Mo nanoparticles (approximately 10 nm) were prepared for
hydrodesulfurization with the potential of using for in situ upgrad-
ing as well as on surface [61]. It can be concluded that synthesis
and preparation of nanocatalysts were performed successfully
based on literature. However, stability of nanoparticles inside the
prepared/reaction media and control over particle size as well as
particle recovery and regeneration are still an important issue for
nanoparticle implementation.

Mechanical separation and deposition of UD nanocatalysts
based on their motion inside the viscous fluid media has been
investigated in a cylindrical geometry [62]. 2D and 3D convec-
tive–dispersive models were developed and validated based on
experimental tests [62]. In addition, concentration profiles for par-
ticles (ranging from micro to the nano scale) movement through
fluid media as a function of their position and time were success-
fully predicted. Published results showed that dispersion coeffi-
cient is a function of fluid medium properties (density, viscosity
and volumetric flux) and a large number for dispersion coefficient
in the medium shows particles tendency for sedimentation [62]. In
addition, deposition tendency of particles were related to a factor
namely ‘‘critical particle diameter’’ [62]. For different scenarios
(i.e., initial particle concentration, velocity change and medium
viscosity change), change in medium properties caused that sedi-
mentation of UD particles to occur in lower or higher critical par-
ticle diameter. It is worth mentioning that agglomeration of UD
nanoparticles inside the medium plays an important role in sedi-
mentation of nanoparticles as well as efficiency of produced nano-
particles from desired metal precursors.

As a part of commercial application for the nanocatalysts in
heavy oil industry, it should be noted that there exists another
challenge, which is the mass production of nanocatalysts in the
field scale applications. It is worth mentioning that production of
nanocatalysts for the batch reactor experiments as well as pilot
plant tests (continuous mode) have been performed successfully
[63,64]. However, for the field scale applications, there should be
availability of surface facilities or suppliers that can provide large
quantities of required nanoparticles with the economically viable
prices.
4. Required facilities for nanocatalysts application in heavy oil
upgrading and recovery

Implementation of new advanced technologies is directly asso-
ciated with the usage of hi-tech systems for industrial develop-
ments [65]. Due to the nature of UD nanocatalysts upgrading
difficulties, it is essential to acquire control systems to avoid or
mitigate any associated risks. Presence of hydrogen as well as high
pressure and temperature conditions will introduce risk of plug-
ging and even explosion which enforce need for high level of con-
trol systems.

Fig. 4 shows a schematic representation of the experimental
set-up which was used to mimic nanocatalysts injection inside
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the porous media at a high pressure and temperature [63]. As seen,
it is required to use many monitoring tools as well as sophisticated
control systems to ensure the process is meeting the required
desired product while taking the safety into consideration. Further,
to the best of our knowledge, the cost of nanocatalysts for in-situ
upgrading and recovery of bitumen is never mentioned in the liter-
ature. The cost of nanocatalysts depends primarily on the local
availability of their precursors, types, preparation techniques and
method of application. Because the nanocatalysts could be pre-
pared in-situ, within the reservoir environment, the materials costs
could be reduced. Nevertheless, more investigations on the cost
effectiveness of the nanocatalysts application as an alternate tech-
nology for bitumen upgrading and recovery enhancement are
needed to evaluate the economic of these processes with higher
precision.
5. Nanocatalysts transport behavior inside the porous media

After preparation and synthesis of nanocatalysts in a micro-
emulsion system, an important issue regarding the usage of nano-
catalysts for bitumen upgrading is the feasibility of nanocatalysts
transport inside the porous media. To conduct successful upgrad-
ing process underground, placement of nanocatalysts in appropri-
ate zone inside the oil sand medium is necessary. It should be
noted that there exists a huge area of research for the transport
behavior of nanoparticles in porous media [66]. However, most
of the studies are focused on the transport behavior of the nano-
particles in deep bed filtration for wastewater treatment, and the
obtained results could not be applied for reaction conditions in
the oil sand based matrix. Accordingly, very little information is
available on the flow behavior of UD nanocatalysts in oil sand
packed bed.

Recently, our research group reported on the transport behavior
of metallic and multimetallic UD nanocatalysts, suspended in vac-
uum gas oil, inside an oil sand porous media at different experi-
mental and operational conditions [66–68]. Results demonstrated
that the propagation of UD nanocatalysts in an oil sands packed
bed column at typical pressure and temperature of SAGD recovery
process is feasible, as neither major permeability reduction nor
pore plugging were observed.

