
Lecture Notes in Nanoscale Science and Technology 32

Nashaat N. Nassar
Farid B. Cortés
Camilo A. Franco   Editors

Nanoparticles: 
An Emerging 
Technology 
for Oil Production 
and Processing 
Applications



Lecture Notes in Nanoscale Science  
and Technology

Series Editors
Zhiming M. Wang, Chengdu, China
Greg Salamo, Fayetteville, AR, USA
Stefano Bellucci, Frascati RM, Italy



Lecture Notes in Nanoscale Science and Technology (LNNST) aims to report latest 
developments in nanoscale science and technology research and teaching – quickly, 
informally and at a high level. Through publication, LNNST commits to serve the 
open communication of scientific and technological advances in the creation and 
use of objects at the nanometer scale, crossing the boundaries of physics, materials 
science, biology, chemistry, and engineering. Certainly, while historically the 
mysteries in each of the sciences have been very different, they have all required a 
relentless step-by-step pursuit to uncover the answer to a challenging scientific 
question, but recently many of the answers have brought questions that lie at the 
boundaries between the life sciences and the physical sciences and between what is 
fundamental and what is application. This is no accident since recent research in the 
physical and life sciences have each independently cut a path to the edge of their 
disciplines. As both paths intersect one may ask if transport of material in a cell is 
biology or is it physics? This intersection of curiosity makes us realize that 
nanoscience and technology crosses many if not all disciplines. It is this market that 
the proposed series of lecture notes targets.

More information about this series at http://www.springer.com/series/7544



Nashaat N. Nassar • Farid B. Cortés 
Camilo A. Franco
Editors

Nanoparticles: An Emerging 
Technology for Oil 
Production and Processing 
Applications



ISSN 2195-2159     ISSN 2195-2167 (electronic)
Lecture Notes in Nanoscale Science and Technology
ISBN 978-3-319-12050-8    ISBN 978-3-319-12051-5 (eBook)
https://doi.org/10.1007/978-3-319-12051-5

© Springer Nature Switzerland AG 2021
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editors
Nashaat N. Nassar
Department of Chemical and Petroleum 
Engineering
University of Calgary  
Calgary, AB, Canada

Camilo A. Franco
Grupo de Investigación en Fenómenos  
de Superficie–Michael Polanyi
Departamento de Química y Petróleos 
Facultad de Minas  
Universidad Nacional  
de Colombia Sede Medellín
Medellín, Colombia

Farid B. Cortés
Grupo de Investigación en Fenómenos  
de Superficie–Michael Polanyi
Departamento de Química y Petróleos 
Facultad de Minas  
Universidad Nacional  
de Colombia Sede Medellín
Medellín, Colombia

https://doi.org/10.1007/978-3-319-12051-5


v

Contents

 1   Nanoparticles: Preparation, Stabilization, and  
Control Over Particle Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    1
Maryam Razi, Maria Contreras-Mateus, Kotaybah W. Hashlamoun,  
and Nashaat N. Nassar

 2   Nanoparticles as Potential Agents for Enhanced Oil Recovery  . . . . .   41
Farad Sagala, Afif Hethnawi, George William Kajjumba,  
and Nashaat N. Nassar

 3   Nanoparticles as Adsorbents for Asphaltenes  . . . . . . . . . . . . . . . . . . .   97
Abdallah D. Manasrah, Tatiana Montoya, Azfar Hassan,  
and Nashaat N. Nassar

 4   Nanoparticles as Catalyst for Asphaltenes and Waste Heavy 
Hydrocarbons Upgrading  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  131
Abdallah D. Manasrah, Tatiana Montoya, Azfar Hassan,  
and Nashaat N. Nassar

 5   Effect of Pressure on Thermo-oxidation and  
Thermocatalytic Oxidation of n-C7 Asphaltenes . . . . . . . . . . . . . . . . .  165
Oscar E. Medina, Jaime Gallego, Farid B. Cortés,  
and Camilo A. Franco

 6   Nanoparticles for Heavy Oil Upgrading . . . . . . . . . . . . . . . . . . . . . . . .  201
Sefatallah Ashoorian, Tatiana Montoya, and Nashaat N. Nassar

 7   Nanotechnology Applications for Viscosity Reduction  
of Heavy and Extra-Heavy Oils: A Review . . . . . . . . . . . . . . . . . . . . . .  241
Laura C. Bohorquez, Juan J. Insignares, Daniel Montes,  
Richard D. Zabala, Raul Osorio, Carlos A. Franco, Adriana Henao, 
Farid B. Cortés, and Camilo A. Franco



vi

 8   Using Nanoparticles as Gas Foam Stabilizing Agents  
for Enhanced Oil Recovery Applications  . . . . . . . . . . . . . . . . . . . . . . .  269
Yazan Mheibesh, Farad Sagala, and Nashaat N. Nassar

 9   Influence of Surfactant Adsorption on Surface-Functionalized  
Silica Nanoparticles for Gas Foam Stability . . . . . . . . . . . . . . . . . . . . .  339
Yira Hurtado, Daniel López, Sergio H. Lopera, Farid B. Cortés,  
and Camilo A. Franco

 10   Nanoparticles for Drilling, Cementing, Hydraulic Fracturing,  
and Well Stimulation Fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  359
Farad Sagala and Nashaat N. Nassar

 11   Double Purpose Drilling Fluid Based on Nanotechnology:  
Drilling-Induced Formation Damage Reduction and  
Improvement in Mud Filtrate Quality  . . . . . . . . . . . . . . . . . . . . . . . . .  381
Johanna V. Clavijo, Leidy J. Roldán, Diego A. Castellanos,  
German A. Cotes, Ángela M. Forero, Camilo A. Franco,  
Juan D. Guzmán, Sergio H. Lopera, and Farid B. Cortés

 12   Evaluation from Laboratory to Field Trial of  
Nanofluids for CaCO3 Scale Inhibition in Oil Wells  . . . . . . . . . . . . . .  407
Richard D. Zabala, Carlos A. Franco, Oscar E. Medina,  
Leidy J. Roldan, C. Candela, José Reyes, German Lucuara,  
Sergio H. Lopera, Farid B. Cortés, and Camilo A. Franco

 13   Removal of Uranium from Flowback Water of Hydraulic  
Fracturing Processes in Unconventional Reservoirs Using  
Phosphorus- and Nitrogen-Functionalized Activated Carbons  . . . . .  429
Karol Z. Acosta, Mauricio Holguín, Mónica M. Lozano,  
Francisco Carrasco- Marín, Raúl Ocampo, Agustín F. Pérez-Cadenas, 
Camilo A. Franco, and Farid B. Cortés

 14   Nanoparticles for Cleaning up Oil Sands  
Process-Affected Water  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  445
Afif Hethnawi, Adle Mosleh, and Nashaat N. Nassar

 15   Challenges and Uncertainties of Using Nanoparticles  
in Oil and Gas Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  497
Farad Sagala, Afif Hethnawi, and Nashaat N. Nassar

  Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  507

Contents



1© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
N. N. Nassar et al. (eds.), Nanoparticles: An Emerging Technology  
for Oil Production and Processing Applications, Lecture Notes in Nanoscale 
Science and Technology, https://doi.org/10.1007/978-3-319-12051-5_1

Chapter 1
Nanoparticles: Preparation, Stabilization, 
and Control Over Particle Size
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and Nashaat N. Nassar

 

Graphical Abstract

1.1  Introduction

Human dreams often give rise to new science and technology. Nanotechnology, a 
twenty-first-century technology, was born out of these dreams. Nanotechnology is 
defined as the control and understanding of materials at scale between 1 and 100 nm, 
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at least in one dimension, where unique phenomena enable novel applications [1]. 
Nanotechnology has emerged during the industrial revolution, although human 
exposure to nanoparticles has occurred throughout human history. The study of 
nanoparticles dates back to 1925, when the concept of nanometer was first proposed 
by Richard Zsigmondy, the 1925 Nobel Prize Laureate in chemistry. He explicitly 
used the term nanometer for the first time for characterizing particle size, and he 
was the first to measure the size of particles such as gold colloids using a micro-
scope. Although he was the first in using the term, what we know now as “modern 
nanotechnology” was the brainchild of Richard Feynman, the 1965 Nobel Prize 
Laureate in physics. It was during the 1959 American Physical Society meeting at 
Caltech that he presented his well-known lecture, entitled as “There’s Plenty of 
Room at the Bottom”, in which he introduced the concept of matter manipulation at 
atomic levels.

This is from that time in history that our understanding of the modern nanotech-
nology has been born and developed over the decades. Now, we know him as the 
father of “modern nanotechnology”. Norio Taniguchi, a Japanese scientist, was the 
first to use the term “nanotechnology” to describe semiconductor processes happen-
ing at nanoscale, almost 15 years after Feynman’s memorable lecture at Caltech. 
The golden era of nanotechnology arrived in the 1980s when Smalley, Kroto and 
Curl discovered fullerenes and Eric Drexler of Massachusetts Institute of Technology 
(MIT) adopted ideas from Feynman’s “There is Plenty of Room at the Bottom”. 
Taniguchi’s use of “nanotechnology” in his 1986 book entitled “Engines of Creation: 
The Coming Era of Nanotechnology” was one of the first definition of nanotechnol-
ogy as “processing, separation, consolidation, and deformation of materials by one 
atom or one molecule”. Afterward, Drexler suggested the idea of a “nano- assembler” 
which can build a copy of itself and of other items of arbitrary complexity, which 
later was known as “molecular nanotechnology”. By developing carbon nanotubes 
by Iijima, another Japanese scientist, the science of nanotechnology was further 
advanced to a new level [2].

Nanoparticles have novel physical properties distinct from both molecular and 
solid-state matter due to their significant fraction of surface atoms. Study of these 
physical properties provides a unique way to learn how nanoparticles can be pre-
pared and characterized. Knowledge of application of nanoparticles in different 
industrial settings dictates nanoparticles’ preparation techniques and characteriza-
tion. There are surface atoms in nanoparticles by which the nanoparticle “commu-
nicates” with its environment. Appropriate preparation techniques can lead to the 
formation of different types of nanoparticles which can be used as adsorbents and 
catalysts for different applications in energy and the environment. Different prepa-
ration techniques can result in different types of structures. These techniques, devel-
oped using appropriate experiments may give insights into complex issues in 
adsorption and catalysis, such as selectivity of binding of substrates to vertex, edge, 
or face sites on a nanoparticle. For example, nanosized metal, pharmaceutical, semi-
conductor, and simple or complex ceramic particles have numerous applications in 
the development of sensors, thermal barrier coatings, catalysts, pigments, drugs, 
etc. Considering diverse application, there are different techniques of nanoparticles’ 
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preparations each associated with challenges. The challenges can range from con-
trolling the particle size and size distribution to particle crystallinity, morphology, 
shape, being able to use the nanoparticles for a given application, and to produce 
them from a variety of precursors of choice. Different techniques of nanoparticles 
preparation are chosen according to being suitable for a range of applications and 
minimizing the challenges associated with such preparation methods. A general 
nanoparticle synthesis combines the advantages of low toxicity and cost of precur-
sors and high yield of traditional aqueous-based colloidal chemistry with the size 
dispersion control. It was with this goal in mind that Boutonnet, Kizling, and Stenius 
first used aqueous pools of water in oil-continuous microemulsions to solubilize 
simple ionic metal salts of Au, Pd, Pt, and Rh, which was followed by chemical 
reduction using hydrazine or hydrogen gas to produce metal nanoparticles dispersed 
in oils [3]. Such novel nanomaterials are shown to have good catalytic activity for 
hydrogenation reactions.

Another industrially important nanoparticles can be categorized as polymeric 
nanoparticles (PNPs). Polymeric nanoparticles (PNPs) have gained considerable 
attention in numerous research activities and have been employed in encouraging 
number of domains during the last few years. They have been speculated as nano-
sized solid colloidal particles generated from polymers. Nanoparticles, which are 
originating from polymers, possess novel properties. PNPs’ preparation techniques 
impose novel properties attached to them without the need for making new com-
pounds. It is in their sizing that refashioning of their physicochemical characteris-
tics happens, which is related to the magic which happens at nanoscale as is the 
subject in nanoscience and nanotechnology. The factors causing PNPs to attain rela-
tively unique properties than bulk materials are connected to their reduced particle 
size. As already known, at nanoscale, quantum effects predominate, and the exposed 
surface area to volume ratio increases. Considering a crystal with many atoms, each 
atom will have different properties relative to those of bulk material. As seen in 
Fig. 1.1a, b, large surface area favors enhanced interaction with the surrounding 
material, specifically with the intermixed materials like composites as well as the 
performance of products like batteries, and reduces resource usage in catalytic pro-
cesses, decreasing the amount of waste. This figure also demonstrates the transition 
effect from macro to nanoscale which causes the large surface area with reduced 
particle size (Fig. 1.1c) [4, 5]. Interaction of polymer confined to nanoscale with 
surrounding material makes them an ideal candidate for industrial application as 
high surface area is considerably a critical factor in the fabrication of new materials 
[6]. The PNPs’ size and size distributions are remarkably interesting as they make 
for features such as surface area, packing density, viscosity, compact structure, and 
defined shape [7]. In this regard, Wang et al. [8] have developed variety of novel 
PNPs of different sizes and shapes using different preparation techniques.

PNPs’ preparation techniques can differ to achieve different property optimiza-
tion. PNPs can be prepared using two major categories named as chemical and 
physical preparation techniques. Chemical methods are used when monomer has 
been used as precursor, while physical techniques are implied when preformed 
polymers are used initially. If monomer is used as precursor, the PNPs’ preparation 
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techniques can be categorized as microemulsion, interfacial, conventional  emulsions, 
mini emulsion, controlled radical, and surfactant-free emulsions. If a polymer is used 
as precursor, the nanoparticles’ preparation techniques can be as diverse as freeze 
drying, solvent evaporation, salting out, spreading evaporation, nano-precipitation, 
dialysis, freeze extracting, fast evaporation, spray drying, etc. The diverse applica-
tion of PNPs has been depicted in Fig. 1.2.

Several preparation techniques have been reported for nanoparticles manufactur-
ing. This chapter is aimed at providing a summary of the two general techniques of 
nanoparticles’ preparation, namely physical and chemical preparation techniques, 
and their characterization methods. These methods can be categorized into 

Fig. 1.1 Interaction with the surrounding (a) bulk polymer and (b) PNPs. (c). Large surface area 
with reduced particle size. Adapted from reference [4] after permission

Fig. 1.2 From PNP’s preparation to PNP’s application. (Adapted from [4]) after permission)

M. Razi et al.
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bottom- up (chemical) and top-down (physical) techniques as shown in Fig. 1.3 [9]. 
The topics covered in this chapter include (1) the main bottom-up synthesis and top- 
down methods and its characterization; (2) importance of controlling nanoparticle 
size and shape; and (3) health and risk issue facing nanoparticles scaling up and 
applications at industrial level. The chapter also presents various factors and experi-
mental conditions affecting the synthesis of nanomaterials in general.

1.2  Chemical Preparation Techniques

This preparation technique, also known as bottom-up, involves molecular compo-
nents as starting materials linked with chemical reactions, nucleation, and growth 
processes to promote the formation of nanoparticles [10–14]. Six main techniques 
fall under the chemical preparation techniques category, namely: (1) chemical 
coprecipitation, (2) electrochemical, (3) sonochemical, (4) sol-gel processing, (5) 
chemical vapor deposition (CVD) and chemical vapor condensation (CVC), and (6) 
microemulsions.

Fig. 1.3 Schematic representation illustrating the bottom-up and top-down approaches for 
nanoparticles preparation

1 Nanoparticles: Preparation, Stabilization, and Control Over Particle Size
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Typically, in most of the aforementioned methods, a stabilizing agent is required 
during the synthesis to prevent aggregation of the resultant nanoparticles. A brief 
discussion on each technique with more focus on advantages and drawbacks, as 
well as suitability for field application is addressed.

1.2.1  Nanoparticle Synthesis by Chemical Coprecipitation

Coprecipitation is a well-established liquid phase synthesis approach that stands out 
for its ease of implementation at laboratory and industrial scale, rapid processing, 
low cost, and energy efficiency [15–17]. The precipitation/coprecipitation method 
requires the occurrence of supersaturation, nucleation, and growth steps, comple-
mented by secondary steps such as aging (coarsening or Ostwald ripening) and/or 
agglomeration processes [17]. Figure 1.4 represents the overall steps of precipita-
tion. Fundamentally, the coprecipitation method follows the principles of fast crys-
tallization processes, although the former involves high initial supersaturation 
conditions and irreversibility or sparingly solubility of the products. The most prev-
alent and practical route to induce precipitation for nanoparticle synthesis is through 
chemical reactions, which are typically carried out by the rapid mixing of two con-
centrated solutions (>2000 rpm) [17, 18]. Addition/exchange, reduction, hydrolysis, 
and oxidation are the most distinguished of these chemical routes [19, 20]. 
Additionally, changes in temperature and fractionation of the solvent (through evap-
oration or crystallization) could also be used as approaches to induce supersatura-
tion [17]. Such thermodynamic conditions promote fast nucleation and, thus, the 
successive growth of these resulting nuclei to form large numbers of visible crystal-
lites. In parallel, these crystallites can either stabilize or coagulate/agglomerate in 
the solution [17, 19, 21]. In this final step, the coagulated nanoclusters can continue 
to grow until promoting sedimentation.

Although precipitation is a straightforward experimental technique feasible at 
moderate temperatures (<100 °C [16]), its thermodynamic and kinetic understand-
ing is quite complex, especially in systems that involve tertiary and quaternary 
products given that multiple species precipitate simultaneously (hence, the term 
coprecipitation) [17, 19].

As shown in Fig. 1.4, nucleation is stated as the initial stage in coprecipitation. 
In general, this thermodynamic step involves the formation of a solid phase, hence 
requires overcoming an energy barrier for producing an interface between the bulk 
solution and the newly developed nuclei [20]. This barrier is determined by the total 
Gibbs free energy of the system (ΔG) and is driven by the supersaturation, tempera-
ture, and surface free energy conditions [20]. According to the fundamental theory, 
the nucleation ways that arise simultaneously in synthesis processes are classified 
into heterogeneous, homogeneous, and secondary nucleation. Heterogeneous nucle-
ation is an inherent process that implies the presence of previous stable nucleating 
sites in the bulk solution [15]. According to Nielsen [21], the presence of solid 
impurities is a natural phenomenon, even in high-quality solvents, an average of 100 
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particles per mm3 are present. These solid particles act as heteronuclei or catalysts 
for the initiation of precipitated crystals by the adsorption of elemental units that 
form a layer on the face of the crystal until it reaches sizes above the critical value, 
and thus, it can grow in the solution. The secondary nucleation is at some point 
analogous, since it refers to an intermediate state in the growth process from which 
the smallest crystallites serve as the “catalysts” for (secondary) nucleation. 
Meanwhile, in homogenous nucleation, there is a significant number of subcritical 
associates of crystal-like structure (embryos) in equilibrium with the bulk solution 
that spontaneously reach the critical size because of thermal fluctuations; these phe-
nomena increase the probability of association above redissolution [19]. Therefore, 
this way of nucleation requires higher energetic barrier.

After the nuclei have been formed, they grow by the continued addition of new 
layers of elemental/molecular units (molecules, atoms, or ions) onto the surface of 
the nanocrystal. The transport phenomena involved are diffusion through the bulk 
solution (sometimes diffusion and convection combined) and one or more processes 
in the crystal solution interface (surface reactions) [19–21]. Therefore, the process 
can be either diffusion-limited or reaction limited, which depends on the precursor 
concentration; the limiting phenomenon is fundamental for the shape and size con-
trol of the nanoparticles. For instance, during the synthesis of monodisperse 
nanoparticles, diffusion-limited growth is the desirable process, although the final 

Fig. 1.4 Coprecipitation steps for nanoparticle synthesis. Idea adapted from reference [21] after 
some modifications

1 Nanoparticles: Preparation, Stabilization, and Control Over Particle Size
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shape of the nanoparticles will be closely linked to the surface reactions [19, 20]. 
Literature also recommends that for further increase monodispersity, capping 
ligands (surfactants or polymers) should be added to the system to promote steric 
repulsion between particles, as well as the induction of electrostatic repulsion by 
chemisorbed charged species (usually by changing the pH) [19]. Complementary, 
the secondary processes are also relevant in coprecipitation due to their fundamental 
contribution to thermodynamic stability. They involve minimization of the total sur-
face free energy by reducing the interfacial area of the precipitates through pro-
cesses known as aging. According to Nielsen [7], they include recrystallization of 
the primary particles to more compact shapes; the transformation of a crystal from 
a metastable modification into a stable modification by dissolution and reprecipita-
tion; aggregation of primary particles followed by sintering (intergrowth); and 
Ostwald ripening, i.e., growth of the larger particles at the expense of the smaller ones.

Based on the above, this technique, from the experimental point of view, poses 
important theoretical challenges. Control of morphology, size, and dispersibility of 
the nanoparticles are linked to the interplay of nucleation and aggregation processes. 
Some authors have grouped the most relevant experimental parameters that play 
fundamental roles in controlling the thermodynamic and kinetics of these steps [15, 
19, 20, 22], besides the concentration of precursors and temperature; pH and ionic 
strength, nature of the solvent, heteronuclei/seeds and templates, and capping 
ligands are recommended to be included and/or modified during the synthesis. To 
illustrate, the solubility product constant, Ksp, which is a very useful parameter for 
calculating the solubility of sparingly soluble compounds, tends to be very low in 
hydroxides, carbonates, phosphates, oxalates, and chalcogenides, which make them 
suitable precipitants [18, 19, 23]. Furthermore, remarkable experimental works, 
such as the presented by Jia et al. [24], showed the effect of pH on the growth rate 
of α-Fe2O3. At pH ≥ 6, 2D snowflake-like α-Fe2O3 dendrites were formed; while at 
pH ≤ 5, 3D houseleek-like α-Fe2O3 NPs were generated. Several other reports have 
focused on the capping ligands, such as polymers (which are the most popular 
ligands) like polyvinylpyrrolidone (povidone, PVP) [25–27], polyacrylic acid 
(PAA) [28], polyetherimide (PEI) [29], polyvinyl alcohol (PVA) [30, 31], and 
poly(ethylene glycol) (PEG) [32], and surfactants such as cetyltrimethylammonium 
bromide (CTAB) [26, 33, 34] and sodium dodecyl sulfate (SDS) [35], among others.

1.2.2  Nanoparticle Synthesis by Electrochemical Methods

Electrochemical deposition or electrodeposition methods have been categorized as 
a potential alternative, environmentally friendly/low emission (since electrons are 
used as a reagent, the use of hazardous reagents can be avoided [36]), easily con-
trolled (by switching on/off the power supply [36]), and economical competitive 
technique for the synthesis of a wide variety of nanostructured materials, including 
semiconductors, superconductors, electrically conductive polymers, and biomateri-
als, for different kind of industrial applications such as catalysis, sensing and 
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biosensing, medicine, optics, environmental remediation, nanorobotics, and micro-
electronics, among others [37–40]. In general, electrodeposition consists of the for-
mation of solid or condensed matter deposits on conducting surfaces through 
electrochemical reactions that are driven by an external source of current or voltage 
[37, 38, 41]. A basic explanation of electrodeposition arises by the fundamental 
understanding of the simple two-electrode electrolytic electrochemical cell, as 
shown in Fig. 1.5. When the electrodes submerged in an electrolyte solution (usu-
ally aqueous-based formed from either simple salts or complexes) are polarized, it 
implies the appearance of a charge imbalance across the electrode–electrolyte inter-
face that is neutralized by the migration of the nearest charged species (electrons or 
ions [42]) in the solution to the electrode surface within a few hundredths of a sec-
ond. The interaction between the adsorbed species and the electrode surface pro-
motes the appearance and growth of an electrical double layer (Fig.  1.5). The 
induced potential gradient is no longer represented by the gradient observed in the 
bulk solution (which is in the order of 1 or more volts), it is gathered in the thickness 
of the double layer, which implies an extremely steep gradient (~106 V/cm) and, 
thus, a high-intensity electrical field [36] (see the potential curve in Fig.  1.5). 
Therefore, the electromotive force supplied by an external source in this method 
represents the driving force, as mentioned before. In this regard, increases in the 
polarization intensify the electron transfer reaction at the electrodes and the conse-
quent phenomena of charge imbalance/neutralization (a continued Faradaic current 
is observed) [36].

Fig. 1.5 Electrical double-layer model [36]

1 Nanoparticles: Preparation, Stabilization, and Control Over Particle Size
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On the other hand, as the potential drop across the working electrode–electrolyte 
interface must be controlled, it is practical to consider the conventional three- 
electrode system in which the functions of the counter electrode are divided between 
a reference electrode (with negligible polarization, being the most popular, the stan-
dard hydrogen electrode (SHE), saturated calomel electrode, or mercury chloride 
(SCE), and silver/silver chloride (Ag/AgCl) [43]) and an auxiliary electrode (that 
carries the current, such as carbon or graphite, platinum, gold, lead, and titanium 
[36, 43].). Thus, the potential is controlled between the reference and working elec-
trodes, while the current passes between the auxiliary and working electrodes [36]. 
The auxiliary electrode usually has a bigger surface area in comparison with the 
working electrode, to guarantee that the half-reaction occurring at its surface occurs 
faster, avoiding limitations of the process at the working electrode.

Against this background, the electrodeposition can be controlled by either an 
applied potential or current, being classified as potentiostatic and galvanostatic, 
respectively [36–38]. The control of the potential/current input allows that the react-
ing species overcome an energy barrier (activation energy) to make thermodynami-
cally feasible the reduction/oxidation couple. In that sense, the spotlights are the 
energy of the electrons of the working electrode and those of the electroactive spe-
cies. In the former, the Fermi-level (EF), which refers to the energy of the highest 
occupied orbitals (HOMO) in metals, can be controlled by the external potential 
(when a negative potential is applied, EF moves to higher energy; when a positive 
potential is applied, EF moves to lower energy [36]) until it reaches a lower level 
than the HOMO of the active molecules in solution, allowing the electron-transfer 
processes to the electrode. The critical potential at which this electron-transfer pro-
cess occurs is known as the standard/equilibrium potential (E0) of the reduction/
oxidation couple. Therefore, the difference between the applied positive potential 
(Ei) and E0 is known as overpotential (OPD) [36].

Once the current density is increased in the cell or the OPD condition is reached, 
the adsorption of the active species on the surface of the substrate is promoted until 
the final development of nanostructures. The overall process is analogous to that 
explained in coprecipitation, i.e., it comprises the fundamental steps of nucleation 
and growth, which are grouped in two major processes, deposition and electrocrys-
tallization [38]. Figure 1.6 is a schematic representation of the overall electrodepo-
sition process. In brief, the initial step is the mass transportation (immigration, 
diffusion, and convection) of solvated ions (in aqueous electrolytes, hydrated ions) 
from the bulk toward the cathode. At the border of the electrical double-layer OHP 
occurs the charge-transfer reaction, i.e., the ions partially desolvate/dehydrate until 
their attachment onto the substrate cathode surface. Finally, the ad-ions and the 
consequent ad-atoms are formed. Surface diffusional phenomena appear until the 
completed lattice incorporation of the ad-atoms that results in nucleation of stable 
atomic clusters and, eventually, their growth [38]. In parallel, depending on the 
magnitude of the difference between the applied and standard potentials (Ei and Eo), 
the kinetics of the process can be activation (charge transfer) controlled, mixed 
controlled, or diffusion controlled. Initially, electron transfer rates are dramatically 
increased, and the potential–current density (voltammetric curve) grows 
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exponentially (Butler–Volmer model); then, the voltammetric curve reaches the 
mixed region in which the diffusion and activation rates both limit the electrolysis 
current. Finally, the currents are purely diffusion limited, and peak or plateau cur-
rents are observed in quiet and stirred solutions, respectively [36, 38].

Analogously, several experimental parameters can be modified/applied for con-
trolling the thermodynamic and kinetics of the process, besides the input potential/
current; the following factors should be considered: nature of the substrate (crystal 
structure, specific free surface energy, and lattice orientation, among other); type of 
electrolyte (aqueous or ionic); pH; the use of templates; agitation; stabilizing agents; 
area of the electrodes; and time of exposition; among others. To illustrate, the syn-
thesis of shape-controlled nanostructures (mainly nanowires and nanorods) is sig-
nificantly improved when soft and hard templates are used. Among the most popular 
soft templates are surfactants and polymers [44–48]; as well as microemulsions [37, 
49, 50]. Likewise, the most common and available hard templates are anodized 
alumina (AAM), as wells as inorganic and polymeric membranes [40, 51, 52]. 
Furthermore, potentiodynamic or pulsed electrodeposition is also used, mainly to 
improve the control in the growth step, allowing the system to experience periods in 
which electrodeposition occurs and others in which the nearest electroactive species 
recover [37].

Fig. 1.6 Electrodeposition steps for nanoparticle synthesis [38]
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1.2.3  Nanoparticle Synthesis by Sonochemical Methods

In the direction of reaching important technological developments at the nanoscale 
that, at the same time, are in synchrony with ecofriendly chemical synthesis pro-
cesses, the use of alternative energy sources, such as electromagnetic and mechani-
cal waves, has been widely contemplated for the activation of chemical reactions in 
recent years, avoiding excessive consumption of hazardous reagents and generation 
of waste [53]. Among these techniques, sonochemistry is one of the most relevant 
due to its superiority at certain fundamental aspects in comparison to all other 
nanoparticle synthesis techniques. Gedanken [54] highlighted the advantages of 
sonochemistry in the following areas: preparation of amorphous products, insertion 
of nanomaterials into mesoporous matrices, deposition of nanoparticles on ceramic 
and polymeric surfaces, and formation of proteinaceous micro- and nanospheres. 
Other positive aspects of sonochemistry are the short time of reaction, high purity 
of products, and narrow size distribution with large surface area of the nanoparticles 
[53, 55].

The fundamentals of sonochemistry arise from the application of powerful ultra-
sound radiation (20 kHz–15 MHz [54, 56–58]) to stimulate chemical reactions in a 
liquid solution. These chemical effects proceed from nonlinear acoustic phenom-
ena, primarily acoustic cavitation, i.e., formation, growth, and implosive collapse of 
bubbles [57, 58]. As a result of the collapsing phenomena that occur in less than a 
nanosecond, a huge amount of energy is released into the liquid; therefore, local 
heating, high pressures, and high-speed jets (with speeds >100 m/s [55, 56]) are 
produced. Such localized hot spots that reach very high temperature (5000–25,000 K 
[58]), pressure (>100 MPa [54, 57, 58]), and high cooling rates (1011 K/s [54, 57]) 
are responsible for the appearance of turbulence in the flow of the liquid and an 
improved mass transfer, causing the thermomechanical conditions capable of cleav-
ing the intermolecular bonds of the precursors [53]. Likewise, the mechanisms of 
product generation depend on the quality of the reagents (mainly volatility) and the 
conditions of the reaction, which classifies the sonochemistry as primary (gas phase 
chemistry occurring inside collapsing bubbles) and secondary (solution phase 
chemistry occurring outside the bubbles) [55, 57, 59]. In the former case, a volatile 
precursor produces free metal atoms generated by bond dissociation (e.g., metal–
carbon bonds in organometallic compounds [60]) due to the intense thermodynamic 
conditions reached during bubble collapse; these newly formed atoms nucleate to 
form nanostructured materials [57]. Additionally, because of high cooling rates, the 
organization and crystallization of the products are inhibited and, thus, amorphous 
nanoparticles are developed [54, 59]. In the case of nonvolatile precursors, the sono-
chemical reactions occur in the solvent phase. After the bubble collapse, the sur-
rounding liquid also experiences transient heating within a ring region of 200 nm, 
reaching temperatures above 1900 °C [54, 56, 59]. The resultant high-energy spe-
cies (e.g., radicals) diffuse into the liquid phase and react, leading to the formation 
of nanoparticles [57]. In this case, the products are sometimes amorphous nanoma-
terials or, in other cases, nanocrystalline. The final structural organization will 
depend on the temperature of the ring region [54].
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From a fundamental point of view, acoustic cavitation stimulates several com-
plex processes in the generated bubbles; thus, a theoretical understanding of these 
phenomena can lead to enhanced control of the method. Figure  1.7 summarizes 
schematically the distinct stages that the bubbles can go through. In general, the 
initiation step corresponds to the bubble nucleation that arises because of pre- 
existing impurities in the solvent phase (small gas bubbles protected by a skin of 
organic impurities, bubbles trapped in motes or crevices in solid surfaces [57, 61]). 
Sequentially, when the applied acoustic pressure is above a certain threshold, the 
growth step begins. The pathways of this step are coalescence and, mainly, rectified 
diffusion [61]; this latter process is fundamental for describing the interlink between 
growing and mass diffusion across the air–liquid interface: as the acoustic cycle 
alternates between the compression and rarefaction (see Fig. 1.4), gas is forced to 
diffuse in and out of the bubbles [56]. The changing area and liquid shell are con-
sidered the two main contributors to rectified diffusion; when the bubbles shrink, 
the surrounding gas will be concentrated near the interface (Henry’s Law), and the 
liquid shell will become thicker, reducing the driving force for the diffusion of gas 
out of the bubble. By contrast, the expansion of the bubbles will reduce the liquid 
shell; thus, the driving force for the inlet diffusion will increase [56, 61]. Therefore, 
the area and shell effects synergistically contribute to a net mass diffusion into the 
bubble over time or growth (t < 100 μs, bubble ratio < 50 μm) that finishes with an 
adiabatic implosive collapse, and the subsequent formation of nanostructures. 
According to Gedanken [54], these nanostructured products are the consequence of 
the fast kinetics that inhibit the nuclei growth. Because of the described physico-
chemical effects, several experimental parameters can be modified/controlled 

Fig. 1.7 Sonochemistry steps for nanoparticle synthesis. Part of figure is adapted from reference 
[61] with permission
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during the overall process to improve the quality of the nanoproducts, including 
acoustic power, frequency, hydrostatic pressure, properties of the solvents and 
reagents (mainly boiling temperature and ratio), the inclusion of templates and their 
nature, process temperature, and sonication time, among others [53]. To illustrate, 
in the synthesis of nanostructured noble metals, the use of nonvolatile precursors 
dissolved in volatile solvents such as water is a common practice, considering that 
sonolysis of the water vapor produces chemical intermediates (specifically H radi-
cals and e(aq)−) that act as strong reducers species in redox reactions. Thus, 
chemical- reducing agents can be avoided, although alcohols (e.g., 2-propanol, etha-
nol [62]) and surfactants (e.g., SDBS, SDS, PVP, PEG, CTAB [62]) are also recom-
mended to generate secondary radicals, which can dramatically promote the 
reduction rate [67, 71]. On the other hand, the use of volatile organometallic precur-
sors (e.g., Fe(CO)5, Ni(CO)4, Co(CO)3NO, Mo(CO)6, W(CO)6 [57, 60]) dissolved in 
nonvolatile solvents (e.g., silicone oil, polyethylene glycol, ethylene glycol [57, 62, 
63]) has the particular advantage of achieving more secure conditions, due to the 
capacity of the solvents of absorbing the energy (via rotational and vibrational 
molecular modes, ionization, and competing bond dissociation [57]).

1.2.4  Nanoparticle Synthesis by Sol-Gel Processing

Sol-gel processing is a well-documented and cost-competitive wet chemical method 
that stands out for its low-temperature reaction, good composition control (high 
purity products and stoichiometry level), production of shaped and homogeneous 
nanomaterials (e.g., bulk monoliths, fibers, powders, sheets, coatings, films), large- 
scale industrial production, and broad applicability, mainly in material science and 
ceramic engineering [64–67]. From a general perspective, the sol-gel method 
involves the preparation and subsequent transformation of a sol (which refers to a 
dispersion of colloidal particles in a liquid medium with diameters between 1 and 
100 nm [68]) into a gel-like intermediate (an oxide or alcohol-bridged network) 
because of the simultaneous hydrolysis and polycondensation of a precursor (either 
inorganic metal salt or metal–organic) that promote dramatic increases in the vis-
cosity of the dispersion (syneresis) until the final transformation into a functional 
solid nanomaterial; complementary processes such as thermal treatment are essen-
tial for the remotion of the solvent from the interconnected gel network (drying) and 
the calcination of this gel (dehydration) [19, 68]. Due to the resultant drying stress, 
monolithic gel bodies are often destroyed, and powders are obtained [69]. Figure 1.8 
represents the overall steps of sol-gel processing.

In principle, the precursors, either alkoxide or solvated metals, are dispersed into 
an aqueous solution to induce hydrolysis and simultaneous (competitive/comple-
mentary) condensation reactions. However, it is important to highlight that the reac-
tion routes differ substantially as a function of the precursors; therefore, a specific 
description of the processing in virtue of their nature is fundamental and dis-
cussed below.
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Solvated Metal Cations In an aqueous medium, metal cations (Mz+) are solvated by 
dipolar water molecules, giving rise to aquo ions ([M(OH2)N]z+). This electron trans-
fer process occurs from the bonding orbitals of coordinated water molecules toward 
empty orbitals of the metal cation, Mz+  +  NH2O →  [M(OH2)N]z+, where N is the 
coordination number of the cation [70]. Likewise, the transfer process also results 
in weakening the O–H interactions of bounded water that becomes more acidic. The 
resultant hydrolysis (deprotonation) reaction is as follows:

[M(OH2)N]z+ + hH2O → [M(OH)h(OH2)N − h](z − h)+ + hH3O+, where h is the hydro-
lysis ratio.

In dilute solutions, the reaction can produce monomeric species ranging from 
aquo cations ([M(OH2)N]z+), hydroxy species ([M(OH)z]0), and oxo anions 
([MOm](2m −  z)−), when all the protons have been removed from the coordination 
sphere of the metal cation [70]. These equilibria depend mainly on the pH, and, in a 
lesser extent, temperature and concentration. The theoretically analysis of this reac-
tion is generally based on the electronegativity equalization principle or Partial 
Charge Model (PCM) [19, 70]. Thus, the proton exchange between the precursor 
([M(OH)h(OH2)N − h](z − h)+) of mean electronegativity χh and the aqueous solution of 
mean electronegativity χw proceeds until they reach equal values (χh = χw) Parallelly, 
χh depends on the metal cation (Mz+) and the hydrolysis ratio (h) at a given pH. The 
charge-pH diagram (refer to [19, 69, 70]) is a useful guide because it is possible to 
predict the parameters that favor condensation reactions, as they are only possible 
when the system is brought from the aquo (low-valent cations) or oxo (high-valent 
cations) domains to the hydroxy domain, i.e., OH groups must be present in the 
precursor [19, 70]. Based on the above, the condensation reactions are promoted 
mainly by pH variations. According to Henry et al. [70], condensation is initiated by 
adding a base to low-valent metal ions (e.g., Cu2+, Al3+, Zr4+) or an acid to 

Fig. 1.8 Sol gel method’s steps for nanoparticle synthesis [19, 65, 70, 73]
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high- valent metal ions (e.g., W6+, V5+). Redox reactions are also initiators [70]. 
Furthermore, the condensation of hydrolyzed metal ions follows two main mecha-
nisms: olation when N = z, i.e., nucleophilic attack (substitution) of a negatively 
charged OH group ([δ(OH−)]) to a positively charged metal cation ([δ(OH2)]), that 
produces “ol” bridges (M − OH − M, see the reactions in Fig. 1.8); and oxolation 
when N − z > 0, i.e., nucleophilic addition of OH groups onto metal ions, followed 
by the formation of an “oxo” bridge (M − O − M, see the reactions in Fig. 1.5) [70].

Metal Alkoxides In this case, hydrolysis is induced because of the introduction of 
water or water alcohol mixture into the system. The reaction is initiated through 
nucleophilic attack (substitution) of H2O  molecule to a positively charged metal 
atom, generating the insertion of hydroxide groups into the coordination sphere of 
the metal atom ([M(OH)x(OR)n − 1]). Analogously, the rate of substitution depends 
on the coordination instauration of the metal atom (N − z); higher values of (N − z) 
require lower activation energy of the nucleophilic attack [71]. Equally important, 
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determines the number of substituted 

alkoxy groups. Thus, variation and control of x has profound consequences in the 
morphology and structure of the resulting gel [19]. Simultaneously, after the inser-
tion of hydroxide groups, condensation occurs in the following ways [65]: dehydra-
tion or dealcoholation (see the reactions in Fig. 1.8).

The second step of the overall process is gelation, which appears because of the 
hydrolysis and polycondensation reactions by the random collision of polymeric 
species in solution, leading to crosslinking bridges (oxide or alcohol) that eventu-
ally become a three-dimensional network [65]. As already mentioned, the main 
characteristic of this step is the sharp increase of the viscosity. Casting is also com-
mon to stimulate the formation of specific shapes, which can be easily recovered at 
the end of the process, by just ejecting the product out of the mold. Complementary, 
this developed network is further subjected to polycondensation for a period of time 
(hours to days), leading to decreases in the porosity of the interconnected system in 
a process known as aging (syneresis); thus, the aged gel must reach high strength to 
avoid any cracking during drying. In this last process, the solvent is removed from 
the crosslinked network by either thermal evaporation (xerogel) or supercritical sol-
vent extraction (aerogel) [68, 72]. In the former case, large capillary stresses appear 
(in small pores <20 nm [68]) due to increases in the coordination numbers of the 
particles that result in the formation of additional linkages and the consequential 
collapse of the network; therefore, considerable shrinkage and reduction in the sur-
face area and pore volume are the main consequences observed in thermal evapora-
tion [19, 72]. A practical solution is the use of surfactants that decrease the surface 
energy of the solvent or supercritical extraction (capillary stresses disappear due to 
the lack of solvent–vapor interfaces [19]). The most common method is removing 
the pore fluid above its critical point, although an alternative route is replacing the 
solvent with CO2 and then removing it above its critical point [72]. As discussed, 
aerogels are low-density materials with high surface area (200–1000 m2/g [73]) and 
controlled pore size distribution. Finally, the gel is dehydrated to desorb the 
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hydroxyls, avoiding rehydration processes. To get this stabilized gel, the sample is 
calcinated at a temperature in the range of 500–800 °C [19, 68].

Analogously to the other methods, there are critical experimental parameters that 
can be controlled to increase the efficiency of the process. Particularly, in this 
method, these aspects are well differentiated: pH of the solution (acid- or base- 
catalyzed hydrolysis of metal alkoxides [74–77]), the molar ratio of water to alkox-
ide [78], and temperature [79].