It should be noted that the experiments conducted by Zamani
et al. [68] were performed at low temperatures and in the absence
of cracking reaction which showed that nanocatalysts were able to
propagate through the sand medium, but larger agglomerated par-
ticles were filtered out and remained inside the porous media [68].
However, the authors reported that the retention of nanocatalysts
had a negligible effect on the pressure drop and caused no perme-
ability damage inside the experimental medium. Further, retention
mechanism on the surface was mainly attributed to adsorption,
and analysis showed that adsorption is not reversible. In addition,
specific deposit profile along the sand pack showed that nanocata-
lysts continued to be filtered out deep inside the porous medium,
but higher retention occurred in the entrance of the sand pack.
Moreover, Zamani et al. [68] reported that the sand media retained
14–18% of injected UD nanocatalysts, mainly at the bed entrance
[68].

Hashemi et al. [67] investigated the transport behavior of
nanocatalysts in an oil sands porous media at high pressure and
temperature of typical SAGD conditions (i.e., presence of reaction)
[67]. In their study, the authors reported on the effects of
temperatures and permeability on the transport behavior of
ultradispersed multimetallic (Ni–Mo–W) nanocatalysts inside an
Athabasca oil sands packed bed column. Experiment results
showed that aggregation of nanocatalysts was observed in all cases
(i.e., low and high temperatures and different sand permeability).
The authors showed that the deposition tendency for nanocatalysts
is strongly affected by the type of metal, temperature, and sand
permeability. Increasing the temperature favored the aggregation,
this was attributed to the increase in frequency of particle collision
because of heavy oil viscosity reduction and subsequently, higher
aggregation rate. Further, a high-permeability-oil-sands-packed
bed has a lower amount of deposited nanocatalysts compared to
the low-permeability medium. Again, deposition of nanocatalysts
mainly occurred at the entrance of the injection zone and rapidly
decreased across the reaction zone. However, same as low
temperature experiments, deposition of nanocatalysts inside the
porous media has a meager influence on medium permeability.
Again, pressure drop analysis showed no major permeability
damage across the reaction zone [67].

One of the most important aspects of nanocatalysts transport
inside the porous media is the control over the particle size during
the injection and reaction times. In addition to pressure drop via
permeability reduction, particle size would impact on dispersion
ability, adsorption affinity and catalytic activity of nanoparticles
inside the medium [67]. It should be noted that most of these stud-
ies are at the initial steps for fulfilling the idea of in-situ upgrading
with the promising results to future enhancement in the area of
heavy oil technologies.

In addition to numerous experimental studies, robust mathe-
matical modeling of nanocatalysts transport behavior inside the
porous media would provide valuable information on the concept
of particle mass transfer. Modeling of mass transfer and deposition
behavior of fine particles in cylindrical channels were studied by
several researchers [34,62,69–72]. It should be noted that mathe-
matical modeling of such processes are very complex and some-
times require incorporating empirical correlation as well.
Furthermore, presence of viscous fluid in the medium enforces
even more complexity to the equations; nonetheless, importance
of UD nanocatalysts in the heavy oil and bitumen industries justi-
fies the necessity of conducting scrutinizing study in this area.

In one of the novel studies [62], our research group has devel-
oped a mathematical model for nanocatalysts transport and depo-
sition that takes into account the geometry of the channel, fluid
medium properties and characteristics, particle diameter and con-
centration, and the effects of the temperature on the particle
agglomeration and deposition of nanocatalysts. 2-D and 3-D con-
vective–dispersive model, which delivers the concentration profile
of particles immersed in fluid media enclosed in a circular cross
section, were validated by experiments performed in an injection
rig [62]. Despite the very large effort, by changing the physical
properties of media and geometry, it is required to conduct new
experiments to estimate the coefficient existed in the mathemati-
cal model equations [62].

In conclusion, propagation of nanocatalysts inside the porous
media is feasible and ultradispersed multimetallic nanocatalysts
could be controllably delivered through oil sands porous media
into a targeted heavy oil reservoir, where they could work as
adsorbents/catalysts for heavy oil upgrading. However, some
portion of injected particles could be retained inside the porous
media. Nonetheless, the deposited particles inside the medium
can potentially increase the activity of the medium [63] and could
be predicted by mathematical modeling [62].
6. Modeling of reaction kinetics

Hydrocracking kinetics of heavy oil was investigated in many
aspects considering various kinetics models based on the proposed
cracking reaction schemes [73–79]. Presence of many parallel reac-
tions in hydrocracking at the same time would suggest proposing
network of reactions for kinetics modeling [73,74]. Fig. 5 shows a



Fig. 5. Sets of reactions with relative velocities occurring during hydrocracking process. Obtained from Ref. [75] with permission.
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schematic representation of a generic family of hydrocracking
reactions and approximate velocity constant for a conventional
oil [75]. As seen, some reactions are faster than others depending
on the nature of the reaction process.

For the case of unconventional oil, the presence of large mole-
cules such as resins and asphaltenes in the heavy oil and bitumen
matrixes makes the kinetics process very complex. However, using
the traditional grouped lumping concept along with pseudo com-
ponents definition representing the heavy feedstock are common
methods for bitumen kinetic study [80–82]. It should be noted that
group selection is a very crucial step in this approach and conse-
quently determines the amount of required experimental study
to estimate the kinetic parameters. Generally, first order rate equa-
tion with respect to bitumen is considered for the kinetic study of
bitumen [77,83,84]. In addition, incorporating higher number of
lumped groups was considered in literature, which resulted in
more complex equations as well as higher precision in kinetic
modeling [83,85,86]. Fig. 6 shows a schematic representation of a
proposed lumped kinetic model which contains series of reactions
with certain velocity constants [77].

Kinetics modeling of Athabasca bitumen reaction at various
conditions has been reported in literature [87–90]. In particular,
performance of catalytic and non-catalytic hydrocracking of Ath-
abasca bitumen was evaluated using the lump kinetic method
which includes combination of separated functions [85,86].

It is believed that the introduction of the nanocatalysts into
bitumen or heavy oil matrix causes a considerable change in the
Fig. 6. Proposed schemes for lumped-kinetic modeling of HCK reactions. Obtained
from Refs. [75,77] with permission.
reaction mechanisms as nanocatalysts open new pathways for
the reaction. Galarraga et al. [64] performed a preliminary hydro-
processing reaction kinetic in the presence of UD nanocatalysts
for Athabasca bitumen proposing two different kinetics models
to fit their experimental data. The first model was based on a sim-
ple power law of first order reactions and the second one was sim-
ilar to the kinetics model which was proposed by Sanchez et al.
[77]. This model was using a lumping method with series of reac-
tions connected as a network scheme. Loria et al. [91] proposed a
modified kinetics model using the same reaction scheme for the
UD nanocatalysts. Fig. 7a and b shows both models. The five
lumped pseudo components incorporate: residue (R), vacuum gas
oil (VGO), distillates (D), naphtha (N), and gases (G). As can be
observed, there exists quite a difference between the kinetic rate
constants corresponding to the reactions.

Results of predicted product compositions were in good agree-
ment with the lab data with the absolute error value of less than 7%
[91]. In addition, predicted viscosity of produced liquids shows
great reduction depending on temperature and residence time
[91]. More importantly, it reveals that correct modeling scheme
as well as accurate solution conditions would provide successful
product prediction. Along with other studies, our group published
series of articles on the kinetics decomposition of Athabasca bitu-
men and asphaltenes in the presence of nanocatalysts as well
[9,11,92–96]. Despite all of the studies that have been performed
in this field, there exists many area of research to fully understand
the kinetics decomposition of heavy oil and bitumen.
Fig. 7. Proposed kinetic models (a) hydroprocessing of bitumen in presence of UD
catalysts. Obtained from Ref. [77] with permission; (b) Modified model for the UD
catalyst. Obtained from Ref. [91] with permission.



Fig. 8. Hydrogen to carbon ratio for the various petroleum cuts. Obtained from Ref.
[98] with permission.
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7. Recovery enhancement

Presence of nanoparticles inside the porous media enhanced the
crude oil recovery by at least two main mechanisms. First, the pro-
duction of lighter components via catalytic hydrocracking of heavy
oil in presence of hydrogen and heat source [62,97–99], and second
is wettability alteration of medium surface by coating with nano-
particles [100,101]. Hydrocracking of heavy oil and bitumen and
the subsequent viscosity reduction in the oil pool as a result of
bitumen contact with emitted hydrocarbon hot gases caused
enhancement in heavy oil production [62]. Hashemi et al. [62]
showed that there exists a recovery enhancement via injection of
nanocatalysts inside the oil sand medium [62]. However, recovery
process would be more efficient by coupling another thermal
method (e.g., electrical heating or in-situ combustion) with the
injection of nanocatalysts since the individual nanocatalysts
recovery enhancement is not very significant. It is worth mentioning
Fig. 9. Hydrogen-to-carbon ratio (H/C) of Athabasca bitumen at different conver-
sion of residue for reaction performed at 380 �C. Obtained from Ref. [9] with
permission.
here that by selecting higher quality catalyst carrier (e.g., crude oil
with a high concentration of light ends) into the porous media
higher recovery enhancement is expected. Wettability alteration
of porous media by incorporating nanoparticles to enhance the oil
production has been the focus of several experimental and theoret-
ical studies [100–105]. In addition to small size, large surface area of
nanoparticles can help to alter the properties of solid surface of
porous media by in-situ coating process. Nanoparticles with tuned
properties significantly alter the whole system wettability
[106,107]. It should be noted that most of the reported works on this
matter are experimental studies and no real field application has
been reported. Further, one of the key challenges for the nanocata-
lysts usage in upgrading and recovery enhancement is the method
of incorporating the nanocatalysts for hydrocracking processes. In
heavy oil in-situ upgrading and SAGD recovery processes, there exist
numerous factors that still have not been fully explored, such as
impact of barriers and well testing methods. Hence, adding another
upgrading and/or recovery mechanism coupled with the existing
methods will add much higher complexity to the process of thermal
recoveries. In the subsequent sections we are highlighting some of
the potential opportunities and challenges on bitumen upgrading
and recovery enhancement.