1.2.5  Nanoparticle Synthesis by Chemical Vapor Deposition 
(CVD) and Chemical Vapor Condensation (CVC)

Chemical vapor deposition (CVD) and chemical vapor condensation (CVC) are dis-
tinctive material processing techniques that are characterized for their capability of 
producing highly dense and pure materials, as wells as nanoparticles with narrow 
size and homogeneous films with good reproducibility and adhesion as they can 
coat complex-shaped substrates uniformly [80]. Their fields of applicability include 
electronics, optoelectronics, surface modification, and biomedicine [81]. In these 
methods, vapor phase precursors are convectively transported into a high- 
temperature reaction chamber to promote thermal dissociation and/or chemical 
reactions on or near the vicinity of a substrate to form stable solid products [80–82]. 
In this regard, when the nucleation step is favored in the vapor phase and ultrafine 
clusters or nanoparticles are formed, the approach is defined as vapor synthesis or 
CVC (thus, it requires activation energy to proceed) [83, 84]. Analogously, when the 
nucleation step is favored onto the surface of a heated substrate (which acts as the 
activation energy source), deposition and adsorption of the active gas species and 
reaction intermediates are stimulated, and the method is differentiated as CVD [80–
82]. Regardless of these variations, which are mostly associated to the hierarchy of 
the experimental systems and equipment, the physicochemical principles of both 
methods are equivalent. According to Choy [80], the chemical reactions that pro-
ceed can be classified as: thermal decomposition (pyrolysis), oxidation, reduction, 
hydrolysis, nitridation, deprotonation, photolysis, and/or combined reactions.

On the one hand, the CVC setup mainly consists of a feed system and a reaction 
chamber that is maintained under vacuum. The injected precursors flow through a 
tubular reactor where gas-phase homogeneous reactions take place within a short 
residence time (<0.1 s), driving to the fundamental steps of nucleation and growth. 
At the outlet, the two-phase stream (gas and nanostructures) is subjected to a rapid 
expansion that serves to mitigate undesired agglomeration processes. Finally, the 
nanoparticles are deposited on a rotating nitrogen-cooled substrate. Figure 1.6 rep-
resents schematically the steps of CVC [83, 84]. A relevant aspect of this technique 
is its linkage with some Physical Vapor Deposition (PVD) methods; according to 
Chang et al. [83], this technique takes the advantages of the significant energy pro-
vided by laser beam, combustion flame, and plasma in the thermal decomposition of 
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organometallic precursors, as well as the Inert Gas Condensation (IGC) synthesis 
methods, that lead to the evaporation and condensation of volatile species in a 
reduced pressure environment. Therefore, CVC is useful in processing almost all 
kind of precursors. The main experimental aspects that must be rigorously con-
trolled were summarized by Tavakoli et al. [84] and involved low concentration of 
precursor in the carrier gas to minimize the collision frequency of the formed nano-
clusters, expansion of the ejecting gas stream, and rapid quenching of the gas-phase 
nucleated clusters.

On the other hand, as CVD is more thermodynamically feasible (e.g., it does not 
require high vacuum working environments), scientific literature has extensively 
focused on this method [85–87]. The overall processes involved are summarized in 
Fig. 1.9. First, the reactant gases are transported into the chamber to induce, either 
gas-phase homogenous reactions that generate byproducts and intermediates, or the 
eventual diffusion of these gaseous precursors to the boundary layer of the sub-
strate. Both the precursors and intermediates adsorb onto the substrate surface; and 
phenomena such as heterogeneous chemical reactions and surface diffusion are pro-
moted, which contribute to the induction of nucleation and the subsequent growth 
steps. Alongside, some byproducts and unreacted species desorb from the surface 
and are directed to the effluent gas treatment system [80–82]. According to Choy 
[80], the most relevant experimental parameters to control in the process are deposi-
tion temperature, pressure, input gas ratio, and flow rate, the temperature being the 
dominant parameter. This deposition rate–temperature correlation generally fitted 
an Arrhenius model, i.e., high surface temperatures increase thermally activated 
reactions, which induce higher deposition rates and thus enhanced surface diffusion 
processes of the atomic species and growth rates. This region is defined as the 

Fig. 1.9 Chemical Vapor Deposition (CVD) and Chemical Vapor Condensation (CVC) steps for 
nanoparticle synthesis [80, 81, 83]
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chemical kinetics limited zone [80, 82]. The main characteristic is the homogeneity 
of the formed films that is reached by controlling the temperature over the substrate 
surface. Nevertheless, if the temperature further increases, the growth rate becomes 
almost independent, and the process is controlled by the mass transport of the pre-
cursors through the boundary layer, and this region is known as mass transport 
limited [80, 82]. Besides the operation temperature, pressure is also considered a 
relevant parameter in this method. Although CVD processes are viable at atmo-
spheric pressures, some subdivisions have been stipulated regarding the working 
pressure ranges as atmospheric-pressure CVD (APCVD) or low-pressure CVD 
(LPCVD, ~0.1 10 torr). The particularity of the LPCVD condition is that the pro-
cess is mass transport limited [80]. Furthermore, there have been developed some 
advanced technological variants of CVD systems, mainly focused on the type of 
energy sources, such as plasma enhanced CVD [88–90], photo-assisted CVD [91], 
and laser-assisted CVD [92, 93].

1.2.6  Nanoparticle Synthesis by Microemulsions

Microemulsion-based (ME) synthesis is a low-temperature powerful method for the 
preparation of high-quality colloidal nanoparticles, characterized by comprising 
low-cost instrumentation and good control of stoichiometry, size, homogeneity, and 
morphology of the products due to its ability to mix reactants efficiently at the 
molecular level [94, 95]. It is widely used in sensing, catalysis, and biomedicine for 
drug-delivery systems involving mainly polymeric nanoparticles [96]. Essentially, 
this approach embraces surfactant-stabilized droplets phase that acts as the “nano-
reactors” (diameters varying between 2 and 50 nm [96, 97]), leading to flexibility, 
accessibility, and adaptability of the precursors and reactions. Therefore, nanopar-
ticles can be synthesized in water-in-oil (w/o), oil-in-water (o/w), and/or bicontinu-
ous microemulsions, i.e., polar/hydrophilic- (w/o-ME) or nonpolar/
hydrophobic- (o/w-ME [97]) droplets/nanoreactors. The complete microemulsions 
schemes in virtue of the dispersed phase (w/o-ME or o/w-ME) are schematically 
represented in Fig. 1.10. In general, the synthesis of nanoparticles in o/w-MEs has 
the advantages of low environmental impact (since the continuous phase is water) 
and stable phase behavior (interactions between the organometallic precursors and 
surfactants are weaker) [97]; while the w/o-MEs have been categorized as the most 
important and widely implemented technique because of their easy formulation and 
affinity with the abundant water-soluble metallic salt precursors [94].

According to Sanchez-Dominguez et al. [97], two strategies have been identified 
for the synthesis of inorganic nanoparticles in o/w-MEs: oil–water interface con-
trolled microemulsions, in which the precursor is an ionic salt dissolved in the water 
continuous phase; and single microemulsion, in which the precursor is an organo-
metallic salt dissolved in the oil droplets of the microemulsion (see the detailed 
schemes in Fig. 1.10). In the former, the precipitant agent and the metallic precursor 
(A and B) dissolved in the continuous phase are transferred and adsorbed on the 
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oil–water interface. Initially, the diffusion of the metallic cations is driven by the 
electrostatic attraction with the anionic part of the surfactant to increase the stability 
of the system. After a while, the precipitant agent is added and the balance is 
destroyed, which leads to the occurrence of the reaction at the interface and the 
subsequent fundamental nucleation and growth steps that proceed until the final 
formed nanostructures [97, 98]. The two pathways of these steps are intramicellar 
and/or intermicellar nucleation and growth. For the first one, the reactions are 
located close to a droplet interface, and electrically neutral nanoclusters are formed. 
Eventually, the surfactant encapsulates them, as they are unstable at the interface, 
and promotes phase-transfer processes. On the other hand, reactions can also occur 
at the shared interfaces of two collapsing micelles, and the process is termed as 

Fig. 1.10 W/O and O/W microemulsion schemes for nanoparticle synthesis [94, 97]
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intermicellar [97, 98]. The consequent steps are analogous to the explained above, 
as they involve phase transfer of the hydrophobic nanoparticles. In both cases, the 
hydrophobic nanoparticles can be precipitated, or the system can be subjected to 
hydrothermal treatment for increasing crystallinity [97]. Furthermore, the single 
microemulsion synthesis route is a straightforward approach, considering that the 
organometallic precursors are dispersed in the oil droplets of the o/w-ME; thus, the 
only action required is the incorporation of the precipitating agent (typically water 
soluble) at a delayed time to promote intramicellar and/or intermicellar nucleation 
and growth steps.

In a similar way, Husein and Nassar [94] identified two strategies for the synthe-
sis of nanoparticles in w/o-MEs: mixing of two microemulsions, in which each of 
the mixed w/o microemulsions contains one of the reactants; and single microemul-
sion, in which the precursor is dissolved in the water droplets (see the detailed 
schemes in Fig.  1.10). In the former, intermicellar nucleation and growth is the 
synthesis route, because of fusion and subsequent fission processes of micelles that 
are driven by Brownian motions. Initially, the collisions promote coalescence, 
fusion, and efficient mixing of reactants. Sequentially, the chemical reactions pro-
ceed at their intrinsic rate of reaction; for instance, in fast reaction scenario, the rate 
is controlled by the collisions between reverse micelles (which in turn is governed 
by the rigidity of the surfactant layer); in contrast, for slow reactions, the rate 
depends on the statistical distribution of the reaction species among the reverse 
micelles (they are typically well described by Pseudo continuous models). The final 
step is decoalesce/fission into daughter reverse micelles where the reactions occur, 
and the following nucleation and growth steps. The possibilities of growing sce-
narios are represented in Fig. 1.10, e.g., a micelle carrying a nucleus collapse with 
another one carrying product monomers. Furthermore, the single microemulsion 
route follows the same principles explained above; after the incorporation of the 
second reactant, the process is controlled by one or more of the following mecha-
nisms: reaction kinetics, particle aggregation, and intramicellar and/or intermicellar 
nucleation and growth. For instance, intramicellar routes will dominate when high 
reactant occupancy numbers are coupled with rigid surfactant layer, which is the 
desired condition to avoid particle aggregation. According to the literature [94, 99, 
100], the use of surfactants with reactive counterions favors intermicellar nucleation 
and growth.

Similarly, there are several operation variables widely analyzed in the literature 
that can be controlled/modified to improve the reaction schemes of these approaches 
[94–98, 101–104], including dispersed phase/surfactant ratio, nature and concentra-
tion of surfactants, cosurfactants and reactive species, volume fraction and type of 
the dispersed and continuous phases, mixing, and temperature, among others.
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1.3  Physical Preparation Techniques

Other preparation methods of nanoparticles are the top-down methods where 
nanoparticles are prepared directly from bulk materials via the generation of iso-
lated atoms by using various distribution techniques that involve physical methods, 
such as milling or grinding, laser beam processing, repeated quenching, and photo-
lithography [105].  Different  nanoparticles  preparation and characterization tech-
niques and their effects on nanoparticles stability have been generously discussed 
by other researchers [106-119].

To name a few of these technologies, we can categorize these techniques as:

 (i) Mechanical attrition, like attrition ball mill, planetary ball mill, vibrating ball 
mill, low energy tumbling mill, and high energy ball mill

 (ii) Plasma
 (iii) Microwave irradiation
 (iv) Pulsed laser method
 (v) Gamma radiation

A discussion on the first two  techniques, as they are important ones, is 
addressed below.

1.3.1  Mechanical Attrition

Mechanical attrition, or “milling”, is a process in which a device is used to apply 
energy to a coarse-grained structure, resulting in the reduction in particle size. Under 
certain conditions, mechanical attrition may result in nanoparticles which also exhibit 
nanostructural behavior due to the nanocrystallinity of the resulting material [120]. 
In the attrition process, the media is usually placed between two colliding balls, 
where the media is then subjected to an impact process reducing its size. During the 
process of attrition, the material, which usually contains large spaces compared to 
the particle size, undergoes three stages: The first stage is rearrangement of the par-
ticles, as particles slide past each one another with minimum fracture, followed by 
second stage of elastic and plastic deformation, and finally particle fracture.

There are several devices that can be used for mechanical alloying, which can be 
used for different applications (e.g., sample sizes, milled materials, etc.). These 
devices include the followings.

1.3.1.1  Shaker Mills

The sample is deposited in a vial that contains a grinding media, which are hard 
spheres. The shaking of the vial is accompanied by a lateral movement, both at 
several thousand times per minute. Due to the high speed of the hard spheres, the 
method is classified under the high-energy methods. These devices are usually used 
in laboratories, and for small amount of powder samples [120].
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1.3.1.2  Planetary Ball Mills

In this setup, shown schematically in Fig. 1.11, grinding jars or vials, which contain 
grinding hard spheres and the sample, are attached to a rotating disk (sun wheel). 
The vials rotate around their own axis and are subjected to the rotation of the sun 
wheel, which rotates in an opposite direction. This motion results in impact and 
friction forces on the hard spheres, causing a high degree of sample size reduction. 
These mills are also used in laboratories, but for larger sample sizes compared to 
shaker mills [121].

1.3.1.3  Attritor Mills

The mill consists of a drum filled with hard spheres, the powder sample, and an 
agitator. The milling is produced by the rotation of an agitator, which is a rotating 
vertical shaft with arm (impellers) attached at right angles. This rotation results in 
various impacts within the drum, including impacts among the hard spheres, the 
spheres, and the impellers and the walls, which finally lead to grinding the powder 
and reducing its size [120].

1.3.2  Plasma

One of the most common techniques for the preparation of supported metal/metal 
oxide nanoparticles as catalysts is wet process (including impregnation and precipi-
tation), which is usually employed for economic and practical reasons. In contrast 
to these techniques, dry processes (including chemical/physical vapor deposition, 

Fig. 1.11 (a) Planetary ball mill and (b) schematic showing motion of ball motion inside the 
grinding jar. (Adapted from [121] with permission)
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sputtering, and ion implantation) remain limited as catalytic nanoparticles prepara-
tion techniques. These methods specifically are applied in the emerging field of 
semiconductor technology. Although the science behind dry processes is important 
from a fundamental point of view, dry processes that enable the use of powdered 
catalyst nanomaterials for practical applications are not well-known.

Plasma has been used for catalyst nanomaterials preparation [122–125]. Various 
types of thermal and cold plasmas, including not limited to plasma jets, DC coronas, 
arcs, glow discharges, radio frequencies, and microwaves, have been employed for 
preparation of ultrafine particles including nanoparticles, supported catalysts, and/
or catalyst surfaces modification. The potential advantages of using plasmas are (1) 
preparation of highly dispersed active species, (2) enhanced catalyst activation, 
selectivities, and lifetimes, (3) reduced energy requirements, and (4) shortened 
preparation times [124]. One of the promising techniques in this category can be 
named as pulsed cathodic arc plasma technique, which is a simple and innovative 
approach toward preparation of nanoparticles. This method enables the deposition 
of metal nanoparticles or nanofilms from bulk metals or other electronic conducting 
materials [126–142]. One of the most important applications of pulsed cathodic arc 
plasma technique is preparation of powdered-supported catalysts and photocata-
lysts. This method enables the one-step deposition of catalyst nanoparticles on vari-
ous support powders, in contrary to the multistep preparation needed for conventional 
wet impregnation processes. A schematic and a photograph of the experimental 
setup for nanoparticle catalyst preparation using pulsed arc plasma deposition have 
been depicted in Fig. 1.12. This apparatus consists of arc discharge sources, a vac-
uum chamber with a turbomolecular pumping system, and a powder container with 
a rotating stirring mechanism. In the arc discharge source unit, an insulator tube, a 
columnar cathode, a trigger electrode, and a cylindrical anode are arranged coaxi-
ally. Cathode is a 10-mm-diameter and 17 -mm-long metal rod of the target material 
connected to a DC supply, while cylindrical anode is connected to the ground [143]. 
Trigger electrode in this case is connected to a pulsed power supply.

For the sake of charge and discharge, an electrolytic capacitor is connected 
between the cathode and the ground. An electronic breakdown between the trigger 
and cathode electrodes is caused by the application of a 3 kV pulse to the trigger 
electrode. This electronic breakdown ignites pulsed arc discharges with a period of 
0.1 to 0.2 ms between the cathode and the anode.

Transmission electron microscopy (TEM) images and energy-dispersive X-ray 
spectroscopy (EDX) spectra of unsupported Pd–Fe nanoparticles prepared by (left) 
synchronous (syn) and (right) asynchronous (asyn) pulsing have been demonstrated 
in Fig. 1.13. As seen in this picture, each EDX spectrum was taken from a circular 
region containing one nanoparticle. In synchronous pulsing, the as-deposited single 
nanoparticles contained both Pd and Fe (Fe: 67 wt%, Pd: 33 wt%), whereas the 
single nanoparticles prepared via asynchronous pulsing contained only Fe (Fe: 
100 wt%, Pd: 0 wt%) [143].
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Fig. 1.12 (a) Schematic of the pulsed arc plasma process for the deposition of metal nanoparticles 
and (b) experimental setup with dual arc plasma sources. (Reproduced from [143] with permission 
from The Royal Society of Chemistry)

Fig. 1.13 TEM images and EDX spectra of unsupported Pd–Fe nanoparticles prepared by (left) 
synchronous (syn) and (right) asynchronous (asyn) pulsing. Each EDX spectrum was taken from a 
circular region containing one nanoparticle. (Reproduced from [143] with permission from The 
Royal Society of Chemistry)
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1.4  Application: Importance of Controlling the Shape 
and Size of Nanoparticles

Nanotechnology is concerned with understanding the correlation between the chemi-
cal, optical, electrical, and magnetic properties of nanomaterials with respect to their 
size, shape, and surface chemistry [144]. The importance of the size is highlighted in 
the very definition of nanotechnology which, according to the National Nanotechnology 
Initiative (NNI), is the “science, engineering, and technology conducted at the 
nanoscale, which is about 1 to 100 nm” [145]. Once we are in the nanoparticle size 
range, the function of the nanoparticle size plays an equally important role as material 
properties (e.g., chemical and magnetic) become size- dependent and, therefore, a 
desired nanoparticle function is closely related to the nanoparticle size. To highlight 
the size and shape effects, we briefly go over a selected few field applications, but we 
emphasize that size and shape effects are present in all applications.

1.4.1  Metallurgy

Following observations regarding the effect of the size of small particle on melting 
temperature, Buffat and Borel [146] studied the melting temperature of gold parti-
cles of various sizes and found, using scanning electron-diffraction, that melting 
temperature increases with increasing particle size (see Fig.  1.14). Later, [147] 
highlighted what is known as cluster size equations, which included energetic, 
quantum, electronic, and electrodynamic size effects of the clusters.

Fig. 1.14 Effect of gold nanoparticle size on the melting temperature. Adapted from [146, 147] 
with permission
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1.4.2  Biological Systems

One way to explore the size and shape effects of nanoparticles is to look at these 
effects in naturally occurring biological nanostructures. Viruses, which are nano-
sized entities, exist in different shapes such as filamentous, isometric (or icosahe-
dral), head and tail, and enveloped, and their ability to infect a certain cell type and 
their residence time in the infected cell are impacted by their shape [144]. The 
combined effect of shape and size can be noticed in the therapeutics used for degen-
erated (e.g., osteoarthritic) cartilage, where the molecule’s size is the most impor-
tant factor in the design of therapeutics, as the effective pore size in the matrix of the 
cartilage is very small (~6 nm). Surprisingly, certain molecules of larger hydrody-
namic radius (e.g., 500 kDa dextran with ~16 nm) can penetrate and diffuse through 
cartilage. It is hypothesized that the linear shape of the dextran molecule enables it 
to penetrate and diffuse within pores of smaller size, while spherical molecules of 
similar hydrodynamic radius cannot penetrate cartilage [148]. Currently, therapies 
of degenerated cartilage are based on drugs of small hydrodynamic radius, which 
have limited long-term efficacy, and thus, the ability to inject cartilage with drugs of 
larger molecules that can penetrate the tissue could substantially improve the health 
of the degenerated tissue, but would also require knowing the size and shape, among 
other factors. Antigens and proteins are other examples of nanostructures whose 
functions are impacted by size and shape [144]. These examples of naturally occur-
ring nanostructures demonstrate the importance of both size and shape, and that for 
designing synthetic nanoparticles for biological applications, e.g., detecting and 
repairing infected cells, tumor diagnosis, or drug delivery, physical properties play 
a detrimental role in the application, as they impact the interaction between nanopar-
ticle and the cell surface (see Fig. 1.15). For instance, for tumor targeting nanopar-
ticles, Perrault et  al. [149] have shown that the permeation of the nanoparticles 
within a tumor, as well as their tumor accumulation capacity, is highly influenced by 
the nanoparticle’s diameter, where smaller nanoparticles are able to diffuse through-
out the tumor matrix.

1.4.3  Oil Well Construction

In oil well construction, cements experience volume shrinkage, which impacts the 
long-term stability of the wells and leads to gas leakage [150]. To reduce the effect 
of the shrinkage, certain additives, including nanoparticles, can be used. For 
instance, nanoscale magnesium oxide (MgO) is used as an additive in the cement 
slurry, expanding as it is converted to magnesium hydroxide once it is exposed to 
the water in the slurry and thus, reducing the shrinkage. The expansion properties 
are influenced by the surface area of the MgO particles, i.e., MgO particle size 
[151]. In the same topic, cements experience what is known as “waiting on cement” 
(WOC), which is the amount of time it takes the slurry to solidify. This waiting time 
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can be costly and is generally minimized by additives, or cement accelerators. 
Nanosilica has been shown to increase strength of the cement and decrease porosity, 
making it a favorable additive over other accelerators [152, 153]. Different sizes and 
shapes of nanosilica lead to different results [154]. For instance, the smallest nano-
silica (5 nm in diameter), and the rod-shaped nanosilica exhibited the fastest rates of 
cement setting [151].

Tough well conditions and cement material issues can lead to debonding of the 
cement from the casing or the rock formation in the wellbore and the fracturing of 
the bulk cement, as has been proven with previous studies [151], as depicted in 
Figs. 1.16 and 1.17. Nanoparticles which have shown substantial promise in improv-
ing the properties of oil and gas well cement can be named as nanosilicas, calcium- 
silicate- hydrate (C-S-H) nanofoils, and nanomagnesia [151].

It should be noted that several other factors, besides size and shape, play signifi-
cant roles on the function and kinetics of nanoparticles, such as magnetic field, 
mechanical properties, and pH effect, considering their applications.

1.4.4  Nanotechnology: Industrial Applications 
and Risk Factors

Over the past few decades, nanotechnology has infiltrated almost all research fields 
and introduced unconventional solutions to the current industrial problems. 
However, most of these solutions have not fully transitioned from the experimental 

Fig. 1.15 Factors that impact nanoparticle and cell surface interaction. Adapted from reference 
[144] after permission
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laboratory stage to the industrial stage. With the rapid increase in the applications of 
nanotechnology in the industry, there are risks, concerns, and challenges attached to 
its use. In the following, we address some of the applications of nanotechnology 
along with potential risks. While we focus on two sectors, food industry and oil and 
gas, similar risks are also present in the other sectors.

1.4.4.1  Food Industry

Nanotechnology has recently attracted much attention in the food and beverage 
packaging industry, where there are several benefits of using engineered nanoparti-
cles (ENP) in food-contact applications. However, such applications are also 

Fig. 1.16 Hydration kinetics of class H cement (a) heat flow and (b) cumulative heat, showing the 
effect of shape and size. (Adapted from [151] with permission)

Fig. 1.17 Oil well construction materials and nanosolutions. (Adapted from [151] with permission)
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accompanied by health concerns. While traditional packaging is mainly concerned 
with product preservation, nanotechnology is involved in active packaging, which 
extends the roles of packaging from the inert containment of the product to the 
active containment, which targets the improvement of nutrient and flavor delivery, 
and extends its shelf life [155]. According to the European regulation (EC) No 
450/2009, active packaging technologies are designed to deliberately incorporate 
components that would release or absorb substances into or from the packaged food 
or the environment surrounding the food. Active packaging technologies include 
releasing systems (e.g., carbon dioxide) and absorbing systems such as oxygen 
scavengers, which can be used for products like cooked meat, or bakery products, 
and prevent them from discoloration and mold growth, as well as moisture scaven-
gers, which extend shelf life by preserving moisture in products like fresh meat and 
certain fruits. For instance, Mu et al. [156] introduced an oxygen scavenging tech-
nology based on iron nanoparticles blended with active carbon, calcium chloride, 
and sodium chloride, which showed superior performance to its counterpart tech-
nology that utilizes microsized iron powder, in terms of both scavenging rate and 
capacity. Although there has been active packaging products (e.g., sachets and 
absorbent pads), the primary challenge in the commercialization of these technolo-
gies is the health risk they pose as the active additives, e.g., nanoparticles, could 
migrate from the packaging into the product by means of diffusion from higher 
concentration (package) into lower concentration (food) [157]. A schematic of 
absorbent pad architecture has been depicted in Fig. 1.18 [159].

Moreover, due to their size, nanoparticles can navigate the body (cells, tissues, 
and organs) much more easily compared to microsized particles. As a result, there 

Fig. 1.18 Architecture of absorbent pad. (Adapted from [159] with permission)
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has been a tendency for studying the interaction between the food matrix and the 
engineered nanoparticles. To address this issue, the conditions under which nanopar-
ticles migrate need to be studied. Zhang et al. [158] introduced a standardized food 
model for the evaluation of the effect of food matrix on the toxicity and fate of 
ingested nanoparticles, and the study looked into titanium dioxide nanoparticles, a 
common food additive.

1.4.4.2  Oil and Gas

Recently, there has been extensive research on using nanotechnology in different 
aspects of the oilfield industry, including drilling, reservoir completion, enhanced 
oil upgrading and recovery, and produced water treatment, to name a few. The need 
for new technologies is fueled by the fact that the current resources are diminishing 
quickly, and therefore, such resources need to be well utilized. However, many of 
the proposed technologies, which are in their experimental stage, face many chal-
lenges, which hinder their applicability to the industry. Two of the main challenges 
are listed below.

1.4.5  Upscaling from Laboratory to Industry

When scaling up to meet the industrial demand, the level of control over the 
nanoparticle size, which would be feasible at the nanoscale, becomes more difficult 
to achieve, which is reflected on the properties of the synthesized matter [160]. This 
also is accompanied by the high cost and time that come with using nanoparticles at 
the industrial level, in addition to the inconsistent performance which may result 
from using several batches. As a result, processes for synthesizing nanoparticles at 
an industrial scale need to be developed, which is another challenge as this would 
require having the industry invest in developing such processes. In oil and gas 
industry, different additional challenges depend on the application. A summary of 
some of the key challenges is provided in Table 1.1 [160].

1.4.6  Health and Safety Risks

The nature of the nanostructure plays an important role in risk assessment. 
Nanoparticles that are incorporated into a substance (e.g., nanocomposite and nano-
components) are referred to as fixed nanoparticles and pose lower risk than free 
nanoparticles, which are individual nanoparticles. For instance, in oil and gas appli-
cations, free nanoparticles could be injected into the wellbore with the enhanced- 
oil- recovery fluids. Although the effect of nanoparticles on the body is still to be 
studied, if they enter the body, e.g., by inhaling, absorption, or skin contact, they 
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trigger an immune response and cause an overload of phagocytes (cells that destroy 
and devour pathogens). Moreover, they may interfere with the biological processes, 
which is made worse due to their large surface-area-to-volume ratio posing higher 
risk than their counterpart microsized particles [161]. In addition to the safety risks, 
there are several environmental risks of using nanoparticles at an industrial scale. A 
thorough review of challenges and uncertainties of using nanoparticles in oil and 
gas applications and associated risk factors will be addressed in detail in Chap. 15 
of this book.

Table 1.1 Nanotechnology applications in oilfield and attached challenges adopted with 
permission from [160]

Nanotechnology Nano tool
Oilfield 
application Key challenges

Nano electronics Nano sensors Reservoir and 
flood front 
imaging

Long battery life under 
reservoir conditions

Nano optics Quantum dots Logging Transport through 
reservoir

Nano magnetism Ferrofluids Reservoir/ 
fracture imaging

Development of MNP, 
EM sources and 
receivers, data 
acquisition and signal 
processing software

Magnetic nanoparticles Produced water 
(PW) treatment

Scale up from lab to 
field

Nano composites 
and fibers

Single wall carbon tube, 
fullerenes, multiwall carbon 
tube

New casing and 
tubing materials, 
drill bits, 
proppants

Constructing and 
testing prototype

Surface active 
nanoparticles

Functionalized nanoparticles EOR Transport through 
reservoir

Nanoencapsulation Chemical-laden 
nanoparticles, Biodegradable 
polymeric nanoparticles, 
phase inversion 
nanoencapsulation

Acid stimulation, 
profile control, 
gas mobility 
control

Scale up from lab to 
field

Nano thin film Nanocomposite coatings Drill bits, drilling 
fluids, 
completion 
fluids, shale 
inhibition

Construction and 
testing prototype

Nanocatalyst Nickel nanoparticles Catalyst for in 
situ thermal 
upgrading of 
heavy oil

Transport through 
reservoir, scale up
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1.5  Conclusion

Nanoparticles, being a byproduct of industrial revolution, have great potential in 
changing the way humans connect to the world in the modern era. Nanoparticles 
have special physical properties distinct from both molecular and solid-state matter 
due to their significant fraction of surface atoms. Study of these physical properties 
provides us a unique way to learn how nanoparticles can be prepared and character-
ized. Knowledge of the application of nanoparticles in different industrial settings 
dictates nanoparticle preparation techniques and characterization. Knowledge of 
diverse application of these nanomaterials in the oil and gas industry from explora-
tion and production to refinery, dictates urgent need for advanced preparation tech-
niques and characterization.

Nanoparticle preparation techniques can be categorized into two main categories 
of chemical and physical techniques. Chemical pathway, also known as bottom-up 
technique, involves molecular components as starting materials linked with chemi-
cal reactions, nucleation, and growth processes to promote the formation of nanopar-
ticles. Chemical coprecipitation, electrochemical, sonochemical, sol-gel processing, 
chemical vapor deposition, chemical vapor condensation, and (w/o) microemul-
sions are only a few of these methods. On the other hand, physical preparation 
methods, known as top-down methods, imply the preparation of nanoparticles via 
generation of isolated atoms by using various distribution techniques that involve 
physical methods, such as milling or grinding, laser beam processing, repeated 
quenching, photolithography, pulsed laser techniques, and plasma techniques, 
whose recent advances have been reviewed briefly in this chapter. Later, importance 
of controlling the shape and size of nanoparticles considering their application has 
been generally reviewed. In the last part of this chapter, industrial applications and 
risks/challenges associated with the advancements of nanotechnology have been 
briefly discussed.

Over the past few decades, nanotechnology has found its way in almost all 
research fields, and introduced unconventional solutions to the current industrial 
problems; however, most of these solutions have not fully transitioned from the 
experimental laboratory stage to the industrial stage. With the rapid enhanced appli-
cations of nanotechnology in the industry, there are risks, concerns, and challenges 
attached to its use, which are still somehow not known or under investigation. In the 
last section, we addressed some of the applications of nanotechnology along with its 
potential risks/challenges. While we focus on two sectors, food industry and oil and 
gas, similar risks are also present in the other sectors. Facing the fast-paced advance-
ment of nanotechnology in almost every industry, we need to be aware and adopt 
ourselves in unconventional and out of the box thinking methods toward novel solu-
tions, as modern problems solutions dictate a novel way of thinking.
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Chapter 2
Nanoparticles as Potential Agents 
for Enhanced Oil Recovery

Farad Sagala, Afif Hethnawi, George William Kajjumba, 
and Nashaat N. Nassar

2.1  Introduction

Conventional oil recovery techniques, like  primary and secondary methods, 
result in roughly one-third of the oil originally in place (OOIP), leaving a sig-
nificant amount of  trapped oil unrecovered [1, 2]. Accordingly, the world 
reserves are estimated to range up to 1.5 trillion barrels of oil [3]. Thus, it is 
estimated that this remaining trapped oil after these conventional recovery tech-
niques would be nearly 1.0 trillion barrels [4]. Several EOR techniques com-
monly grouped as tertiary recovery schemes target this enormous, trapped oil 
[5–9]. However, getting an appropriate cost and effective approach to obtain this 
trapped oil after the conventional recovery techniques remains a misery, given 
that most of the current tertiary practices depend on oil prices [10, 11]. Hence, 
a search is desirable for viable, cost-effective, efficient and environmentally 
friendly methods.

Generally, EOR techniques are aimed at increasing the overall recovery factor 
(RF), which is the product of sweep (Ev) and displacement (ED) efficiencies. To 
increase the RF, mechanisms such as oil-water interfacial tension reduction [12], 
wettability alteration [13] and fluid viscosity enhancement [14] are performed. 
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Using common EOR methods, for example, chemicals, gas injection, etc., most of 
these mechanisms can be achieved. Selecting any EOR technique to apply, the 
objective is to attain any of these mechanisms. A successful EOR design and 
approach need to be not only efficient and reliable but also cost-effective. However, 
most of the current techniques are scientifically successful but exceedingly expen-
sive thus paving a gap for searching new alternative approaches to recover the 
trapped oil in an efficient and cost-effective way.

Recently, effective techniques and approaches using nanoparticle technology are 
emerging as an alternative agent for improving the performance of EOR and have 
greatly shifted the perception of investigators towards the application of nanomate-
rials [15–19]. Nanotechnology refers to the manipulation, characterizing, producing 
and application of materials by orienting their architecture at the nanoscale [20]. 
Developments in nano applications have permitted researchers to formulate several 
exceptional nanomaterials with many probable applications in various fields such as 
wastewater treatment, medicine, drug delivery, energy, etc. [21–27]. The difference 
in their application is due to their exceptional orientation that alters their physical 
and chemical properties in comparison to their bulk counterparts [11]. The number 
of atoms in bulk materials, at the surface, is substantially less than those in the 
whole material; this makes their properties constant regardless of their shape and/or 
size [11]. Nevertheless, reducing the size results in several properties, for example, 
thermal resistance, catalytic activities, internal pressure, dispersion ability, intrinsic 
reactivity and quantum optical and electronic properties, all being altered [28]. This 
is because of the surface area to volume ratio that becomes large; thus the atoms at 
the surface become significantly more exposed to the surface of the material in 
comparison to the atoms in the bulk material; hence the surface energy increases 
[29]. Consequently, because nanoparticles present some propitious characteristics, 
their surface active sites can be used in various ways which have triggered research 
using these properties in oil and gas applications [17].

As thus, the instantaneous progress of nanotechnology application in the previ-
ous years in various applications has triggered their usage in the oil and gas indus-
try, for various fields such as exploration, drilling, production, EOR, etc. [20, 30]. 
Because of the increased world energy demand due to the increasing population, 
researchers have continued to explore the mechanisms of nanomaterials as nanoflu-
ids, nano-emulsions or catalysts for hydrocarbons extraction [20], even from non-
conventional resources [17].

The use of nanoparticles in EOR has gained attention by numerous researchers 
worldwide [17, 31, 32]. Nanoparticles can considerably enhance recovery for oil 
by modifying numerous fluid properties such as modifying the fluid viscosity, 
reducing the interfacial tension (IFT), improving the thermal conductivity and 
changing the rock wettability through the fluid-fluid and/or fluid-rock interaction 
[33–35]. Nanoparticles can be used in solving production challenges such as pre-
venting deposition of asphaltene and wax and overcoming formation damage 
based on their size and adsorption capacity [36]. Studies on the applicability of 
nanomaterials in EOR have deduced that, due to their size, these materials can 
easily penetrate the reservoir pore space where conventional recovery techniques 
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such as polymers cannot reach. This grants an advantage since these nanomaterials 
can change the reservoir fluid properties and thus improve and/or enhance oil 
recovery [36]. Numerous nanoparticle applications in EOR have been performed 
extensively primarily in labs to understand the mechanism under which nanopar-
ticles can recover trapped oil. The emphasis has been on mechanisms such as 
interfacial tension reduction [37], wettability alteration [19], oil viscosity reduc-
tion [38] and structural disjoining pressure [39] and how these mechanisms can 
vary with different nanoparticle types, morphologies and nanoparticle concentra-
tion. Luky et al. [40] investigated the impact of nanofluid flooding on IFT reduc-
tion, permeability reduction, retention of nanoparticles and how these factors can 
enhance oil recovery. The study was carried out in a glass micromodel under 
microscopic imagining which indicated that due to the pressure surgency that 
occurred during fluid injection, nanoparticles become adsorbed on the glass sur-
face. Consequently, nanoparticle adsorption resulted in wettability alteration 
although there was permeability impairment that was observed. In their study sub-
sequently, nanoparticle morphology, concentration and type were the key param-
eters that could trigger oil recovery. The author also noted that as nanoparticle 
concentration increases, IFT reduces but at a cost of impairing the absolute perme-
ability. Ali et al. [41] examined the role of three types of nanoparticles, namely, 
aluminium oxide (Al2O3), titanium dioxide (TiO2) and silica dioxide (SiO2), on 
EOR using limestone rocks at various temperatures. They first investigated the 
transport mechanism of these nanomaterials in the porous medium and found out 
that the rate of nanoparticle adsorption on the rock surface was in the order 
Al2O3 < TiO2 < SiO2 with adsorption rates 8.2%, 27.8% and 43.4%, respectively. 
They moreover found out that these three nanoparticles could all alter the rock 
wettability of the limestone core from intermediate to water wet. Moreover, there 
was a noticeable decrease in oil viscosity in the presence of Al2O3 and TiO2 
nanoparticles at 50  °C and 60  °C.  Other researchers [17, 42] used different 
nanoparticle types for EOR introducing different mechanisms. Figure 2.1 shows 
the enormous diversity of the nanomaterial application derived from their nature, 
morphologies and shapes. The figure also shows the fluids/media in which 
nanoparticles can be dispersed, the medium state of the nanoparticles and, notably, 
the several possible surface modifications the nanoparticles can be exposed to 
making them an important material in various fields of science. Nonetheless, there 
are fewer available studies in the literature addressing the amalgamation of the 
commonly used nanoparticles and their optimization parameters targeting recov-
ery improvement. Therefore, this chapter presents the prospects and major analy-
sis of the recently proposed nanoparticles and/or nanomaterials in EOR.  The 
chapter further shades lights on the underlying oil recovery mechanisms of 
nanoparticles in EOR, major recovery parameters involved during oil recovery. 
Moreover, nanofluid stabilization methods applicable to nano-EOR have also been 
reviewed. Lastly, concerns and uncertainties that have been raised due to nanopar-
ticle exposure have been covered. This chapter is helpful for readers, gaining 
insight into the enhancement of oil recovery using state-of-the-art concepts and 
fundamentals for nanofluids.
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2.2  Nanoparticle Types Used Commonly 
in EOR Applications

EOR is influenced by parameters like interfacial tension, viscosity, temperature and 
density [43, 44]. These parameters further affect the performance of nanoparticles 
during the EOR process. This section addresses some of the nanomaterials that have 
been applied in different EOR processes.

2.2.1  Silica Nanoparticles

Silica/silicon dioxide (SiO2)/quartz is one of the most abundant minerals on Earth 
and is considered to be environmentally friendly [45] [46]. The thermal and surface 
area properties of SiO2 make it an excellent material in EOR processes. SiO2 hardly 

Fig. 2.1 Some of the highlights showing the contribution and diversity of engineered 
nanomaterials
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changes at a temperature below 650 °C [47], thus its application in harsh environ-
ments during oil recovery [47]. During oil EOR, SiO2 nanoparticles can be used 
solely or integrated with various materials [15, 48–50]. Zargartalebi et  al. [51] 
enhanced the performance of an anionic surfactant by using surface-modified 
hydrophilic and hydrophobic silica nanoparticles. Through interfacial tension (IFT) 
and adsorption tests, it was revealed that as the concentration of SiO2 nanoparticles 
increased, the IFT decreased until the optimal point was achieved—beyond which 
it remained relatively constant or slightly increased. At low nanoparticle concentra-
tion, the repulsive electrostatic forces between the particles and surfactants rev the 
diffusion of surfactant into the oil medium. In addition, the particles can aid the 
transportation of surfactants by acting as a carrier. However, as the concentration of 
nanoparticles increases, the nanoparticle-surfactant surface tension increase might 
hinder the release of surfactant, thus an IFT increase. Besides, at higher concentra-
tions, the charged nanoparticles aggregate the surfactant causing uneven spreading 
at the water-oil interface.

Carrier materials also affect the performance of SiO2 nanoparticles; the rate of 
adsorption within the matrix attenuates core permeability and alleviates pressure 
drop. The study of nanosilica adsorption onto limestone, sandstone and dolomite 
elicited that limestone has a higher adsorption potential (5.50 mg/g) followed by 
sandstone (1.27 mg/g), and barely any adsorption by dolomite [52]. However, the 
adsorption of SiO2 nanoparticles by limestone and sandstone did not affect the per-
meability of the core. A significant pressure drop was observed in dolomite. To 
avoid pressure, drop and deformation damage, hydrophobic-lipophilic polysilicon 
and naturally wet polysilicon can offer a solution because they lower the IFT and 
wettability alteration. The introduction of hydrophobic-lipophilic polysilicon can 
reduce the IFT from 26.3 mN/m to 1.75 mN/m, alleviating oil recovery by 32.2%, 
while wet polysilicon can improve oil recovery by 28.6% [53]. However, care must 
be taken before such performance is implemented at a large scale. The ameliorated 
performance can be attributed to the presence of dispersing agents like ethanol that 
can lower the IFT [54]. Such dispersing agents have lower density compared to 
water which can attenuate the wetting angle, and they have high solubility of oil. In 
addition, SiO2 can block the pores, reducing the oil recovery. That said, the applica-
tion of SiO2 nanoparticles in EOR is a promising approach because they are rela-
tively cheap and can be modified from readily available materials like quartz. 
Table 2.1 summarizes the different SiO2 nanoparticles and their performance.