8. Quality enhancement

Evaluation of product quality is very important in any upgrad-
ing processes to determine the extent of increased value of heavy
feedstocks. In addition to process cost-effectiveness, transportation
pipe designs as well as processing facility specifications depend
upon the quality of products [97]. Therefore, the quality of pro-
duced liquid streams generated from upgrading and recovery
should be characterized on the basis of hydrogen to carbon ratio
(H/C), API gravity, viscosity, micro carbon residue (MCR) content,
sulfur and nitrogen content.

8.1. H/C atomic ratio

One of the main characteristic properties of heavy oil and bitu-
men is low value for H/C ratio. Fig. 8 shows H/C ratio for the vari-
ous petroleum cuts [98]. Any enhancement to H/C ratio can be
used as an indication for extent of heavy feedstock upgrading.
Any thermal upgrading process involves simultaneous cracking
and hydrogenation of heavy molecules to produce lighter compo-
nents with smaller molecules as well as higher H/C ratios [99].
Galarraga and Pereira-Almao [9] successfully tested the catalytic
hydroprocessing reactions of Athabasca bitumen in a batch mode.
Fig. 10. Viscosity of liquid products from reaction at constant pressure of 3.45 MPa,
temperatures of 320, 350 and 380 �C at reaction times from 3 up to 70 h. Obtained
from Ref. [57] with permission.
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The authors employed nanocatalysts suspension in-situ by using
heavy oil emulsion and subsequently tested in a batch reactor
using marginal levels of hydrogen and sand for bitumen upgrading.
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Fig. 12. API gravity of liquid products as a function of conversion for dry emulation
of UD nanocatalysts in batch reactor. Obtained from Ref. [57] with permission.
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Experimental results showed that nanocatalysts enhanced the
upgrading of Athabasca bitumen by significantly increasing the
H/C atomic ratio and reducing both viscosity and coke formation
[9]. In addition, a significant reduction of sulfur and micro carbon
residue was observed. Fig. 9 illustrates the H/C ratio enhancement
for products obtained at 380 �C and 3.45 MPa as a function of res-
idue conversion. It can be seen that there exists a polynomial trend
for H/C ratio enhancement, which clearly provides enough evi-
dence for effectiveness of nanocatalysts presence inside the porous
media and effective incorporation of hydrogen within the liquid
products. Based on produced results, nanocatalysts can enhance
the H/C ratio via hydrocracking followed by hydrogenation pro-
cess. In addition, higher H/C ratio occurs in higher conversion
values.

8.2. Viscosity reduction and API increment

Reported results on nanocatalysts effectiveness for viscosity
reduction showed successful records in batch and pilot tests
[57,62]. Viscosity is considered as one of the most important fac-
tors for bitumen transportation via pipelines. For commercial
transportation, bitumen API gravity is increased to a number of
19–21� API and viscosity of bitumen is decreased to approximately
(250 cP at 10 �C) [108]. In the current context, most of mobility
enhancement is performed on surface using surface upgrading
facilities or appropriate diluent is used to meet refinery feedstock
specifications [109]. UD nanocatalysts experiments using hydro-
gen performed in batch and packed bed reactors showed that in-
situ upgrading and recovery processes can be implemented to
enhance the quality of Athabasca bitumen that can meet pipeline
transportation criteria without any diluent addition. Figs. 10 [57]
and 11 [18] are examples of produced liquid viscosities from a
batch reactor and packed bed reactor, respectively. As seen, pres-
ence of nanocatalysts inside the medium has dramatic effect on
viscosity reduction of Athabasca bitumen.

Clearly, in both processes (i.e., batch and pilot tests), viscosity of
products reduced against the time of the reaction. In addition,
higher viscosity reduction occurred at higher temperatures. In both
of the experimental series VGO was used as nanocatalysts carrier
into the medium, and certainly by using lighter carrier, higher vis-
cosity reduction can be observed since dilution was coupled with
the thermal catalytic process during upgrading experiments. In
addition to viscosity reduction, API gravity of products can be
employed as a sign of quality enhancement.

As a result of heavy feedstocks upgrading, product density
decreases and API gravity increases. Both experiments, batch and
pilot plant, for Athabasca bitumen upgrading using UD nanocata-
lysts showed higher API gravity of the produced liquid. Fig. 12
shows the API gravity against conversion percentages in batch
reactor [57]. It can be observed that API of 16 was achieved for
higher conversion percentages. Furthermore, in pilot plant tests
for different reaction times, API enhancement was measured in
presence and absence of UD nanocatalysts and considerable
improvement was detected for the experiment conducted in the
presence of UD nanocatalysts [18]. Fig. 13 presents the API gravity
measurements at different conditions. Clearly, nanocatalysts
improved the API gravity significantly in both series of the tests,
which again supports the potentials application of UD nanocata-
lysts for enhancing upgrading of heavy feedstocks.

8.3. Coke reduction

Micro carbon residue (MCR) contents of produced liquid sam-
ples were measured as another indication for quality enhancement
by using a standard method [110]. MCR content measurement
refers to amount of carbon residue which is left behind after the
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thermal treatment of the heavy feedstocks. High value of MCR
content for a sample is interpreted as low quality product. Again,
published results showed potential of UD nanocatalysts applica-
tion for reducing the MCR content of heavy feedstocks [18,57]. In
batch reactor test for Athabasca bitumen catalytic hydrocracking,
MCR content was improved by including the UD nanocatalysts.
Implementing the UD nanocatalysts changed the MCR from
16 wt% in the blank experiment up to about 11 wt% for selected
experimental conditions [57]. For the continuous mode
experiments, same observations were published regarding MCR
reduction in produced samples [18]. Fig. 14 shows MCR reduction
for the produced samples in presence and absence of UD nanocat-
alysts. It can be seen that, at higher temperature and in presence of
nanocatalysts, lowest amount of MCR was measured which proves
the effectiveness of nanocatalysts for hydrocracking reaction as
well as quality enhancement confirming that UD nanocatalysts
are improving the hydrogenation reactions and consequently
reducing the potential for coke formation.

8.4. Sulfur removal

Environmental considerations enforce very stringent regula-
tions on the sulfur content of fossil combustibles [111]. In hydro-
treating processes, hydrodesulfurization is considered as one of
the most important reactions which involves removing the sulfur
from petroleum compounds to produce hydrogen sulfide as well
as desulfurized compounds [99]. Generally, dispersed catalysts
show higher percentages of sulfur removal compared with sup-
ported catalysts; owing to their effective accessibility [112–115].

Figs. 15 [57] and 16 [18] show the extent of sulfur removal for
Athabasca bitumen in batch reactor and pilot plant tests at differ-
ent temperatures, respectively. For batch reactor, at 380 �C up to
50% of sulfur content was removed at low reaction time (about
14 h).

In continuous mode experiments, the sulfur concentration
decreased with both time and temperature (Fig. 16). It can be
observed that presence of UD nanocatalysts enhanced the sulfur
removal quite significantly, especially at lower temperature. This
again confirms the effectiveness of UD nanocatalysts for enhancing
the hydrodesulfurization reactions. However, sulfur removal is
associated with hydrogen sulfide production, which can cause
some negative aspects for the nanocatalysts implementation inside
the porous media.
8.5. Coke formation mitigation

During a typical thermal upgrading process, decomposition of
heavy feedstocks is occurred in the presence of hydrogen to satu-
rate the free radicals, and subsequently produce lighter compo-
nents as well as huge amount of coke and considerable amount
of light gas such as methane, ethane, and CO2 [115,116]. It is
expected that presence of catalysts inside the reaction medium
would result in less amount of coke as catalysts can create new
pathways in the reaction schemes [35].

Heavy oil and bitumen usually contain about 50 wt% of residue
fraction with the normal boiling point higher than 545 �C [117]. For
the purpose of heavy feedstocks upgrading, hydroprocessing cata-
lysts should be resistant to deactivation caused by metal deposi-
tion and coke formation [118]. In this sense, there exists
extensive research work to improve the catalysts activity by intro-
ducing UD nanocatalysts which navigate along with the heavy
feedstocks as well as catalyzing the upgrading processes [119].
Furthermore, deactivation of UD nanocatalysts is less likely to
occur than the conventional supported catalysts [120].



R. Hashemi et al. / Applied Energy 133 (2014) 374–387 383
Published results on the nanocatalysts usage for Athabasca
bitumen upgrading showed successful outcome, which again con-
firms the potential application of UD nanocatalysts for upgrading
purposes. In batch reactor tests for Athabasca bitumen upgrading,
coke formation was significantly reduced by using tri-metallic nan-
ocatalysts emulsion with no detriment in residue conversion [57].
However, by increasing the severity of conditions coke formation
increased dramatically.

For the continuous mode experiments, Fig. 17 depicts the coke
contents (wt%) of produced samples against the reaction time at
different temperatures in the presence and absence of UD tri-
metallic nanocatalysts. Clearly, presence of nanocatalysts inside
the porous medium significantly improved the quality of produced
samples regarding coke content [17]. It is worth noting that
temperature has a very drastic and sensitive effect on the coke
formation during thermal processes [121]. Increasing the temper-
ature speeds up the rate of thermal cracking reactions, which out-
perform the hydrogenating reactions that are thermodynamically
hindered with temperature. Therefore, a higher proportion of free
radicals will form and subsequently lead to the formation of a
higher amount of coke [122].