2.2.2  Aluminium Oxide Nanoparticles

After silicon and oxygen, aluminium is the most abundant element in the Earth’s 
crust; thus aluminium oxide has been widely investigated in EOR processes [17, 41, 
55]. Al2O3 nanoparticles achieve EOR by attenuating viscous force [41, 56]. During 
oil exploration, after secondary flooding, more than 60% of the oil remains trapped 
in the reservoirs. Al2O3 nanoparticles can reduce oil-water IFT and reduce viscosity. 

2 Nanoparticles as Potential Agents for Enhanced Oil Recovery



46

Ta
bl

e 
2.

1 
Su

m
m

ar
y 

of
 s

tu
di

es
 s

ho
w

in
g 

in
ve

st
ig

at
ed

 n
an

op
ar

tic
le

 ty
pe

s 
in

 e
nh

an
ce

d 
oi

l r
ec

ov
er

y

Ty
pe

 a
nd

 s
iz

e
C

on
di

tio
ns

R
es

er
vo

ir
 ty

pe
Fl

ui
d 

pr
op

er
tie

s
M

ec
ha

ni
sm

 o
f 

re
co

ve
ry

R
em

ar
ks

/c
on

cl
us

io
n

R
ef

er
en

ce
s

Si
lic

a 
(2

0 
nm

) 
co

at
ed

 w
ith

 a
 

zw
itt

er
io

ni
c 

po
ly

m
er

A
m

bi
en

t 
co

nd
iti

on
s

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
17

%
)

N
an

ofl
ui

ds
 4

5 
w

t%
D

IW
IF

T
 r

ed
uc

tio
n

St
ru

ct
ur

al
 d

is
jo

in
in

g 
pr

es
su

re
W

et
ta

bi
lit

y 
al

te
ra

tio
n

M
od

ifi
ed

 s
ili

ca
 b

et
te

r 
th

an
 

un
m

od
ifi

ed
 in

 I
FT

 r
ed

uc
tio

n
5 

vo
l %

 a
dd

iti
on

al
 o

il 
co

ul
d 

be
 

re
co

ve
re

d 
w

ith
 m

od
ifi

ed
 s

ili
ca

[2
09

]

Si
lic

a 
(7

 n
m

)
N

o 
su

rf
ac

e 
m

od
ifi

ca
tio

n

A
m

bi
en

t 
co

nd
iti

on
s

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
15

–2
2%

)
K

 (
9–

40
0 

m
D

)

O
il 

5.
01

 c
P

B
ri

ne
 (

3.
0 

w
t%

)
N

an
ofl

ui
ds

 
(0

.0
1–

0.
1 

w
t%

)

W
et

ta
bi

lit
y 

al
te

ra
tio

n
In

cr
ea

si
ng

 N
P 

co
nc

en
tr

at
io

n 
re

du
ce

d 
IF

T

H
ig

he
r 

N
P 

co
nc

en
tr

at
io

n 
re

du
ce

s 
IF

T
 b

ut
 n

o 
ad

di
tio

na
l o

il 
be

ca
us

e 
of

 
po

re
 b

lo
ck

ag
e

In
cr

ea
si

ng
 n

an
ofl

ui
d 

co
nc

en
tr

at
io

n 
do

es
 n

ot
 g

ua
ra

nt
ee

 a
dd

iti
on

al
 

re
co

ve
ry

[1
6]

Si
lic

a 
(2

0 
nm

)
N

o 
su

rf
ac

e 
m

od
ifi

ca
tio

n

A
m

bi
en

t p
re

ss
ur

e 
an

d 
te

m
pe

ra
tu

re
 

55
 °

C

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
20

%
)

K
 (

40
0 

m
D

)

O
il 

vi
sc

os
ity

 9
8.

88
 c

P
B

ri
ne

 2
0,

00
0 

pp
m

N
an

ofl
ui

ds
 1

0 
vo

l%
 

si
lic

a

W
et

ta
bi

lit
y 

al
te

ra
tio

n
N

o 
no

tic
ea

bl
e 

IF
T

 
re

du
ct

io
n

St
ru

ct
ur

al
 d

is
jo

in
in

g 
pr

es
su

re
 

m
ec

ha
ni

sm
 w

as
 v

er
ifi

ed
 u

si
ng

 th
e 

fo
rm

ul
at

ed
 fl

ui
ds

55
%

 o
il 

w
as

 r
ec

ov
er

ed
 b

y 
si

lic
a 

na
no

flu
id

[4
9]

Si
lic

a 
(7

 n
m

)
N

o 
su

rf
ac

e 
m

od
ifi

ca
tio

n

Pr
es

su
re

 1
45

0 
ps

i 
an

d 
te

m
pe

ra
tu

re
 

25
–8

0 
°C

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
15

–1
9%

)
K

 
(1

00
–6

00
 m

D
)

O
il 

vi
sc

os
ity

 5
.1

 c
P

B
ri

ne
 3

 w
t %

N
an

ofl
ui

ds
 0

.0
5 

w
t %

W
et

ta
bi

lit
y 

al
te

ra
tio

n
N

o 
si

gn
ifi

ca
nt

 I
FT

 
re

du
ct

io
n

M
or

e 
oi

l w
as

 r
ec

ov
er

ed
 f

ro
m

 a
ll 

w
et

ta
bi

lit
y 

sy
st

em
s 

at
 h

ig
h 

te
m

pe
ra

tu
re

s
A

ga
in

, a
t h

ig
h 

te
m

pe
ra

tu
re

s,
 

ag
gr

eg
at

io
n 

of
 n

an
op

ar
tic

le
s 

ca
n 

re
su

lt 
in

 p
re

ss
ur

e 
ja

m
m

in
g

[2
10

]

F. Sagala et al.



47
Ty

pe
 a

nd
 s

iz
e

C
on

di
tio

ns
R

es
er

vo
ir

 ty
pe

Fl
ui

d 
pr

op
er

tie
s

M
ec

ha
ni

sm
 o

f 
re

co
ve

ry
R

em
ar

ks
/c

on
cl

us
io

n
R

ef
er

en
ce

s

Si
lic

a 
(<

40
 n

m
)

N
o 

su
rf

ac
e 

m
od

ifi
ca

tio
n

A
m

bi
en

t p
re

ss
ur

e 
an

d 
te

m
pe

ra
tu

re
 

50
 °

C

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 
(9

.3
5–

11
.9

5%
)

K
 

(0
.6

8–
0.

95
 m

D
)

O
il 

20
.9

 C
p

B
ri

ne
 (

75
00

 p
pm

)
N

an
ofl

ui
d 

(5
–3

0 
pp

m
)

W
et

ta
bi

lit
y 

al
te

ra
tio

n
V

is
co

si
ty

 r
ed

uc
tio

n 
by

 
in

cr
ea

si
ng

 n
an

op
ar

tic
le

 
co

nc
en

tr
at

io
n

A
ft

er
 n

an
op

ar
tic

le
 a

ds
or

pt
io

n,
 th

er
e 

w
as

 a
 n

ot
ic

ea
bl

e 
in

cr
ea

se
 in

 
ir

re
du

ci
bl

e 
w

at
er

 s
at

ur
at

io
n 

an
d 

K
r o

A
dd

iti
on

al
 4

.4
8–

10
.3

3%
 o

il 
w

as
 

re
co

ve
re

d 
af

te
r 

na
no

flu
id

 fl
oo

di
ng

10
 p

pm
 w

as
 th

e 
op

tim
um

 
co

nc
en

tr
at

io
n

O
il 

vi
sc

os
ity

 a
nd

 a
sp

ha
lte

ne
 

co
nt

en
t w

er
e 

re
du

ce
d 

w
ith

 
in

cr
ea

si
ng

 c
on

ce
nt

ra
tio

n
L

ow
 in

je
ct

io
n 

ra
te

s 
ar

e 
su

gg
es

te
d 

fo
r 

im
pr

ov
ed

 n
an

o-
E

O
R

[1
97

]

Si
lic

a 
(1

0 
nm

)
Su

rf
ac

e 
m

od
ifi

ed
 

w
ith

 h
ex

an
ed

io
ic

 
ac

id

A
m

bi
en

t p
re

ss
ur

e 
an

d 
te

m
pe

ra
tu

re
 

60
 °

C

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
14

%
)

K
 (

0.
6 

m
D

)

O
il 

2.
02

 C
p

B
ri

ne
 (

3 
w

t %
)

N
an

ofl
ui

d 
(0

.0
01

–1
 w

t%
)

W
et

ta
bi

lit
y 

al
te

ra
tio

n 
an

d 
IF

T
 r

ed
uc

tio
n

Si
lic

a 
su

rf
ac

e 
w

as
 m

od
ifi

ed
 to

 
ob

ta
in

 a
ct

iv
e 

si
lic

a 
th

at
 p

er
fo

rm
ed

 
be

tte
r 

th
an

 c
on

ve
nt

io
na

l s
ili

ca

[1
11

]

Si
lic

a 
(2

0 
nm

)
N

o 
su

rf
ac

e 
m

od
ifi

ca
tio

n

A
m

bi
en

t 
co

nd
iti

on
s

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
19

%
)

K
 (

58
7 

m
D

)

N
an

ofl
ui

d 
(0

.0
1–

0.
5 

w
t%

)
O

il 
4.

6 
C

p
B

ri
ne

 (
3 

w
t%

 N
aC

l)

W
et

ta
bi

lit
y 

al
te

ra
tio

n 
an

d 
IF

T
 r

ed
uc

tio
n

G
re

at
 p

ot
en

tia
l f

or
 u

si
ng

 a
ct

iv
e 

si
lic

a 
fo

r 
E

O
R

 f
re

e 
fr

om
 s

ur
fa

ct
an

ts
Si

lic
a 

N
Ps

 f
ou

nd
 c

om
pa

tib
le

 w
ith

 
sa

nd
st

on
e

E
xt

ra
 1

3%
 w

as
 r

ec
ov

er
ed

 d
ur

in
g 

na
no

 fl
oo

di
ng

L
es

s 
pe

rm
ea

bi
lit

y 
im

pa
ir

m
en

t w
as

 
no

tic
ed

 a
t l

ow
 in

je
ct

io
n 

ra
te

s

[2
11

]

Si
lic

a 
(5

–1
5 

nm
)

N
o 

su
rf

ac
e 

m
od

ifi
ca

tio
n

A
m

bi
en

t 
co

nd
iti

on
s

C
ar

bo
na

te
 

(c
ha

lk
)

Pr
op

er
tie

s 
no

t 
m

en
tio

ne
d

n-
D

ec
an

e
B

ri
ne

 (
0–

20
 w

t%
)

N
an

ofl
ui

ds
 

(0
.5

–4
 w

t%
)

W
et

ta
bi

lit
y 

al
te

ra
tio

n
T

he
 e

xp
os

ur
e 

tim
e 

of
 th

e 
na

no
flu

id
s 

af
fe

ct
s 

th
e 

ra
te

 o
f 

w
et

ta
bi

lit
y 

al
te

ra
tio

n
A

ds
or

pt
io

n 
of

 n
an

op
ar

tic
le

s 
on

 th
e 

ro
ck

 s
ur

fa
ce

 w
as

 f
ou

nd
 to

 b
e 

an
 

ir
re

ve
rs

ib
le

 p
ro

ce
ss

[2
12

]

(c
on

tin
ue

d)

2 Nanoparticles as Potential Agents for Enhanced Oil Recovery



48

Ta
bl

e 
2.

1 
(c

on
tin

ue
d)

Ty
pe

 a
nd

 s
iz

e
C

on
di

tio
ns

R
es

er
vo

ir
 ty

pe
Fl

ui
d 

pr
op

er
tie

s
M

ec
ha

ni
sm

 o
f 

re
co

ve
ry

R
em

ar
ks

/c
on

cl
us

io
n

R
ef

er
en

ce
s

Si
lic

a 
(7

 n
m

)
Su

rf
ac

e 
m

od
ifi

ed
 

w
ith

 b
en

zi
m

id
az

ol
e

A
m

bi
en

t p
re

ss
ur

e 
an

d 
te

m
pe

ra
tu

re
 

80
 °

C

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
20

%
)

K
 (

54
 m

D
)

O
il 

5.
0 

C
p

B
ri

ne
 (

5 
w

t %
)

N
an

ofl
ui

d 
(1

 w
t%

)

W
et

ta
bi

lit
y 

al
te

ra
tio

n
N

o 
si

gn
ifi

ca
nt

 I
FT

 
re

du
ct

io
n

T
he

 s
tr

uc
tu

ra
l d

is
jo

in
in

g 
fo

rc
e 

w
as

 
th

e 
m

aj
or

 m
ec

ha
ni

sm
 f

or
 

w
et

ta
bi

lit
y 

al
te

ra
tio

n
A

dd
iti

on
al

 3
8%

 o
f 

th
e 

oi
l w

as
 

re
co

ve
re

d 
af

te
r 

10
0 

pp
m

 n
an

ofl
ui

d 
in

je
ct

io
n

Su
rf

ac
e 

m
od

ifi
ca

tio
n 

re
du

ce
s 

na
no

pa
rt

ic
le

 a
gg

re
ga

tio
n

[1
10

]

Si
lic

a 
(8

 n
m

)
A

m
bi

en
t 

co
nd

iti
on

s
N

A
 (

ba
tc

h 
st

ud
y)

O
il 

vi
sc

os
ity

 1
20

,0
00

 
an

d 
2,

20
0,

00
0 

cp
D

is
til

le
d 

w
at

er
N

an
ofl

ui
ds

 
10

–1
0,

00
0 

pp
m

V
is

co
si

ty
 r

ed
uc

tio
n

N
o 

si
gn

ifi
ca

nt
 I

FT
 

re
du

ct
io

n

Si
lic

a 
(8

 n
m

) 
na

no
pa

rt
ic

le
s 

yi
el

de
d 

th
e 

be
st

 v
is

co
si

ty
 r

ed
uc

tio
n 

at
 

10
00

 p
pm

O
il 

vi
sc

os
ity

 r
ed

uc
tio

n 
in

cr
ea

se
s 

as
 

th
e 

N
P 

si
ze

 in
cr

ea
se

s

[2
13

]

Z
nO

 (
31

–3
6 

nm
)

A
m

bi
en

t 
co

nd
iti

on
s

Pa
ck

ed
 g

la
ss

 
be

ad
s

N
an

ofl
ui

ds
 

50
0–

50
00

 p
pm

IF
T

 r
ed

uc
tio

n
H

ig
he

st
 o

il 
re

co
ve

ry
 f

ac
to

r 
of

 
11

.8
2%

 a
ttr

ib
ut

ed
 to

 I
FT

 r
ed

uc
tio

n 
an

d 
w

et
ta

bi
lit

y 
al

te
ra

tio
n

[7
3]

C
N

T
 

(1
6–

20
.6

1 
nm

)
A

m
bi

en
t 

co
nd

iti
on

s
Pa

ck
ed

 g
la

ss
 

be
ad

s
0.

1–
0.

5 
w

t%
 C

N
T,

 
di

st
ill

ed
 w

at
er

B
ri

ne
 3

 w
t%

IF
T

 r
ed

uc
tio

n 
an

d 
w

et
ta

bi
lit

y 
al

te
ra

tio
n

M
ax

im
um

 o
il 

re
co

ve
ry

 o
f 

18
.5

7%
 

w
as

 o
bt

ai
ne

d 
at

 0
.3

 w
t%

 o
f 

C
N

T
[2

14
]

F. Sagala et al.



49
Ty

pe
 a

nd
 s

iz
e

C
on

di
tio

ns
R

es
er

vo
ir

 ty
pe

Fl
ui

d 
pr

op
er

tie
s

M
ec

ha
ni

sm
 o

f 
re

co
ve

ry
R

em
ar

ks
/c

on
cl

us
io

n
R

ef
er

en
ce

s

C
N

C
 u

nm
od

ifi
ed

 
(3

–5
 n

m
)

A
m

bi
en

t 
co

nd
iti

on
s

Sa
nd

 p
ac

k 
an

d 
pl

ug
s 

(Ø
 

(3
3–

39
%

))
K

 (
3–

28
2 

m
D

)
Sa

nd
st

on
e 

co
re

 
Ø

 (
16

–1
7%

)
K

 
(8

03
–9

22
 m

D

0.
1 

w
t%

 
na

no
ce

llu
lo

se
0.

3 
w

t%
 N

aC
l

Si
ng

le
-p

ha
se

 fl
ow

 
st

ud
y

N
o 

re
po

rt
ed

 e
ff

ec
t o

f 
C

N
P 

on
 I

FT
 a

nd
 

w
et

ta
bi

lit
y 

al
te

ra
tio

n

N
ei

th
er

 o
f 

th
e 

tw
o 

na
no

ce
llu

lo
se

 
ty

pe
s 

se
em

ed
 to

 a
ds

or
b 

si
gn

ifi
ca

nt
ly

 o
n 

th
e 

sa
nd

 g
ra

in
s

[9
7]

C
N

C
 u

nm
od

ifi
ed

 
(6

 n
m

)
A

m
bi

en
t p

re
ss

ur
e

Te
m

pe
ra

tu
re

 
60

–1
20

 °
C

Sa
nd

st
on

e 
co

re
 

Ø
 

(2
0.

33
–

20
.4

7%
)

K
 

(8
03

–9
22

 m
D

)

0.
5–

2 
w

t%
 

na
no

ce
llu

lo
se

0.
1 

w
t%

 N
aC

l
O

il 
vi

sc
os

ity
 1

7.
6 

cp
 

an
d 

4 
cp

 a
t 2

0 
an

d 
60

 °
C

, r
es

pe
ct

iv
el

y

W
et

ta
bi

lit
y 

al
te

ra
tio

n 
to

w
ar

ds
 w

at
er

 w
et

Im
pr

ov
in

g 
th

e 
oi

l 
sw

ee
p 

ef
fic

ie
nc

y

C
N

C
 im

pr
ov

ed
 th

e 
sw

ee
p 

ef
fic

ie
nc

y 
by

 in
cr

ea
si

ng
 th

e 
br

in
e 

vi
sc

os
ity

U
lti

m
at

e 
in

cr
ea

se
 in

 o
il 

re
co

ve
ry

 
3.

4%
 O

O
IP

 d
ue

 to
 C

N
C

 in
je

ct
io

n
D

if
fic

ul
t t

o 
as

ce
rt

ai
n 

th
e 

m
ai

n 
m

ec
ha

ni
sm

 le
ad

in
g 

to
 a

dd
iti

on
al

 o
il 

re
co

ve
ry

[2
15

]

Z
rO

2
A

m
bi

en
t p

re
ss

ur
e 

an
d 

te
m

pe
ra

tu
re

 
70

 °
C

C
ar

bo
na

te
Ø

 (
20

%
)

K
 (

30
 m

D
)

O
il 

vi
sc

os
ity

 6
4 

ct
s

D
is

til
le

d 
w

at
er

N
an

ofl
ui

ds
 5

 w
t %

W
et

ta
bi

lit
y 

al
te

ra
tio

n
Z

rO
2 n

an
ofl

ui
ds

 a
re

 w
et

ta
bi

lit
y 

m
od

ifi
er

s 
fo

r 
ca

rb
on

at
e 

fo
rm

at
io

ns
W

et
ta

bi
lit

y 
ch

an
ge

 u
si

ng
 Z

rO
2 

na
no

pa
rt

ic
le

s 
on

 c
ar

bo
na

te
 r

oc
ks

 
su

rf
ac

e 
is

 a
 s

lo
w

 p
ro

ce
ss

[8
2]

A
l 2

O
3 (

40
 n

m
)

A
m

bi
en

t p
re

ss
ur

e 
an

d 
te

m
pe

ra
tu

re
 

70
 °

C

C
ar

bo
na

te
 

(c
ha

lk
)

Ø
 

(1
2.

2–
14

.2
%

)
K

 
(0

.3
–0

.1
3 

m
D

)

O
il 

64
 C

p
B

ri
ne

 3
0,

00
0 

pp
m

N
an

ofl
ui

ds
 (

5 
w

t%
)

W
et

ta
bi

lit
y 

al
te

ra
tio

n
C

aC
O

3 a
nd

 S
iO

2 g
av

e 
be

tte
r 

re
co

ve
ry

 c
om

pa
re

d 
to

 o
th

er
 ty

pe
s 

of
 n

an
op

ar
tic

le
s 

us
ed

 in
 th

is
 s

tu
dy

[5
6]

(c
on

tin
ue

d)

2 Nanoparticles as Potential Agents for Enhanced Oil Recovery



50

Ta
bl

e 
2.

1 
(c

on
tin

ue
d)

Ty
pe

 a
nd

 s
iz

e
C

on
di

tio
ns

R
es

er
vo

ir
 ty

pe
Fl

ui
d 

pr
op

er
tie

s
M

ec
ha

ni
sm

 o
f 

re
co

ve
ry

R
em

ar
ks

/c
on

cl
us

io
n

R
ef

er
en

ce
s

A
lu

m
in

iu
m

 o
xi

de
 

(4
0 

nm
)

Si
lic

a 
(2

0 
nm

)
T

ita
ni

um
 d

io
xi

de
 

(1
0–

30
 n

m
)

N
o 

su
rf

ac
e 

m
od

ifi
ca

tio
n

A
m

bi
en

t p
re

ss
ur

e
Te

m
pe

ra
tu

re
s 

(2
5–

60
) 

0 C

C
ar

bo
na

te
 

(l
im

es
to

ne
)

Ø
 (

43
%

)
K

 (
3.

12
 D

)

D
eg

as
se

d 
cr

ud
e 

21
.7

 
C

p
B

ri
ne

 2
.5

 w
t %

N
an

ofl
ui

d 
0.

00
5 

w
t %

W
et

ta
bi

lit
y 

al
te

ra
tio

n
V

is
co

si
ty

 r
ed

uc
tio

n
IF

T
 r

ed
uc

tio
n

C
ap

ill
ar

y 
fo

rc
e 

re
du

ct
io

n

B
as

ed
 o

n 
th

e 
ad

so
rp

tio
n 

st
ud

ie
s,

 
A

l 2
O

3 h
ad

 th
e 

lo
w

es
t a

t 8
.2

%
, T

iO
2 

27
.8

%
 a

nd
 S

iO
2 4

3.
4%

 a
nd

 th
is

 
w

as
 r

el
at

ed
 to

 s
ur

fa
ce

 c
ha

rg
e

[4
1]

A
l 2

O
3 (

21
 n

m
)

A
m

bi
en

t 
co

nd
iti

on
s

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
20

%
)

K
 (

54
 m

D
)

O
il 

vi
sc

os
ity

 5
.1

 c
p

0.
05

 w
t %

B
ri

ne
 3

 w
t %

IF
T

 r
ed

uc
tio

n
W

et
ta

bi
lit

y 
al

te
ra

tio
n

V
is

co
si

ty
 r

ed
uc

tio
n

St
ab

ili
ty

 o
f 

na
no

pa
rt

ic
le

s 
w

as
 

im
pr

ov
ed

 b
y 

ad
di

ng
 1

 w
t %

 
po

ly
vi

ny
lp

yr
ro

lid
on

e 
(P

V
P)

[5
8]

A
l 2

O
3 (

21
 n

m
)

A
m

bi
en

t 
co

nd
iti

on
s

Sa
nd

 p
ac

k
O

il 
vi

sc
os

ity
 5

 c
p

B
ri

ne
 (

30
 g

/l)
W

et
ta

bi
lit

y 
al

te
ra

tio
n

IF
T

 r
ed

uc
tio

n
R

ed
uc

tio
n 

of
 o

il 
vi

sc
os

ity
 r

ed
uc

tio
n 

of
 

m
ob

ili
ty

 r
at

io
 

pe
rm

ea
bi

lit
y 

al
te

ra
tio

ns

Pr
od

uc
ed

 o
il 

fr
om

 a
lu

m
in

a 
ox

id
e 

N
Ps

 w
as

 li
gh

te
r 

th
an

 th
e 

in
je

ct
ed

 
oi

l
E

th
an

ol
 w

as
 p

ro
po

se
d 

as
 a

n 
al

te
rn

at
iv

e 
di

sp
er

si
ng

 p
ha

se
 f

or
 

na
no

pa
rt

ic
le

s

[1
7]

A
lu

m
in

iu
m

 o
xi

de
 

(3
5 

nm
)

N
o 

su
rf

ac
e 

m
od

ifi
ca

tio
ns

28
00

 p
si

 a
nd

 
te

m
pe

ra
tu

re
 

50
 °

C

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
33

%
)

K
 (

2.
19

 D
)

H
ea

vy
 o

il 
64

 c
P

D
is

til
le

d 
w

at
er

N
an

ofl
ui

ds
 

(1
00

–1
0,

00
0 

pp
m

)

W
et

ta
bi

lit
y 

al
te

ra
tio

n
IF

T
 r

ed
uc

tio
n

N
an

op
ar

tic
le

s 
w

er
e 

di
sp

er
se

d 
in

 
SD

S 
su

rf
ac

ta
nt

Pe
rf

or
m

an
ce

 o
f 

an
io

ni
c 

su
rf

ac
ta

nt
s 

ca
n 

be
 im

pr
ov

ed
 b

y 
ad

di
ng

 a
lu

m
in

a 
N

P 
w

ith
 lo

w
er

 r
at

io

[1
9]

A
l 2

O
3 (

21
 n

m
)

A
m

bi
en

t 
co

nd
iti

on
s

Sa
nd

st
on

e 
(B

er
ea

)
Ø

 (
17

%
)

K
 (

11
0 

m
D

)

B
ri

ne
 2

.5
 w

t %
O

il 
vi

sc
os

ity
 4

0.
38

 c
p

N
an

ofl
ui

ds
 (

1–
4)

 
w

t%

IF
T

 r
ed

uc
tio

n
W

et
ta

bi
lit

y 
al

te
ra

tio
n

A
l 2

O
3 c

ha
ng

e 
th

e 
ro

ck
 w

et
ta

bi
lit

y 
fr

om
 w

at
er

-w
et

 to
 a

 n
eu

tr
al

 w
et

 
st

at
e

[2
16

]

F. Sagala et al.



51
Ty

pe
 a

nd
 s

iz
e

C
on

di
tio

ns
R

es
er

vo
ir

 ty
pe

Fl
ui

d 
pr

op
er

tie
s

M
ec

ha
ni

sm
 o

f 
re

co
ve

ry
R

em
ar

ks
/c

on
cl

us
io

n
R

ef
er

en
ce

s

γ-
A

l 2
O

3 (
>

40
 n

m
)

A
m

bi
en

t 
co

nd
iti

on
s

Sa
nd

 p
ac

k
N

an
ofl

ui
ds

0.
1–

1 
w

t %
B

ri
ne

 (
N

aC
l)

D
IW

Fo
am

 e
nh

an
ce

m
en

t
A

dd
iti

on
al

 1
4%

 r
ec

ov
er

ed
 w

ith
 th

e 
pr

es
en

ce
 o

f A
l 2

O
3 n

an
op

ar
tic

le
s

[1
47

]

A
lu

m
in

a 
co

at
ed

 
si

lic
a 

(2
0 

nm
)

A
m

bi
en

t 
co

nd
iti

on
s

B
er

ea
 

sa
nd

st
on

e
Ø

 (
18

–2
2%

)
K

 
(1

25
–6

06
 m

D
)

N
an

ofl
ui

ds
 

(0
.0

5–
1 

w
t%

)
O

il 
vi

sc
os

ity
 3

0 
cp

Fo
am

 s
ta

bi
lit

y
Ir

re
ve

rs
ib

le
 a

ds
or

pt
io

n 
of

 N
Ps

 o
n 

th
e 

ai
r-

w
at

er
 in

te
rf

ac
e 

re
su

lte
d 

in
 

fo
am

 s
ta

bi
lit

y
70

–7
5%

 a
dd

iti
on

al
 o

il 
w

as
 

re
co

ve
re

d

[2
17

]

N
an

oc
el

lu
lo

se
 

0.
8–

1.
2 
μm

N
o 

su
rf

ac
e 

m
od

ifi
ca

tio
n

A
m

bi
en

t p
re

ss
ur

e 
an

d 
te

m
pe

ra
tu

re
M

ic
ro

-g
la

ss
 

m
od

el
O

il 
80

.4
 C

p
B

ri
ne

 1
 w

t %
N

an
ofl

ui
d 

0.
00

5 
w

t %

N
an

oc
el

lu
lo

se
 

im
pr

ov
ed

 th
e 

vi
sc

os
ity

 
of

 th
e 

in
je

ct
ed

 fl
ui

d
IF

T
 r

ed
uc

tio
n 

in
 o

rd
er

 
of

 1
0−

1 m
N

/m

N
an

ofl
ui

ds
 s

ho
w

ed
 s

up
er

io
r 

th
ic

ke
ni

ng
 a

bi
lit

y 
an

d 
pr

on
ou

nc
ed

 
sh

ea
r 

th
in

ni
ng

 p
ro

pe
rt

y

[9
6]

2 Nanoparticles as Potential Agents for Enhanced Oil Recovery



52

With the right size, Al2O3 emulsify into an aqueous solution like sodium dodecyl 
sulphate; the emulsification of the particles can plummet the IFT to ultralow which 
enhances oil recovery. Emulsification is affected by particle size. When a nanofluid 
consisting of small Al2O3 nanoparticles was used to ameliorate oil recovery, a 63% 
improvement was registered compared to a nanofluid composed of large Al2O3 
nanoparticles [56]. In another experiment, Al2O3 nanoparticles offer excellent wet-
tability properties [19]. Al2O3 achieves wettability abilities by altering the contact 
angle which soars the water-wet conditions compared to oil-wet conditions. The 
enhancement of water-wet conditions results in the imbibition of water that restores 
the original core wettability conditions. When anionic surfactant was mixed with 
Al2O3, the residual water saturation of sandstone core improved from 7.0% to 23% 
by adding 0.1 g/L of nanoparticles [19]. Like SiO2, Al2O3 barely achieves ultralow 
IFT and can affect the permeability of the core by aggregating in the pores [57]. 
Besides, Al2O3 nanoparticles have been reported to be unstable in strong ionic liq-
uids like brine [58]. Although the process is slow at ambient conditions, brine facili-
tates the dissolving of Al2O3 to AlCl3.

2.2.3  Nickel Oxide (NiO) Nanoparticles

During oil production and transportation from the reservoir, asphaltene, the solid 
compound of oil, is one of the major problems. Asphaltene aggregates in the core 
blocking the transportation of oil. NiO nanoparticles are promising materials to 
overcome the asphaltene challenge. NiO has a high binding for asphaltene and can 
disaggregate it from oil medium. When combined with CO2, NiO nanoparticles 
enhance permeability and porosity of a core which ebb the precipitation of asphal-
tene in the core medium [59]. The dispersants can have a significant impact on the 
performance of NiO nanoparticles because they influence the angle and wettability 
properties. A comparison of water, brine, ethanol and diesel as NiO dispersants 
elicited that the presence of ethanol maximizes the EOR process [17]. NiO enhances 
oil recovery through viscosity attenuation. Modifying NiO with polymers can 
increase the sweep efficiency by increasing the stability of the nanofluid. When NiO 
nanoparticles were coated with xanthan polymer and flooded in the sand packed 
reactor, the recovery increased from 4.48% (NiO alone) to 5.98% [60]. The boosted 
performance is attributed to the reduction of viscous force.

2.2.4  Iron Oxide Nanoparticles

As mentioned earlier, asphaltene is one of the major causes of oil losses during 
exploration. Nanomaterials that can attenuate aggregation and/or adsorb asphaltene 
are of a great deal. Iron oxide nanoparticles offer an excellent solution owing to 
their high specific surface area, magnetic and catalytic properties [61, 62] [63]. 
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Albeit metal oxides are promising asphaltene adsorbent in the reservoirs, the ques-
tion is what happens to the metal oxide-asphaltene precipitates. The conversion of 
asphaltene to eco-friendly by-products like hydrogen can enhance the economic 
production of oil. The application of Fe3O4 nanoparticles revved the adsorption of 
asphaltene, and when gasification of adsorbed asphaltene, Fe3O4 presence attenu-
ated the gasification temperatures from 500 °C to 380 °C [64]. The abatement of 
thermal temperatures validates the fact that Fe3O4 nanoparticles catalyse the conver-
sion/cracking of asphaltene. Fe3O4 nanoparticles achieve this by lowering the acti-
vation of energies. When compared to NiO and Co3O4 nanoparticles, Fe3O4 offers 
the least reduction in activation energies [64]. However, the cost and ease of Fe3O4 
production can offset this disadvantage.

2.2.5  Zinc Oxide (ZnO) Nanoparticles

The application of ZnO in enhancing oil recovery is still unsatisfactory as several 
researchers reported its unfavourable impacts on reservoir permeability [17]. These 
nanoparticles are known to display antibacterial, antifungal, UV filtering and anti-
corrosive properties. ZnO has many other applications such as rubber making [65, 
66] and ceramic industry because of its higher density (5600 kg/m3) [67]. Its other 
applications include acting as an additive for cement and in paints as a coating agent 
[68, 69]. Hassan et al. [70] reported some promising results of ZnO nanoparticles in 
EOR applications by recovering an additional 11.8% of oil initially in place. Their 
findings are questioned since the 0.05–0.5 wt% concentration of ZnO used in their 
study just resulted in only 2% IFT reduction. Although they concluded that this was 
the major mechanism for oil increment, this reduction is very insignificant to remo-
bilize any trapped oil due to capillary forces. Moreover, the authors did not report 
any wettability measurements before and after the adsorption of the nanoparticles 
on the rock surface. Besides, the concentration of ZnO used by the authors was so 
high, and no experimental evidence was reported for the effect of this concentration 
on the rock properties since previous studies such as Ogolo et al. [17] had earlier 
reported the effect of such nanomaterials on the rock properties.

2.2.6  Zirconium Oxide (ZrO2) Nanoparticles

ZrO2 are another group of nanoparticles that elicit performance in EOR processes. 
ZrO2 is a semiconduction material with catalytic, water-insoluble and low thermal 
conductivity properties. The ability to be moulded into different shapes (e.g. cubic, 
tetrahedral and amorphous) makes ZrO2 an excellent candidate in EOR processes. 
ZrO2 elicit significant EOR from carbonate cores by alternating the oil-water and 
water-wet properties. Addition of 0.05 wt% ZrO2 enhanced oil recovery by chang-
ing oil-wet to water-wet properties [71]. The attenuation of contact angle from 152° 
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to 44° facilitates the movement of oil from the core. ZrO2 also displays superior 
chemical and physical stability compared to silica and γ-alumina nanoparticles [72]. 
Albeit ZrO2 show good performance in carbonate reservoirs, the behaviour of these 
nanoparticles in other cores need to be elucidated.

2.2.7  Carbon-Based Nanoparticles

Among the most common carbon materials expended in EOR include graphene 
oxide, carbon nanotubes (CNTs) and cellulose owing to their ability to reduce IFT, 
viscosity and wettability alternation, thus their ability to proliferate oil recovery. 
When used in the presence of polymers, carbon-based nanoparticles can enhance 
the thermal stability and improve the polymer aging resistance. With the addition of 
300 mg/L of graphene oxide in 1700 mg/L of acrylamide-based polymer, the ther-
mal stability increased from 90 °C to 135 °C, while the viscosity of the mixture was 
attenuated within 30  days [73]. The use of multi-walled CNT in water flooding 
experiments at 0.05 wt% improved the oil recovery to 31.8%, due to their hydropho-
bicity, with reported contact angle of 136° [74]. The presence of varying charge 
density on cellulose makes it a good material to reduce IFT, and the higher the 
charge density, the higher the EOR.  Comparison of cellulose nanoparticles with 
charge density 0.72 and 1.51 meq/q elicited greater performance for cellulose with 
higher charge density because of their ability to form homogenous nanofluid. 
However, the performance of cellulose is attenuated in a saline environment, and 
their ability to adsorb on a rock further inhibits their implementation [75]. The 
adsorption causes pore closure and aggregation in the core. Table 2.1 summarizes 
the different metal and carbon- based nanoparticles that have the potential to be 
applied in EOR processes.

2.3  Nanoparticle Stabilization for EOR Application

Nanoparticles are classified as particles with various particle crystallinity with dif-
ferent shapes, sizes, surface areas and chemical compositions [76]. As their particle 
dimension reduces, the number of atoms at their surface increases exponentially 
resulting in a higher surface area compared to the bulk material. Nanomaterial can 
be modified to become hydrophilic, hydrophobic or double-faced (Janus) depend-
ing on their selected application, stabilizers or modifying agent used [77]. 
Nanoparticles for EOR applications in most cases are dispersed in fluids such as oil, 
deionized water and brine or gas to formulate nanofluids. However, in most cases 
because of their sizes and shapes, they are not stable and tend to aggregate forming 
sediments or clusters that diminish their dispersity [78]. Due to this aggregation 
and/or precipitation, large particles with non-uniform size distribution tend to form 
clusters, creating practical challenges and limitations for further applications [42, 
58]. Accordingly, particle morphology, topology and size distribution require 
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monitoring to avoid aggregation that may limit their application. Destabilization of 
the agglomerated particles should be avoided to guarantee an outstanding perfor-
mance of the nanoparticles in EOR.  An increase of agglomerated particle size 
results in continuous destabilization of nanoparticles and several mechanisms can 
be involved. These mechanisms can quantitatively explain the stability of the col-
loids in terms of the energy barrier. This energy barrier represents the difference 
between the repulsion and the attraction energy as presented in Fig. 2.2. Significantly, 
overcoming this energy barrier would result in the particles approaching each other 
and hence coming into contact. The DLVO (Derjaguin, Landua, Verwery, and 
Overbeek) theory accurately describe the stability of the colloidal suspension by 
accounting for (1) aggregation of the colloidal particles, (2) the interaction among 
the ionic particles under aqueous conditions, and (3) the net force between the 
attractive van der Waals (vdW) force and the repulsive force generated by the dou-
ble layers of other particles. Considering the previous points, DLVO Theory can 
observe the stability mechanism of the colloids in terms of energy barrier, which can 
be resulted from the difference between the repulsion and the attraction energy as 
shown in Fig. 2.2. As shown, the figure briefly visualizes two possible scenarios for 
the repulsion of the particles. In the first scenario (Fig. 2.2a), the repulsion force 
tends to be large, while in the second case (Fig. 2.2b), it is reduced, while the net 
total energy for both figures is presented by the solid line. For the first scenario, the 

Fig. 2.2 Schematic representation of the stability mechanism according to DLVO theory,  
(a) with energy barrier and (b) without energy barrier. The schematic was drawn based on the 
concept presented in reference [83]

2 Nanoparticles as Potential Agents for Enhanced Oil Recovery



56

net energy curve holds a repulsion force that must be overcome when the particles 
are interacted by van der Waals attraction, such that exceeding the energy barrier 
(the area under the solid line) by destroying the net force that prevents the particles 
from interacting with each other, subsequently allows the particles to get attracted 
by van der Waals force. On the other hand, as shown in the second figure, overcom-
ing the energy barrier is achieved at which the colloidal particles are rapidly floc-
culated by micro-flocculation. Hence, the determination of the stability mechanism 
highly depends on the ions present in the aqueous media as well as the actions of 
functionalizing agents that are vastly reported to functionalize the unstable parti-
cles. These agents can be considered as the driving force for using the nanoparticles 
in EOR. Therefore, the use of various additives have been reported, which include 
stabilizing agents like polymer or surfactant [79–81]. Changing the ionic strength 
around the colloidal particles has a significant effect on the stabilization mecha-
nism. For instance, the stability of the nanoparticles can be reduced by double- layer 
compression, which causes a change in the ionic strength induced from the addition 
of different electrolytes, resulting in destabilizing of the colloids under unstable 
conditions [82]. Consequently, colloids get close to each other with the presence of 
thin electric double layers that contribute to overcoming the energy barrier and sub-
sequent aggregation of the colloid’s particles. More reduction of a double layer can 
be achieved if salts of counter-ion are added, exceeding double- layer repulsion that 
leads to coagulation of particles. Charge neutralization is one more mechanism that 
can cause lower stability for the nanoparticles. Charge neutralization is often carried 
out by absorption of metal hydrolysis species on the particle surface, such that a 
negative surface charge can be neutralized by using a positively charged ligands. To 
avoid exceeding the energy barrier through charge neutralization or double layer 
reduction, determination of zeta potential of the colloidal particles has to be an 
important concept [83]. It is essential to estimate the optimal dosage needed for a 
near point of zero charge of the particles. The stability of the nanoparticles can be 
enhanced via effective control of the zeta potential. This can be achieved  by coating 
the nanoparticle surface with organic material such as surfactants and/or polymers 
that provide a steric repulsion between the nanoparticles. 

2.4  Commonly Used Stabilization Techniques 
for EOR Application

Some stabilization techniques have been proposed to improve the stability and dis-
persibility of these nanoparticles, especially for EOR applications. These include 
ultrasonication, steric and electrostatic stabilization [84]. In the ultrasonic tech-
nique, nanoparticles are dispersed in liquids, such as water, oil or resins using a 
sonicator. The use of the ultrasonic method to stabilize nanomaterials has various 
advantages, among them is the homogenous dispersion of the materials in the liquid 
which can prevent the particles from precipitating [85].
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On the other hand, electrostatic stabilization of nanoparticles is another tech-
nique for stabilizing nanoparticles when dispersed in a fluid. An illustration of this 
technique is shown in Fig. 2.2a based on the DLVO (Derjaguin, Landau, Verwey 
and Overbeek) theory [86]. When two particles are in contact, their interaction is 
linked to the repulsion potential of both the van der Waals and electric potential. It 
is important to note that one of the limitations of electrostatic stabilization is the fact 
that it is mostly applicable to only dilute systems. Also, other characteristics include, 
not being applicable to electrolyte sensitive systems, the agglomerated particles 
being hard to re-disperse and being difficult to apply in multiple phase systems.