It is beneficial to mention that Kennepohl and Sanford showed
that the dispersed catalyst helped to reduce the coke formation
much better than the supported catalyst during the upgrading of
Athabasca bitumen at typical upgrading conditions. However, as
dispersed concentration increases this benefit was reversed
because the catalytic particles acted as coke seeds [115].
9. Gas emission reduction

There is no doubt that upgrading of heavy oil and bitumen with
the current technologies produces considerable amounts of green-
house gas (GHG) emissions. Due to this reason, the province of
Alberta was the first in North America to legislate the GHG emis-
sion reduction for large industrial facilities [123]. Furthermore,
increasingly stringent legislation limits on the level of fuel contam-
inants has enforced the industry to invest on the exploration of
cost-effective and environmentally acceptable new technologies,
integration with or enhancing the currently available technologies
for heavy feedstocks processing [124].

One possible promising new technology is the in-situ upgrad-
ing, aims to improve the quality of crude oil and decrease the level
of its contaminants, such as sulfur and nitrogen to a good extent
[125] as well as the GHG emissions. However, not much is known
about the produced gases emitted during the in-situ upgrading
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process by using nanocatalysts. In a recent study, Hashemi et al.
[17] investigated the effectiveness of nanocatalysts on gaseous
emission reductions [17]. Results showed that the presence of
tri-metallic nanocatalysts enhanced the hydrogenation reactions
and consequently led to significant reduction in CO2 emission. In
the best case, at a high pressure and temperature conditions, CO2

emission was reduced up to 50% compared with the case without
the presence of nanocatalysts in the medium. Furthermore, UD
nanocatalysts enhanced the production of hydrocarbon gases as
results of hydrocracking that, consequently, works as diffusing sol-
vent for enhancing heavy oil production. It is worth noting that gas
emissions would remain as one of the most important challenges
of the nanocatalysts upgrading process. Therefore, more laboratory
investigations and pilot scale testing will be needed to investigate
this issue with more details.
10. Nanocatalysts recycling

Presence of nanocatalysts inside the medium along with hydro-
gen incorporation aims to improve the quality of produced liquid
via catalytic hydrocracking. As previously mentioned, fast deacti-
vation of conventional supported catalysts is one of the major dis-
advantages compared to UD nanocatalysts. Presence of large
molecules in the heavy feedstock has limited accessibility into
the porous network of the conventional catalysts. This is the reason
that hydroprocessing catalysts should be resistant to deactivation
caused by metal deposition and coke formation [118]. UD nanocat-
alysts could provide desirable level of reaction activity as well as
option to perform in the well level [126]. A key bottleneck to the
in-situ applications will be the recyclability of the spent nanocata-
lysts that can provide cost-effectiveness for the process as well as
reduction in the environmental footprints. Our research group
developed a promising alternative for downhole upgrading pro-
cess. Fig. 18 shows a schematic representation of this process. As
seen, nanocatalysts are injected through injector well inside the
porous media and upgraded oil is produced via recovery well. Pro-
duced liquid from the reservoir contains some active nanocatalysts
inside the non-distillable residue which can be recycled and
re-injected to the porous reservoir [127].
Fig. 18. Schematic representation of in-situ upgrading (ISU) process for non-
conventional oil in the presence of UD catalysts. Obtained from Ref. [127] with
permission.
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It is absolutely crucial to understand the nanocatalysts behavior
in many aspects such as the stability and the potential recycling
methods of these particles. It will be in favor of the process eco-
nomics if the UD nanocatalysts could be used several times before
losing stability and catalytic activity. Reviewing the literatures
showed that lack of extensive study in this area is quite tangible.
As one important piece of work, Peluso [127] showed that it is fea-
sible to recycle the UD nanocatalysts particles. However, there is
the possibility of particle agglomeration, which is a slow and
reversible process. To have a clear understanding of recycling
potential and challenges, more laboratory investigations and pilot
scale testing will be needed to implement this economically benef-
icent technique into the existing heavy oil industry.

11. Hydrogen consumption

In a typical hydroconversion process, heavy molecules of petro-
leum feedstocks with the high boiling point are split and saturated
with hydrogen, forming lighter components with lower boiling point
as well as less impurities [128]. High investment is required to con-
duct these types of processes since hydrogen consumption is an
important issue. Presence of hydrogen promotes bond cleavage reac-
tions which results in mitigating the coke formation as well as remov-
ing heteroatoms by controlling the polymerization process [128,129].

For a surface upgrading process at sever conditions (350–430 �C
and 8.5–20 MPa), the required hydrogen is typically in the range of
200–590 nm3/m3 which is related to the H2 to oil ratio of 505 and
1685 nm3/m3 [75]. It should be noted that current in-situ thermal
recovery techniques rely mostly on natural-gas-fired steam boilers
for steam generation. These processes require a large amount of
hydrogen for bitumen upgrading. It is estimated that required
hydrogen consumption for Canadian energy industry would
exceed about 2.3 million tonnes by 2020 with the currently
increasing bitumen production [130].