Steric stabilization also referred to as polymeric stabilization is another tech-
nique commonly used for nanoparticle stabilization; it involves the addition of 
inhibitors such as surfactants and polymers or other modifiers that prevent nanopar-
ticles from aggregating in suspensions by creating a favourable force of repulsion 
between the nanoparticles [87, 88]. As shown in Fig. 2.2a, adding polymers or sur-
factants covers the system in such a way that the long tails extend out into the solu-
tion improving the repulsive forces of attraction [89]. Colloidal particle stabilization 
via polymer encapsulation has been reported by researchers to greatly improve 
nanoparticle stability. This is because the nanoparticles stabilized by specific types 
of polymers such as polyampholyte and polyelectrolyte can remain stable even in 
harsh reservoir conditions [90]. Mikhil et al. [90] found out that nanoparticles stabi-
lized with polyampholyte-based polymers can be used in reservoirs with higher 
salinity up to 120,000 mg/dm3 and high temperature up to 90 °C with long-term 
colloidal stability. Also, polyelectrolyte polymers such as poly(acrylic acid), 
poly(vinyl pyrrolidone) or poly(styrene sulfonate) can be used to provide electro-
static repulsive force between nanoparticles and stabilize them in higher brine sce-
narios [91]. Nanoparticle encapsulation using polymers can be accomplished in two 
ways, i.e. “grafting from” and “grafting to” methods. With grafting from, the coat-
ing is achieved by first immobilizing an initiator on the nanoparticle surface, and 
then polymerization of the corresponding monomer follows. For grafting to, the 
encapsulation is achieved by grafting the polymer on the surface of the nanoparticle 
via electrostatic interaction which is the easier approach in most cases. For oil and 
gas application, polymers are coated on nanoparticles’ surfaces using the grafting to 
technique [89]. In this method, polymers with functional groups that are reactive 
with groups on surfaces of nanoparticles are used to achieve the modification. These 
groups can include alcohols, carboxylic acid, silane, amine, phosphoric acid, etc. 
[92]. Various types of polymers have been used by different researchers for nanopar-
ticle stabilization. For instance, Barrera et  al. [93]. investigated the effect of 
poly(ethylene oxide)-silane on the suspension properties of iron oxide nanoparti-
cles. The authors used an X-ray photoelectron spectroscopy initially to obtain infor-
mation on the chemical nature of the nanoparticle surface before grafting; the 
surface consisted of a mixture of amine groups and grafted polymer. They found out 
that the exposure of the amine groups on the surface of the nanoparticle decreased 
as the polymer molecular weight increased. This indicated that the particles obtained 
consisted of single iron oxide cores coated with a polymer brush. The DLVO theory 
was used to analyze the particle stability considering electrostatic, magnetic, steric 
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and van der Waals interactions. Experimental results and suspension stability theory 
indicated that stability was achieved after the grafting process [93].

Nirmesh et al. [52] stabilized aqueous ferrofluids and magnetic nanoparticles of 
6–8 nm diameter by grafting polyacrylamide copolymer (PAM) to form a thinnest 
steric stabilized layer attached to the iron oxide surface. The thermogravimetric 
analysis (TGA) showed an increase in weight of the dried particles with a consistent 
polymer coating of a 1 nm thickness which confirmed the existence of the polymer 
on the surface of the particles. The mass spectrometry and the dynamic light scatter-
ing were consistent with 4–5 nm increase in the hydrodynamic radius of the grafted 
nanoparticles, and the magnetization experiments indicated nonmagnetic surface 
layers which resulted from the attachment of poly(acrylic acid) block to the nanopar-
ticle surface [52]. A similar study, conducted by Patricia et al., stabilized magnetite 
nanoparticles using polyelectrolyte polymer types; the colloidal stability of the par-
ticles was assessed by measuring the turbidity of the sediments after a given time of 
increasing the ionic strength. The sedimentation results were supported by conduct-
ing the dynamic light scattering measurement of the particle hydrodynamic diame-
ter that remained suspended. At high PH, the polymers used because of their 
coordinative interaction with iron oxide surface improved the particle stability. The 
author’s investigation provided a guideline for the design of polymeric stabilizers 
for magnetite nanoparticles according to the PH and ionic strength of the intended 
applications [33].

Sterically stabilized systems even under circumstances where the zeta potential 
of the system is close to zero remain well dispersed in the solution even with high 
brine salt concentrations [95]. Steric stabilization effectiveness is mainly attributed 
to the thermodynamics that results from adding polymeric chains to lesser volumes 
[96]. In comparison, steric stabilization since its thermodynamic method has some 
advantages over the electrostatic stabilization technique. Unlike electrostatic stabi-
lization, in steric stabilization, particles can be re-dispersible and more enhanced 
stability can be achieved. Moreover, with this method, a higher nanoparticle con-
centration can be used, it is also not sensitive to electrolytes compared to the elec-
trostatic method, and it is suitable for multiple phase systems. Notwithstanding the 
advantages of steric stabilization over the electrostatic method, using surfactants 
and polymers as stabilizing agents makes the underlying mechanism due to the 
presence of nanoparticles difficult to predict. Surfactants influence wettability alter-
ation and oil-water IFT properties, while polymers affect nanofluid viscosity. 
Therefore, using them as stabilizing agents makes it hard to identify whether 
nanoparticles or surfactant/polymers contributed to the EOR process.

Electrostatic stabilization can also be amalgamated with steric stabilization to 
obtain a new technique normally referred to as electrosteric stabilization [100]. 
With this mechanism, aggregation of nanoparticles is prevented by the combined 
effects of electrostatic and steric stabilization usually associated with the adsorption 
of polyelectrolytes onto the particle surface. This can be achieved by attaching poly-
mers/surfactants to a charged particle surface. In such situations, when two particles 
approach each other, both steric and electrostatic repulsion prevent the nanoparti-
cles from agglomerating. Using both steric and electrostatic stabilization helps to 
make use of the unique qualities of each method. Electrostatically stabilized 
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dispersions are kinetically stable but are very sensitive to the presence of electro-
lytes, while sterically stabilized dispersions are thermodynamically stable and are 
much less sensitive to the presence of electrolytes [100].

Ligand incorporation is another stability approach commonly used in the formu-
lation of stable nanofluids. With this method, different organic functional groups are 
grafted on the surface of nanoparticles to improve their stability and dispersive abil-
ity in different solvents [101]. Organic ligand incorporation, in general, is among 
the most common method used to produce stable nanofluids especially for EOR 
application [102]. Commonly used ligands depending on their functional groups 
include carboxylic acid, amines, phosphonic acid, silanes and thiols [103–106]. A 
chemical reaction is one of the commonest strategies used to incorporate these 
organic ligands on the surface of the nanoparticles. With this approach, organic 
ligands are chemically bonded on the surface of the nanoparticles, and depending 
on the reaction condition, ligands form various types of interactions with the surface 
of the nanoparticle. For example, ligands with carboxylic acids-based ligands form 
three types of interactions, while phosphates functional groups can be modified 
with metal oxides via different five interaction modes [107, 108]. For the silane 
coupling agents with alkoxy groups and organic functional groups, they use the OH 
group on the nanoparticle surface as the reactive sites during the interaction as 
shown in Fig.  2.3. The silane coupling agents improve nanoparticle stability by 
introducing various organic functional groups on the particle surface that prevent 
them from aggregating. Organic ligands can also be anchored on the surface of the 
nanoparticles via the formation of non-chemically bonding interactions. In such 
scenarios, the ligand forms a weak bond complex via electrostatic interaction or van 
der Waals forces. For the case of carbon nanotubes (CNTs), surface modification via 
ligand incorporation can be achieved via various chemical reactions such as oxida-
tive coupling, cycloaddition, halogenations and reductive [109]. Moreover, electro-
static stabilization combined with ligand incorporation has been reported as an 
effective way of obtaining more stable nanofluids especially for EOR applications 

Fig. 2.3 (a) Representation of a 2 nm nanoparticle of pyroxene showing the hydroxylated surface. 
(b) Representation of half of the pyroxene nanoparticle reacted with the triethoxy(octyl)silane 
(ball and stick) anchored by the hydroxyls present on the surface. (c) Representation of the total 
pyroxene nanoparticle reacted with the triethoxy(octyl)silane (ball and stick) anchored by the 
hydroxyls present on the surface [114]. Permission related to the material excerpted were obtained 
from the American Chemical Society (ACS) and further permission should be directed to ACS
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[110–112]. As shown in Fig. 2.4, the nanofluids of nanopyroxene were functional-
ized with triethoxy(octyl)silane to generate hydrophobic pyroxene nanoparticles 
(HPNP). Changing the pH of the solution from 6.5 for solution (a) to 9 for solution 
(b) significantly improved the nanoparticle stability [113].

The difference between surfactant, polymer and ligand incorporation in nanopar-
ticle stabilization is that in situations where the surfactant is used, as the name indi-
cates, surfactants are surface-active materials. They chemically react with the 
surface of nanoparticles; thus the nanoparticle size does not increase since surfac-
tants have shorter chain molecules with a polar head and hydrocarbon or non-polar 
chains. Surfactant heads attach to the surface of the nanoparticle, while the chain 
remains free to move in the surrounding medium. Polymers have large chains which 
entangle the particle and thus increase the size that results in modifications of 
nanoparticle properties. In situations where a capping agent or ligand is used, it just 
encloses the particle and does not react with the surface, therefore no effect on the 
nanoparticle morphology. However, for application purposes, the selection of either 
polymer, surfactant or ligand depends on various factors such as nanotype and 
intended application. For example, if nanoparticles are to be used for applications 
where we do not want much rise in viscosity, the surfactant is preferable. While for 
several promising biomedical applications capping by biomolecules is preferable, 
for oil recovery applications other factors such as compatibility with reservoir con-
ditions may come into play.

2.5  Mechanisms of Enhancing Oil Recovery 
Using Nanoparticles

Various mechanisms of nano-EOR have been stated recently by various researchers 
using nanoparticles as nanofluids, nano-emulsions or catalysts. The most commonly 
reported and proposed mechanisms are detailed below.

Fig. 2.4 Nanofluids of nanopyroxene functionalized with (a) triethoxy(octyl)silane pH 6.5 and 
(b) same solution pH adjusted to 9 [113, 115]. Permissions related to the material excerpted were 
obtained from ACS and further permission should be directed to ACS
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2.5.1  Alterations of Wettability

Among the parameter that affects oil recovery includes wettability. Reservoir rock 
wettability plays a vital role during oil recovery [19, 116, 117]. It is one of the fun-
damental elements that influence the water flooding process, oil-water relative per-
meability, capillary pressure, residual oil saturation, tertiary oil recovery and control 
of the spatial fluid flow and dissemination in porous media [118]. Irrespective of the 
rock composition, most reservoirs are believed to have a mixed wettability system, 
meaning they are not completely oil wet or water wet [19]. It is normally preferable 
for the rock wettability to be changed to water wet during oil recovery since it can 
improve the water imbibition process. This can enhance oil recovery especially in 
the course of brine flooding [119]. However, during oil production, as the rock and 
fluid interact, the rock wettability changes to another state mostly oil-wet or inter-
mediate wet state. Alteration of wettability to oil wet can also occur during drilling, 
for example, when using oil-based drilling fluids, wettability of the formation can 
switch to either oil wet, mixed or intermediate wet [120]. This happens because of 
the interactions and surface adsorption of the oil-based drilling fluids at the rock 
interface which results in a new wettability state at the rock surface [121]. Contact 
angle measurement is the commonest approach applied to study rock wettability. 
Contact angle measurements are typically taken with reference to the denser phase 
when either a liquid or gas is in contact with a solid surface. As a rule of thumb, 
based on Anderson, a surface is water wet when the measured contact angle via a 
denser phase is 0–750 and intermediate if 76–1200 or oil wet if the contact angle is 
120–1800 [98]. Equation 2.1 illustrates the relationship between the solid and fluid 
in contact defined by the coefficient S. This spreading coefficient (S) can be defined 
in terms of the IFT between the present phase, in the case of oil, water and solid; S 
is written as Eq. 2.1.

 S O S W S O W= ∂ − ∂ − ∂/ / /  (2.1)

where ∂O/S, ∂W/S and ∂O/W are the interfacial forces between oil, solid and water, 
respectively. The change in contact angle depends on the force imbalance at the 
interface; a water-wet system can be created when the spreading coefficient S is low 
due to lower IFT at the water-oil interface that can give a higher contact angle [98]. 
Also, the adhesion equation (Eq. 2.2) can be used to explain the effect of wettability 
alteration.

 
W cos= ∂ +( )1 θ

 
(2.2)

where W is the adhesive force retaining oil on the rock surface (mJ/m2), ∂ is the IFT 
between oil and nanofluids (mN/m), θ is the contact angle of oil/rock surface/nano-
fluids (degree). From Eq. 2.2, the adhesive force responsible for holding oil on the 
rock surface W decreases as the wettability is altered towards water wet; this indi-
cates that crude oil can easily flow, hence improving oil recovery. Recent, findings 
have proved that nanoparticles when dispersed in various fluids can change the rock 
fluid contact angle and change reservoir rock wettability towards stronger water-wet 
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conditions. Munshi et al. [122] used different nanoparticles of different types and 
sizes to determine their effect on contact angle. Indium oxide (IO) nanoparticle 
coated with Si substrates was used with demineralized water and diethylene glycol 
(DEG). The authors found out that nanoparticle size has a stronger effect on the 
contact angle.

For nanoparticles in size range from 14 to 620 nm, their contact angle varied 
between 24° and 67° when using deionized water droplet, and the angle varied 
between 15° and 60° for the nanofluid. They also noted that for the two fluids, the 
contact angle decreased as particle size reduces. Moreover, the attachment of 
nanoparticles on the rock surface can reduce the rock permeability which can affect 
the oil recovery. Therefore, optimal sizes and concentrations of nanoparticles are 
always desirable for effective performance. Wettability alteration and contact angle 
are mainly affected by the size, type, concentration and morphologies of the 
nanoparticles used. However, nanoparticle size can affect the transportation and 
adsorption capability of the nanoparticles in the porous medium. In a study con-
ducted by Jianjia et al. [53], using 0.5 wt% silica nanofluids with three porous media 
to study the transportation, retention and adsorption characteristics of silica nano-
fluids in these reservoir formations, the results indicated that equilibrium adsorption 
was in the order sandstone > limestone > dolomite as 1.272, 5.501 and 0 mg, respec-
tively. However, the authors noticed that these nanoparticles could easily flow in the 
sandstone medium without damaging the permeability in comparison to limestone 
and dolomite. Although there was noticeable adsorption of the nanoparticles in the 
limestone sample, no significant permeability damage was detected. Nevertheless, 
pressure drop was detected during the flooding experiments which showed that 
nanoparticle plugging could have taken place and permeability damage might have 
transpired.

Although surfactants alone are always used for wettability alteration, the integra-
tion of nanoparticles with surfactants has reported improved results compared to 
using either nanoparticles or surfactants alone. Karimi et al. [82] examined the role 
of zirconium oxide (ZrO2) nanofluids when used as a wettability modifier in carbon-
ate rock. Several nanofluids were prepared to contain ZrO2 and a surfactant. 
Nanoparticle concentrations in the range of 1–5 wt% were applied for the study. 
After treatment with the nanofluids, the contact angle measurements showed that 
the nanofluids could change the rock wettability to a water wet, resulting in improved 
oil recovery. In another study performed by Juliana et  al. [19], they integrated 
alumina- based nanofluids with an anionic surfactant in the range of 0.01–0.1 wt%. 
Wettability alteration was assessed by contact angle measurements and running 
imbibition tests. Results indicated that the nanofluids could alter the sandstone wet-
tability to strong water wet. It was deduced that the efficiency of surfactants can be 
improved by combining them with nanoparticles at lower concentrations for wetta-
bility alterations.

Rasoul et al. [56] conducted a comparison study using different types of nanopar-
ticles to change the carbonate rock wettability. The effect of different nanoparticles 
such as zirconium dioxide calcium carbonate, titanium dioxide, silicon dioxide, 
magnesium oxide, aluminium oxide, cerium oxide and carbon nanotubes on the 
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carbonate wettability was assessed by contact angle and imbibition tests. The results 
from the batch and continuous experiments confirmed silicon dioxide and calcium 
oxide as the best agents for EOR applications in carbonate reservoirs. Capillary 
pressure measurements moreover indicated an increase in irreducible water satura-
tion after treatment with CaCO3 nanofluids. Although the core flooding experiments 
were conducted at ambient conditions, reliable results may be obtainable when 
similar studies are performed at reservoir conditions.

2.5.2  Nanoparticle Application for Viscosity Reduction

Reduction of oil viscosity during oil production processes is important. In general, 
the maximum classical desired pipeline oil viscosity should not be more than 
400 mPa·s at room temperature [123–125]. This is not the case however in many 
situations, and various approaches are suggested on how to reduce the oil viscosity. 
To reduce the heavy oil viscosity, thermal techniques are typically used for oil vis-
cosity reduction [14]. Nanoparticles based on their catalytic and heat transfer abili-
ties are being used during these thermal recovery processes to enhance their 
performance. Nanoparticles can work as catalysts during heavy hydrocarbon crack-
ing and/or as an adsorbent for asphaltene disaggregation [42]. Studies have exam-
ined the application of nanomaterials during thermal recovery and promising results 
have been obtained. Wei et al. [126] applied nickel catalyst during heavy oil recov-
ery by aquathermolysis process. The nanoparticles were prepared using a 
methylcyclohexane- water-n-octanol-AEO9 emulsion system. It was noticed that 
nickel nanoparticles could work as catalysts during the aquathermolysis process. 
The results demonstrated that the molecular weight of the sample that was upgraded 
decreased significantly compared with the original crude oil sample. Moreover, the 
sulphur content dropped to 0.23% from 0.45%, and the resin and asphaltene content 
also reduced noticeably. After the upgrading reaction, the presence of the surfactant 
resulted in the formation of an emulsion type II water in oil (w/o) which further 
reduced the original crude viscosity to 2400 mPa·s at 50 °C. This was approximated 
to be 98.90%, demonstrating the capability of nickel catalysts as viscosity-reducing 
agents during heavy oil recovery. Esteban et al. [127] in another study used alumina 
and  silica based nanoparticles for reducing the heavy crude oil viscosity. The impact 
was assessed by running asphaltene adsorption experiments with UV dynamic light 
scattering and vis spectrophotometry. In their study, the authors selected silica 
nanofluid because it had better adsorption capability for asphaltene during the batch 
experiments. 2.0 wt% of the surfactants were added to assess the surfactants’ effect 
in the presence of the silica nanoparticles on oil viscosity reduction. Increasing the 
concentration of nanoparticles up to 1 wt% resulted in almost 90% viscosity reduc-
tion. The authors noted that the effectiveness of reducing the heavy oil viscosity can 
be enhanced by increasing the nanoparticle concentration which has also been 
reported elsewhere [78]. The core flooding tests also showed an improvement of 
16% after primary recovery. They concluded that adsorption of the asphaltenes by 
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nanoparticles is the main mechanism for reducing oil viscosity during heavy oil 
recovery. This study evidenced that a matrix of nanoparticle and surfactant fluid is 
more effective than surfactants or nanoparticles alone.

Esteban et al. [78] used different nanoparticles of various chemical nature that 
comprised of silica, iron oxide and aluminium oxide, and fascinating results were 
obtained. In their study, viscosity reduction in all cases assessed was noticed. A 
maximum viscosity reduction of 52% was obtained when 0.1 wt% silica nanopar-
ticles were used. The authors pointed out that particle size, concentration and shear 
rate prejudiced changes in viscosity. As the particle size increases, viscosity reduc-
tion becomes insignificant, since the packing factor of the bigger nanosized flocks 
after aggregation results in less contact. Nevertheless, the changes in the fluid struc-
ture internally due to the increase in the shear rate slightly decreased the oil viscos-
ity. They noted that having an optimal concentration nanoparticle concentration and 
size can result in lower oil viscosity as seen in Fig. 2.5.

2.5.3  Combination of Nanoparticles with Polymers for EOR

Polymers are normally used in EOR of both light and heavy oil. Researchers have 
endeavoured to study the macroscopic sweeping efficiency of polymer flooding in 
EOR [130]. They have deduced that polymers can increase the sweep efficiency 
mainly by the water shut off and hence permeability reduction or by increasing the 
viscosity of the water. They are suitable for moderate viscous oils since water flood 
sweeping efficiency is always lower due to viscous fingering and reservoir hetero-
geneity [131].

Nanoparticles integrated with polymers for EOR application has been reported 
recently. Experiments have been performed using polymers either by grafting them 
on the surfaces of the nanoparticles or by mixing them physically to improve the 
rheological properties of nano sol-based fluids. When nanoparticles are grafted on 

Fig. 2.5 Effects on nanoparticle concentration on viscosity (a) and (b) effect of shear rate on 
viscosity for different volumes of nanoparticle [128, 129], respectively. Permissions related to the 
material excerpted were obtained from Elsevier and further permission should be directed to 
Elsevier
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the surface of the nanoparticle, the solution stability depending on the polymer type 
can significantly improve. Also, the particles that are obtained after grafting poly-
mers on nanoparticles can be used to stabilize foams and emulsions [98]. Using 
nanoparticles integrated with polymers for EOR applications can result in improved 
oil recovery than when polymers alone are used. Synergizing polymers with 
nanoparticles assist in (1) improvement of the rheological behaviour of polymers by 
increasing the intrinsic viscosity and elasticity of the system which is mainly attrib-
uted to cross-linking properties of the nanoparticles [132, 133], (2) inhibition of 
polymer degradation by lowering the degree of degradation [134] and thermal sta-
bility improvement especially in harsh reservoir conditions [134] and (3) reduction 
of IFT and wettability change, especially to water wet, which has also been reported 
by adding silica nanoparticles to polymer [50]. Polyacrylamide clay- based nano-
fluid was used to improve a polymer flooding study during EOR. Cheraghian and 
Khalilinezhad centred on examining the impact of clay-based nanoparticles on the 
viscosity of a polymer and later on EOR for heavy oil. Core flooding results showed 
that the matrix of the polymer and nanoparticles could increase the oil recovery 
compared to polymer alone. With the injection of approximately 1 PV, the flooding 
test exhibited a 5% incremental oil recovery with the nanoclay sols [135].

Nanoparticles are economical and hold potential promises in recovering oil 
based on their properties; therefore more studies on polymer/nanoparticle integra-
tion are still required to understand their recovery mechanisms and potential. 
Nonetheless, for proper application and usage, their need for stability is paramount, 
especially in harsh reservoir conditions. Consequently, studies pertaining to their 
chemical limits in terms of stability and adsorption are still needed [98].

2.5.4  Nanoparticle-Augmented Surfactant for EOR

Similar to nanoparticle-polymer solutions, surfactant polymer solutions are also 
formed by either physical mixing or by grafting via electrostatic interactions. When 
nanoparticles are coated by surfactants, the surfactant forms a monolayer on the 
nanoparticle surface, and hence the nanoparticles become more hydrophobic and 
can be utilized to formulate emulsions and forms. However, this process depends on 
the sizes and shapes of the nanoparticles and their concentration. Also, the surfac-
tant type and concentrations used during the formulation stage will influence their 
performance [136]. Studies of nanoparticle-based surfactants in EOR have been 
applied extensively [137–139]. Studies have suggested various types of surfactants 
for several purposes, mainly depending on the rock/mineral type and reservoir com-
position. The selection of inappropriate surfactants can result in poor flooding per-
formance which can reduce oil recovery. Literature suggests that anionic based 
surfactants are preferable for sandstone formations, although occasionally, other 
types of surfactants have been used. For carbonate, cationic surfactants are prefer-
able [140]. A synergy of nanoparticles with biosurfactants has also been recently 
reported. Wang et al. [141] dispersed SiO2 nanoparticles in bio nanofluids. According 
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to the observations visually, absorbance optical measurement, zeta magnitude and 
particle size measurements indicated that nanofluids with the lowest concentration 
(25 ppm) were more stable compared to other concentrations. The wettability mea-
surement results demonstrated that although bio nanofluids at any concentration 
could change the wettability of oil-wet sandstone substrate to water wet, the best 
performance was achievable when 1000  ppm was used. A flooding test using a 
micro-glass model with the bio nanofluid was conducted and showed that an addi-
tional 5% can be achieved by integrating nanoparticles with surfactant. The out-
comes of this study showed that the matrix of SiO2 with the bio surfactant not only 
remained stable but also potentially provided a method to enhance oil recovery.

2.5.5  Application of Nanoparticles for Foam Stability 
in EOR Applications

In the oil and gas industry, foams have been used extensively for mobility control 
during gas flooding to reduce gas channelling into fractured zones and zones with 
high permeability. Various types and concentrations of surfactants are usually used 
to generate foams [142], but unfortunately, those generated by surfactants alone are 
thermodynamically unstable, particularly at high reservoir temperatures [98]. 
Various researchers have shown interest in the role of nanoparticles in foam stabili-
zation [39, 143–145]. The use of nanoparticles to stabilize foams results in a very 
stable lamella even at high salinity and temperatures moreover for extended periods 
[146]. Researchers have noted that even at a low concentration of 0.05 wt% of silica 
nanoparticles, a stabilized foam can be formed moreover at elevated temperatures of 
95 ° C. At higher salinities still, it has been postulated that larger particle sizes are 
desirable for better foam stability [146]. Manan and coworkers investigated the role 
of various types of nanoparticles such as silicon dioxide, aluminium oxide, copper 
oxide and titanium dioxide with concentrations in the range of 0.1–1 wt% and a 
fixed concentration of AOS surfactant on foam stability. Displacement tests per-
formed at room temperature and pressure were used to evaluate the oil recovery 
efficiency which revealed that most of the nanoparticles used could stabilize CO2 
foam at selected nanoparticle concentrations. From this study, the best foam stabil-
ity of the nanoparticles tested was obtained with aluminium oxide nanoparticles 
[147]. However, David et al. [39] showed that silica was the most effective nanopar-
ticle for foam stabilization from his study which is in contrast to what Manan et al. 
had reported. Recently, Songyan et  al. [148] reported the effect of using SiO2 
nanoparticles together with a cationic surfactant CTAB during CO2 foam flooding 
for EOR. CTAB/SiO2 ratio 0.033 was selected, as the optimal concentration. The 
authors revealed that by increasing the concentration, the stabilization effect of 
CTAB/SiO2 increases and then decreases. They concluded that silica nanoparticles 
stabilize CO2 foam by mainly the following mechanisms: CO2 coarsening bubble 
decrease, interfacial property improvement and liquid discharge reduction. The 
authors recommended the improvement of oil recovery efficiency via CTAB/SiO2 
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foam rather than water flooding. Weipeng et al. [149] studied how AlOOH nanopar-
ticles affect the performance of sodium dodecyl sulphate (SDS) stability under 
diverse conditions of temperature and salinity. The authors noticed that foam stabil-
ity was at most when the SDS/AlOOH ratio 5:1 was used. They deduced that par-
tially hydrophobic nanoparticles with a positive charge and smaller in size can be 
firmly attached to the foam interface forming a tight system, and hence a stabilized 
foam. Even in the presence of oil, the foam that was stabilized with the matrix of 
SDS and AlOOH could notably withstand adverse conditions. In another study con-
ducted by Qian Sun et al. [136], the authors stabilized foam using hydrophobic SiO2 
nanoparticles with SDS. The EOR performance of the stabilized foam with the sur-
factant/nanoparticle matrix was assessed using a glass micromodel and a sand pack. 
They found out that the foam stability decreased as temperature increased. Moreover, 
the matrix of SiO2 and SDS stabilized foam demonstrated better temperature toler-
ance than the foam stabilized by SDS alone due to the adsorption of nanoparticles 
on the bubble interface. Unlike the SDS foam, most of the bubbles stabilized with 
the matrix maintained a spherical shape for a longer span which improved the dilu-
tional viscoelasticity, unlike the SDS foam. The flooding results showed that SiO2/
SDS stabilized foam could recover more oil than either brine or SDS flooding alone. 
Foam stability improvement resulted in better gas mobility control and channelling. 
For the sand pack flooding, the differential pressure increase was proportional to the 
concentration of SiO2 in the nano-surfactant matrix. They reported that oil recovery 
increased only when the concentration of the nanoparticles was below 1.5 wt% and 
therefore recommended this integration for EOR applications. Yira et  al. [150] 
examined the impact of SiO2 nanoparticle charge on the stability of the foam using 
natural gas in a condensate reservoir. They stabilized the foam by adding modified 
silica nanoparticles with different surface acidities and polarities. Four of these 
modified silica-based nanoparticles were made and examined using a surfactant 
adsorption technique. The  produced foam stability was assessed using displace-
ment experiments, to ascertain the best possible nanoparticle concentration that can 
be used used. In the batch study, a half-life of 41% was achieved using the basic 
nanofluid and surfactant concentration of 0.05 wt% which was higher than  
the nanofluid without nanoparticles. The researchers attributed this difference to the 
formation of a steric layer that resulted because of nanoparticle adsorption on  
the surface of the bubble, hindering its contraction or expansion and allowing the 
nanostabilized foam to have more durability than the foam without the nanoparti-
cles. In addition, the authors conducted displacement tests using methane gas to 
assess the perdurability of the foam stabilized with nanoparticles in the porous 
medium and the mobility reduction at reservoir temperature of 100 °C. While only 
10% of the original oil was recovered when only foam flooding was used, an addi-
tional 18% was obtained when foam was synergized with nanoparticles. This was a 
result of the increased foam stability that in turn increased sweep efficiency. The 
results by these different researchers demonstrate the tremendous advantages that 
nanoparticles offer during foam EOR, as a result of their physical structure and 
morphologies. Still, more studies on nanoparticles of different types may be required 
to enable their adoption for other applications.
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2.5.6  Using Nanoparticle Stabilized Pickering Emulsions 
for EOR Application

A Pickering emulsion results from solutions stabilized by solid particles that adhere 
at the interface of two phases [151]. This occurs when oil and water are mixed to 
form oil droplets that spread throughout the water. If solid particles are added to the 
solution, they attach to the interface preventing the drops from coalescing, hence 
forming a stabilized emulsion. Emulsion stability may depend on the properties 
such as the size of the particle, shape and particle surface chemistry. The contact 
angle of the particle will determine the adherence of the particle to the surface. With 
a smaller contact angle of the particle, the droplet is wetted by the particle and 
coalescence of the droplets will most probably not occur.

In adverse conditions of high temperature and pressure in the reservoir, colloidal 
solids and/or surfactants may be used for emulsion stability. However, surfactants 
are expensive and not stable in such conditions hence limiting their usage in such 
conditions. Rheological characteristics and stability of an emulsion may depend on 
its composition, operating temperature, size of the droplet, etc. [123]. Recently, the 
application of nanoparticles to stabilize emulsions has proved to offer better options 
because of their unique characteristics in comparison to a surfactant or colloidal 
emulsions. Nanoparticles can attach to the oil-water interface on the droplet surface 
irreversibly forming a monolayer and hence provide a stable emulsion applicable in 
severe reservoir conditions. Moreover, nanoparticles based on their size can easily 
move in the reservoirs which makes them applicable for EOR [11, 32].

Research has confirmed that nanoparticle-stabilized emulsions can improve oil 
recovery [152]. Sharma et  al. [153] noted that injecting a polymer (0.5 PV) and 
Pickering emulsion (0.5 PV) in a Berea sandstone core sample was enough to pro-
vide up to 6% additional oil recovery after brine injection compared to the Pickering 
emulsion or polymer alone. Yoon et al. [154] used a silica colloidal solution disper-
sion of oil in water, which resulted in a stable emulsion that yielded a 4% additional 
oil recovery after brine injection. The adsorption of silica nanoparticles on the poly-
mer and surfactant matrix by both van der Waals forces and electrostatic forces 
resulted in a stable emulsion. They noticed that the produced emulsion was able to 
flow in the porous medium easily due to improved mechanical stability of the emul-
sion in the presence of nanoparticles that resulted in improved oil recovery [154].

2.5.7  Inhibition of Wax and Asphaltene Deposition 
with Nanoparticles

During oil production, the changes in the reservoir conditions such as pressure and 
temperature may result in the deposition of organic solids on the rock surfaces such 
as wax and asphaltene [155]. Asphaltene due to its higher molecular weight and 
complex structure is among the most notable deposit that presents serious 
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challenges during oil production [156–158]. Asphaltenes vary for different oil; they 
normally consist of aromatic rings linked to hydrocarbon chains and also have other 
traces of heteroatoms and heavy metals which contribute to their complex struc-
tures [159].

When asphaltene deposits on the rock surface as a result of changes in the reser-
voir properties, the production cycle of the reservoir may be affected. Deposits of 
asphaltene on the rock surface also damage the formation and reduce the permeabil-
ity due to pore blockage. Asphaltene deposits can cause pipeline clogging; their 
adsorption on the rock surface can result in wettability reversal, damage of produc-
tion equipment due to corrosion and formation of petroleum coke [160–162]. 
Additionally, asphaltenes are amphiphilic in nature therefore can behave as surfac-
tant and at times causes oil-water separation issues by creating reverse emulsions. 
As a result, asphaltenes should be avoided because of the challenges it presents, the 
increased costs and its environmental impact [163].

 Deposited asphaltenes and wax are normally removed or prevented using meth-
ods such as injecting solvents, surfactants addition, cutting during wireline opera-
tions and a variety of other mechanical approaches [164–166]. However, these 
methods are expensive and not durable, because asphaltenes readily redeposit. Also, 
these conventional approaches used to prevent asphaltene deposition during produc-
tion are not effective since the asphaltene inhibitors and the chemicals dispersed 
during treatment have similar chemical compositions [60]. Researchers are there-
fore eager to find smart materials and methods that are efficient, sustainable and 
cost-effective. These concerns have resulted in the emergence of research into the 
use of nanomaterials for asphaltene deposition prevention [79, 167–169] due to 
their distinctive characteristics which are vital for adsorption and changing asphal-
tene aggregation mechanism [169].

Several studies at the laboratory, pilot and field scale have examined the use of 
nanotechnology in asphaltene deposition inhibition. Nasser et al. [63] investigated 
the adsorption capability of various nanoparticles such as FeO4, Co3O4, TiO2, MgO, 
CaO and NiO.  From their findings, the asphaltene adsorption capabilities were 
highest for CaO and lowest for TiO2. They noted that, however, adsorption was 
mainly metal oxide type dependent [63]. Mohammadi et al. [168] investigated the 
role of TiO2, ZrO2 and SiO2 nanoparticles in stabilizing asphaltene, concluding that 
because of the presence of hydrogen bonds in an acidic environment, TiO2 nanopar-
ticles could stabilize the asphaltene. These researchers concluded that depending on 
the surface chemistry of the adsorbent, asphaltene stability can be improved [168], 
similar to what Nassar et al. [170] found out when studying how the surface chem-
istry of the alumina-based nanoparticles affected the asphaltene adsorption capabil-
ity. They concluded that asphaltene adsorption was highest for acidic nanoparticles 
and lowest for neutral nanoparticles. This indicates that using particular acids as 
modifying agents can accelerate the adsorbents and adsorbates’ interactions.

Yousef et al. [79] carried out a study using three metal oxide types that included 
silica nanoparticles (SiO2), nickel nanoparticles (NiO) and iron oxide (Fe3O4) 
nanoparticles to ascertain how they could absorb asphaltene. The authors noted that 
irrespective of the nanoparticle type, increasing n-heptane in the presence of the 
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adsorbent resulted in more adsorption. However, they pointed out that for selection 
purposes silicate nanoparticles had more affinity for asphaltene adsorption com-
pared to NiO and Fe3O4.

Camilo et al. [169] examined the impact of 12 different types of nanoparticles on 
asphaltene adsorption. They observed the rapid adsorption of asphaltenes on the 
nanoparticle surface, which indicated that adsorbents show promise for the delay of 
the agglomeration and inhibition of the precipitation and deposition of asphaltenes. 
The authors determined that because adsorbents can adsorb and stabilize asphaltenes, 
the nanoparticles restored production, which resulted in improving oil recovery 
[169]. Stefanía et al. [167] studied the impact of nanoparticle size and surface acid-
ity in inhibiting formation damage. They synthesized silica nanoparticles in the 
range of 11 to 240 nm and studied their ability to inhibit asphaltenes using batch- 
mode experiments. They performed the kinetics of asphaltene aggregation with and 
without nanoparticles using DLS experiments with different heptane-toluene ratios. 
They revealed that among the nanoparticles they studied, the smallest nanoparticle 
(11 nm) exhibited the highest adsorption rate for n-C7 asphaltenes. Modifying these 
same nanoparticles using acidic, basic and neutral treatments, as S11A, S11B and 
S11N, respectively, they discovered that the asphaltene adsorption followed the 
trend S11A ≫ S11B ≃ S11N ≃ S11. Finally, the researchers performed a displace-
ment test to treat the asphaltene damaged core in porous media at reservoir condi-
tions. Nanofluid treatment with silica nanoparticles increased the effective oil 
permeability and improved oil recovery, to 11%.

In a field trial that was reported by Zabala and coworkers [60], they used 
aluminium- based nanoparticles to inhibit formation damage that was caused by the 
deposited asphaltenes. They first conducted a core flood trial followed by a field test 
in the Cupiagua Sur oil field in Colombia. The field trail resulted in cumulative oil 
production of 150,000 barrels after injection of the nanofluids. The authors deduced 
that alumina-based nanofluids were stable for long periods in the formation and 
recommended them for reservoirs with very low permeability conditions [60].

It is clear from these investigations mentioned above that the use of nanoparticles 
for asphaltene inhibition may offer many benefits compared to the conventional 
chemical and mechanical methods commonly used, as a result of their chemical 
structures and surface functionality. Nevertheless, most of the reported studies are 
performed in labs rather than in the field. Notwithstanding their wide application in 
inhibiting asphaltene, during oil recovery, however more pilot and field test investi-
gations are needed to provide a better understanding of their role in asphaltene 
deposition inhibition, thus allowing the technique to be more fully adopted in the 
industry.

It is also important to note that some oil contains significant amounts of paraffin, 
constituting the saturated fractions of the aliphatic compounds [171]. When the res-
ervoir temperature falls below the wax appearance temperature (WAT), precipita-
tion of wax occurs [172]. The precipitated wax crystals normally form a network 
structure at low deposited amounts approximately less than 1  wt % [173]. This 
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results in increased pour point, viscosity, yield stress and non-Newtonian flow 
behaviour of the waxy crude oils. In addition, pipeline transportation of waxy crude 
oil results in viscosity increase and pressure losses that affect the fluid flow [174]. 
Effective methods to prevent paraffin wax deposition remain a challenge during oil 
production. Current industrial practices for improving the flowability of waxy crude 
oil involve the addition of oil-soluble pour point depressant (PPD) such as 
poly(ethylene-vinyl acetate) and polymers, such as polyacrylate, that help to change 
the morphology of the crystals by crystal alteration and entropic repulsion [175]. 
Recently, researchers have also been motivated to look at nanoparticle application 
for wax inhibition especially when combined with the conventional polymers nor-
mally used. Wang et al. [176] compared the performance of nanohybrid PPDs with 
conventional poly(ethylene-vinyl acetate) (EVA). According to the authors, the 
microscopic images of precipitated wax crystals in the presence of nanohybrid 
PPDs showed that nanohybrid PPDs exhibit superior pour point depression than 
EVAs alone. Norrman et al. [177] studied the effects of the quantity of coating mate-
rials by functionalizing the nanoparticles with poly(octadecyl acrylate) (POA) on 
pour point depressants and comparing them with the bare nanoparticles. They used 
waxy oil to show the performance of the pour point. They primarily examined how 
nanoparticle coverage would impact their effectiveness. The adsorption of the POA 
on silica was assessed using a quartz crystal microbalance with dissipation (QCM- D). 
Nanoparticle’s performance was tested by carrying out rheology experiments to 
assess differences in the strength of the wax gel that was formed, with differential 
scanning calorimetry (DSC) to determine the WAT and any crystallization differ-
ence and visually observe the formed wax with polarized microscopy. Rheological 
tests demonstrated that nanoparticles with a lower POA exposure had less effect on 
the size of the formed wax gel, while nanoparticles that had a full coverage of POA 
could lower the strength of the wax gel significantly. DSC results also demonstrated 
that the nanoparticles result in a drop in WAT and that there was less effect when 
nanoparticles with more than 100% coverage were used. DSC establishes that 
nanoparticle presence alters the behaviour of the wax crystallization, likely by intro-
duction of double nucleation sites, hence causing a raise in crystallization. Polarized 
microscopy demonstrates that presence of nanoparticles resulted in formation of 
bigger particles compared to the added silica. Research demonstrates that optimiz-
ing the nanoparticles coated on wax gels is still possible, so that less particles can 
be used, hence improving their usability [177]. The possible mechanism proposed 
for this nanohybrid in wax inhibition includes crystal morphology modulation, 
gelation point reduction and rheological yield stress. Nanoparticles may also act as 
supplementary dispersed nucleation centres, forming more crystals of a smaller 
size, which may hinder growth as shown in Fig. 2.6. Because of various nucleation 
sites in the presence of the nanohybrid, wax crystals have a regular, spherical shape 
and a solid structure, which hampers the process of percolation that is required for 
the formation of a volume-spanning network of wax crystals, which results in free 
wax crystals with a modified morphology [178].
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2.5.8  Structural Disjoining Pressure (SDP) Caused by 
Nanoparticles and the EOR Impact

Structural disjoining pressure can determine the spreading of fluid on the surface 
[94, 144]. Research has demonstrated that a wedge-film structure can be formed 
when nanoparticles exist in a contact region and three-phase contact region forming 
a driving force [39] as shown in Figs. 2.7 and 2.8.

SDP correlates with the fluid ability to adhere to the surface as a result of the 
imbalance between the solid, oil and aqueous phases [39]. When these interfacial 
forces lower the contact angle of the aqueous phase to almost 1°, this results in a 
wedge film, which acts to detach the formation fluids from the surface of formation 
[145]. The spreading coefficient of the fluid exponentially raises as the thickness of 
the film falls [110, 145]. The force for the spreading of the nanofluids is the film 
tension gradient (∆γ) or structural force which is directing in the direction of the 
wedge from the entire solution. At the vertex of the three-phase contact, the gradient 
is high due to the presence of nanoparticles occupying the wedge confinement as 
shown in Figs. 2.7 and 2.8. Also, as the gradient rises in the vertex direction of the 
wedge, nanoparticles are forced to adhere at the wedge tips [39]. Hua et al. [179] 
proposed that to improve the oil recovery with nanoparticles with the aid of SDP, the 
nanofluid should be formulated to contain smaller nanoparticles with a lower poly-
dispersity. They observed that higher particle size disparities tend to lessen the 
SDP. It was further deduced that to maximize the SDP, the nanofluid formulated 
needs to have a high osmotic pressure of approximately 200 Pa for at least 10 vol% 
nanofluids. Trokhymchuk et al. [180] developed an analytical model by applying 
the Laplace transformation to estimate the SDP for any nanofluid solution. This 
simple model can be used to comprehend the liquid films’ stability in presence of 
colloidal particles and is given by Eq. 2.3 as
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where d is the nanoparticle diameter, h is the thickness of the wedge film, the 
remaining parameters (πo, π1, ω, φ2, k, δ) are fitted as cubic polynomials in terms of 

Fig. 2.6 Schematic representation of the morphological modulation
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the nanofluid volume fraction (φ)  and P represents the osmotic pressure which 
depends on the volume fraction of the nanofluids expressed as
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where ρ  is the particle number density, k is the Boltzmann constant and T is the 
temperature. From the above expression, the SDP and osmotic pressure increase as 
the nanofluids’ volume fraction increases. Also, for a higher SDP, a smaller three- 
phase contact angle between the nanofluids, oil and rock is needed.

Fig. 2.7 Illustration of how nanoparticles detach oil from the surface due to the structural disjoin-
ing force

Fig. 2.8 Nanoparticle structuring in the wedge film results in an SDP [39]. Permissions related to 
the material were obtained from ACS and further permission should be directed to ACS
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2.5.9  Nanoparticle Application in Heavy Oil Recovery

Hashemi et al. [42] reported extensively the application of nanoparticles in heavy 
oil upgrading. The recovery of heavy oil can be achieved by using nanoparticles 
because it enhances heavy oil thermal conductivity or by in situ upgrading of heavy 
oil. Not only are nanoparticles able to improve the viscosity and density of the 
heavy oil, but some can also enhance the specific latent heat and the reservoir ther-
mal conductivity. The thermal enhancement processes occur in reservoir rock with 
the help of electromagnetic (EM) heating, which uses the injected metal oxide 
nanoparticles. When exposed to high frequency, the nanoparticles associate them-
selves with the electromagnetic field, which leads to the emergence of particle 
movements with high frequency, heating the surrounding region by friction [181]. 
Also, the nanoparticles are used in in situ upgrading of heavy oil, as catalysts to 
crack heavy oil molecules chemically. Given the nanoparticle high surface area to 
volume ratio, it improves their catalytic performances of hydrocracking and hydro-
genation inside the reservoir. In comparison to the micro-sized catalysts, nanopar-
ticles can be well dispersed with nominal injectivity impacts.

2.6  Janus Nanoparticles Overview for EOR Application

The concept of Janus nanoparticle was introduced as early as 1989, by C. Casagrande 
et  al. [16]. The authors prepared glass spherical particles, with one hemisphere 
hydrophilic and the other side hydrophobic, hence naming the objects “Janus 
beads”. This was in reference to the Roman gods that had two faces on one head, 
and since these designed objects had dual properties on one face, they considered 
them amphiphilic solids. They went ahead to study their properties at the oil-water 
interfaces and found out that they do act differently than ordinary solid particles and 
could mimic surfactants. Since then, research into Janus nanoparticles has contin-
ued to rise. These Janus nanoparticles can form a stable solution with a definite size 
and considerably reduce the IFT between two phases just like surfactants. Besides, 
because of their morphologies, Janus nanoparticles can combine various materials 
in an isolated structure at the nanoscale hence combining dissimilar properties in 
one unit [182, 183]. Furthermore, Janus nanoparticles with different functionalities, 
uniform size and morphological features are desirable in numerous fields of appli-
cations, e.g. catalysis and medicine. Due to their fascinating features and inherent 
properties, these Janus nanoparticles still have synthetic challenges that need to be 
addressed. One of the important issues that still require more investigation is sug-
gesting more synthesis protocol of these anisotropic colloidal particles with less 
than 1 micrometre in bulk quantities, having the capability to regulate their mor-
phology with defined control of their surface chemistry and the ability to produce 
these Janus nanoparticles in large quantities for various technological applica-
tions [184].
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2.6.1  Synthesis of Janus Nanoparticles

Major progress pertaining to their synthesis has been recently reported, three main 
methods are normally used in synthesizing Janus nanoparticles, and these include 
self-assembly, phase separation and masking as seen in Fig. 2.9; these strategies use 
techniques such as microfluidic system, surface modification and Pickering emul-
sion [185]. The microfluidic method via phase separation can be scaled up to obtain 
Janus nanoparticles in large quantities; however, the resultant particles are normally 
relatively bigger due to the large size of fluidic channels making it an infeasible 
approach to obtain the required Janus particle sizes [186]. The most commonly used 
method for producing large amounts of Janus nanoparticles is masking via Pickering 
emulsions.

2.6.1.1  Synthesis of Nanoparticles Using the Masking Technique

In this method, part of the homogenous particle is isolated, and the remaining 
uncovered part is functionalized and/or modified with a chemical agent resulting in 
Janus particles with a double surface. This is achieved by kinetic immobilization or 
trapping the colloidal particles at the interface of liquid-liquid phases and liquid- 
solid phase or on a solid surface, and it is one of the most feasible methods for Janus 
nanoparticle preparation. This approach applies to any material and provides the 
option of modifying the trapped particles with different functional groups. The only 
setback with this method is only a few milligrams of particles are produced in one 

Fig. 2.9 Schematic illustration of the three main steps for the preparation of Janus nanoparticles 
[185]. Permissions related to the material were obtained from Elsevier and further permission 
should be directed to Elsevier
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batch which makes it inapplicable for the production of large amounts of Janus 
nanoparticles for technological applications [185]. Janus nanoparticles in large 
quantities can be produced by trapping the homogenous nanoparticle between 
liquid- liquid and liquid-solid interface a process known as Pickering emulsion as 
explained in detail in the next subsection [184, 187, 188].

2.6.1.2  Pickering Emulsion

Pickering emulsions are a result of colloidal particle stability at the interface of two 
immiscible phases. These solid particles stabilize the droplets at the interface pre-
venting coalescence by forming a mechanical monolayer between the two phases. 
These solid particles can be both organic and inorganic, e.g. nanoparticles, etc. 
Stability of the solid particles at the interface is achieved by particle diffusion onto 
the interfacial region, and these remain stable in mechanical equilibrium. Contact 
angle (θ) remains the key aspect in designing stable Pickering emulsion since it cre-
ates the particle position relative to the oil-water (o/w) interface. If the contact angle 
(θ) is less than 90, the o/w emulsion is more stable. On the contrary, w/o emulsion 
is favoured when the contact angle is greater than 90, as shown in Fig. 2.10.

Compared to conventional surfactants that reduce the interfacial tension between 
the o/w, Pickering emulsion can be formulated without IFT reduction. This is 
because of the higher Gibbs energy required to remove a particle from the oil-water 
interface which is higher compared to that of the conventional surfactant [190]. The 
desorption energy and emulsion stability are related, and both depend on the parti-
cle size, particle-particle and particle-oil interactions. If the particles are smaller, so 
that the effect of gravity is insignificant, the energy (− ∆intG) required to detach a 
particle of radius r from an oil-water interface of tension σo/w is given by the equation

Fig. 2.10 Schematic 
representation of (A) solid 
particle stabilized w/o 
emulsion and (B) changing 
the position of solid 
particles at the o/w 
interface at different 
contact angles >90 
and < 90 [189]. 
Permissions related to the 
material were obtained 
from Elsevier and further 
permission should be 
directed to Elsevier
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where the sign is negative when the particle is removed from the water phase and 
positive when the particle is removed from the oil phase. From the equation, the 
binding energy (−∆intG) of the particles at the oil-water interface is dependent on 
the radius (r) of the particles as seen from Eq. 2.5; it decreases with a decrease in 
particle size. This size dependence allows nanoparticle assembly to achieve equilib-
rium at the interface which may not be the case for micrometre-size particles that 
may be trapped at an anon-equilibrium state. Therefore, to restrict the modification 
only on the liquid exposed surface requires delicate thermodynamic control of the 
interface.

2.6.1.3  Preparation of Janus Nanoparticles via Pickering Emulsion

Pickering emulsion-based system is highly favourable to produce Janus nanoparti-
cles with anisotropic surface chemistry and controllable geometry in large quanti-
ties. Production of these large quantities of Janus nanoparticles has been achieved 
by the use of water-wax Pickering emulsion [188, 191]. Controlling the kinetic 
stabilization of these nanoparticles in wax droplets allows their fabrication in gram- 
sized quantities [191] as shown in Fig. 2.11.

Production of Janus nanoparticles using Pickering emulsion was first reported by 
Granick et al. [188], based on o/w Pickering emulsion of silica nanoparticles in the 
presence of paraffin wax. They dispersed the untreated hydrophilic silica nanopar-
ticles in melted wax and then mixed it with water. After full adsorption of the 

Fig. 2.11 Schematic step-by-step fabrication of Janus colloidal nanoparticles via Pickering emul-
sion process [191]. Permissions related to the material excerpted were obtained from Elsevier and 
further permission should be directed to Elsevier
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particles in wax, the system was cooled to lock the particles in the wax phase to 
kinetically stabilize them. Subsequently, the chemical modification was performed 
on the unprotected side as shown in Fig. 2.12. Wax was later dissolved in the organic 
solvents to release the Janus nanoparticles with the hydrophobic and hydrophilic 
parts. Using wax offers several advantages, such as stabilizing the particles during 
the chemical modification process, and avoids movements of the particle at the 
liquid- liquid interface [184]. Several research groups have followed the Granick 
method to prepare Janus nanoparticles; Zayed and coworkers have also synthesized 
Janus nanoparticles in large quantities using the same approach. In their work, they 
prepared Janus magnetic nanoparticles of 10–15 nm by immobilizing the magnetic 
nanoparticles on the surface of paraffin wax balls via water-molten wax emulsion. 
Later, salinization of the exposed side was accomplished using (3-aminopropyl)
triethoxysilane (APTES), and waxes were dissolved subsequently in methanol and 
chloroform to obtain the wax-free Janus nanoparticles [192].

Using the Pickering emulsion technique to prepare Janus nanoparticles was 
described as a simple and cheaper way of producing large quantities of Janus 
nanoparticles by Liang et  al. [188]; the authors gave three major advantages of 
using this technique; they concluded that this process is solution-based with 
approximately 50% yield which makes it easy to use. According to the authors, the 
benchtop experiments performed to date with this method have allowed the produc-
tion of 0.1 g of particles in one batch. The authors concluded that since the emul-
sion process that forms the basis of this synthesis is achieved by mechanical mixing 
for a short time, the process is, therefore, simple, cheaper and scalable for larger 
Janus productions. Their third reason was that, unlike other alternative methods 
where the surface coverage of modified chemical makeup is controlled kinetically, 
the Pickering emulsion method offers the ability of surface coverage of modified 
chemical makeup to be controlled thermodynamically. The monodispersed surface 
coverage is better from batch to batch because the area coated depends thermody-
namically on the contact angle between the particle surface and the liquid used in 
the emulsion.

Fig. 2.12 Schematic representation for the preparation of Janus nanoparticles; (a) particles dis-
persed in an emulsion of water and melted wax, (b) adsorbed nanoparticles onto paraffin wax, (c) 
filtering of wax and washing of the weakly attached nanoparticles from the wax ball, (d) surface 
modification with silane (TOS), (e) finally particles obtained by dissolving the wax balls in chlo-
roform and toluene
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2.6.2  Janus Nanoparticle Application for Enhancing 
Oil Recovery

Although numerous studies have been performed on nanoparticle application in oil 
and gas as previously discussed, most of the studies have focused on isotropic and 
homogeneous types of nanoparticles. The application of anisotropic nanoparticles 
in oil recovery is emerging, and there is evidence of oil improvement from recent 
studies that have been conducted mainly at laboratory scale. Dan Luo and cowork-
ers have recently reported oil recovery improvement using Janus nanoparticle con-
centration in a saline environment. The authors performed a core flooding test by 
injecting a nano concentration of 0.01 wt% and noticed a 15.2% increment after 
water flooding. They attributed the recovery increment to the properties of the 
amphiphilic Janus nanoparticle that was trapped at the interface of oil-water and 
acted as a surfactant which resulted in an interfacial reduction. From their findings, 
the Janus nanosheet also formed a more stable climbing film that induced 
Marangoni stress forces which resulted in an easy flow of oil [193]. After that, 
several other researchers have continued to report their findings regarding the role 
of Janus nanoparticles for EOR application. Hairong et al. [194] conducted a study 
using silica Janus nanoparticles for EOR using sandstone cores. The authors syn-
thesized silica-based amphiphilic Janus nanoparticles by grafting an organic 
hydrophobic chain (3-aminopropyl)triethoxysilane onto the SiO2 nanoparticles’ 
surface using a Pickering emulsion technique. Contact angle, interfacial tension 
and interfacial viscosity were employed to investigate the potential of the synthe-
sized Janus silica nanoparticles to recover more residual oil. They found out that 
the interfacial properties between the oil-water interface could be enhanced. The 
IFT could be reduced from 30 mN/m to 2.28 mN/m, a 92.4% reduction, using a 
concentration of 0.05 wt% Janus nanoparticles. Based on the contact angle mea-
surements, these nanoparticles could change the rock wettability to water wet. 
Moreover, their displacement study showed that up to 15.74% incremental oil 
recovery could be obtained by injecting 0.01 wt% Janus nanofluids. They attrib-
uted this increment to surfactant-like properties possessed by the Janus nanofluids 
which can enable them to form a stable interfacial film that can assist in reducing 
the IFT and recover more trapped oil. Notwithstanding their recent promising 
reported results, it is important to note this reported IFT reduction is still not in the 
ultralow range of 10−3, a reduction that is required to mobilize more trapped oil 
during EOR. Nevertheless, it is evident to predict that the use of Janus nanoparti-
cles in improving oil recovery is expected to offer many benefits, due to their 
physical assembly and structural morphologies. Similar to the previously men-
tioned nanoparticle types, also the application of Janus nanoparticles is still at the 
bench scale with no field application reported. Hence, more studies at all levels are 
still needed to have a clear phenomenology of their capability in EOR for proper 
adoption in the petroleum industry.
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2.7  Effect of Various Factors on Nanoparticle Performance

Different parameters have been examined on oil recovery during nanofluid injection. 
A review of the majority of these factors that influence nanoparticle EOR is as follows.

2.7.1  Salinity Effect

It is important to find ways to support the stability of nanofluids in different saline 
environments during flooding, mainly for oil recovery applications. Nanofluids nor-
mally fail in presence of excessive salinity due to charge screening [99]. Nanoparticle 
retention in presence of brine solution may be due to charge interaction which 
results in the formation of clusters that affect the recovery [56]. However literature 
depicts that smaller particles with zero charge normally are noninteracting [56, 
195]. Nanoparticles can be modified with polyelectrolytes especially in high salin-
ity environments but still fail. However, specific polymers have been suggested that 
can effectively be applied in high saline environments. Mikhil et al. [99] noticed that 
colloidal stability in extreme salinity conditions can be achieved by stabilizing 
nanoparticles with polyampholyte-based polymers. The authors recommended such 
a matrix for reservoirs with higher salinities.

2.7.2  Effect of Nanoparticle Concentration

Nanoparticle EOR is greatly affected by the nanoparticle concentration used. A high 
concentration of particles does not guarantee improved oil recovery yields, and 
there is always desired optimum concentration required to maximize oil recovery. 
Teng et al. [196] examined the impact of the concentration of used silica nanopar-
ticles on EOR. The used nanoparticle concentrations ranged between 0 and 1.0% at 
a fixed surfactant concentration as shown in Fig. 2.13. Subsequently, oil recovery 
increased with the nanoparticle concentration until it reached a plateau at 0.5 wt% 
where the nanoparticle concentration increase had no significant impact on oil 
recovery. Nanoparticle concentration above the optimum may result in core plug-
ging, causing changes in the formation properties such as porosity and permeability. 
This may impact the flow of fluids as shown in Fig. 2.14, in which the impairment 
rose in correlation with the rise in the nanoparticle concentration [197].

2.7.3  Nanoparticle Type and Size

The nanoparticle type and size also impact oil recovery. Manan et al. [147] exam-
ined the impact of nanoparticles of Al2O3, SiO2, TiO2 and CuO, noting that adding 
nanoparticles improved oil recovery by recovering an extra 14% additional oil 
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Fig. 2.13 Effect of nanoparticle concentration on oil recovery enhancement. Obtained from [196] 
after permission

Fig. 2.14 SEM pictures of the core at different concentrations of nanoparticles indicating perme-
ability impairment (red circles) caused by the injection of nanofluids [197]. Permissions related to 
the material excerpted were obtained from ACS and further permission should be directed to ACS
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after water flooding. Despite these selections, the type of nanoparticle to use 
depends on its purpose, as some are best at changing wettability, others reducing 
oil viscosity, others adsorbing asphaltenes, others reducing IFT, etc. Understanding 
of the reservoir rock and fluid properties is necessary before the nanoparticle type 
selection based on the required objectives of nanofluid injection. For example, 
nanofluids that are comprised of zirconium dioxide, calcium carbonate, titanium 
dioxide, silicon dioxide, magnesium oxide, aluminium oxide, cerium oxide and 
carbon nanotube were chosen for EOR in a carbonate formation. The researchers 
performed a series of tests using spontaneous imbibition and contact angle mea-
surements to determine the role of different nanofluids on wettability alteration for 
carbonate rocks. The authors found out that SiO2 and CaCO3 nanoparticles could 
notably change the wettability to stronger water wet compared to other types [56].

The size of the nanoparticle also impacts incremental oil recovery. Luky et al. 
[52] assessed the effect of some factors that influence nanoparticle EOR perfor-
mance using hydrophilic silica nanoparticles with three sizes from 7 to 40 nm. The 
authors concluded that the size of the nanoparticles significantly impacted 
EOR. From their study, the smallest nanoparticle size gave the highest oil recovery. 
Similarly, decreasing nanoparticle size resulted in improved displacement efficiency 
that increased the oil recovery [52].

2.7.4  Effect of the Injection Rate

Injection rate impacts incremental oil recovery during nanofluid injection. Increasing 
the nanofluid injection rates lowers oil recovery. This is attributed to nanoparticle 
agglomeration, with an increased injection rate [52]. It is, therefore, impervious to 
optimize the injection rate to maximize oil recovery. Moreover, with increased 
injection rate, unfavourable mobility ratios may result due to viscous fingering in 
cases where the displacing fluid is less viscous than the displaced fluid which can 
lower the oil recovery [198, 199].

2.7.5  Effect of the Injection Sequence

Compared to continuous nanofluid injection, sequence injection of brine and nano-
fluids has proved a better option during nano-EOR flooding. This is because the 
nanofluids that normally agglomerate during nanofluid injection and often plug the 
pores can be washed away by the sequentially injected water unlike in continuous 
injection. Teng et al. [197] performed a study by injecting the same pore volumes in 
the rock but with a different sequence as shown in Fig. 2.15. The authors observed 
that as the number of injection cycles increased, more oil could be recovered. 
Further studies are required to examine the injection of nanofluids altered with 
water or brine, especially with different nanoparticle types, sizes and concentrations 
and at different wettability conditions of the porous medium.
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2.7.6  Effect of Temperature

Temperature influences oil recovery in different aspects. It impacts the fluid flow 
and rheological behaviour especially oil since it can reduce its viscosity and IFT 
hence improving the oil recovery. Esfandyari et al. [41] used three metal oxides as 
nanofluids with fixed concentration of 0.005 wt% at temperatures ranging from 26 
to 60 °C. Results showed that tertiary recovery improved as temperature increased 
as shown in Fig. 2.16.

Fig. 2.15 On the left, (a) schematic of different tested injection schemes and on the right (b) ter-
tiary oil recovery rates for the selected sequences [197]. Permissions related to the material were 
obtained from ACS and further permission should be directed to ACS

Fig. 2.16 Oil recovery via metal oxides-based nanofluids at various temperatures after brine 
flooding [41]. Permissions related to the material excerpted were obtained from ACS and further 
permission should be directed to ACS
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Recovery increment after water flooding was a result of the change in the contact 
angle and IFT in the presence of different nanofluids as the temperatures increased. 
This is shown in Fig. 2.17. At low temperatures, there was no significant change in 
the contact angle and IFT. As the temperature increased, both IFT and contact angle 
decreased which resulted in additional oil recovery.

2.8  Economic Analysis of Using Nanoparticles

Nanoparticle cost analysis estimations need to be assessed with the current market 
crude oil prices in the markets and the cost of the currently used EOR methods such 
as alkaline, polymers, surfactants, etc. in mind. This will help to determine the eco-
nomic viability and adaptability of nanoparticles for pilot and field EOR applica-
tions. Most current studies have focused on and supported the use of mainly silica 
nanoparticles for EOR application especially in changing reservoir wettability from 
oil wet to water wet. However, the synthesis protocol for such materials may limit 
their scalability for field application. For example, looking at silica nanoparticle 
synthesis, which is one of the commonly used nanoparticles for EOR applications, 
the sol-gel procedure used in their synthesis and production involves the use of 
freeze-drying under nitrogen and calcination at higher temperatures which makes 
the entire synthesis process cumbersome and expensive [200, 201]. Therefore, there 
is a need to develop easy pathways that are effective and adaptable. The cost of the 
chemicals together with the equipment used in synthesizing nanoparticles should be 
economically justifiable and offer scalability options at low costs. Currently, no eco-
nomic analysis has been developed to compare the oil prices with nanoparticle costs. 
This hinders the adoption of nanoparticles in the real field application of oil and gas.

2.9  Concerns and Uncertainties of Applying Nanoparticles 
in Oil and Gas Applications

Notwithstanding the role of nanotechnology in various applications such as medi-
cine, environment, energy, etc., however, there still exist some major uncertainties 
and obstacles that need to be addressed [202]. Over the last decade, nanotechnology 

Fig. 2.17 Effect of temperature on IFT (a) and contact angle (b) [41]. Permissions related to the 
material excerpted were obtained from ACS and further permission should be directed to ACS
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has been viewed as environmentally friendly and many applications of nanomateri-
als have been reported. Despite its popularity, there remains less data on nanopar-
ticles’ effects on the environment because of few field applications [202]. Some 
initial findings reported that nanotechnology was safe for health [203]. For instance, 
The Royal Society and the Royal Academy of Engineering released a report which 
concluded that nanomaterials in several applications pose no new health risks [204]. 
Despite this, the related environmental benefits of nanoparticles are merged with 
risks that may be problematic and unpredictable, and also, there is scant information 
regarding disposal, reactivation usage, regeneration and other risks related to their 
exposure [205]. Karin et al. [206] demonstrated that plastic nanoparticles affect the 
survival of aquatic zooplankton and fish which can cause the behavioural disorder. 
Nevertheless, more finding while using other nanoparticles requires further investi-
gations to understand their underlying effects. Given their shapes, some nanoparti-
cles may easily match with some molecules like proteins and may therefore absorb 
when they contact body fluids and could potentially spread to sensitive body parts 
and damage them [207]. Studies have however proved that remedy management can 
help to reduce the environmental and health hazards associated with these nanopar-
ticles [207]. Lowering contact with nanoparticles by using respirators has been pro-
posed as a possible method of preventing the direct exposure of nanoparticles that 
may result in breathing difficulties [203]. For example, titanium, nickel, CNTs and 
cobalt have been hypothesized as nano types that are responsible for respiratory 
problems [207]. Ethical guidelines, test protocols and procedures need to be devel-
oped to provide proper and safer handling of nanomaterials for EOR usage. Agencies 
have started this procedure by offering improved healthy access and safety inspec-
tion pertaining nanoparticle usage. For instance, in America, the National Toxicology 
Program (NTP), National Center for Environmental Research of the Environmental 
Protection Agency (EPA), National Institute for Occupational Safety and Health 
(NIOSH) and the National Institute of Environmental Health Sciences have all been 
commissioned for application and risk assessment of nanomaterials [203, 208].

In summary, as a commendation to users of nanoparticles, less exposure and use 
of respirators/masks have been recommended as a way of lessening nanoparticle 
breathing that may damage the body organs [203].

2.10  Conclusions and Future Outlook

Many aspects of the petroleum industry may at one stage require the use of nanopar-
ticles to improve their performance. At this time, researchers have shown how 
nanoparticles can be integrated with different recovery processes such as explora-
tion, drilling, oil upgrading, etc. In this chapter, different types of nanoparticles used 
in EOR have been reviewed and their underlying mechanisms explored for different 
reservoir formation types. In this chapter also, the different stability techniques for 
nanofluids before their application as EOR agents have been reviewed. 
Notwithstanding the recovery potential of nanofluids, the introduction of effective 
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and simple synthesis protocols that are cheaper and effective is paramount for scal-
ing options, especially for field applications. These nanoparticles need to be cheap 
and environmentally sustainable. Previous research has primarily focused on the 
application of isotropic (homogenous) nanoparticles, while only a few have exam-
ined double-sided nanoparticles in EOR. Therefore, more investigations are desir-
able that apply amphiphilic nanomaterials to understand their underlying mechanism.
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Chapter 3
Nanoparticles as Adsorbents  
for Asphaltenes

Abdallah D. Manasrah, Tatiana Montoya, Azfar Hassan, 
and Nashaat N. Nassar

3.1  Introduction

Due to population growth, industrialization, and higher living standards, the total 
energy demand has increased worldwide, and it is expected to keep increasing by 
33% in 2035 [1]. Hence, it is important to find an environmentally friendly, eco-
nomic, and sustainable source to meet these demands. Considering renewable and 
non-renewable energy resources, still crude oil is a major player in meeting the 
global energy demand, and thus there is an interest in enhancing the oil and gas 
recovery to meet this demand. For instance, the oil sand reserves in Alberta are 
larger than the reserves of Iran, Iraq, or Russia and are second only in size to those 
of Saudi Arabia [2]. However, from these reserves, only 20% is easily extracted, and 
the remaining 80% should be recovered through Enhanced Oil Recovery (EOR) 
methods [2]. In addition, in some other reserves in the world can occur the forma-
tion damage [3]. This unwanted operational issue diminishes oil and gas recovery as 
well, limiting the reservoir productivity and causing deficient operation [4, 5]. This 
issue can be produced by interactions between the porous medium and reservoir 
fluids, resulting in other complications, like fines migration [6], asphaltene precipi-
tation/deposition [7, 8], condensate banks [9], and alteration of the rock wettability 
[10], among others. In fact, the presence of asphaltenes in crude oil is one of the 
principal challenges in the oil industries nowadays. Common types of formation 
damage, like precipitation/deposition of asphaltenes in the reservoir and the produc-
tion equipment [4, 11], are the hardest to pass. In addition, asphaltene deposition is 
a key factor in different domains of the oil industry, such as in wettability alteration 
of reservoir rock from water-wet to oil-wet, potential adsorption on reservoir rock 
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[12, 13], plugging flow lines and deposition build-up [14], and refinery catalyst 
deactivation [15]. Consequently, these asphaltene-related problems cause signifi-
cant production losses, in addition, to vastly increase in operational costs.

These kinds of problems, and the necessity to increase oil production, obligate 
researchers in removing the asphaltenes from oil and bitumen. Hence, several num-
bers of methods have been currently suggested to prevent asphaltene deposition, 
mainly in zones near wells [11]. Among these methods are included the recurring 
intervention through solvent soaking or continuous chemical injection [3, 16]. There 
are also chemical treatments including the incorporation of dispersants, anti- 
flocculants, coagulants, flocculants, and nonpolar solvents, among others; these 
methods are mainly employed to manage asphaltene precipitation/deposition [16, 
17]. However, these conventional methods, such as chemical treatment, mechanical 
methods, thermal and biological, are expensive and in most of the cases they require 
complex equipment and additional staff on the location [3, 16]; also, they present 
reduced lastingness, can cause modifications in the fluid composition, and do not 
ensure the avoidance of asphaltene deposition after the treatment, in addition to their 
environmental concerns [3, 16]. Therefore, intensive research has been conducted 
for developing an alternative, cost-effective, and environmentally friendly technol-
ogy to stabilize and remove the asphaltene. For those reasons, the interaction of 
asphaltenes with surfaces has drawn the attention of the researchers implementing a 
range of experimental analyses to investigate the adsorption of asphaltenes over sev-
eral materials, such as silica [18, 19], alumina [19, 20], iron oxide [21], gold [18, 
22–25], stainless steel [26], glass [27], and clay minerals [28–33]. This approach can 
be achieved by understanding the nature of these compounds and their interaction 
with the adsorbent to enhance heavy oil upgrading and recovery with low opera-
tional and capital cost.

Therefore, in recent years, nanotechnology revealed to have a significant impact 
on various industrial applications. Nanoparticles and/or nanofluids have been pre-
sented as alternatives for inhibiting the impairment caused by asphaltene precipita-
tion and for in situ improvement of reservoir production [1, 34, 35]. Due to the 
unique properties of nanoparticles like high surface area/volume ratios, specific 
chemical reactivity, functional surfaces, and great dispersibility [1], they represent 
a prospect for an environmentally safe and economical option for heavy oil recovery 
and upgrading. Additionally, nanoparticles are very mobile in porous media since 
they are smaller than the relevant pore spaces, resulting in effective transport. These 
characteristics allow the capture and removal of the asphaltenes present in a reser-
voir, impacting directly on the enhancement of oil production, inhibiting formation 
damage and wettability alteration [36–38]. This chapter provides a summary of 
information related to the use of different families of nanoparticles for adsorption of 
asphaltenes from oil matrices. Topics covered include (1) role of nanoparticles as 
adsorbents, (2) models for asphaltene adsorption and disaggregation, and (3) factors 
affecting asphaltene adsorption.

The chapter also lists several factors and experimental conditions that impact the 
adsorption process and compares the adsorption parameters (i.e., capacities and 
affinities) of different families of nanomaterials.
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3.1.1  Asphaltenes

Asphaltenes are considered the heaviest, most aromatic, and surface-active fraction 
of the crude oil, that is, insoluble in light paraffin, but soluble in light aromatics [7, 
8, 39]. Usually, asphaltenes present a polyaromatic structure that has a few alkyl 
groups per aromatic ring; also they have some heteroatoms, like nitrogen, sulfur, 
oxygen, and metals, such as V, Fe, and Ni [40]. Thus, the presence of functional 
groups such as carboxyl, ketones, aldehydes, benzothiophenes, dibenzothiophenes, 
naftenobenzotiophenes, alkyl sulfides, aryl alkyl sulfides and aryl sulfides is likely 
to occur in asphaltene structure [8, 41]. The asphaltene structure is known for being 
complex; thus, a simplified description is that asphaltenes have a nucleus with one 
or more cross-linked polyaromatic hydrocarbons (PAHs) [8, 39, 42]. Several 
hypotheses on asphaltenes’ chemical structures are found in literature; some of 
them are island, archipelago, continental, or rosary type [39, 42, 43]. The island 
architecture is composed of seven fused rings and one PAH; whereas the archipel-
ago architecture is composed of more than one PAH per asphaltene molecule con-
nected by alkyl chains [39, 44]. The continental type is formed by one or two PAHs 
but with a larger number of fused rings [43, 44]. The rosary-type asphaltenes are 
formed by two or more PAHs joined by flexible aliphatic chains. However, asphal-
tene structures are constantly updated due to complexity.

The Yen-Mullins model is widely used and accepted to describe asphaltenes’ 
colloidal and molecular structure [8, 39, 45–48]. This model looks at the island-type 
architecture as the main molecular structure of asphaltenes. When asphaltene con-
centration increases, the self-associative behavior of asphaltenes results in the for-
mation of nanoaggregates with sizes around 2 nm. Further increase in asphaltene 
concentration, i.e., higher concentration, the nanoaggregates form clusters with an 
average size of 5 nm and aggregation numbers <10 [39]. Due to its amphiphilic 
behavior, asphaltenes are prone to self-assemble and arrange in large aggregates 
that increase the HO viscosity [11, 49, 50]. Also, asphaltenes that have a high 
amount of sulfur integrate strong C-S and C=S bonds that results in an increase in 
the oil viscosity [51–53]. Additionally, the existence of large amounts of N and S in 
the asphaltene structure provides a route to the production of SOx, NOx, and H2S 
during processing. These characteristics of asphaltenes make hard the production, 
transportation, and processing of heavy and extra-heavy oils.

3.1.2  Role of Nanoparticles as Adsorbents

Adsorption of asphaltenes over the surface of nanoparticles is an attractive topic for 
the oil industries. Because the asphaltenes’ precipitation might occur in both heavy 
and light oils, the nanoparticles would remove asphaltenes faster, and this will make 
the remaining oil fraction movable and ready for commonly used processing [54, 
55]. Additionally, the nanoparticles have been proven to act as catalysts by 
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integrating asphaltene adsorption and oxidation for upgrading asphaltenes into light 
usable distillates. Consequently, an increase in energy efficiency, reduction in capi-
tal cost, and enhanced performance and portability would result. Several types of 
adsorbents are introduced in the oil industry, and they exposed a significant impact 
on the upgrading of oil as an alternative approach for green and economical technol-
ogy. The materials used in the adsorption can be classified into clays, rock minerals, 
minerals, glass, soils, silica, modified silica, alumina, silica-alumina, metals, metal 
oxides, several types of carbon, and polymers [7, 56]. It is worth mentioning is that 
the adsorption process is controlled by the structure of asphaltenes in addition to the 
physical and chemical characteristics of the adsorbent [57]. Also, the origin of 
asphaltenes is an important parameter to determine its structure, while the physical 
characteristics of adsorbents have an important effect in the adsorption process effi-
ciencies, like surface area, surface morphology, pore diameter, internal pore vol-
ume, and pore distribution [58, 59]. It is worth noting that the possibility of diffusion 
problems and pore blocking is yet to occur when common porous adsorbents are 
employed for taking out asphaltenes [59]. Thus, reducing particle size, augmenting 
adsorbent porosity, and increasing surface area and pore diameter of the adsorbent 
may avoid those issues [7].

Accordingly, nanotechnology has emerged as an attractive area in heavy oil 
upgrading by asphaltene removal, air emission capture, wastewater treatment, etc. 
[60–65]. This is due to the exceptional physical and chemical properties of the 
nanoparticles like high surface area-to-volume ratio, excellent adsorption affinity, 
easy dispersion, and catalytic behaviors toward heavy hydrocarbons [66]. Therefore, 
the use of nanoparticles as adsorbent and catalyst for asphaltene adsorption and 
their following oxidation and/or pyrolysis was firstly introduced by Nassar group 
[67] and then followed by other research groups [68–70]. This cost-effective and 
environmental approach would have a positive impact on in situ and subsurface oil 
enhancing processes [66]. Various studies carried out by our research group used 
novel technologies for employing nanoparticles in oil upgrading and recovery pro-
cesses, mainly for asphaltene remotion through adsorption and later after-adsorp-
tion decomposition [57, 66, 71]. Recently, it was confirmed by Dr. Nassar research 
group that the adsorption of asphaltenes will have an important impact in the oil 
industrials by employing the nanoparticles as suppressors to avoid or impede the 
precipitation of asphaltenes by in situ adsorption of asphaltenes inside the well [36, 
72]. Moreover, nanoparticles proved their ability in dispersion and stabilization of 
asphaltene aggregates through adsorption coupled with their small size, and thus 
raising the idea to use them to prevent formation damage. Nanoparticles adsorb 
asphaltenes fast, preventing in this way asphaltene deposition by eliminating the 
coexistent flocculation and precipitation since the asphaltenes are stabilized inside 
the oil medium, resulting in an improved recovery. Furthermore, supported and 
unsupported nanoparticles have been used for asphaltene adsorption from oil con-
tinued by after-adsorption catalytic reactions. It was also confirmed that the adsorp-
tion of asphaltenes from oils on the nanoparticles will delay the asphaltene 
precipitation with variations in temperature, pressure, and composition [72, 73].
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3.2  Modeling of Asphaltene Adsorption

3.2.1  Solid-Liquid Equilibrium (SLE) Model

As it is studied in this chapter, the interaction between asphaltenes and nanoparti-
cles is defined by type and strength, and those characteristics depend on the func-
tional groups and composition of the asphaltenes and the surface characteristics of 
the adsorbent [74]. Therefore, to understand the mechanism and kinetics of asphal-
tene adsorption, most of the studies have been done in batch mode [7, 29, 36, 67, 71, 
75–80]. From those studies, two types of isotherms have been presented: Langmuir- 
type [81] and multilayer adsorption isotherms [74]. The first isotherm type indicates 
homogeneous monolayer coverage of asphaltenes over the nanoparticle surface [7, 
76, 82], and the second isotherm type is usually depicted by Freundlich model and 
indicates aggregation and self-association behavior of the asphaltenes [7, 78, 83, 
84]. Nevertheless, due to the complexity in the structure of asphaltenes and their 
propensity to self-associate in bigger molecules, Langmuir and Freundlich models 
give a short vision into the adsorption mechanism [74]. For this reason, Castro et al. 
[85] came up with a model for asphaltene adsorption based on molecular thermody-
namics. This model successfully described asphaltene adsorption at equilibrium on 
rocks. Nonetheless, the model needs to find out ten molecular parameters making 
the usage of this model challenging and difficult.

Accordingly, Giraldo et  al. [86] have proposed the Dubinin-Astakhov (DA) 
model built on the Polanyi theory [81] to ascribe asphaltene adsorption over sur-
faces of microparticles and nanoparticles. This model needs to find out three molec-
ular parameters, related to the energy of the interactions: surface adsorbate, the 
maximum adsorbed amount, and the heterogeneity parameter. Nevertheless, DA 
model can not be used to describe the adsorption mechanism of self-associative 
molecules such as asphaltenes, especially at low loads and uniform dense region 
with moderate loads [74, 86]. Therefore, this chapter introduced a novel thermody-
namic model built on the chemical theory [87, 88], named the solid-liquid equilib-
rium (SLE) model, to explain the adsorption performance of auto-assemble 
asphaltene molecules over several surfaces. The SLE model is linked to the thermo-
dynamic equilibrium of asphaltene adsorption over surfaces taking into account the 
i-merization of the asphaltenes and their interaction with a solid surface but elimi-
nating the pressure effect. The model is built up on the chemical equilibria, the 
equation of state, and the phase equilibrium. The SLE is expressed as:
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nanoparticles, and CE (mg/g) is the equilibrium concentration of asphaltenes. The 
SLE parameters K (g/g) and H (mg/g) are the adsorption constants linked to the 
asphaltenes’ self-assemble over the nanoparticles’ surface and the Henry law con-
stant, respectively [74].

3.2.2  Solid-Liquid Equilibrium Reservoir Conditions 
(SLE-RC) Model

In the previous section, it was presented the SLE model [74], which has been vali-
dated at low pressures, considering the theory by Talu and Meunier [88] and built on 
the chemical theory [87] to describe the solution behavior when the interaction 
forces are strong due to non-ideal conditions [74]. Because the pressure dependence 
has been usually ignored in most adsorption models for describing the adsorption 
behaviour of asphaltenes, in this part of the chapter a novel adsorption model to 
describe the asphaltene adsorption onto solid surfaces at high pressure and tempera-
ture is introduced [89]. For this purpose, the SLE model previously presented [74] 
is modified to include the pressure dependence providing thermodynamic evenness 
at usual reservoir conditions [89].

The adsorption isotherm equation based on the SLE model capable to describe 
the adsorption behavior under reservoir conditions (SLE-RC) is developed based on 
(i) the chemical equilibria, (ii) the equation of the state (EOS), and (iii) the phase 
equilibrium [89], and described in Figure 3.1 which shows the scheme for the deri-
vations of the SLE-RC model.

After all the considerations and the mathematical treatment, the isotherm equa-
tion of the SLE-RC can be written as:
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where ξ is ξ = NNm/(Nm − N), N is the uptake (g/g), Nm is the maximum uptake (g/g), 
KT is the reaction constant for dimer formation, SA is the specific surface area of the 
material [cm2/g], vas is the asphaltene molar volume [cm (g/g)3/mol], δas is the solu-
bility parameter for asphaltenes [MPa1/2], and δT [MPa1/2] is the solubility parameter 
for the solvent reported in literature [90].
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3.2.3  Disaggregation Model

It has been reported in the literature [91–97] several works about population balance 
models for describing the asphaltenes’ increasing size but not considering asphal-
tene adsorption over nanoparticles. In this part of the chapter is presented a mathe-
matical model that depicts the performance of asphaltene aggregation after 
accounting the adsorption of asphaltenes over nanoparticles [73]. In order to do this, 
a population balance model was proposed. This model assumed that asphaltenes 
under the presence of a shear rate are linked to the aggregation and fragmentation 
phenomena [93]. The population balance model that depicts the aggregation kinet-
ics and fragmentation of asphaltenes was proposed in 2003 by Rahmani et al. [93]. 
The proposed model is established based on the theory that the aggregation is in its 
initial stages and rapidly growth of particles. When the aggregation increases and 
hydrodynamic stresses become of the order of the yield stress of the aggregates, the 
fragmentation becomes significant [98, 99]. Therefore, the model developed by 
Rahmani et al. [93], keeping the definition elaborated by Austin [98] and Friedlander 

Fig. 3.1 Schematic representation of the deductions of the SLE-RC model [89]. Permissions 
related to the material presented were obtained from the American Chemical Society, copyright 
2015, and further permission should be directed to the American Chemical Society; N.N. Nassar, 
T.  Montoya, C.A.  Franco, F.B.  Cortés, P.  Pereira-Almao. A New Model for Describing the 
Adsorption of Asphaltenes on Porous Media at a High Pressure and Temperature under Flow 
Conditions Energy & Fuels 29 (2015) 4210–4221
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[100], was used to describe the kinetics of asphaltene aggregation, but a recently 
developed parameter that represents the inhibition produced by nanoparticles in the 
adsorption process was added to the model. An overview, the proposed model can 
be written as:
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where, ni is the number concentration of aggregates with size i (which means a 
simple aggregate contains i primary particles), βjk is the collision frequency among 
particles of volumes Vj and Vk, α is the collision efficiency, Bi is the fragmentation 
rate of aggregates of size i, γi, j is the fraction of volume of aggregates of size i origi-
nated by aggregates of size j, Vj/Vi, and nmax is the bigger size of particles that will 
create fragments of size i prior to fragmentation. In Eq. 3.6, the first term of the right 
side represents the formation of the particles of size i by collisions of particles j and 
k of minor size. The second term denotes the reduction of particles of size i by col-
lisions with particles of any other size. The third term portrays the reduction of 
particles of size i by fragmentation, the fourth term explains the formation of parti-
cles of size i by fragmentation of biggest particles, and the fifth term refers to the 
adsorption of asphaltene particle that don’t interact on aggregation phenome-
non [73].