In a same sense for UD nanocatalysts application subsurface,
hydrogen is required to interact with the heavy feedstocks in pres-
ence of nanocatalysts to improve the quality of reactions. As an ini-
tial guess, the required amount of hydrogen could be estimated on
the basis of its solubility in crude oil. However, to perform the
upgrading processes, much higher amount of hydrogen is needed.
Further, as the reaction severity increased the hydrogen consump-
tion would increase. It should be noted that the extent of hydrogen
usage during the reactions depends on the quality of upgrading
processes. Finally, we would like to point out that working with
hydrogen at high pressure and temperature conditions also exhibit
a high risk of safety issues. Therefore, a key challenge will be to
maintain and enforce a high level of safety consideration upon
the conduction of in-situ hydrocracking process.

It is very important to mention that processes related to the
hydrogen usage are very sensitive in the industry due to hazards
related to this gas. In addition, to conduct a field scale application,
it is crucial to provide required sources of hydrogen for the subsur-
face upgrading processes. Furthermore, there are some challenges
in the operational side such as method of introducing hydrogen to
the porous media. For in-situ upgrading in the SAGD operations,
one possible approach is to inject hydrogen from the injectors.
Finally, in the presence of high temperature and pressure as well
as the catalyst, risk of coking and plugging of porous media and
consequently reduction of permeability should be considered as
one of the possible risk of in-situ upgrading reactions.

12. Inhibition of formation damage

An important challenge during crude oil production and trans-
portation is deposition of unstable polar heavy hydrocarbons like
asphaltenes inside the medium [131,132]. This challenge is more
significant in heavy oil and bitumen since there exist higher per-
centages of heavy molecules in their chemical structure. One of
the nanomaterial’s applications that have been studied by
researchers is inhibition of asphaltene deposition to avoid forma-
tion damage within the porous media [133–136]. Precipitation of
asphaltene via mechanical or chemical processes in oil reservoirs
can reduce the producing phase effective permeability and conse-
quently decrease the productivity index [133,136]. Therefore,
removing the unstable polar heavy hydrocarbons or finding an
inhibitor to prevent or delay their precipitation is of paramount
importance. Nanoparticles prevent asphaltene deposition by
avoiding flocculation and precipitation simultaneously due to sta-
bilization the asphaltenes content within the oil medium [133]. For
subsurface application, for the purpose of recovery enhancement,
in-situ adsorption of asphaltenes within the well by nanoparticles
have been demonstrated as a way to upgrade oils to enhance liquid
yields while reducing clogging of rock pores, viscosity, and well
damage [133]. Nanoparticles can adsorb the asphaltenes from
crude oil and subsequently get adsorb onto porous media surfaces,
hence, delaying the asphaltenes precipitation behavior with
changes in pressure, temperature, and composition and altering
the surface wettability according to the wetting preference of the
nanoparticles [133]. The ability of these nanoparticles to disperse
and stabilize asphaltene aggregates through adsorption coupled
with their small size has given rise to the concept of using them
to prevent well damage. Nanoparticles can adsorb asphaltenes
quickly, which prevents asphaltene deposition by avoiding floccu-
lation and precipitation simultaneously due to stabilization the
asphaltenes content within the oil medium, and lead to better
recovery. The typical pore diameters in normal oil reservoirs are
generally in the order of micrometers; hence, nanoparticles can
flow through porous media without any pore plugging problems.
Owing to their low size and consequent large surface, high propor-
tion of atoms on the surface of the nanoparticle is expected to
appear. This results in an increase in surface energy of nanoparti-
cles and, hence, the adsorption of active and energetic unstable
polar heavy hydrocarbons on a their surface can significantly alter
the surface energy and wettability of the system. Accordingly, by
tuning and manipulating nanoparticle surface properties, it is pos-
sible to design nanofluids or ‘‘smart fluids’’ that are typically syn-
thesized by adding small volumetric fractions of nanoparticles to
a liquid phase to enhance or improve some of the fluid properties
[102]. Furthermore, most of metal oxide nanoparticles are of
hydrophilic nature and, hence, their adsorption onto a surface
can change the wettability toward water wetting [100]. It should
be noted here that most of the reported works on this matter are
limited to laboratory investigations and pilot scale testing. Never-
theless, a recent real practical oilfield test utilizing alumina-based
nanofluids as wettability modifiers for altering the wettability of
oil reservoir and inhibit asphaltene deposition was demonstrated
by Zabala et al. [135], who proven that alumina-based nanofluids
could be employed successfully for enhancing oil recovery and pre-
venting formation damage. The authors conducted their filed test
on the use of nanofluid for asphaltene inhibition in the volatile
Cupiagua Sur oil field in Colombia. They reported 14,900 barrels
of additional cumulative production after 213 days of application.
The authors concluded that well stabilized alumina-based nanofl-
uids have good performance into the reservoir even at very low
permeability conditions and it portray good retention in the forma-
tion for longer than six months.
13. Environmental effect of nanoparticles