The collision frequency βjk among particles of volumes Vj and Vk because of the 
Brownian motion and fluid shear is written in the following equation [93, 101]:
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where kB (1.38 × 10−23 m2 kg s−2 K−1) is the Boltzmann constant, T (K) is tempera-
ture, μ (Pa s) is the viscosity, and G (1/s) is the shear rate. The volume of a particle 
of size is written as:
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where f is the sectional spacing, which is equal to 2 [93, 99, 102] and ε is the aggre-
gate porosity which is assumed constant for aggregate formation from primary par-
ticles and can be used as a fitting parameter. The collision efficiency α is taken as 
1.0 since bigger aggregates have fractal and porous structures [102–104]. In addi-
tion, the fragmentation rate Bi is defined as a function of particle volume [105, 106], 
as follows:

 B bVi i
a=  (3.9)

where a = 1/3 and b is the rupture rate coefficient caused by shear fragmentation 
[93]. The coefficient b is used as a fitting parameter.

Then, the asphaltene aggregation inhibition parameter was included in the model 
utilizing adsorption kinetics of asphaltenes over the nanoparticles [73]. To deter-
mine the adsorption rate, it was used the double exponential model [107, 108]. This 
model is described by Eq. 3.10, as follows:
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The double exponential model relates in two steps the kinetics of adsorption. As 
a result, kf (min−1), ks (min−1), Df (mg/L), and Ds (mg/L) are the rate constants and 
adsorption coefficients of the fast and slow steps of the double exponential model, 
respectively, and qm (mg/g) is the maximum amount of adsorbed asphaltenes [73].

3.3  Types of Nanoparticles for Asphaltene Adsorption

The adsorption process is commonly carried out by taking out asphaltenes from the 
heavy oil and dissolving them in a model solvent, like toluene or heptol (heptane + 
toluene). The batch adsorption usually takes place with a proportion of 1:10 (L/g) 
model oil solution/mass of the material at 298  K.  Asphaltene adsorption over 
nanoparticles is established from the change in the concentration of asphaltenes in 
the oil solution before and after adding the nanoparticles. It is worth noting that the 
adsorption of asphaltenes over surfaces of materials is subjected to the type and 
strength of interactions among asphaltene and the material surface [40]. Several 
interparticle forces are accountable for this successful interaction among asphaltenes 
and the material surface as a result of functionalized groups on the asphaltenes, such 
as carboxylic, pyrrolic, pyridinic, thiophenic, and sulfite groups [85, 109]. The main 
forces that could promote these interactions are van der Waals, electrostatic, charge 
transfer, hydrogen bonding, and steric interactions [109]. Nassar et al. studied the 
adsorption of Athabasca asphaltenes utilizing different types of nanoparticles. The 
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authors obtained a monolayer of adsorbed asphaltenes over metal oxide nanoparti-
cles [55, 110, 111], alumina [112], kaolin containing metal oxide nanoparticles 
[71], and modified kaolin [113]. Nassar et al. [55, 110, 111] reported the adsorption 
of n-C7 asphaltenes from Athabasca vacuum residue over different types of metal 
oxide nanoparticles like NiO, Co3O4, Fe3O4, TiO2, CaO, CeO2, and ZrO2. The 
authors disclosed that the adsorption of asphaltenes is highly influenced by the type 
of nanoparticles. In related studies with Iranian n-C7 asphaltenes, Hosseinpour et al. 
[68] studied the adsorption of asphaltene over several acid/base metal oxide 
nanoparticles, such as NiO, Fe2O3, WO3, MgO, CaCO3, and ZrO2. They got that the 
adsorption isotherms were Langmuir type with an adsorption capacity of 
1.23–3.67 mg/m2. In another study utilizing palladium and nickel oxide included on 
fumed silica nanoparticles, Franco et al. [114] obtained an important improvement 
in the adsorption of Colombian n-C7 asphaltenes. The synergistic effect of these 
metal oxides might be achieved upon the incorporation. The authors realized that 
these supported nanoparticles promote the formation of type I adsorption isotherm, 
enabling subsequent processes of asphaltenes, as catalytic thermal cracking and the 
prevention of formation damage. Table 3.1 summarized the types of nanoparticles 
along with their maximum adsorption capacity on different types of extracted 
asphaltenes. As shown in the table, there is a variation in the maximum capacity 
(Qm) of these nanoparticles which can be ascribed to a distinct degree of interaction 
among nanoparticle surface and asphaltenes as previously discussed. The polar 
interactions, for example, are mostly acid-base reactions taking place among adsor-
bate and adsorbent. From the presented outcomes so far, it can be reckoned that 
basic oxides and amphoteric oxides presented higher adsorption ability in compari-
son with acidic oxides, like TiO2 and NiO. Nevertheless, the quality of adsorption 
determined by adsorption affinity values was higher for acidic oxides. This advises 
that intense interactions displayed among adsorbate and adsorbent may raise the 
catalytic impact of solids with high-affinity values for several reactions. It can be 
concluded that the electrostatic and van der Waals interactions are the most forceful 
interactions among the asphaltene aggregates and nanoparticles, and therefore the 
acid and base metal oxide nanoparticles can be used for the adsorption and efficient 
elimination of asphaltene aggregates from reservoir oils as a proposal for the in situ 
oil enhancement [69]. Alike insights were presented by other research groups for 
the adsorption of asphaltenes over various minerals and clays [56, 115–117]. 
Mohammadi et al. [35] utilized metal oxide nanoparticles, such as SiO2, TiO2, and 
ZrO2, for improving the stability of asphaltene nanoaggregates through hydrogen 
bond formation at acidic environment. The authors found that TiO2 nanofluids, in 
strong acidic condition, were behaving as a dispersant, therefore improving the sta-
bility of the asphaltenes and carrying out to an elevated precipitation onset point.

Furthermore, it was reported by Nassar et al. that the functionalized metal oxide 
nanoparticles over support like γ-Al2O3 (Al) or TiO2 (Ti) have a higher adsorptive 
capacity than that of the support. Such finding is expected, as the metal oxides, NiO 
and/or PdO, have a high affinity toward the presented compounds in the asphaltene 
molecule such as pyridine, phenol, benzoic acid, and pyrrole [120]. Therefore, a 
significant increase in asphaltene adsorption was observed for the functionalized 
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Table 3.1 The maximum adsorption capacity of different extracted asphaltenes over different 
types of nanoparticles

Type of 
nanoparticles

Types of 
asphaltenes Oil source

Amount 
adsorbed 
(mg/m2) Remarks References

Co3O4 C7- 
asphaltenes

Athabasca VR 1.76a Amphoteric effect, 
<50 nm particle size

[110]

NiO C7- 
asphaltenes

Athabasca VR 0.58a Acidic effect, 
<50 nm particle size

[110]

MgO C7- 
asphaltenes

Athabasca VR 1.35a Basic effect, 
<50 nm particle size

[110]

CaO C7- 
asphaltenes

Athabasca VR 2.7a Basic effect, 
<160 nm particle 
size

[110]

TiO2 C7- 
asphaltenes

Athabasca VR 0.54a Acidic effect, 
<25 nm particle size

[110]

Fe3O4 C7- 
asphaltenes

Athabasca VR 1.7a Amphoteric effect, 
20–30 nm particle 
size

[110]

Nano-alumina C7- 
asphaltenes

Athabasca 
bitumen

1.73a Particle size <50 nm [118]

Micro-alumina C7- 
asphaltenes

Athabasca 
bitumen

0.448a Particle size 
50–200 μm

[118]

γ-Al2O3 C7- 
asphaltenes

Athabasca 
bitumen

88.50a Particle size <50 nm [67]

Fumed silica (S) C7- 
asphaltenes

Colombian 0.3569a BET 389 m2/g [5]

SNi2 C7- 
asphaltenes

Colombian 0.5698a 2wt%NiO 
supported-on- silica 
(S), BET 
233.63 m2/g

[5]

SPd2 C7- 
asphaltenes

Colombian 0.7724a 2wt%PdO 
supported-on- silica 
(S), BET 
205.15 m2/g

[5]

SNi C7- 
asphaltenes

Colombian 0.6071a 1wt%NiO 
supported-on- silica 
(S), BET 
290.31 m2/g

[5]

SPd1 C7- 
asphaltenes

Colombian 0.4742a 1wt%PdO 
supported-on- silica 
(S), BET 
265.56 m2/g

[5]

SNi1Pd1 C7- 
asphaltenes

Colombian 0.5250a 1wt%NiO and PdO 
supported-on-silica 
(S), BET 
201.50 m2/g

[5]

SNi0.66Pd0.66 C7- 
asphaltenes

Colombian 0.7083a 0.66 wt% of NiO 
and PdO supported-
on-silica (S), BET 
220.79 m2/g

[5]

(continued)
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nanoparticles, as shown in Fig.  3.2, which describes the favorable interaction 
between the surface of the nanoparticle and the heteroatoms present in the asphal-
tene molecules like nitrogen and oxygen [120]. Similar adsorption behavior was 
observed for NiO and PdO supported invidiously on the TiO2 particles (TiNi2 and 
TiPd2). Figure 3.3 shows the effect of functionalized metal oxides over Al support 
on the isotherms of Colombian n-C7 asphaltenes at 298 K including the SLE model. 
As shown, the adsorption capacity is enhanced for the functionalized nanoparticles 
and the maximum uptake trends followed the order AlNi1Pd1 > AlPd2 > AlNi2 > 
Al. It is worth noting that the quantity of adsorbed asphaltenes on Ti nanoparticles 

Table 3.1 (continued)

Type of 
nanoparticles

Types of 
asphaltenes Oil source

Amount 
adsorbed 
(mg/m2) Remarks References

ZrO2 C7- 
asphaltenes

Athabasca 
vacuum 
residue

3.21a Particle size 26 nm, 
BET 40 m2/g

[119]

CeO2 C7- 
asphaltenes

Athabasca 
vacuum 
residue

2.65a Particle size 16 nm, 
BET 50 m2/g

[119]

TiO2 C7- 
asphaltenes

Athabasca 
vacuum 
residue

0.54a Particle size 8 nm, 
BET183 m2/g

[119]

NiO C7- 
asphaltenes

Iranian heavy 
oil

3.67a Acidic surface, 
45 nm particle size

[68]

Fe2O3 C7- 
asphaltenes

Iranian heavy 
oil

3.52a Amphoteric surface, 
44 nm particle size

[68]

WO3 C7- 
asphaltenes

Iranian heavy 
oil

3.35a Acidic surface, 
44 nm particle size

[68]

MgO C7- 
asphaltenes

Iranian heavy 
oil

2.62a Basic surface, 
15 nm particle size

[68]

CaCO3 C7- 
asphaltenes

Iranian heavy 
oil

2.17a Basic surface, 
15 nm particle size

[68]

ZrO2 C7- 
asphaltenes

Iranian heavy 
oil

1.23a Amphoteric surface, 
20 nm particle size

[68]

Zeolite C7- 
asphaltenes

Colombia 
crude oil

0.892a 16 nm particle size [36]

Silica gel C7- 
asphaltenes

Colombia 
crude oil

2.189a Amorphous [36]

Silica gel C7- 
asphaltenes

Colombia 
crude oil

13.158a Crystalline [36]

SNi5 C7- 
asphaltenes

Colombia 
crude oil

8.961a Crystalline silica 
with 5 wt % 
Ni(NO3)2

[36]

SNi15 C7- 
asphaltenes

Colombia 
crude oil

16.367a Crystalline silica 
with 15 wt % 
Ni(NO3)2

[36]

aEstimated from the Langmuir model
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Fig. 3.2 Adsorption isotherms of n-C7 asphaltene over Ti, TiNi2, TiPd2, and TiNi1Pd1 at 
298 K. The symbols are experimental data, and the solid lines are the SLE model [121]. Permissions 
related to the material presented were acquired from Elsevier, and future permission should be 
directed to Elsevier; N.N. Nassar, C.A. Franco, T. Montoya, F.B. Cortés, A. Hassan. Effect of oxide 
support on Ni–Pd bimetallic nanocatalysts for steam gasification of n-C7 asphaltenes, Fuel 156 
(2015) 110–120
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Fig. 3.3 Adsorption isotherms of n-C7 asphaltene onto Al, AlNi2, AlPd2, and AlNi1Pd1 nanopar-
ticles at 298 K along with the SLE model [121]. Permissions related to the material presented were 
acquired from Elsevier, and future permission should be directed to Elsevier; N.N.  Nassar, 
C.A. Franco, T. Montoya, F.B. Cortés, A. Hassan. Effect of oxide support on Ni–Pd bimetallic 
nanocatalysts for steam gasification of n-C7 asphaltenes, Fuel 156 (2015) 110–120
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is higher than for Al nanoparticles; in addition, Ni-Pd/ϒ-Al2O3 nanoparticles pre-
sented a lower uptake than Ni-Pd/TiO2. The reason for that is due to the effect of the 
geometry on the adsorbent surface and the interactions between the metals which 
might affect the selectivity for several functional groups or heteroatoms in the 
asphaltenes [121]. Again, the values of SLE model parameters, which was  
proposed by our research group, were estimated and tabulated in Table 3.2 for the 
C7-asphaltenes adsorption over functionalized metal oxide nanoparticles. As shown, 
the SLE model agrees perfectly with the experimental data for all the adsorption 
experiments which is confirmed by the low values of χ2. It is worth noting that the 
adsorption affinity, represented as reciprocal H value, is increasing following the 
order of bimetallic > monometallic > support. Alike tendencies were obtained for 
the qm parameter. Conversely, the K value, which is represented the degree of asphal-
tene self-association on active sites, was higher for the support compared with the 
functionalized nanoparticles. Because of the complicated structure of asphaltenes, 
their molecules can be self-associated and assemble as bigger molecules on the 
nanoparticles’ surface. This finding was anticipated, as the low adsorbed amount of 
asphaltenes requires high energy to be adsorbed on the surface of the nanoparticles 
as monomers. Nevertheless, as the concentration at medium and high uptake is 
increased, asphaltenes will be aggregated over the maximum energy sites till the 
volume vacant for adsorption is occupied [122, 123]. In that place, and based on the 
chemical structure of adsorbent, the adsorption of asphaltene molecules is in a per-
pendicular and parallel or in flat configuration towards the aromatic part of the 
asphaltenes or heteroatoms present in their structure [114, 123].

3.3.1  Factors Affecting Asphaltene Adsorption

As discussed early, the adsorption of asphaltenes on the surface of nanoparticles 
was affected by several factors. These factors usually depend on the interactions 
among asphaltenes and the surface. This interaction is affected by the functional 

Table 3.2 Estimated parameters of the SLE model [121]

Nanoparticles H (mg/g) K (g/g) × 10−4 qm (mg/m2) χ2

Ti 0.69 4.67 2.78 0.77
TiNi2 0.37 4.11 3.01 2.96
TiPd2 0.33 3.48 3.02 2.02
TiNi1Pd1 0.30 2.98 3.11 1.55
Al 1.89 3.82 1.30 1.84
AlNi2 1.62 3.56 1.51 2.13
AlPd2 0.73 2.58 1.55 0.70
AlNi1Pd1 0.25 2.38 1.67 1.13

Permissions related to the material presented were obtained from Elsevier, and future permission 
should be directed to Elsevier; N.N. Nassar, C.A. Franco, T. Montoya, F.B. Cortés, A. Hassan. 
Effect of oxide support on Ni–Pd bimetallic nanocatalysts for steam gasification of n-C7 
asphaltenes, Fuel 156 (2015) 110–120
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groups displayed on the surface and also to the side of asphaltenes in the environs 
of surface approximating for linking. Molecular interactions throughout adsorption 
are outcomes from intermolecular forces. These intermolecular forces are usually 
separated into three categories: dispersion forces, polar forces, and ionic forces. 
However, the acid-base interaction and electrostatic attraction were the most pre-
dominant forces promoting the asphaltene adsorption in nanoparticles. Fast adsorp-
tion of asphaltene aggregates onto γ-Al2O3 nanoparticles has been presented by 
Nassar et al. [112]. In that study, surface acidity on the asphaltene adsorption was 
investigated using alumina at different functionality groups to show the affinity 
toward asphaltene adsorption as summarized in Table  3.3. It was found that the 
asphaltene adsorption is highly impacted by the surface acidity and the adsorption 
capacities of asphaltenes onto the three aluminas followed the order acidic > basic 
and neutral. This was ascribed to the high surface areas of aluminas and the interac-
tion of asphaltenes with the counter ions exhibited on alumina surface.

Furthermore, the effects of the adsorption method and temperature, types, and 
properties of nanoparticles and asphaltene characteristics on the asphaltene adsorp-
tion were also investigated.

3.3.2  Effect of Adsorption Method

Most of the reported studies on asphaltene adsorption were batch-mode experi-
ments and presented that there are two varieties of adsorption isotherms, type I [5, 
67, 80, 124] and type II [78, 84, 125]. The distinction between these two kinds could 
be due to many factors that are included in the asphaltene-asphaltene and asphaltene- 
solid surface interactions. Additionally, the method for the adsorption experiments 
has an important part in the obtained adsorption isotherm for understanding the 
interactions between adsorbate/adsorbate and adsorbate/adsorbent. The adsorption 
isotherms are commonly constructed using two different procedures; first, by vary-
ing the initial concentration of the adsorbate with a specified amount of adsorbent 
in a fixed volume of liquid [5, 117]. Second, by varying amounts of the adsorbent 
with a given amount of adsorbate in a fixed volume of liquid [127, 128]. It is worth 
mentioning is that the adsorption isotherms of a single molecule should not be 
impacted by the method by which they are achieved; thus, the suggested two meth-
ods should end up with the same results. However, this might not be true for 

Table 3.3 The effect of surface acidity of alumina on C7-asphaltene adsorption extracted from 
Athabasca bitumen [112]

Adsorbent pH value
Amount adsorbed  
(mg/m2)

BET surface area m2/g and avg.  
pore size (A)

Alumina acid 4.5 0.65 128, 60
Alumina basic 10 0.45 156, 54
Alumina neutral 7.5 0.50 154, 52
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associating molecules such as asphaltenes, where the initial concentration can affect 
the aggregation behavior and, therefore, their adsorption. It was reported that the 
asphaltene adsorption over solid materials might be found as molecules, micelles, 
monomers, dimers, and nanoaggregates [7]. Therefore, it is necessary the select of 
suitable adsorption method, since this will help in obtaining the nanoparticle dosage 
for inhibiting/remediating asphaltene-related problems.

In that regard, to comprehend the impact of the adsorption method on asphaltene 
behavior, a study was conducted by Guzman et al. [72] on n-C7 asphaltenes using 
silica nanoparticles. Figure 3.4 shows the constructed adoption isotherms for the 
adsorbed asphaltenes onto silica nanoparticles along with the SLE model fit at 
298 K acquired by the method I at the different mass of the nanoparticles (M) and 
method II at a different initial concentration of asphaltene (Ci).

As shown in the figure, the adsorption isotherms obtained by method I are 
affected by the changing of the initial concentrations of n-C7 asphaltenes. The size 
distribution of the aggregated asphaltene is varying with the initial concentration 
which is hindering the heteroatoms and functional groups, thus giving a decrease in 
the uptake [80, 129]. Consequently, a quick saturation of the vacant surface area 
was obtained by these aggregates, which resulted in a plateau for high 
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Fig. 3.4 Adsorption isotherms for asphaltene adsorption using method I and method 
II.  Experimental conditions: temperature  =  298  K, rpm  =  200, and mixing time  =  24  h [72]. 
Permissions related to the material excerpted were obtained from the American Chemical Society, 
copyright 2016, and further permission should be directed to the American Chemical Society; 
J.D. Guzmán, S. Betancur, F. Carrasco-Marín, C.A. Franco, N.N. Nassar, F.B. Cortés. Importance 
of the Adsorption Method Used for Obtaining the Nanoparticle Dosage for Asphaltene-Related 
Treatments, Energy & Fuels 30 (2016) 2052–2059

A. D. Manasrah et al.



113

concentrations of asphaltenes as found for all three adsorption isotherms built by 
method I.  Additionally, different adsorbed amounts were obtained based on the 
value of employed M for the three adsorption isotherms using method I. The upper 
isotherm belongs to M = 5 g/L, the middle isotherm belongs to M = 10 g/L, and the 
lower isotherm belongs to M = 20 g/L. For CE = 300 mg/L, the uptake rises as the 
value of M is lower. On the other hand, the asphaltene adsorption isotherms obtained 
by method II at 298 K employing different values of Ci are also presented in Fig. 3.4. 
As shown, the three adsorption isotherms describe a type III behavior in accordance 
with the IUPAC [126]. These isotherms have been depicted in systems with low 
adsorbate-adsorbent affinities, which result in the generation of multiple layers of 
n-C7 asphaltenes on the adsorbent surface [57, 130]. In this case, the form of each 
adsorption isotherm is ascribed to the decreasing of the nanoparticle vacant sites for 
adsorption by mass unit, due to the increment of the nanoparticle dosage which 
affects the interactions between the available nanoparticles and asphaltenes.

It can be concluded that the adsorption isotherms constructed by method II con-
siderably deviate from those usually presented in the literature. Nonetheless, this 
method is a useful tool for obtaining the needed amount of nanoparticles according 
to the interactions of adsorbate-adsorbate and adsorbate-nanoadsorbent. In effect, 
this method is important in practice because the amount of asphaltenes at reservoir 
conditions is assumed invariable when treatments are applied.

3.3.3  Effect of the Temperature

The effect of temperature on the asphaltene adsorption was also investigated by 
Nassar et al. [67]. The adsorption experiments were carried out in the temperature 
range 298–328 K using γ-Al2O3 nanoparticles, and the results are shown in Fig. 3.5. 
As presented in the figure, the adsorption of asphaltenes over the surface of nanopar-
ticles is decreased when temperature increments occur. Since the adsorption on the 
nanoparticle surface releases heat, such reduction in the asphaltene adsorption is 
expected. Nevertheless, the temperature effect affects the colloidal state of adsorbed 
asphaltenes on the surface which can be found as colloidal micelles, aggregates, or 
single molecules [131, 132]. Therefore, changing the colloidal condition of the 
asphaltenes results in a reduction in the adsorption capacity at high temperature due 
to the size decreasing in the asphaltene aggregate and asphaltene self- association [133].

3.3.4  Effect of Pressure

The pressure impact on asphaltene adsorption was investigated by Nassar et al. [89] 
through experimental adsorption test under-flow mode on porous media. The con-
tinuous adsorption experiments were carried out at three pressures 6.89, 10.34, and 
17.24  MPa at 313  K onto a packed media of silica sand. They found out that 
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asphaltene adsorption is pressure-dependent, obtaining type III (IUPAC classifica-
tion) [134] isotherms shifting to the left as pressure increases, following the order on 
the adsorbed amount (Nm) as 17.24 > 10.34 > 6.89 MPa. On Table 3.4 are shown the 
results for the SLE-RC model that was validated with the obtained experimental 
results. It is worth noting on Table 3.4 that the solubility parameter δas rises as pres-
sure rises, which agrees with what has been showed on literature [135–137], since 

Table 3.4 Estimated parameters of the solid-liquid model at reservoir conditions in the SLE-RC 
model for different test pressures at 313 K [89]

Parameter
Value
6.89 10.34 17.24

H(mg/g) 8086.42 7030.61 3321.65
K(g/g) 1259.76 1440.82 1473.52
Nm(g/g) 0.00668 0.00708 0.00879
δas(MPa1/2) 16.56 16.64 16.80
vas(cm3/Mol) 1040.4 1025.28 743.74
RMSE% 1.70 0.04 0.63

Permissions related to the material excerpted were obtained from the American Chemical Society, 
copyright 2015, and further permission should be directed to the American Chemical Society; 
N.N. Nassar, T. Montoya, C.A. Franco, F.B. Cortés, P. Pereira-Almao. A New Model for Describing 
the Adsorption of Asphaltenes on Porous Media at a High Pressure and Temperature under Flow 
Conditions Energy & Fuels 29 (2015) 4210–4221

Fig. 3.5 Adsorption isotherm of asphaltenes onto γ-Al2O3 nanoparticles at a different temperature. 
The symbols are experimental data, and the solid lines are from the SLE model [67]. 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; N.N. Nassar. 
Asphaltene Adsorption onto Alumina Nanoparticles: Kinetics and Thermodynamic Studies, 
Energy & Fuels 24 (2010) 4116–4122
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this is related to the fact that the system pressure is above the bubble point of the 
solvent (toluene) [89]. Also, the decrease of the molecular volume with pressure due 
to the solubility parameter is inversely proportional to the molar volume, which 
means that the solvent power required to solubilize asphaltenes increases and the 
molecular weight of the asphaltenes in the solvent decreases. On the other hand, the 
decreasing trend of the parameter H means that the affinity among the solid surface 
and the asphaltenes is high when the intermolecular forces among asphaltenes and 
the silica sand surface are favored with the increment in the pressure [74]. Inversely, 
the degree of asphaltene self-association related with the parameter K suggests that 
as the pressure increases, the asphaltenes adsorbed on the solid surface increase their 
self-association behavior, even though the self- association also depends on their 
molecular structure, the interaction between them, and its strength [84, 138].

3.3.5  Effect of Asphaltene Types and Properties

Usually, asphaltenes can be precipitated using one of two main solvents, namely, 
n-pentane and n-heptane [76, 110, 116, 139, 140]. Each solvent is responsible for 
precipitating different asphaltene characteristics in terms of molar mass, chemical 
composition, and physical characteristics, with different yields [76, 109]. None-
theless, the adsorption performance might be changed as a consequence of the type 
of used precipitant. In this regard, an adsorption study on the two types of asphal-
tene samples was conducted onto NiO nanoparticles at 25  °C by independently 
extracting the asphaltene from vacuum residue using n-pentane (C5) and n-heptane 
(C7) [110]. C7-asphaltenes and C5-asphaltenes were individually dissolved in tolu-
ene with the goal of obtaining an insight into the impact of extracted asphaltene on 
the adsorption process. The adsorption results showed that the maximum uptake of 
C5- asphaltenes is a little bit lower than that of C7-asphaltenes. This is expected, as 
the adsorption behavior of the tested asphaltenes is different due to the presence of 
heteroatoms which makes them polar, as a consequence, stronger interactions 
occurred. Another reason is related to the high aromaticity in asphaltenes; bonding 
of π electrons to the empty d orbitals in transition metal oxides cannot be over-
looked. It can be recalled that C7-asphaltenes are more polar and aromatic than C5-
asphaltenes [141]. In addition, the colloidal conduct and molecular mass and 
structure of the asphaltenes affect adsorption too. In fact, it was reported that the 
C5-asphaltenes have a higher resin amount than that of C7-asphaltenes which could 
affect the colloidal behavior, thereby impacting the interactive forces among the 
asphaltene molecules and NiO nanoparticles [139]. Nonetheless, the initial uptake 
by NiO nanoparticles seems similar for both kinds of asphaltenes.

In another study, the effect of asphaltenes’ molecular weights (MW) on the 
adsorption was also studied [55]. In this study, different molecular weights and sizes 
of visbroken asphaltenes were adsorbed onto Fe3O4 nanoparticles. The principal 
characteristics of the studied asphaltenes along with the Langmuir isothermal 
parameters are summarized in Table  3.5. The molecular weights of asphaltenes 
were obtained based on the established parameters from using exclusion (liquid) 
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chromatography (SEC). It should be noted that the increasing aromaticity is one of 
the important features that have to be considered for thermally cracked asphaltenes, 
varying in this case from 0.43 for virgin asphaltenes to 0.60 for harshly cracked 
asphaltenes (VBASP9). From the SEC established parameters, the average molecu-
lar depictions including from 260 carbon atoms for virgin asphaltenes down to 64 
carbon atoms for harshly cracked asphaltenes were determined. Their aromatic 
regions were from 113 down to 38 carbon atoms per average molecular depiction. 
Alkyl appendages were reduced in length from variations in thermal cracking.

Table 3.5 also compares the maximum uptake (Qm) and adsorption affinities (KL) 
obtained by the Langmuir model for the four types of asphaltenes. As shown, the 
uptake kept the order VBASP9 > VBASP8 > VBASP7 > VBASP6 which agrees 
with the kinetic efficiency results obtained for different asphaltene adsorption on the 
basis, portrayed by adsorption rate. However, the adsorption affinity had a reversed 
order. These discrepancies in the order might be ascribed to a different degree of 
interaction among the nanoparticle surface, in this case, iron oxide, and the type of 
asphaltenes. It has been published that iron oxide interacts strongly with asphaltenes 
and resin hydrocarbon group types and therefore impacts their H-bonding inclina-
tion and augments their retentive characteristics [21]. Moreover, the results also 
indicate that the molecular interaction among the p electrons of the aromatic ring 
with Fe will be augmented with the rise in the aromatic nature of asphaltenes. Also, 
the bond of N atoms with Fe cannot be excluded, especially when the asphaltene 
molecules line up parallel to the metal surface in a face-up position [142]. Based on 
that, high N content in harshly cracked asphaltenes would improve adsorption. 
Hence, the N content includes both, basic and non-basic nitrogen compounds, that 
can interact distinctively with the nanoparticles. In fact, iron compounds are predis-
posed to the selective adsorption of basic type nitrogen (pyridinic) instead of the 
non-basic (pyrrolic) [143]. Furthermore, the S content is playing a role in the 
adsorption performance. As shown in the table, the asphaltene adsorbed amount 
rises as the S content decreases. This reduction in the content of S with the reduction 
in the molecular weight of asphaltenes can be ascribed to the loss of alkyl moieties 
connected to the asphaltene structure by S-linkages that are eliminated simply by 
thermal cracking and thus decreases in S content. This leaves a nucleus that inter-
acts effortlessly with the nanoparticles and ensures the adsorption [113].

Table 3.5 The properties of the considered asphaltenes along with the Langmuir isothermal 
parameters obtained at 298 K [55]

Type of 
asphaltenes

Log 
(MW)

H/C 
(atomic 
ratio)

N 
(wt%)

S 
(wt%)

Max. molecular 
size (nm)

Qm 
(mmol/g)

KL (L/
mmol)

VBASP6 3.31 1.31 0.86 8.65 4.5 0.047 17.03
VBASP7 3.30 1.14 0.98 8.59 4.5 0.048 12.27
VBASP8 2.95 1.07 0.99 6.79 2.1 0.085 3.77
VBASP9 2.96 1.11 1.05 6.08 2.1 0.197 1.07

Permissions related to the material presented were granted by Elsevier, and future permission 
should be directed to Elsevier; N.N. Nassar, A. Hassan, L. Carbognani, F. Lopez-Linares, P. Pereira- 
Almao. Iron oxide nanoparticles for rapid adsorption and enhanced catalytic oxidation of ther-
mally cracked asphaltenes, Fuel 95 (2012) 257–262
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3.3.6  Effect of Nanoparticle Size

We believe that the changes in nanosizes of particles can experience substantial 
alterations in their surface properties, including shape, topology, porosity, and sur-
face area. As previously discussed, the nanoparticles have a strong ability to interact 
with polar heavy hydrocarbon molecules and have an effect on their consequent 
processing like adsorption. This is because of their incredible properties like high 
surface area-to-volume ratio and active surface functionality. Therefore, the size of 
nanoparticles might have an important influence on the adsorption performance of 
asphaltene by changing the size from 1 to 100 nm. To provide a better understanding 
of the impact of particle size and dispersion degree on the mechanistic behavior of 
asphaltene, many studies have been conducted by our research group for the first 
time [60, 61, 118, 144]. The nanosize impacts of NiO nanoparticles on adsorption 
of vacuum residue n-C5 asphaltenes were studied which is also proved by our group 
on Quinolin-65 as a model molecule for asphaltene [61, 144, 145]. The authors gave 
important comprehension about the surface selectivity and activity and the role of 
particle size in the generation of more effective nanoadsorbent and catalysts for 
heavy hydrocarbon processes. Figure 3.6 shows the adsorption isotherms of n-C5 
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Fig. 3.6 The adsorption isotherms of vacuum residue n-C5 asphaltenes over different-sized of NiO 
nanoparticles. The inset shows a picture of selected samples before and after adsorption [61]. 
Permissions related to the material excerpted were obtained from John Wiley and Sons, and further 
permission should be directed to John Wiley and Sons; N.N. Marei, N.N. Nassar, M. Hmoudah, 
A. El-Qanni, G. Vitale, A. Hassan. Nanosize effects of NiO nanosorbcats on adsorption and cata-
lytic thermo-oxidative decomposition of vacuum residue asphaltenes, The Canadian Journal of 
Chemical Engineering 95 (2017) 1864–1874
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asphaltenes onto different NiO nanoparticles of 5, 10, 20, 40, and 80 nm at 25 °C 
fitted with the SLE model. In addition, the figure provided with a photographer 
represents the variation in color of a control sample (450 mg/L) before and after 
adsorption. It is worth noting that the color change in the photograph presented the 
experimental adsorbed amount normalized per mass, not per surface area. As shown, 
all the sizes of NiO nanoparticles were succeeded in the adsorption of n-C5 
asphaltenes with different degrees in adsorption affinity and capacity. This finding 
confirms that the NiO-nanosized particles impact asphaltene adsorption behavior 
which can be due to the substantial variation in surface properties, topology, mor-
phology, and textural properties of NiO nanoparticles after experiencing down in 
the nanoscale. Even though adsorption is given by a normalized surface area basis, 
a higher adsorption capacity can be observed for the largest particle size (80 nm) 
compared to the smaller sizes of NiO. This observation suggests that the adsorption 
behavior of n-C5 asphaltenes goes far more than the increment or diminution in the 
surface areas and several conditions might be involved as intrinsic reactivity, disper-
sion ability, subsequent aggregation, asphaltene self-association, and the nanopar-
ticle surface topology and morphology [110, 144]. Moreover, the fitting parameters 
of SLE model (K and H) were reduced with the reduction of the NiO nanosize from 
80 nm to 5 nm, resulting in an increment of the adsorption affinity and a decrease of 
asphaltene aggregation degree.

In another study, it was found that the uptake of asphaltenes over different sizes 
of alumina (nano and micro) were affected by the surface area [118]. In this study, 
both types of aluminas with alike surface acidity but different particle size were 
used for asphaltene adsorption. It was noted that both aluminas were good in adsorb-
ing asphaltenes with different degrees. Even though adsorption is given by a surface 
area basis, alumina nanoparticles presented higher adsorption affinity and adsorp-
tion capacity when compared to micro-alumina. This suggests that the increment in 
uptake and affinity of alumina with the reduction in the particle size goes far more 
than the increment in surface area and has other factors, as dispersion ability and 
intrinsic reactivity.

3.3.7  Effect of Coexisting Molecules on Asphaltene Adsorption

It is of paramount importance to inquire about the competitive adsorption process 
among several heavy molecules adsorbing onto a nanoparticle surface. Nonetheless, 
since asphaltenes’ molecular structure is unestablished and is affected by the origin, 
there is a challenge in performing competitive adsorption on real crude for under-
standing the adsorption process. Therefore, model molecules such as violanthrone-
 79 (V-79) and Quinolin-65 (Q-65) have been utilized as model heavy compounds to 
imitate resin and asphaltene molecules, respectively, in several studies [60, 144, 
146]. Recently, Montoya et  al. [147] studied the adsorption onto different NiO 
nanoparticles of violanthrone-79 (V-79) and Quinolin-65 (Q-65) as model heavy 
compounds to imitate resin and asphaltene molecules, respectively, using three 
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approaches: (1) individual adsorption, (2) simultaneous adsorption, and (3) dis-
placement competitive adsorption; in addition, they used computational modeling 
to better understand the adsorption behavior. Figure  3.7 shows the simultaneous 
adsorption isotherms of V-79 and Q-65 from the binary solutions over the 5 nm NiO 
and 40 nm NiO nanoparticles. On Fig. 3.7, it can be observed that the adsorbed 
molar density of V-79 is higher than that of Q-65 onto both 5 nm NiO and 40 nm 
NiO nanoparticles. This was related to high interactions of V-79 with the surface 
sites of the nanoparticles, which was in agreement to the obtained computational 
modeling outcomes. Also, the adsorption uptake by surface area basis, of both V-79 
and Q-65, onto the 5 nm NiO is lesser than that on 40 nm NiO. This was related to 
the lesser density of strong adsorption sites onto the surface of 5 nm NiO in com-
parison to the 40 nm NiO nanoparticles or the absence of a larger surface room. 
They also found that the strength of the adsorption interactions and the location of 
the adsorbing molecules are important parameters when working with competitive 
adsorption of V-79 and Q-65, concluding that V-79 molecules can substitute Q-65 
and the Q-65 could be the predecessor of V-79.

Accordingly, it is worth noting that during asphaltene adsorption, competitive 
adsorption might take place between the maltene and asphaltene molecules to be 
adsorbed on sites and intervene in the adsorption effectiveness. Therefore, it is 
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5 nm NiO and 40 nm NiO nanoparticles. Nanoparticle dose, 10 g/L; temperature, 298 K; and 
experiment time = 24 h [147]. Permissions related to the material excerpted were obtained from the 
American Chemical Society, copyright 2020, and further permission should be directed to the 
American Chemical Society; T. Montoya, A. Amrollahi, G. Vitale, N. Hosseinpour, N.N. Nassar. 
Size Effects of NiO Nanoparticles on the Competitive Adsorption of Quinolin-65 and 
Violanthrone-79: Implications for Oil Upgrading and Recovery, ACS Applied Nano Materials (2020)
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important to study the effect of the presence of these coexisting molecules on the 
asphaltene adsorption. An experimental adsorption study was conducted on 
maltenes, asphaltenes, and bitumen using colloidal nanoparticles of γ-Al2O3 by 
independently dissolving them in toluene [67]. The adsorption isotherms fitted with 
the Langmuir model finding that the highest adsorption capacity was for the pure 
asphaltenes which is slightly higher than that for the bitumen. However, the pure 
maltenes show the lowest uptake. These discrepancies in the adsorption capacity 
can be ascribed to the chemical characteristics, molecular size, and structure of the 
oil, which impacts the interaction forces among the oil molecules and nanoparticles 
[139]. Moreover, the outcomes also showed that asphaltene molecules display the 
strongest interaction forces with the adsorbent surfaces. Nevertheless, having 
maltenes with a significant asphaltene concentration in the solution might have 
somehow an influence on this interaction which can alternate the organization of 
asphaltene molecules in the adsorbed layer and also asphaltene aggregates.

On the contrary, Franco et al. [148] investigated the impacts of resin I on the 
adsorption behavior of n-C7 asphaltenes onto silica and hematite nanoparticles. The 
adsorption experiments were conducted varying n-C7 asphaltene to resin I propor-
tion such as 7:3, 1:1, and 3:7 and several concentrations of the asphaltene-resin 
mixture from 500 mg/L to 5000 mg/L. They obtained that resin I was behaving as a 
solvent at the concentrations they tested; this implied that resin I has no consider-
able impact on the asphaltene adsorption. In addition, they found that nanoparticles 
were more prone to adsorb asphaltenes than resin I. The amounts of n-C7 asphaltenes 
and resin I adsorbed were determined by a novel method based on thermogravimet-
ric (TGA) and softening point (SP) measurements.

3.3.8  Effect of N-Heptane/Toluene (H/T) Ratio

It is well-known that the asphaltenes could be having self-association to form vari-
ous aggregates and colloids. Thus changing their colloidal state can cause formation 
damage and consequently impact the oil recovery efficiency [40, 149]. Therefore, 
an investigation on the adsorption behaviour of asphaltene aggregates on nanopar-
ticle surface is of paramount importance. Based on the fact that asphaltenes are 
highly solubilized in toluene and totally precipitated in a solvent like n-heptane, it 
is important to understand the effect of asphaltene monomers, dimers, isomers, or 
nanoaggregates on adsorption process using the nanoparticles [29]. For that pur-
pose, it was recommended to change the (n-heptane/toluene) H/T ratio from 0.0 to 
0.45, because the high H/T ratio (>0.5) will increase the precipitation of asphaltenes 
if the other variables are kept constant [133]. It was observed that as the H/T ratio 
rises, the asphaltene adsorption rises on the surface of γ-Al2O3 nanoparticles [67]. 
This finding can be due to the reduction in the solubility of asphaltenes that increases 
asphaltene aggregation and self- association, translating into an increment in the 
adsorption [29, 133]. In another investigation, Franco et al. [129] tested the impacts 
of asphaltene aggregation on the adsorption process using NiO and/or PdO 
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nanoparticles added over fumed silica. In this study, various aggregate sizes of 
asphaltenes were obtained by changing different ratios of heptol (n-heptane and 
toluene) in quantities of 0, 20 (heptol 20), and 40 (heptol 40) % v/v n-heptane. The 
adsorption isotherms were depicted by the solid- liquid equilibrium (SLE) model, 
and the model parameters were presented in Table 3.6. As shown from the results 
that the SLE model fits perfectly with experimental data, as confirmed by the low 
values of χ2. It is clearly observed that the adsorption capacity (qm), the adsorption 
affinity which is represented by the reciprocal of the H parameter, the K parameter 
of the SLE model, are increased with the increase in the ratio of heptol followed the 
trend of Heptol 40 > Heptol 20 > toluene for both nanoparticles. These findings sug-
gested that the quantity of precipitant in the solution rises with a higher degree of 
asphaltene self-association on the active site of nanoparticles. However, for compar-
ing different adsorbents at a set asphaltene concentration in the same solution, it can 
be concluded that the modified nanoparticles have less asphaltene self-association 
and a higher preference. This finding can be supported by the resulted qm and the 
inverse of H for SNi1Pd1 nanoparticles that present a higher adsorption affinity and 
capacity in comparison to the fumed silica nanoparticles. In contrast, the obtained 
K values of the SNi1Pd1 are lower in comparison to fumed silica, thus suggesting 
that the addition of NiO and PdO on the fumed silica surface facilitated the inhibi-
tion of the self-association of the asphaltenes.

On the other hand, Nassar et al. [67] investigated asphaltene aggregate size evo-
lution with time for the n-C7 asphaltenes AK18 in H/T 40 and H/T 20 along with the 
population balance model (PBM) fit as it is shown in Fig. 3.8. It can be observed in 
Fig. 3.8 an increment in the asphaltene aggregates’ average size as the amount of 
n-heptane has increment too, with the maximum average size of 1086  nm and 
842 nm for H/T 40 and H/T 20, respectively. It is worth noting that for both solu-
tions the asphaltene average size increases until the maximum, and then it decreases. 
This is because under a shear condition the asphaltene growth kinetics requires both 

Table 3.6 The SLE parameters of Colombian n-C7 asphaltene adsorption from different heptol 
mixtures over fumed silica and SNi1Pd1 nanoparticles at 298 K [129]

Solvent H (mg/g) K (x10−4 g/g) qm (mg/m2) χ2

Fumed silica
Toluene 2.02 4.51 2.89 1.03
Heptol 20 1.59 4.96 2.97 1.65
Heptol 40 1.12 5.47 3.15 1.45
SNi1Pd1
Toluene 1.77 2.16 6.36 0.36
Heptol 20 1.18 2.74 6.40 0.56
Heptol 40 1.07 3.29 6.58 0.77

Permissions related to the material presented were obtained from the American Chemical Society, 
copyright 2015, and further permission should be directed to the American Chemical Society; 
C.A.  Franco, N.N.  Nassar, T.  Montoya, M.A.  Ruíz, F.B.  Cortés. Influence of Asphaltene 
Aggregation on the Adsorption and Catalytic Behavior of Nanoparticles, Energy & Fuels 29 
(2015) 1610–1621
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aggregation and fragmentation because of the collision of asphaltene aggre-
gates [73].

Also, they found out that the parameters of the PBM model varied for each evalu-
ated system. The aggregates porosity was 0.31 and 0.46 for H/T 20 and H/T 40, 
respectively, indicating that increasing the amount of n-heptane in the solutions 
decreases the solubility of the asphaltenes, causing the formation of larges aggre-
gates, and then increases the aggregates porosity. This agrees with what has been 
reported in literature [93, 96]. However, for the breakup coefficient b, they did not 
find a strong dependence on the solvent composition, with values of 4.27 × 10−5 and 
4.25 × 10−5 for H/T 20 and H/T 40 solutions, respectively. Finally, they studied the 
effect of nanoparticles in both systems (H/T 20 and H/T 40). From the PBM model, 
the ε parameter was reduced following the trend of virgin AK18 n-C7 asphaltenes > 
magnetite > γ-alumina > silica, suggesting that smaller aggregates are resulting 
from the inclusion of nanoparticles to the system; the b parameter did not follow a 
clear trend, in terms of the kinetics of asphaltene aggregation-fragmentation, prob-
ably because the breakup coefficient could change as a function of the resultant 
asphaltene concentration and also may be affected by the presence of nanoparticles, 
and their characteristics such as size, shape, type, etc. [73].
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Fig. 3.8 Kinetics of virgin AK18 n-C7 asphaltenes’ aggregation-fragmentation at a temperature of 
293 K in heptol 20 and heptol 40 solutions. The symbols are experimental data, and the solid lines 
are from the PBM model [73]. Permissions related to the material excerpted were obtained from 
the American Chemical Society, copyright 2015, and further permission should be directed to the 
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Development of a Population Balance Model to Describe the Influence of Shear and Nanoparticles 
on the Aggregation and Fragmentation of Asphaltene Aggregates, Industrial & Engineering 
Chemistry Research 54 (2015) 8201–8211
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3.3.9  Effect of Water Content

Water can be found in many steps during heavy oil recovery, upgrading, and pro-
cessing. For practical application, it is important to investigate the impact of water 
on the asphaltenes’ adsorption process. Therefore, an adsorption study was con-
ducted on the asphaltenes using γ-Al2O3 nanoparticles by changing the quantity of 
water from 0.1 to 0.25  vol % under the invariable concentration of asphaltene 
1500 mg/L at 298 K [67]. Take into account that the onset of phase distinction hap-
pens closely at 0.30 vol %. Worth noting is that it was not feasible to perform experi-
ments at a water content higher than 0.25 vol % as the onset point of phase separation 
is around 0.30  vol%. It was observed that the adsorption capacity is linearly 
decreased with the water content. This observation can be explained by the fact that 
the hydrophilicity of the adsorbent surface will be increased with the water content, 
thus drives the asphaltenes away from the accessible sites [77]. Therefore, in the 
existence of water, asphaltenes can behave as surfactants. Therefore, they will work 
in stabilization of water drops inside a heavy oil matrix, producing emulsions and/
or (w/o) microemulsions [150, 151]. This would draw asphaltenes to the water 
droplets instead of the nanoparticles, which generates a reduction in the adsorption. 
Also, the existence of water and emulsions can produce particle aggregation and 
cause reduction in the adsorption surface area, which impacts the uptake [151].

3.4  Conclusion and Future Remarks

This chapter looks into the current research trends for using the nanoparticle tech-
nology to remove and inhibit the asphaltenes from oil processing as an alternative 
technology that maximize recovery and upgrading of heavy oil while minimizing 
the environmental footprint. This chapter provides a good understanding of the 
effect of the adsorption process of the nanoparticles and gives an insight into the 
usage of nanotechnology for in situ improvement of heavy and extra-heavy oils. The 
following are the most relevant points that can be concluded from this chapter.

• Based on the unique properties of nanoparticles that differ from their bulk, 
nanoparticles have significant potential uses as an adsorbent for improving heavy 
oil upgrading and recovery.

• Complete asphaltene adsorption using different types of nanoparticles, such as 
silica, functionalized silica, and metal oxide, was rapidly obtained, which makes 
them a good option for preventing the precipitation and deposition of asphaltenes. 
That inhibition avoids flocculation and precipitation, which the polar compounds 
appear to be generating blocks of, and erase the trend to adsorb in multilayers, 
which can be caused by the polarity left by the initially adsorbed asphaltenes.

• The electrostatic and van der Waals forces are the strongest interactions among 
the asphaltene aggregates and surface of nanoparticles, and therefore the acid 
and base metal oxide nanoparticles can be utilized for the adsorption and effi-
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cient remotion of asphaltene aggregates from oils as a focus for the in situ oil 
enhancement.

• The asphaltene adsorption was affected by several conditions that might be pres-
ent in the oil industry, and it reduced as the water content and temperature 
increased. The water content will enhance the surface hydrophilicity of the 
nanoparticle, which moves the asphaltenes far from the adsorption places. In 
addition, water can aggregate the particle, thus reducing the uptake. Increments 
in the temperature will cause reduce in the asphaltene self-association.

• The effect of the presence of coexisting molecules, such as bitumen and maltenes, 
on the asphaltene adsorption was considered. Pure asphaltene seems to have a 
bigger adsorption capacity than bitumen or maltenes, indicating that adsorption 
was impacted by the chemical composition and size and structure of the oil.

• The effect of surface acidity of nanoparticles on the asphaltene adsorption was 
investigated using different aluminas with varying surface acidity. The 
asphaltenes were efficiently adsorbed on the three types of aluminas, where the 
acidic surface has the highest uptake, suggesting that the uptake is directly cor-
related to surface acidity of aluminas and playing a role in the adsorption process.

• The nanoparticle size has a considerable effect on the asphaltene adsorption. It 
was found for similar surface acidity of alumina that the adsorption capacity of 
nano- alumina is bigger than that of micro-alumina on a surface area basis. This 
was due to the high dispersion degree of nanoparticles. A similar finding was 
observed for NiO nanoparticles with sizes varying from 5 and 80 nm.

• It was found that the asphaltene adsorption process is affected by their types and 
properties. The adsorption was augmented with a reduction in the molecular 
weight of the asphaltenes. Reducing the asphaltene molecular weight improved 
the adsorption velocity, while the adsorption affinity increased as the molecular 
weight of asphaltenes increased.

• A model to describe the asphaltene aggregation-fragmentation without the exis-
tence of several nanoparticles that considers the adsorption process was formu-
lated. The model reliability was based on population balance equations, and the 
adsorption parameter was added by using the double kinetic exponential model.

• The SLE model, which was proposed by our research group, is successfully 
implemented to fit the adsorption isotherms of asphaltene for different solvents 
with different volume ratios of n-heptane/toluene, different nanoparticles, differ-
ent temperatures, etc. The model was used to explain the adsorption of asphaltenes 
over a surface based on thermodynamics, considering for the first time the i-mer 
generation of asphaltene, as a consequence of the interactions of asphaltene-
asphaltene and asphaltene-solid surface.

• The functionalized fumed silica nanoparticles with nickel and palladium oxides 
were used for the adsorption of asphaltenes obtained from a Colombian extra- 
heavy crude oil. The SNi1Pd1 material had more preference for the asphaltenes 
than that of fumed silica. Additionally, the supported nanoparticles on fumed 
silica reduced the tendency of asphaltene self-association and improved the 
adsorption affinity as confirmed by the values of K and H terms of the SLE 
model. These findings showed that the supported material inhibited the self- 
association of asphaltenes.
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• The effect of asphaltene self-association on the adsorption preference of func-
tionalized and unfunctionalized nanoparticles toward the adsorption of 
asphaltenes was investigated. The adsorption of different asphaltenes’ varying 
volume ratios of n-heptane/toluene was investigated. The outcomes indicated 
that the H term had the trend of toluene > heptol 20 > heptol 40, suggesting that 
the adsorption preference was augmented as the quantity of precipitant raised. In 
addition, the K term suggested that the asphaltene self-association onto the 
adsorbent surface raised in the order of heptol 40 > heptol 20 > toluene.

• Asphaltene adsorption isotherms’ data at high-pressure conditions (reservoir 
conditions) were firstly used to validate a novel model based on the chemical 
theory to describe the influence of pressure on the interactions asphaltene- 
asphaltene and asphaltene-solid surface. Type III isotherms were obtained show-
ing an increase in the asphaltene adsorbed amount when pressure increases.

• The effect of adsorption methods on the asphaltene adsorption was investigated. 
Method 1 consisted of an invariable dosage of nanoparticles in a set volume of 
liquid with the change on the initial concentrations of asphaltenes. Method 2 had 
varied dosages of nanoparticles to a set initial concentration of asphaltenes in 
solution. For various combinations of asphaltene initial concentrations and 
nanoparticle amount, adsorption isotherms of both types intersect each other, 
generating a “critical point” that coincides with the same starting concentration 
and nanoparticle dosage in the two methods.

• The effect of asphaltene source indicated that asphaltene nature and composition 
impact the adsorption process and that the form of the resulted adsorption iso-
therms depends mainly on the used method because of the self-associative nature 
of the adsorbate tested such as asphaltenes.

Keeping these abovementioned observations in mind, it is safe to assume that 
future use of nanoparticles in asphaltene adsorption is very much expected. Also, 
environmental challenges should be studied very deep to prevent any risks related to 
the indiscriminate utilization of nanoparticles. In this regard, recycling and re-using 
the spent nanoparticles could be very beneficial in terms of process economics as 
well as reduction of environmental footprint. This can be improved by giving mag-
netic properties to the nanomaterials, for example via core-shell preparations, 
between the nanoparticles for a specific use such as interfacial tension reduction, 
chemical enhanced oil recovery processes, inhibition of the formation damage, vis-
cosity reduction, wettability alteration, among others. This can be applied to nano-
fluids for EOR processes as well. In addition, the synthesis of nanocomposites 
between commonly used nanomaterials and naturally occurring compounds such as 
dispersants or nanoparticles for uses in situ as nanofluids and subsurface could be 
achieved to give properties such as improving in the dispersibility nanoparticles in 
the medium; also, naturally occurring inorganic materials hold promise to decrease 
the asphaltene content of the oil and reduce the coke forming tendency (during 
petroleum refining operations) of the oil, resulting in partial upgrading of the oil. 
This may occur subsurface (in situ upgrading) or on the surface. However, lots of 
in-depth study toward the optimization of the adsorption process leading to the 
commercialization of the idea are still very much needed.
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Chapter 4
Nanoparticles as Catalyst for Asphaltenes 
and Waste Heavy Hydrocarbons 
Upgrading

Abdallah D. Manasrah, Tatiana Montoya, Azfar Hassan, 
and Nashaat N. Nassar

4.1  Introduction

As a result of population growth and improvements in the quality of life, there has 
been a rapid increase in total energy demand worldwide and a depletion of conven-
tional oil resources, resulting in a need for alternative, sustainable, and environment- 
friendly energy sources [1]. The global energy demand is expected to rise by 33% 
by 2035 [2]. To meet global energy demands while appropriately addressing envi-
ronmental concerns, environment-friendly, cost-effective, efficient, innovative, and 
smart technologies for oil sands exploration and extraction need to be developed. 
Oil sands are currently one of the reliable supplies. Accordingly, great attention has 
been paid to unconventional resources such as heavy and extra-heavy crude oils to 
meet the global energy demand [1–4]; however, heavy crude oils have a large 
amount of high-molecular-weight polar hydrocarbons, such as asphaltenes, that 
cause high viscosities and low API gravity that strongly affect the production, trans-
portation, and refinery processes [2–4]. These heavy polar hydrocarbons are also 
typically characterized by a low hydrogen-to-carbon atomic ratio (H/C) and a high 
initial boiling point and generally produce more than 50 wt% of residue with boiling 
points above 773 K [5, 6], which tends to inhibit light hydrocarbon conversion. In 
addition, heavy oils contain high levels of metals, such as Fe, Ni, and V, and hetero-
atoms, such as S, O, and N [7]. Heavy oils also contain appreciable amounts of 
sulfur-type compounds, including refractory compounds with strong bonds, such as 
C-S and C=S, that dramatically increase oil viscosity [8, 9]. Given high viscosity, 
high density, and the presence of metal and sulfur compounds, upgrading processes 
are essential to improve heavy oil quality to meet pipeline and market 
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specifications. The H/C atomic ratio is typically used as an indicator of oil quality; 
a value near 1.5 is an indicator of high-quality crude, while a value near 0.8 is an 
indicator of poor-quality crude [10]. Accordingly, to improve the quality of heavy 
oil, its H/C atomic ratio should increase. The technologies currently used to improve 
heavy oil quality include carbon rejection, hydroprocessing, and gasification [11–
13]. Carbon rejection processes include pyrolysis (e.g. visbreaking, coking, and 
rapid thermal pyrolyzer), separation or extraction (e.g. solvent deasphalting pro-
cess, SDA), and cracking (e.g. VGO and VR FCC) [5, 6, 14–17]. Hydrocracking 
and steam cracking gasification are typical processes of hydrogen addition [18, 19]. 
Conventional hydroprocessing technologies still suffer from coke formation and 
catalyst poisoning as a result of metal deposition. Carbon rejection processes have 
simple configurations compared with hydrogen addition processes and do not 
require hydrogen injection and catalyst loading; however, this process produces 
lower yields and generates significant coke waste, giving it a large environmental 
footprint. Gasification has been a topic of research for many years [20, 21], and its 
development and commercialization have also been a subject of intense analysis [5, 
22] as a promising technology for upgrading heavy hydrocarbons. To date, the best- 
known gasification process for heavy residue fraction upgrading is the “flexicoking” 
process developed by Exxon Mobil [23]. In flexicoking, residue is converted into 
synthetic gases, such as CO, H2, CH4, and CO2. While flexicoking generates better 
quality liquid and forms less coke compared with the delay coking process, it suf-
fers from a number of challenges including the need for good-quality feed to avoid 
coke formation, high catalyst loading, and the production of low-BTU waste gas 
[24]. Hence, there is an urgent need for new technologies that can merge with cur-
rent technologies to enhance the quality of heavy oil and satisfy environmental 
regulations with lower operational costs. To this end, nanoparticle technology has 
recently emerged as a potential solution for a number of challenges facing the oil 
industry [22]. Nanoparticles technology has emerged as an attractive area of interest 
for heavy oil upgrading as asphaltene removal, air emission capture, and wastewater 
treatment become relevant. Because of their unique features and special physical 
and chemical properties, such as high surface area to volume ratio, high degree of 
dispersion, excellent adsorption affinity, and catalytic activity promotion, nanopar-
ticles could be used as adsorbents and catalysts for enhancing heavy oil quality. 
Also, because of their small size, nanoparticles are highly mobile in porous media. 
Furthermore, nanoparticles offer potential for an environment-friendly and cost- 
effective approach for heavy oil recovery and upgrading because they can be pre-
pared in situ, within the oil reservoir. Dr. Nassar’s research group has explored 
nanoparticle technology to integrate carbon rejection with hydrogen addition pro-
cesses. These studies have addressed the use of nanoparticles technologies for oil 
upgrading and recovery processes, particularly for asphaltene adsorptive removal 
and subsequent postadsorption decomposition. Nanoparticles were also employed 
as inhibitors to prevent or delay the precipitation of asphaltenes by in situ adsorp-
tion of asphaltenes within the well. Furthermore, supported and unsupported 
nanoparticles were employed for asphaltene adsorption from the oil matrix, fol-
lowed by postadsorption catalytic decomposition [22, 25–37]. In this chapter, we 
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discuss the role of nanoparticles as adsorbents to remove heavy polar hydrocarbons 
from heavy oil and subsequently how they be used as catalysts for postadsorption 
decomposition of the adsorbed heavy hydrocarbons. The catalytic effect of different 
metal oxide nanoparticles on the thermo-oxidative decomposition of asphaltenes at 
isothermal and nonisothermal conditions will be evaluated using thermogravimetric 
analyses. In addition, the effects of nanoparticles in asphaltene steam gasification 
using a fixed bed reactor will be discussed. Thus, the following topics are covered 
in this chapter: (i) the role of nanoparticles as an adsorbent and their subsequent 
oxidation/decomposition of adsorbed species, (ii) factors affecting the thermo- 
oxidation and decomposition of asphaltenes such as the types and properties of 
nanoparticles, the source of asphaltenes and their properties, and the effect of 
adsorption affinity on the oxidation of adsorbed asphaltenes, and (iii) the use of 
isoconversional method for estimating the effective activation energies of the ther-
mal decomposition reactions.

4.1.1  Role of Nanoparticles as Catalyst

Asphaltene adsorption and subsequent oxidation/combustion on nanoparticles has 
become an attractive topic for the heavy oil industry [28]. The nanoparticles are not 
only rapidly removing asphaltenes from the heavy oil and thus making the remain-
ing fraction of oil transportable for conventional processing but also the nanoparti-
cles can be employed as catalysts for upgrading asphaltenes into light usable 
distillates [5, 38, 39]. By integrating asphaltene adsorption and oxidation, important 
synergies could be realized, including a reduction in capital cost, an increase in 
energy efficiency, and enhanced performance and portability [40]. Many types of 
nanoparticles have been developed with greener technologies and cost-effective 
approaches that have proven to have a significant impact on the oil upgrading indus-
try [28, 41]. These nanoparticles include glass, clay minerals, soils, minerals, rock 
minerals, silica, modified silica, alumina, silica-alumina, metals, metal oxides, vari-
ous forms of carbon, and polymers [42]. Metal-based nanoparticles, for instance, 
exhibited extraordinary catalytic [43], electric [44], photosensitive [45], and mag-
netic [46] properties, as well as demonstrating their potential application in several 
fields of energy [47, 48], environment [49], engineering, and science [50]. Recently, 
extensive research has been performed that employs metal-based nanoparticles as 
adsorbent and catalyst “nanosorbcats” for oil upgrading and recovery processes 
[51–53] that can be positively applied for in situ and ex situ oil upgrading processes 
as a cost-effective and more environment-friendly approach. Asphaltenes can be 
selectively separated from oil by adsorbing them onto the surfaces of nanosorbcats 
and consequently, upgrading these heavy fractions into light utilizable distillates [5, 
25]. It should be noted that asphaltenes upgrading is controlled by its chemical and 
physical structure in addition to the physical and chemical characteristics of the 
adsorbent [52]. The source of asphaltenes plays a significant role in determining its 
structure, while the physical properties of nanoparticles such as surface 
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morphology, surface area, internal pore volume, pore diameter, and pore distribu-
tion have contributed to the efficiency of the adsorption process [42, 54]. Another 
important factor to be considered is the potential for diffusion problems and pore 
plugging which are probable when using classical porous adsorbents for removing 
asphaltenes [55].

4.1.2  Catalytic Effect of Nanosorbcat

Nanoparticles can be employed as adsorbent/catalysts for separating asphaltenes 
followed by their catalytic decomposition [28, 37]. For instance, upgrading the 
heavy oil via in situ via catalytic cracking requires asphaltene adsorptive removal 
followed by catalytic thermal cracking or a hydrogenation reaction. Thus, before 
field application and well test performance, the catalytic effect of nanoparticles 
toward asphaltene cracking has to be determined. In search of an economically via-
ble upgrading process for bitumen or heavy oil, an alternative processing scheme 
that may prove viable was proposed by Hassan et al. [53, 56] as shown in Fig. 4.1. 
This scheme requires the development of a catalyst capable of preferentially 

Fig. 4.1 Schematic representation of the total process for catalytic steam gasification of adsorbed 
asphaltenes and heavy asphaltene-like molecules [56]. (Permissions related to the material 
excerpted were obtained from American Chemical Society, copyright 2017, and further permission 
should be directed to American Chemical Society; Ref. [56])
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adsorbing heavy polar hydrocarbons, like asphaltenes, and subsequently, its ability 
to perform low-temperature catalytic steam gasification of the adsorbed species. 
This approach can be achieved by constructing a setup capable of performing both 
adsorption and catalytic steam gasification in continuous operation using a fixed 
bed reactor. On the other hand, the adsorption process is conducted by extracting 
asphaltenes from the heavy oil and resolubilizing in a model solvent, such as tolu-
ene or heptol (heptane + toluene). Batch adsorption usually takes place with a ratio 
of 1:10 (L/g) model heavy oil solution/ mass of the nanoparticles. The adsorption of 
asphaltenes onto nanoparticles is determined from the change in the concentration 
of asphaltenes in the model oil solution (i.e. toluene) before and after mixing with 
the nanoparticles. It was confirmed that the adsorption of asphaltenes onto surfaces 
of nanoparticles depends on the type and strength of interactions between the 
asphaltene species and the solid surface. A number of interparticle forces are indi-
vidually or collectively responsible for this successful interaction between 
asphaltenes and the surface that results from the presence of functionalized groups 
on the asphaltenes, including carboxylic, pyrrolic, pyridinic, thiophenic, and sulfite 
groups [57, 58]. The major forces that could contribute to these interactions are van 
der Waals, electrostatic, charge transfer, hydrogen bonding, and steric interactions 
[59]. After adsorption, the thermo-oxidative decomposition of the adsorbed 
asphaltenes over metal oxide nanoparticles can be performed using a simultaneous 
thermogravimetric analyzer (TGA/DSC) to measure the mass loss over oxidation 
temperature and/or time. For better understanding the catalytic effect and compari-
son purposes of nanosorbcat, a small amount (∼5–10 mg) of tested samples (includ-
ing adsorbed asphaltenes and nanoparticles) should be placed in TGA and heated 
from room temperature at a specified heating rate to a specific temperature under 
atmosphere of air or nitrogen until no appreciable mass loss was observed. Although 
asphaltenes adsorption and thermal decomposition have been studied extensively 
[60–63], little work has been performed on the adsorption and subsequent catalytic 
thermal behavior of nanoparticles toward asphaltenes [37, 64, 65]. Different types 
of metal oxide nanoparticles were successfully employed for adsorptive removal 
[28] and subsequent oxidation [66], gasification [29], and decomposition [30] of 
asphaltenes for isothermal and nonisothermal conditions. Nassar et al. [28, 30, 37] 
reported about the adsorption of asphaltene and their subsequent oxidation onto dif-
ferent metal oxide nanoparticle surfaces, disclosing that the adsorption of asphaltenes 
is strongly dependent on the type of nanoparticles. Several types of nanoparticles 
were also reported for the adsorption of n-C7 asphaltenes originated from Athabasca 
vacuum residue, such as NiO, Co3O4, Fe3O4, TiO2, CaO, CeO2, and ZrO2 [33]. 
Furthermore, Nassar et  al. [65] described the correlation between the adsorption 
affinity and the catalytic activity of metal oxide nanoparticles, suggesting that the 
higher the affinity for adsorption, the better the catalytic activity for asphaltene 
decomposition. These experimental findings also showed that the presence of 
nanoparticles decreases the activation energy of asphaltene decomposition, thus 
enhancing the reaction rate.
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4.2  Oxidation of Asphaltenes

The adsorption and subsequent oxidation of asphaltenes on metal oxide nanoparti-
cles were first introduced by Nassar et al. [37, 52, 64–66]. The measure of the cata-
lytic effect of nanoparticles on the thermo-oxidative decomposition of asphaltenes 
typical employs the use of thermogravimetric analyses. This catalytic effect toward 
asphaltene oxidation is investigated by monitoring the mass and heat changes as 
temperature increases. The adsorbed asphaltenes samples should be heated under at 
least three different heating rates. It is worth mentioning that for better evaluation 
and comparison of the catalytic effect of nanoparticles on thermo-oxidative decom-
position of asphaltenes, the amount of asphaltene adsorbed per surface area of 
nanoparticles should be kept fixed for all the selected nanoparticles. This would 
eliminate the effect of surface area and pinpoint the importance of the surface func-
tionality of the nanoparticles toward asphaltene adsorption and subsequent oxida-
tion. Additionally, the mass of tested sample should be the minimum to avoid mass 
transfer (diffusion) limitations.

When the asphaltenes are adsorbed onto nanoparticles, the oxidation appears to 
happen at much lower temperatures compares with the oxidation temperature of 
virgin asphaltenes (nonadsorbed), clearly supporting that the nanoparticles have a 
catalytic effect over asphaltenes oxidation as observed in several studies by Nassar 
et al. [37, 52, 64, 65]. Evidence of this can be seen in Fig. 4.2a and b, which shows 
the profiles for the differential of mass loss and heat flow, respectively, with the 
increase in the temperature at a heating rate of 10 °C/min, under air atmosphere, for 
virgin nC7-asphaltenes as well as the adsorbed nC7-asphaltenes onto nanoparticles 
[28]. As shown, the mass loss profile for nonadsorbed C7-asphaltenes (virgin) can be 
divided into two regions over the oxides range of 400 and 550  °C: (1) low- 
temperature range (up to 400 °C) due to thermal cracking and (2) high-temperature 
range (beyond 400 °C) due to the complete oxidation to gaseous products. Since 
asphaltenes have heavy structure fractions in oil, no exothermicity associated with 
mass loss in the heat changes profile can be observed lower than 400 °C. This mass 
loss was therefore termed as low-temperature oxidation region where the major loss 
occurs due to bond scission as well as the incorporation of oxygen into the asphal-
tene matrix. Combustion in the presence of air occurs after 450 °C, as shown by the 
presence of an exotherm that follows the same profile as the mass loss. For the 
nanoparticles containing C7-asphaltenes, the profile of mass loss and the heat 
evolved changed drastically. On the other hand, the oxidation/combustion of 
adsorbed nC7-asphaltenes onto nanoparticles appears to happen at much lower tem-
peratures (<350 °C). This reduction in oxidation temperature validates the idea that 
the nanoparticles considerably catalyze the oxidation of asphaltenes. Nassar et al. 
investigated the adsorption/oxidation of asphaltenes using different types of 
nanoparticles [28, 34, 35, 66]. During the adsorption process, the authors observed 
a monolayer of adsorbed asphaltenes using metal oxide nanoparticles [28, 35, 37], 
aluminas [64], modified kaolin, and kaolin containing metal oxide nanoparticles 
[67]. Table 4.1 summarizes the oxidation temperature and the activation energy of 
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Fig. 4.2 DTG-DTA curves for asphaltenes oxidation with and without NiO nanoparticles, (a) the 
rate of mass loss with temperature, (b) the enthalpy changes with temperature [28]. (Permissions 
related to the material excerpted were obtained from American Chemical Society, copyright 2011, 
and further permission should be directed to American Chemical Society; Ref. [28])
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adsorbed asphaltenes over these different types of nanoparticles. All tested nanopar-
ticles showed high catalytic activity for post adsorption oxidation. As shown, the 
oxidation temperature of asphaltene decreases by the range of 100–140 °C relative 
to the noncatalytic oxidation of virgin asphaltenes in the presence of metal oxide 
nanoparticles. However, for virgin nC7-asphaltenes not adsorbed over nanoparticles, 
oxidation occurs between 400 and 550 °C, as discussed earlier. Moreover, the sig-
nificant reduction in the activation energy values confirms the catalytic activity of 
nanoparticles toward asphaltene decomposition. A correlation between the 

Table 4.1 Effect of different types of nanoparticle on the oxidation properties of adsorbed 
asphaltenes

Type of 
nanoparticles Size of NP

Oil source and 
type of 
asphaltenes

Activation 
energy (kJ/
mol)

Oxidation 
temperature 
(oC)

Method 
used Ref.

NiO 12 nm C7-asphaltenes, 
VR

57 280–325 Coats- 
Redfern

[37]

Co3O4 22 nm C7-asphaltenes 72 ~300 Coats- 
Redfern

[37]

Fe3O4 22 nm C7-asphaltenes 43–61 ~365 Coats- 
Redfern

[37]

Nanoalumina 48 nm C7-asphaltenes 16.72–39.83 250–440 Coats- 
Redfern

[65]

Microalumina <200 μm C7-asphaltenes 12.56–38.22 300–440 Coats- 
Redfern

[65]

TiO2 8 nm C7-asphaltenes 115–148 400 Ozawa–
Flyn–
Wall

[52]

ZrO2 26 nm C7-asphaltenes 115–145 360 Ozawa–
Flyn–
Wall

[52]

CeO2 16 nm C7-asphaltenes 50–120 330 Ozawa–
Flyn–
Wall

[52]

Acidic alumina 60 A, Avg. 
pore size

C7-asphaltenes 27.2–52 320–350 Coats- 
Redfern

[64]

Neutral 
alumina

52 A, Avg. 
pore size

C7-asphaltenes 17.9–47.0 320–350 Coats- 
Redfern

[64]

Basic alumina 54 A, Avg. 
pore size

C7-asphaltenes 18.8–44.7 320–350 Coats- 
Redfern

[64]

NiO 12 nm, 
107 m2/g 
(BET)

C7-asphaltenes 108.58 300 °C in 
120 min

Ozawa–
Flyn–
Wall

[38]

Co3O4 22 nm, 
41 m2/g 
(BET)

C7-asphaltenes 90.62 300 °C in 
125 min

Ozawa–
Flyn–
Wall

[38]

Fe2O4 22 nm, 
43 m2/g 
(BET)

C7-asphaltenes 153.34 300 °C in 
280 min

Ozawa–
Flyn–
Wall

[38]
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adsorption affinity and the catalytic activity of the metal oxide nanoparticles was 
reported, indicating that higher adsorption affinities increase the catalytic activity. 
Having an active surface is one of the important properties of an adsorbent/catalyst. 
For transition metal oxide nanoparticles, the adsorption affinity and catalytic activ-
ity are expected to be different depending on their differing surface characteristics 
and chemistry.

As demonstrated by Nassar et al. [64], a higher adsorption capacity per surface 
area was obtained for nanoalumina, demonstrating that surface acidity plays an 
important role in the adsorption affinity. In addition, the catalytic oxidation of 
adsorbed asphaltenes is highly affected by particle sizes [65, 68] and surface acidi-
ties [64]. This fact was supported by using two different alumina particles (micro 
and nanoparticles) that have different particle sizes and surface acidities. However, 
the catalytic activity for asphaltene oxidation was higher for microalumina compare 
with nanoalumina, revealing that the textural properties are more important than the 
particle size during the catalytic oxidation of asphaltenes.

To further understand the effect of surface acidity/basicity on the asphaltene oxi-
dation performance, three different surface acidities of alumina containing adsorbed 
asphaltenes were investigated. It is evident that adsorption of asphaltene over alu-
mina greatly enhanced the oxidation process and the oxidation process involving 
thermal cracking started as early as 400  °C.  The acidic alumina has the highest 
adsorption of asphaltenes, and basic alumina has the highest catalytic activity 
toward asphaltene oxidation based on its surface area. Moreover, the transport of 
alumina nanoparticles suspended in an aqueous solution with potential adsorption 
value is feasible because the nanoparticles allowed the system to flow, demonstrat-
ing the inhibition of both precipitation and deposition as well as the enhanced dura-
bility against asphaltene damage in porous media [66].

It was also found that the mechanism function of asphaltene oxidation is strongly 
dependent on the type of nanoparticle, which is attributed to the different extent of 
chemisorption between asphaltenes and the nanoparticle surface [69]. For example, 
CeO2 showed the lowest values of effective activation energy compared with other 
metal oxide nanoparticles like TiO2 and ZrO2 [52]. Such a low value of activation 
energy can be explained by the ability of CeO2 to follow the Mars−Van Krevelen 
(MvK) mechanism [70]. Similar findings were reported by Hosseinpour et al. [71, 
72] on Iranian n-C7 asphaltenes using metal oxide nanoparticles for the adsorption 
and subsequent oxidation asphaltenes. It was observed that the profile of gases 
released in the decomposition process is particle-type dependent, confirming the 
catalytic role of the selected metal oxide nanoparticles. In another study, Franco 
et  al. [73] showed that incorporating 1 wt% of nickel and palladium oxide onto 
fumed silica nanoparticles significantly enhanced the adsorption and subsequent 
oxidation of Colombian n-C7 asphaltenes, because of the synergistic effect that 
could be achieved upon the incorporation of these metal oxides. Furthermore, the 
authors also found that these types of supported nanoparticles allow the formation 
of Type I adsorption isotherm, facilitating later processes of asphaltenes, such as 
catalytic thermal cracking and the inhibition of formation damage [25, 74].
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4.2.1  Relationship Between Adsorption Affinity and Catalytic 
Activity of Nanoparticles

As discussed, the nanoparticles have demonstrated a strong affinity and catalytic 
activity toward asphaltene adsorption and oxidation. It is important to understand 
the relationship between adsorption affinity constant and the catalytic activity of 
nanoparticles. Such a correlation was investigated by Nassar et al. [37] by adsorbing 
and further oxidizing the C7-asphaltenes over NiO and Fe3O4 nanoparticles. It was 
reported that NiO exhibits higher affinity constants than Fe3O4. The affinity constant 
is a measure of the interaction between adsorbate and adsorbent; the higher the 
value, the greater the strength of interaction. Accordingly, NiO presents the highest 
percent conversion at a provided temperature probably because of the strongest 
adsorbate–adsorbent interactions. On the other hand, Fe3O4, with the lowest adsorp-
tion affinity, shows the lowest catalytic activity. A comparison between adsorption 
affinity and catalytic activity of nanoparticles is presented in Fig. 4.3a and b which 
shows that the catalytic activity is directly related to affinity constant. Figure 4.3b 
shows the values of catalytic activity in terms of percent conversion at a given tem-
perature and also in terms of onset temperature at a given percent conversion (30%). 
This led the authors to conclude that asphaltene adsorption and thermal decomposi-
tion are strongly affected by the type of metal oxide nanoparticles. Thus, a correla-
tion between the adsorption affinity and the catalytic activity can be established; as 
the higher the affinity constant of the metal oxide, the better catalytic activity toward 
asphaltenes. It is worth noting that the affinity constant is a measure of the interac-
tion between the asphaltenes and nanoparticles; the higher the value, the stronger 
the strength of interaction. Although the nanoparticles have comparable surface area 
and particle size, their catalytic activities are still different. This suggests that the 
surface area is not the only controlling parameter for the catalytic activity. It appears 
that the interactions between asphaltenes and nanoparticles are also of interest and 
play a role in catalytic activity. Similar observations have been reported in previous 
studies on the catalytic activity of the selected metal oxide nanoparticles toward 
asphaltene oxidation and gasification [25]. This correlation between the adsorption 
affinity constant and catalytic activity of nanoparticles was also supported in another 
study using aluminas at different surface acidities which proved that the adsorption 
affinity is affected by the basicity and acidity of nanoparticles [62]. For instance, 
Freundlich affinity factor (1/n), which is an indicator of adsorbate–adsorbent inter-
action correlates with the catalytic activity. The authors demonstrated that the cata-
lytic activity increases as (1/n) value decreases. Therefore, alumina with basic 
surface has the lowest 1/n value, which depicts the strongest interactions, also has 
the lowest value of activation energy, consequently showing highest catalytic activ-
ity. The authors concluded that surface basicity of alumina affects the catalytic 
activity; the higher the surface basicity, the better the catalytic activity was.
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Fig. 4.3 The relationship between adsorption affinity and catalytic activity of nanoparticles, (a) 
Langmuir and Freundlich adsorption constants (KL and 1/n) obtained in the previous study, (b) % 
conversion and oxidation of asphaltenes over nanoparticles [37]. (Permissions related to the mate-
rial excerpted were obtained from Elsevier and further permission should be directed to Elsevier; 
Ref. [37])

4 Nanoparticles as Catalyst for Asphaltenes and Waste Heavy Hydrocarbons Upgrading



142

4.2.2  Effect of Asphaltene Loading on the Catalytic Activity 
of Nanoparticles

The dependence of asphaltenes loading on the catalytic activity of nanoparticles in 
terms of oxidation and conversion is experimentally verified by Nassar et al. [37]. 
These findings were demonstrated by oxidizing the adsorbed asphaltenes over metal 
oxide nanoparticles containing different adsorbed amount of asphaltenes. It is worth 
noting that increasing the initial concentration of asphaltenes will increase the 
adsorbed amount of asphaltenes onto nanoparticles. Figure 4.4 shows the catalytic 
activity of Fe3O4 for oxidation of different amount of adsorbed asphaltenes. It is 
clear that asphaltene oxidation is enhanced as the adsorbed amount of asphaltenes 
decreased. As the amount of nanoparticles is fixed, an increase in the adsorbed 
amount of asphaltenes results in the accumulation of asphaltene molecules onto the 
nanoparticle surfaces and reduces the active sites available for the reaction.

4.2.3  Effect of Asphaltenes Types on Oxidation

Typically, asphaltenes can be precipitated using one of two main solvents, namely, 
n-pentane and n-heptane [28, 61, 75–77]. Thus, the precipitated asphaltenes depend 
on the used solvent and present different characteristics of asphaltene in terms of 
molar mass, chemical composition, physical characteristics, and different yields 
[58, 75]. The adsorption and subsequent oxidation behavior might therefore be 
changed depending on the type of used precipitant. For instance, the maximum 
adsorption capacity of C7-asphaltenes is slightly higher than that of C5-asphaltenes 
over NiO nanoparticles [28]. Such findings can be explained by the polarity of 
structure due to the presence of heteroatoms which enhance the interactions. Thus, 

Fig. 4.4 Effect of the 
adsorbed amount of 
asphaltenes on the catalytic 
activity of Fe3O4 
nanoparticles [37]. 
(Permissions related to the 
material excerpted were 
obtained from Elsevier and 
further permission should 
be directed to Elsevier; 
Ref. [37])
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it is useful to understand the catalytic effect of nanoparticles over different types of 
asphaltenes. Nassar et  al. [35] evaluated the effect of four different molecular 
weights and sizes of visbroken asphaltenes on the adsorption and subsequent onto 
Fe3O4 nanoparticles. The adsorption results indicate that the molecular interaction 
between the p electrons of the aromatic ring with Fe is increased as the aromatic 
nature of asphaltenes increases. Also, the presence of heteroatoms like N atoms can-
not be ruled out; higher N content in severely cracked asphaltenes would favor 
adsorption, especially if the N content offers both basic and non-basic nitrogen 
compounds which may interact differently with the nanoparticles. Additionally, the 
S content is playing a role in the adsorption performance; the lower the S the higher 
uptake of asphaltenes. Moreover, it was demonstrated that the oxidation of bulk 
asphaltenes depends on their properties; however, no systematic trends have been 
determined so far. It was also noticed that the oxidation temperature is different for 
the start and maximum percent conversion in the absence of nanoparticles. 
Nevertheless, in the presence of nanoparticles, the four types of asphaltenes showed 
identical conversion rates and oxidation temperatures. This confirms that the Fe3O4 
nanoparticles have greatly enhanced the oxidation process, depicting the catalytic 
effect of the considered nanoparticles. For all asphaltenes, the oxidation process 
started at about 220  °C with nanoparticles, instead of about 380–400  °C in the 
absence of the nanoparticles. This decrease in temperature for oxidation reaction 
clearly shows the catalytic behavior of Fe3O4 nanoparticles toward asphaltenes oxi-
dation. The estimated average activation energy of visbroken asphaltenes was 
approximately 82.5  kJ/mol, whereas in the presence of Fe3O4 nanoparticles, the 
average activation energy was 55.8 kJ/mol. From the above-mentioned results, it is 
evident that the presence of Fe3O4 nanoparticles caused a drop in the oxidation tem-
perature and average activation energy, showing their catalytic effect. In addition, in 
the absence of nanoparticles, the four thermally cracked asphaltenes oxidized dif-
ferently. However, when adsorbed onto Fe3O4 nanoparticles their oxidation behav-
ior became similar, showing the enhanced catalytic effect of nanoparticles.

4.3  Estimation of the Activation Energy

The overall rate of solid-state reactions is generally described by Eq. 4.1 [87]:
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(4.1)

where dα/dtα is the reaction rate, α is the conversion degree, k(T) is the rate con-
stant, t is the time, T is the temperature, and f(α) is the reaction model. The depen-
dence of the rate constant is usually described by the Arrhenius law:
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where E is the activation energy, A is the pre-exponential factor and R is the ideal 
gas constant. Using Eqs. 4.1 and 4.2, the following expression for the reaction rate 
is obtained.
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4.3.1  Estimation of Energy Activation 
at Isothermal Conditions

Separating the variables and the integrating Eq. 4.3 at isothermal conditions (con-
stant temperature) yields Eq. 3.4 presented below [78].
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where 
g �� � is the integral reaction model.

Taking the natural (Napierian) logarithm on both sides, Eq. 4.4 can also be writ-
ten in linear form as follows:
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Assuming E is constant, and after simple rearrangements Eq. 4.5 can be written as 
follows [78]:
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where the subscript i is introduced to denote different isothermal temperature pro-
grams, tα, i is the time for the reaction to reach a conversion α at different tempera-
tures. Eq. 4.6 represents an integral method for isothermal reaction conditions. The 
values of E and the kinetic rate are determined from the slope and for the intercept 
of the plot ln(tα, i) against 1/Ti, respectively. For more details see the work by Nassar 
et al. [38].