Nanotechnology is the science and technology of controlling
matters at nanoscale [137], promising to enhance the economics
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in areas ranging from transportation to agriculture to health [138].
Over the last decade many nanomaterials have moved into the
marketplace [139] with the direct and indirect application in the
society. However, there are only minimal data on the nanomateri-
als exposure effect on the human health and environment. More-
over, results of the primitive studies showed some concerns
about the effect of these nanomaterials [140].

From the environmental perspective, associated benefits of
nanoparticles are combined with the potential challenges that
may be difficult to predict. In addition, there exists a little informa-
tion about the manufacturing, usage and disposal of the nanomate-
rials and any associated risks from the exposure of nanomaterials
[141]. Furthermore, detection methods, measurement, analyzing
and tracing the nanomaterials are in the process of development
[142].

The process of heavy oil upgrading and recovery using nanopar-
ticles as adsorbent/catalysts is quite new and challenging chemical
process, and it is likewise the other area of nanotechnologies with
the opportunities and challenges. To the best of our knowledge,
some of the challenges have been presented in this study. However,
there exist many challenges that should be scrutinized to cover the
all aspect of the nanoparticles application. As an example, percent-
ages of injected nanoparticles into the formation are deposited
inside the medium [67] and will remain in-situ for many years
which no study was performed on the long term environmental
effect of these nanocatalysts. In the other side, some portion of
the injected nanoparticles is produced by the upgraded or recov-
ered oil, which all aspects of nanomaterial usage should be fully
evaluated by experimental and modeling analysis. Furthermore,
in the operational side, the possibility of groundwater contamina-
tion by the synthesized nanocatalysts should be considered as an
operational failure risk. Produced sustainable nanocatalysts aim
to show higher activity, higher selectivity, efficient recovery as well
as durability and recyclability in a cost-effective process. Currently,
our group is working on developing and implementing naturally
occurring nanoparticles, which could have much less environmen-
tal impact compared to the synthesized or commercially available
nanoparticles.
14. Conclusions

Owing to their unique properties, which are different from their
bulk counterparts, nanoparticles have considerable potential appli-
cations as adsorbent and catalysts for enhancing heavy oil upgrad-
ing and recovery. However, employment of nanoparticle
technology in oil industry is facing a number of limitation and
challenges. This study sheds some lights on the potential applica-
tion and challenges for implementing nanoparticle technology in
heavy oil upgrading and recovery.

Synthesis of nanoparticles could be performed via various tech-
niques. However, mass production of required nanoparticles and
availability of surface facilities, stability of produced volume and
control over the size of the particles are some of the important
issues that should be addressed in any industrial applications. In
addition, cost is very important parameter in any projects since it
is essential to acquire hi-tech control systems to avoid or mitigate
any associated risks due to the nature of high pressure and temper-
ature reaction conditions.

For in-situ application and since the reaction media is porous,
transport behavior of nanoparticles inside the porous media, depo-
sition tendency on the surface and consequent permeability dam-
age as well as pressure drop across the medium are quite
important factors. Along with experimental studies, mathematical
modeling of nanoparticles penetration as well as reaction kinetics
of in-situ heavy oil inside the target mediums in reaction conditions
provides useful information. So far the results are very promising
and there is still very long way to understand all aspects of nano-
particle behavior inside the porous media.

Presence of nanoparticles inside the porous media and provid-
ing appropriate reaction conditions with required elements includ-
ing hydrogen would result recovery improvement as well as
considerable quality enhancement in all 3-phases of liquid, gas
and solid. Enhancement of viscosity, API gravity, carbon residue
(MCR) content, sulfur and nitrogen content in liquid phase were
significant. Higher quality of produced gases in terms of hydrocar-
bon gases as well as less carbon dioxide emission in gas phase and
less amount of coke content in solid phase show very promising
future for the nanoparticles in-situ implementation. Furthermore,
nanoparticle based fluid could be employed successfully for chang-
ing reservoir wettability from an oil-wet to a water-wet condition.
Injection of nanofluids into porous media caused an inhibition in
the agglomeration, precipitation, and deposition of asphaltenes
on the rock surfaces and hence led to improvements in oil recov-
ery. However, environmental challenges should be scrutinized in
a very good depth to mitigate any associated risks regarding the
mass usage of nanoparticles. In this regards, recovery and re-using
the nanoparticles could be very beneficial in terms of process eco-
nomics as well as reduction of environmental footprints.
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