A. D. Manasrah et al.



145

4.3.2  Estimation of Energy Activation 
at Non-Isothermal Conditions

For the non-isothermal heating rate, the following is defined:
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where dα/dT is the nonisothermal reaction rate, dα/dt is the isothermal reaction rate 
and dt/dT is the inverse of heating rate 1/β. Substituting for Eq. 4.3:

 

d

dT

A E

RT
f

�
�

�� ��
�
�

�
�
� � �exp

 
(4.8)

Integrating Eq. 4.8:
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Equation 4.9 is known as the temperature integral and has no analytical solution 
[78]. Simplify an integration variable as follows:
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Therefore, Eq. 4.9 becomes:

 

g
d

f

AE

R

x

x
dx

x

�
�
� ��

� � � �
� �

� �
�� �

�

0

2

exp

 

(4.11)

Calling p x
x

x
dx

x
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2 , Eq. 4.11 can be written as follows:
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A number of methods have been employed for E calculations based on different 
approximations used for p(x), as will be shown below.
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4.3.3  Estimation of Activation Energy Using OFW Method

In this method p(x) could be approximated by series expansion. Effective activation 
energies were estimated using thermal analysis data and following the iso- 
conversional OFW method [79, 80] with the Doyle approximation [81, 82]. The 
OFW equation is expressed as follows:
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where β is the heating rate, β = dT/dt, A (s−1) is the pre-exponential factor, E (kJ/
mol) is the effective activation energies, R (J/mol∙K) is the ideal gas constant and T 
(K) is the reaction temperature, and α is the reaction conversion parameter that 
ranges between 0 and 1.0 and is expressed as:

 

� �
�
�

m m

m m
t

f

0

0  

(4.14)

where m0 is the initial sample mass, mf is the final mass of the sample, and mt is the 
sample mass at a given time. Hence, E is estimated from the slope of the best-fit line 
of the plot log �� � against 1/T.

4.3.4  Estimation of Activation Energy Using KAS Method

In this method [83, 84], p(x) ≅ e−x/x2, resulting in the following expression:
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In this method, the activation energy (Eα) can be estimated from the plot of the left- 
hand side of Eq. 4.15 against 1/Tα, i at a constant α for βi.

4.3.5  Estimation of Activation Energy Using NLN Method

In the case of this advanced non-linear method developed by Vyazovkin and 
coworkers (NLN), it is based on a direct numerical integration of Eq.  4.9 [85]. 
According to this method, p(x) in Eq. 4.12 is a function of Eα and temperature. 
Therefore, Eq. 4.12 can be written as:
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The main assumption of the NLN method is that the reaction model g �� �  is inde-
pendent of the heating rate β. For that reason, J[Eα, Ti(tj)] in Eq. 4.16 for any given 
conversion value α is the same for all experiments. Therefore, the evaluation of the 
activation energy in this case can be achieved at any value of α by finding Eα that 
minimizes the following expression:
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where J[Eα, Ti(tα)] stands for the integral � �
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the work made by Nassar et al. [27].

Figure 4.5a and b shows isothermal kinetic curves for virgin asphaltenes and 
asphaltenes in the presence of nanoparticles of NiO.  As seen in the figures, the 
kinetic curve shifts to the left as the temperature increases, indicating that the con-
version rate increases with temperature. The estimated activation energies are pre-
sented in Table 4.2 [38]. Clearly, the presence of metal oxide nanoparticles with 
asphaltenes causes a dramatic shift in the reaction mechanism and a significant 
decrease in the activation energy of thermo-oxidative decomposition. Surprisingly, 
in the presence of nanoparticles, the values of activation energy followed the 
sequence NiO > Co3O4 > Fe3O4. This variation in activation energies can be attrib-
uted to differences in reaction mechanisms and limiting steps of the process [87]. 
Therefore, an estimate of the reaction kinetic rate is deemed necessary for compari-
son. In this case, the results showed that the activation energy of asphaltene thermos- 
oxidative decompositions decreased significantly in the presence of nanoparticles. 
Further, in the presence of nanoparticles the reaction kinetic rate was much faster. 
As seen, although NiO has the highest activation energy it still has the fastest reac-
tion rate. This means that the thermo-oxidative decomposition reaction mechanism 
of asphaltene is also metal oxide-specific. Indeed the decomposition reaction rates 
followed the sequence NiO > Co3O4 > Fe3O4, which is in agreement with the order 
of adsorption affinity and catalytic activity at non-isothermal conditions reported in 
our previous studies [69, 78]. This again supports that the enhanced catalytic activ-
ity of metal oxide nanoparticles is not only a function of surface area or particle size 
but that the interaction between nanoparticle surface and asphaltene molecules are 
also of importance and can play major role in reaction mechanism [38].
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(Permissions related to the 
material excerpted were 
obtained from Elsevier and 
further permission should 
be directed to Elsevier; 
Ref. [38])

Table 4.2 Estimated activation energy and kinetic rate for thermal oxidation of asphaltenes in the 
presence and absence of nanoparticles [38]

Material Temperature (°K) Ea (kJ) dα/dt (min−1) at 50% conversion

Virgin asphaltenes 633 153.34 0.005
643 0.007
653 0.011

Fe3O4-asphaltenes 553 76.11 0.015
563 0.019
573 0.026

Co3O4-asphaltenes 553 90.62 0.039
563 0.056
573 0.078

NiO-asphaltenes 553 108.58 0.040
563 0.061
573 0.091

Permissions related to the material excerpted were obtained from Elsevier and further permission 
should be directed to Elsevier; Ref. [38]
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4.4  Pyrolysis of Asphaltenes

The in situ catalytic cracking of heavy oil is another attractive approach for heavy 
oil upgrading. As in the oxidation of heavy oil, it can also be upgraded by asphaltene 
adsorptive removal followed by catalytic thermal cracking or hydrogenation reac-
tion. It is therefore important to understand the catalytic effect of nanoparticles on 
asphaltene cracking before the field and well test performance. Keep in mind that 
the thermal cracking of asphaltenes is challenging because of the temperature effect 
on asphaltenes produced from oil upgrading processes such as viscosity reduction 
and viscosity breaking [34]. Therefore, such application of an adsorbent and cata-
lyst might be able to cope with a real feedstock of large molecules. In this case, 
nanoparticles may be employed as adsorbent/catalysts for separating asphaltenes 
followed by catalytic decomposition. As in visbreaking, similar to thermal cracking 
process, several variables control should be considered to the extent of cracking 
process. These conditions include temperature (455–510  °C), a residence time 
(2–6 min), and pressure (50–300 psi) at the heating coil outlet [14, 34]. Thus, such 
a process can be implemented by employing nanoparticles for the adsorption/cata-
lytic stage after heating where asphaltenes are instable at this stage. This approach 
was thermally investigated under inert conditions for decomposition (pyrolysis) 
behavior of nanoparticles toward adsorbed asphaltene by Nassar et  al., [30, 86]. 
After adsorbing asphaltene onto the surface of nanoparticles, the adsorbed 
asphaltenes was subjected to thermal decomposition using a thermogravimetric that 
monitored both mass and heat changes with increase in temperature. Using the 
nanoparticles will provide exceptional adsorptive and catalytic properties in situ 
adsorption and post-adsorption catalytic cracking of heavy hydrocarbons, such as 
asphaltenes, due to their small sizes, high surface area/volume ratios, and tunable 
chemical characteristics. This will provide additional insight into the challenges 
facing heavy oil recovery and upgrading as the nanoparticles can be used to sustain 
the heavy oil industry via the development of environmentally sound processes with 
cost-effective approaches. On this occasion, several studies were conducted to pro-
vide useful information about the catalytic effects of transition metal oxide and 
supported nanoparticles on asphaltene gasification. It was found that the presence of 
nanoparticles caused a significant decrease in the asphaltene decomposition tem-
perature and activation energy. Table  4.3 shows the catalytic effect of adsorbed 
asphaltenes over different types of nanoparticles. The activation energies were cal-
culated using the Ozawa–Flynn–Wall method. As shown, the high catalytic activity 
toward asphaltene decomposition followed the following order NiO > Co3O4 > Fe3O4, 
confirming that metal oxide nanoparticles can significantly enhance the thermal 
decomposition of asphaltenes reported by Nassar et al. [30]. In that study, the esti-
mated activation energy followed the order Fe3O4 > Co3O4 > NiO, which again sup-
ports that NiO oxide has the highest catalytic activity toward asphaltene 
decomposition. It was stated that the thermal decomposition profile of virgin asphal-
tene could be fractionated into three steps: (1) low-temperature range (up to 350 °C) 
that is characterized by the breaking of intermolecular associations, which presents 
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as the loss of alkyl chains, and weak chemical bonds such as sulfur bridges; (2) mid- 
temperature range (350–500  °C) which possibly depicting the rupture of longer 
alkyl groups and the opening of the polyaromatic ring; (3) high temperature range 
(beyond 500 °C), which shows further cracking resulting in coke formation. When 
it incorporated nanoparticles, on the other hand, the decomposition temperature sig-
nificantly decreased; this lowering of pyrolysis temperature shows the catalytic 
activity of nanoparticles. The effect of the nanoparticles on post-adsorption cata-
lytic thermal cracking of n-C7 asphaltenes was investigated in another study using 
Ni-Pd nanocatalyst supported on fumed silica nanoparticles. It demonstrated that 
the catalytic thermal decomposition of n-C7 asphaltenes in the presence of silica 
nanoparticles took place through two main steps. The first step takes place from 300 
to 500 °C, which corresponds to the breaking of the alkyl side chains, while the 
second one occurs from 500 to 800 °C. The maximum peak of the rate of mass loss 
was shifted to the left by approximately 40 °C, in comparison with that of virgin 
n-C7 asphaltenes, indicating that the reactions involved in this stage took place ear-
lier than those for the virgin n-C7 asphaltenes. For the functionalized nanoparticles, 
two peaks were observed for SNi2 and SPd2 below 660 °C [86]. It was found that 
SNi2 nanoparticles had a higher catalytic effect toward the n-C7 asphaltene thermal 
cracking than the support, and at temperatures higher than 600 °C functionalized 
fumed silica nanoparticles with PdO lead to the suppression of coke formation. 
Nevertheless, the authors concluded that bimetallic nanoparticles (NiO and PdO) 
supported on silica nanoparticles showed the highest catalytic activity, this was 
attributed to the synergistic effects of NiO and PdO on the silica surface, which led 
to higher selectivity than the independent effects of the monometallic ones. 
Figure 4.6, panels a and b, shows a plot of the rate of mass loss for n-C7 asphaltenes 
in the presence of Fumed silica and SNi1Pd1 nanoparticles. These findings were 
also supported by activation energy values, for the virgin n-C7 asphaltenes, the acti-
vation energy ranged between 117 and 195  kJ/mol, while the activation energy 
ranged between 55 and 170 kJ/mol for SNi1Pd1. When the conversion percentage 
was less than 50%, the general trend for the effective activation energy was SNi1Pd1 

Table 4.3 The catalytic effect of pyrolysis adsorbed asphaltenes over different types of 
nanoparticles

Type of 
nanoparticles

Types of 
Asphaltenes

Activation energy  
(kJ/mol)

The temperature at 40% 
conversion (oC) Ref.

NiO C7-asphaltenes 134 336–357 [30]
Co3O4 C7-asphaltenes 174 305–327 [30]
Fe3O4 C7-asphaltenes 194 289–316 [30]
Silica (S) n-C7 asphaltenes 180 370–400 [86]
SNi2 (2 wt% NiO 
on S)

n-C7 asphaltenes 135 350–370 [86]

SPd2 (2 wt% of 
PdO on S)

n-C7 asphaltenes 117 230–250 [86]

SNi1Pd1* n-C7 asphaltenes 115 200–210 [86]
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≈ SPd2 < SNi2 < S < virgin n-C7 asphaltenes. However, for conversion percentages 
above 60%, the trend of activation energy was n-C7 asphaltenes < SNi1Pd1 ≈ 
SPd2 < SNi2 ≈ S. Similar studies using Iranian C7-asphaltenes were reported by 
Hosseinpour et al. [72] and Biyouki et al. [87], using metal oxide nanoparticles for 
adsorption and subsequent oxidation and pyrolysis. The authors found that the out-
come gases in the process are particle-type dependent, confirming the catalytic role 
of the selected metal oxide nanoparticles.

Fig. 4.6 Rate of mass loss of n-C7 asphaltene via thermal cracking in the presence and absence of 
(a) of fumed silica nanoparticles and (b) bimetallic SHS. Amount adsorbed = 0.2 mg/m2; argon 
flow = 100 cm3/min, heating rate = 10 °C/min [86]. (Permissions related to the material excerpted 
were obtained from Springer Nature and further permission should be directed to Springer Nature; 
Ref. [86])
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4.5  Gasification of Asphaltenes

Over the last years, several technologies have emerged to improve the quality of 
heavy oil, including carbon rejection, hydroprocessing and gasification methods [3, 
11, 88]. Carbon rejection processes include pyrolysis (e.g. visbreaking, coking and 
rapid thermal pyrolyzer), separation or extraction (e.g. solvent deasphalting pro-
cess, SDA) and cracking (e.g. VGO and VR FCC) [6, 14–16]. Hydrocracking and 
steam cracking gasification, on the other hand, are typical processes of hydrogen 
addition [18, 19]. These conventional hydroprocessing technologies still suffer from 
coke formation, catalyst poisoning as a result of metal deposition, and produce 
lower yields [41]. Significant research has been carried out to develop techniques 
for hydrogen generation from heavy hydrocarbons. The most developed technolo-
gies for this purpose are reforming and gasification. Gasification seems to be a 
promising technology for upgrading heavy hydrocarbons. Gasification is a thermal 
process in which a carbonaceous feed is transformed into synthesis gas, which is 
primarily hydrogen, carbon monoxide, carbon dioxide, and steam which subse-
quently could be used to produce liquid hydrocarbons through the Fischer−Tropsch 
process [89]. The gasification reaction is a highly endothermic reaction performed 
under severe temperature, pressure, and C to O atomic ratio conditions [90]. 
Catalytic steam gasification, on the other hand, refers to a similar process occurring 
in the presence of a catalyst. As of today, the best-known gasification process for 
heavy residue fraction upgrading is the Flexicoking process developed by Exxon 
Mobil [24, 51]. Although it generates better quality liquid and forms less coke com-
pared with the delay coking process, it suffers from several challenges including the 
need for good-quality feed to avoid coke formation, high catalyst loading, and the 
production of low-BTU waste gas.

In search of an economically viable upgrading process for bitumen or heavy oil, 
an alternative processing schematic representation of a benchtop plant that was built 
with the capacity of handling light as well as heavy hydrocarbon feeds is shown in 
Fig. 4.7. The plant consists of a 40 cm long and 1.9 (3.4″) cm diameter piton-type 
reactor and three reservoirs. The first reservoir had the feed (nC5-asphaltenes 
+LCO), the second reservoir contained water, and the third contained toluene. All 
reservoirs were pressurized with N2. The system utilized three pumps. For the tolu-
ene and water reservoirs, the pumps used were reciprocating pumps from ELDEX 
(model 1 L MP), while for the feed, the pump was an ISCO 500D screw-type pump. 
Two Swagelok back pressure regulators (0–500 psi) were employed to maintain the 
pressure during the two different modalities, adsorption and gasification experi-
ments. A cold trap was installed (using a refrigerating and recirculating bath 
(LAUDA WK 300)) for the condensation of water and heavy hydrocarbon prior to 
the gas flow meter (model FMA-4000) and the on-line gas chromatography, was 
performed with an SRI 86106 analyzer. Omega K type thermocouples were used to 
keep track of process key temperatures, with a special configuration for the reactor, 
consisting of a custom 1/16″ (0.16 cm) profile probe with five reading points sepa-
rated 5  cm. All readings were obtained with an OMEGA10 zone thermocouple 
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scanner (model MDSSi8). The heating of the system was achieved using OMEGA 
heating tapes, along with K type wall thermocouples, all connected and controlled 
by two OMEGA PID (Proportional-Integral-Derivative) temperature controllers 
(model C6N16 TIC). The steam generation chamber consisted of a 1/4″ (0.64 cm) 
Swagelok tubing of approximately 30  cm length, filled with matching rings to 
improve the heat distribution, and heated with the elements previously mentioned. 
All connections were completed with Swagelok stainless steel tubing (1/4″& 1/8″). 
The ball valves and needle valves utilized were also Swagelok, as well as the differ-
ent range of pressure gages all along with the system. The reactor was made of a 
stainless-steel tube, with an outer diameter (OD) of 3/4 in, the internal diameter (ID) 
of 0.62 in or ~ 1.57 cm and height of 27.67 cm for 30 g of catalyst. Additionally, 
5 cm both on top and bottom were filled with an inert material (carborundum), to 
have a better distribution of flow, and heat only the middle section of the tube, in 
order to have a better temperature profile. For a better understanding of how the 
adsorption and gasification experiments were carried out, a brief description of the 
procedure is presented below. The procedure is divided into three main steps, (i) 
Adsorption; (ii) Cleaning; and (iii) Gasification as follows:

 (i) Adsorption experiment: After filling the reactor with the catalyst (~30 g) in 
extrudate form, the feed was heated to 130 °C and pumped. The weight hourly 
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Fig. 4.7 Schematic representation of the adsorption/gasification plant [53]. (Permissions related 
to the material excerpted were obtained from Elsevier and further permission should be directed to 
Elsevier; Ref. [53])
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space velocity (WHSV) used for the adsorption process was 2 h−1. The feed 
continued through the reactor column in the up-flow mode to adsorb asphaltenes 
from the feed onto the extrudate at a temperature of 250 °C. Oil samples were 
collected at fixed time intervals at the outlet of the liquid backpressure value. 
The zero time for asphaltenes breakthrough was considered the moment the 
first droplet of liquid from the reactor appeared.

 (ii) Cleaning: When the adsorption process reached saturation (which was already 
known to be around two column volumes), the pumping of oil was stopped and 
the remaining heavy hydrocarbon in the porous medium was taken out of the 
system with the aid of vacuum gas oil (VGO) or toluene (depending upon the 
feed) and then steam to complete dissolving/cleaning whatever may be left 
inside the porous media.

 (iii) Gasification: The catalytic steam gasification step started immediately after 
cleaning. Steam was generated and flushed through the reactor, exiting through 
the gas backpressure valve. The system temperature was increased gradually 
until it reached reaction temperatures of 530 °C and beyond. Steam gasifica-
tion of the same adsorbed material was carried out at different temperatures. 
Liquid hydrocarbons and water were periodically drained from the cold trap 
separator. Gas analysis was performed every 30 min with an online GC when 
the system was at reaction temperature. The rate of liquid water injected during 
the gasification was 0.2  cm3/min. Gas chromatography analyses were per-
formed online using an SRI multiple gas analyzer model 8610#3, 120 V TCD 
& HID detectors, and an assemble of 3′ molecular sieve/6’ Hayesep-D col-
umns. The GC was previously calibrated with a hydrocarbon mixture gas and 
took 30 min for each analysis.

In that study, four types of metal kaolin based catalysts containing one alkali (K or 
Cs), one alkaline earth (Ca or Ba) metal oxides were tested using a stream consist-
ing of n-C5 asphaltenes dissolved in light cyclic oil (LCO) for catalytic steam gas-
ification and compared [53]. The composition by wt% of the used catalysts are 
listed in Table 4.4. For 6K6Ca catalyst, it was reported that when the reaction tem-
perature increased, the concentration of produced H2 and CO decreased, and the 
CO2 concentration increased. In addition, the abundance of H2 would favor CH4 
producing reactions, and thus the ratio of H2/CO2 was decreased with an increase in 
the reaction temperature.

For a better understanding of the catalytic effect on the gasification of asphaltenes, 
Fig. 4.8 compares the gas composition at different temperatures for the four 

Table 4.4 List of the catalyst composition in wt% employed in gasification of asphaltenes [53]

Catalyst KOAca Ca(OAc)2 Ba(OAc)2 CsOAc NiO Sugar Kaolin

6K6Ca 6 6 – – – 20 68
6K6Ba 6 – 6 – – 20 68
3Ni6KBa 6 6 – – 3 20 65
3Ni6Cs6Ba – – 6 6 3 20 65

aOAc = (CH3COO)
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catalysts. It can be observed that the H2 and CO amounts are decreasing while CH4 
and CO2 amounts are increasing corresponding with the increase in reaction tem-
perature. As a comparison, in Fig. 4.8a and b, certain differences in CSG by 6K6Ca 
and 6K6Ba catalysts can be observed. The percentage of H2 is slightly higher for the 
catalyst containing Ba, and the CO content decreases at a higher rate and reaches 
low values (<5%) at temperatures as low as 650 °C. For the 6K6Ba catalyst, the 
production of CH4 and CO2 appear to reach a plateau while it follows a trend for 
6K6Ca catalysts; however, reaching similar values at higher temperatures. 
Comparing the catalytic steam gasification of 6K6Ba with 3NiO6K6Ba in Fig. 4.8b 
and c indicates that the addition of Ni seems to have significant effect. In addition to 
the reduction in CO percentage, the percentage of CH4 also drops to roughly half of 
that obtained for 6K6Ba catalyst. Also, the content of H2 is higher, with percentages 
higher than 60%. The authors demonstrated this to the spillover effect of H2 by Ni. 
Moreover, the percentage of CO2 is increased for the catalyst containing Ni. These 
behaviors seem to indicate more shift toward water–gas shift reaction, producing 
more H2, CO2, and less CO.  Also, CH4 producing reactions seem to have been 
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Fig. 4.8 Gas composition (vol%) at different temperatures comparison for the four catalysts (a) 
6K6Ca (b) 6K6Ba (c) 3NiO6K6Ba (d) 3NiO6Cs6Ba [53]. (Permissions related to the material 
excerpted were obtained from Elsevier and further permission should be directed to Elsevier; 
Ref. [53])
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reduced, perhaps from the fact that less CO is available. By comparing 3NiO6K6Ba 
with 3NiO6Cs6Ba catalysts for CSG in Fig. 4.8c and d, it can be observed that there 
is less H2 and higher CO percentages for the Cs containing catalyst. The authors 
noted that the CH4 percentages decreased with the addition of Ni to the catalyst, an 
indication that methanation is reduced. A plausible explanation can be that less CO 
available for methanation is present in the gases. Also, catalyst 3NiO6Cs6Ba pro-
duces the highest amount of gases, followed by 6K6Ba, 3NiO6K6Ba and 6K6Ca.

In another study, the effect of oxide support types on the adsorption and subse-
quent steam gasification of adsorbed asphaltenes was explored over Ni–Pd bimetal-
lic nanocatalysts supported on TiO2 and ɣ-Al2O3 nanoparticles [51]. The 
functionalized nanoparticles were labeled by the initial letters of the support (Al or 
Ti) followed by the symbol of the cation of the resulting metal oxide after the calci-
nation process and the weight percentage of the precursor hydroscopic salt used. 
Thus, nanoparticles of TiNiXPdY with 1  wt% of PdO and 1  wt% of NiO were 
denoted as TiNi1Pd. Figure 4.9 shows the estimated effective activation energies for 
the catalytic steam gasification of n-C7 asphaltenes in the absence and presence of 
Ti, TiNi2, TiPd2 and TiNi1Pd1 nanoparticles as a function of the degree of conver-
sion. Eα for virgin n-C7 asphaltenes decreases with the degree of conversion [25], 
indicating that n-C7 asphaltene gasification is not a single “homogeneous” step and 
actually involves more than one mechanism [25, 31]. Conversely, the trend of Eα for 
asphaltene gasification in the presence of nanoparticles is opposite of that of virgin 
n-C7 asphaltenes, showing markedly lower effective activation energy compared 
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with that of virgin n-C7 asphaltene gasification. Thus, the trend of effective activa-
tion energy is affected by the nanoparticles present due to the occurrence of differ-
ent reaction mechanisms. TiNi1Pd1 displayed the lowest activation energy 
throughout the process, suggesting that TiNi1Pd1 is more catalytically active toward 
n-C7 asphaltene steam gasification, therefore confirming their synergistic effect. 
This synergistic effect could be explained by the combination of individual selec-
tivities and the hybrid structures of Pd and Ni that lead to better surface electronega-
tivity and hence more efficient catalytic activity [26, 91]. Similar observations were 
seen for the effective activation energy trends with Al support and the functionalized 
nanoparticles [51].

4.6  Conclusion and Future Remarks

This chapter provides important insights into the use of nanoparticle technology to 
adsorb and subsequent oxidation/decomposition of asphaltenes in oil processing as 
an alternative technology for recoverying and upgrading of heavy oil, thus minimiz-
ing the environmental footprint. It also gives insight into the influence of the adsorp-
tion process on the catalytic activity of the nanoparticles and provides a better 
understanding of the use of nanotechnology for in situ upgrading of heavy and 
extra-heavy oils. This chapter also supports the use of nanoparticles for heavy oil 
upgrading and processing as they are cost-effective approach since they can be pre-
pared in situ. As a result, they have the potential to be developed into a future tech-
nology that may have a huge effect on the industrial and environmental impact. 
Below are the most important findings and points for using nanoparticles technol-
ogy for oil recovery and upgrading:

• The unique properties of nanoparticles have considerable potential applications 
as an adsorbent and subsequent oxidation/ decomposition for enhancing heavy 
oil upgrading and recovery.

• The catalytic effect of nanoparticles was evaluated by employing the adsorptive 
removal of asphaltenes from heavy oil model solution followed by asphaltene 
oxidation. The nanoparticles showed high catalytic activity for asphaltenes 
oxidation.

• The metal oxide nanoparticles, such as TiO2, ZrO2, and CeO2, were applied for 
the adsorption and subsequent catalytic oxidation of Athabascan C7-asphaltenes. 
High catalytic activity for asphaltenes oxidation was observed. The kinetic study 
of the thermo-oxidative decomposition of asphaltenes in the presence and 
absence of nanoparticles was carried out using the Ozawa–Flyn–Wall (OFW).

• The kinetics study of the thermo-oxidative decomposition of asphaltenes in the 
presence and absence of different metal oxide nanoparticles was investigated at 
isothermal conditions. The kinetic results showed that an enhanced thermo- 
oxidative decomposition of asphaltenes associated with a change in reaction 
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mechanism and decrease of activation energy was obtained in the presence of 
nanoparticles.

• A set of metal oxide nanoparticles showed a high oxidation rate and low activa-
tion energy for asphaltenes oxidation in the following order NiO > Co3O4 > Fe3O4. 
Differences in activation energy for different nanoparticles suggest different 
reaction mechanisms.

• Functionalizing the silica nanoparticles has lowered the asphaltene oxidation 
temperature as well as the activation energy. The estimated activation energies of 
asphaltene oxidation in the presence and absence of nanoparticles by the OFW 
method confirmed that different nanoparticles utilized different reaction 
mechanisms.

• A correlation between the affinity constant and the catalytic activity has been 
revealed, the higher the affinity constant the greater the catalytic activity. Thus, 
the catalytic activity of nanoparticles might decrease as the adsorbed amount of 
asphaltenes onto nanoparticles increase.

• It was reported that adsorption capacity is also proportional to surface acidity. 
Acidic alumina, for example, has a higher adsorption affinity than the basic one. 
Conversely, the basic alumina has the highest catalytic activity toward asphaltene 
oxidation. A correlation between Freundlich affinity constant and the catalytic 
activity was established. Decrease 1/n values, favors the catalytic activity of the 
adsorbent.

• The effect of particle sizes on adsorption and oxidation of asphaltenes were 
investigated under similar surface acidity. The micro-alumina showed higher 
catalytic activity toward asphaltene oxidation than nano-alumina. This enhanced 
catalytic effect demonstrated by micro-alumina shows that textural properties 
play an important role in catalysis.

• It was found that nanoparticles portray different reaction mechanisms in the cata-
lytic oxidation of asphaltenes and that the pathway followed is specific to the 
type of nanoparticle.

• It was observed that the temperature of asphaltene oxidation decreased in the 
order Heptol 40 > Heptol 20 > toluene, indicating that for larger aggregates, the 
catalytic activity of nanoparticles is reduced.

• The effect of nanoparticles on different types of visbroken asphaltenes obtained 
from thermally cracked vacuum residue was evaluated for adsorption and oxida-
tion. Regardless of the types of asphaltenes, the presence of Fe3O4 nanoparticles 
caused a significant decrease in the oxidation temperature and average activation 
energy, depicting high catalytic activity.

• The effects of nanoparticle technology on the thermal cracking of n-C7 
asphaltenes were also investigated by performing a catalytic thermal cracking 
process using a TGA/FTIR system. The NiO and PdO supported on fumed silica 
nanoparticles were employed. The results showed that PdO supported on silica 
nanoparticles has better catalytic activity than NiO supported on silica nanopar-
ticles. The mechanism function, kinetic parameters, and transition state thermo-
dynamic functions for the thermal cracking of n-C7 asphaltenes were nanoparticle 
dependent.
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• The bimetallic nanoparticles (NiO and PdO) supported on silica nanoparticles 
showed the highest catalytic activity.

• The possibility of low-temperature catalytic steam gasification of adsorbed 
asphaltenes in a fixed bed reactor unit was also evaluated.

• The effect of incorporating alkali, alkaline earth and transition metal on catalytic 
activity for steam gasification was investigated. Incorporation of NiO nanopar-
ticles promoted further H2 production during the steam gasification of the 
adsorbed asphaltenes, leading to CO2 and H2 as major products with less side 
reactions.

To this end, as for any new technologies, there are a number of challenges facing 
the employment of nanoparticles for catalytic upgrading and recovery enhance-
ment. The main goal of this chapter is to provide an overview of nanoparticle tech-
nology usage for enhancing the catalytic upgrading and recovery processes of crude 
oil. Furthermore, the chapter sheds light on the advantages of the employment of 
nanoparticles in heavy oil industry and addresses some of the limitations and chal-
lenges facing this new technology. The synthesis of nanoparticles could be per-
formed via various techniques; however, the mass production of required 
nanoparticles and availability of surface facilities, the 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 project 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 tem-
perature reaction conditions. The presence of nanoparticles inside the porous media 
and providing appropriate reaction conditions with required elements including 
hydrogen would result in recovery improvement as well as considerable quality 
enhancement in all three phases of liquid, gas, and solid. The enhancement of vis-
cosity, API gravity, carbon residue content, sulfur, and nitrogen content in liquid 
phase was significant. Higher quality of produced gases in terms of hydrocarbon 
gases as well as less carbon dioxide emission in the gas phase and less amount of 
coke content in solid phase show a very promising future for the nanoparticles in 
situ implementation.

Also, environmental challenges should be considered in enough depth to miti-
gate any associated risks regarding the mass use of nanoparticles. In this regard, 
recovery and reusing the nanoparticles could be very beneficial in terms of process 
economics as well as the reduction of environmental footprints, which can be 
improved giving magnetic properties to the nanomaterials. Naturally occurring 
inorganic materials also hold promise to decrease the asphaltene content of the oil 
and reduce the coke-forming tendency (during petroleum refining operations) of the 
oil, resulting in the partial upgrading of the oil. This may occur subsurface (in situ 
upgrading) or on the surface. However, a lot of in-depth studies are still needed to 
optimize the adsorption process and lead to commercialization.
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Chapter 5
Effect of Pressure on Thermo-oxidation 
and Thermocatalytic Oxidation of n-C7 
Asphaltenes

Oscar E. Medina, Jaime Gallego, Farid B. Cortés, and Camilo A. Franco

5.1  Introduction

A mechanistic and kinetic/thermodynamic understanding of asphaltene oxidation is 
crucial for determining the thermal reaction pathway of heavy (HO) and extra- 
heavy (EHO) crude oils in thermal enhanced oil recovery (TEOR) applications [1]. 
These methods use the heat exchange for reducing oil viscosity and therefore 
improve their mobility inside the reservoir. Technologies that involve the injection 
of oxidizing agents such as air and oxygen are widely used worldwide, known as 
combustion process [2, 3]. Furthermore, these fluids are less expensive and require 
less economic investment than the injection of other fluids such as steam and non- 
condensable gases [4, 5]. Despite these advantages, some limitations are associated 
with the combustion front and coke formation in the reservoir due to the high tem-
peratures in these technologies [6]. Asphaltenes are the primary sources of coke [7]. 
Their composition of aliphatic chains surrounding aromatic rings makes them atypi-
cal structures, that once they lose the structures around them, they become more 
refractory, more condensable, and more massive [8]. Asphaltenes’ thermal behavior 
is of great interest due to their coking tendency and catalyst deactivation during the 
injection of hot gases, mainly air or oxygen-rich fluids [9, 10]. Because of these 
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molecules’ complexity, nanotechnology has been employed by several authors to 
improve the kinetic oxidation rate and reduce the energy required for the thermal 
asphaltene decomposition [11–13]. By evaluating different chemical natures of 
nanoparticles, it has been identified that its phase complexity is imperative for selec-
tive oxidation of asphaltenes [14–16]. Besides, the compensation effect can help 
understand the chemical reaction pathway during this process.

Nevertheless, there are no studies in the specialized literature that report the 
effect of pressure and compensation effect of asphaltene thermo-oxidation and ther-
mocatalytic oxidation. In this sense, this research opens a new landscape on the 
oxidative behavior of the heaviest fractions of crude oil under the reservoir and in 
situ combustion conditions, providing the first insights in this area.

This chapter summarizes the main results obtained after robust research on the 
effect of pressure on nanotechnology-assisted oxidative phenomena. The topics 
include (i) advantages and disadvantages of the main thermal recovery methods; (ii) 
application of nanotechnology in low-pressure asphaltene reaction kinetics; (iii) 
theoretical insights about thermodynamic compensation effect; (iv) characterization 
of seven different n-C7 asphaltenes; (v) synthesis and characterization of novel 
nanocatalysts; (vi) adsorption and modeling of asphaltenes on nanocatalysts; (vii) 
high-pressure thermogravimetric experiments on virgin asphaltenes, effect of pres-
sure, and their chemical nature; (viii) thermocatalytic oxidation of asphaltenes at 
different pressures in the presence of various nanocatalysts; (ix) kinetic analysis 
based on effective activation energy and Arrhenius pre-exponential factor; and (x) 
discussion of the thermodynamic compensation effect. Eventually, this study leads 
to the elucidation of the asphaltene decomposition pathways in an oxidizing atmo-
sphere and, therefore, a better understanding of EOR processes’ improvement 
through nanotechnology.

5.2  Thermal Enhanced Oil Recovery Processes

Enhanced oil recovery (EOR) methods are used in the oil and gas industry for 
increasing the productive life of crude oil reservoirs [17]. Since 1950, for the pro-
duction of heavy (HO) and extra-heavy crude oils (EHO), thermal (TEOR) pro-
cesses are commonly used [18] to supply heat into the reservoir and vaporize part of 
the crude oil [19]. TEOR methods use the temperature as a tool to improve HO and 
EHO mobility by oil viscosity reduction. During the heating process, thermal 
expansion of rock and fluids, variation in capillary pressure, the volatilization of 
light hydrocarbons, and gravitational segregation occur. TEOR includes hot water 
injection, steam injection, in situ combustion, and electric heating [2, 3].

Steam is injected into the reservoir in different ways including cyclic steam 
injection (CSS), continuous steam injection, and steam-assisted gravity drain-
age (SAGD).

CSS also called Huff and Puff involves several steam injection periods for heat-
ing the reservoir in the near-wellbore area, using a single well that functions as an 
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injector for steam and producer for crude oil. Precisely, CSS consists of three main 
stages including (i) steam injection into the reservoir; (ii) soaking time, where the 
well is closed to production for heat exchange; and (iii) production time, where the 
well is opened for HO and EHO production. In the soaking period, the crude oil is 
heated, and its viscosity decreases [20]. Temperatures of around 200°C to 300°C are 
reached, and production rates remain high for a short time before decreasing. The 
steam-to-oil ratio increases as cycles progress, leading to decreased economic gain. 
A good design of the technique is necessary to achieve high productivity; this factor 
must consider permeability, oil viscosity, and injection depth [21, 22]. Approximately 
30% of OOIP is recovered with CSS [23, 24].

Continuous steam injection is used as a recovery technique to extract denser 
crude oils and began around 1960 in California to complement recovery by cyclical 
steam injection [25]. A continuous heat supply by steam is required, and it is real-
ized in the injection wells, so that the steam advances in the reservoir, transferring 
heat and decreasing the oil’s viscosity. As the steam front progresses, steam conden-
sation builds up, helping move crude oil to the producing wells. With this technique, 
50% of the OOIP is recovered [26, 27]. Like cyclical steam injection, steam injec-
tion faces several economic and environmental challenges related to CO2 emissions 
during steam generation. The steam generation water has problems such as handling 
large amounts of liquid and an additional dehydration facility for the separation of 
the generated emulsions [28].

Steam-assisted gravity drainage (SAGD) is a technique applied mainly to extra- 
heavy crudes and oil sands. It was invented by Dr. Roger Butler in Canada in 1970 
due to the high viscosity of hydrocarbons in that country [29, 30]. SAGD is cur-
rently one of the most efficient recovery methods that achieve recoveries up to 70% 
of OOIP along with high production rates [31, 32]. The technique consists of drill-
ing two horizontal wells, placing one at 4 m–6 m above the other. Steam is injected 
into the upper well to heat the crude oil, reduce its viscosity, and promote its move-
ment to the lower well (production well). Injected steam creates a steam chamber 
that continuously expands to push condensed water and heated oil into the produc-
ing well. This technique’s application is restricted by several factors, including geo-
logical environment, reservoir thickness, vertical and horizontal homogeneity, and 
high permeability.

Furthermore, the presence of gas and an aquifer can reduce the efficiency of the 
technique [33, 34]. On the other hand, the high volumes of water involved in steam 
generation and gas consumption as fuel can cause high costs. To solve these prob-
lems, variations on the technique have been proposed, such as chemical solvents 
and non-condensable gases [4, 5].

In situ combustion, the heat is generated in the reservoir by igniting a part of the 
crude oil. During the injection of fluids, surface heat is generated and transferred to 
the reservoir. Water is one of the generally used fluids, which can be injected as hot 
water or as steam [25, 35]. The methods of thermal recovery can be used in both 
horizontal and vertical wells. However, generally in horizontal wells, its application 
can be more complex and expensive. In horizontal wells, techniques such as 
expanded solvent with gravity drainage (ES-SAGD), vapor extraction (VAPEX), 
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and SAGD are used to improve the sweep efficiency, increase the contact area, and 
oil rate production [17].

In situ combustion is generated by injecting air or oxygen to ignite a small por-
tion of the oil in the reservoir, reaching temperatures between 450°C and 
600°C. Because heat originates in situ, heat losses are minimum, making it an effi-
cient method [36, 37]. Exothermic oxidation reactions release a high amount of heat 
that helps improve the mobility of heavy oil, burning a small part. There are three 
methods of in situ combustion: (i) frontal combustion, where the ignition is gener-
ated near to the injector well and the hot zone advances in production direction; (ii) 
reverse combustion, where the front combustion advances in the opposite direction 
of airflow, and (iii) high-pressure air injection. This process does not involve recy-
cling water and has a very low emission of gases. Therefore, it is the most crucial 
technique for exploiting heavy and extra-heavy crude oils [38].

The process begins with ignition, where a gas chamber consisting of air and flue 
gases forms at the combustion front. Through the combustion front propagation, 
continuous expansion of the gas chamber is generated, which helps to move the 
unburned oil towards the production wells [6]. The in situ combustion mechanism 
is described by well-defined zones, including the burned, combustion, cracking, 
evaporation, and steam area. These areas are characterized by having different tem-
peratures and different saturations of oil and water [39, 40]. However, despite the 
many benefits that this technique offers, several limitations must be overcome, and 
that is not yet fully understood [41]. There is still no adequate control of the com-
bustion front and the portion of burned oil or its heating rate. Furthermore, the pri-
mary sources of coke are asphaltenes, and to date, no studies of its oxidative 
behavior under reservoir conditions have been dated. Understanding these mecha-
nisms and finding technologies that improve these fractions’ reactivity could 
improve the efficiency of these technologies since many operations could be opti-
mized to obtain a higher recovery factor.

5.3  Nanocatalysts for Asphaltene Decomposition and Heavy 
Oil Upgrading

In recent decades, nanotechnology has emerged as an innovative technology appli-
cable to the oil and gas industry, especially in the remediation and inhibition of 
formation damage and potentializing EOR processes [42]. By convention, nanopar-
ticles are in the range of 1 nm−100 nm. Their size and unique characteristics make 
them suitable for application in porous media [43]. Among nanoparticles’ proper-
ties are their high surface area-to-volume ratio, their selectivity towards heavy com-
ponents of crude oil, their unique optical and chemical characteristics, and the 
presence of active surfaces [44, 45].

The production of heavy and extra-heavy crudes is a challenge that the industry 
faces every day due to the high viscosity and low mobility. Thermal recovery 
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methods have proven to be very efficient in increasing the production of this type of 
hydrocarbon [18]. The increase in temperature and the injection of heat can occur in 
situ or through some fluid. This provides better sweep efficiency and an increase in 
recovery factor with decreased viscosity [22].

A synergy between nanotechnology and thermal recovery methods has emerged 
as an alternative to increase hydrocarbon production. In recent years, several studies 
have focused on the synthesis and development of catalytic nanoparticles that 
reduce the decomposition temperature of asphaltenes and resins, taking advantage 
of the temperatures generated by thermal recovery processes. Different materials 
have been employed, including non-functionalized and functionalized nanoparticles 
as mono- [46] and multi-elemental oxides [46, 47] for the asphaltene catalytic 
decomposition and HO and EHO upgrading [48]. Among the most recent studies, it 
has been employed nanocatalysts of SiO2 [16, 49], TiO2 [47], CeO2 [50–52], and 
Al2O3 [47, 53, 54] resulting in significant reductions in the decomposition tempera-
tures of asphaltenes in different atmospheres (air, steam, inert).

To evaluate the catalytic capacity of nanoparticles, low-pressure thermogravi-
metric analysis and differential scanning calorimetry (DSC) are commonly used. 
Among the first applications of nanoparticles for the oxidation of asphaltenes, 
Nassar et al. [55] investigated the adsorption and subsequent oxidation of Athabasca 
asphaltenes in different metal nanoparticles (NiO, Co3O4, and Fe3O4) [55]. The 
authors found reductions of more than 100°C in the asphaltene decomposition tem-
perature in all cases, obtaining a better result for NiO nanoparticles. Furthermore, 
the surface acidity of the nanoparticles was evaluated in another study [56]. Basic, 
acid, and neutral alumina were assessed for the oxidation of Athabasca asphaltenes. 
The results show affinity increases as the acidic surface increases. On the contrary, 
catalytic activity is higher for basic alumina.

Besides, Fe3O4 nanoparticles were used for catalytic oxidation of different vis-
broken asphaltenes from a cracked vacuum residue. Results show a significant 
reduction in the oxidation temperature and average activation energy [57]. Also, 
TiO2, ZrO2, and CeO2 nanoparticles’ catalytic activity has been investigated [58]. 
CeO2 nanoparticles showed the highest performance for asphaltene catalytic oxida-
tion, confirmed by the lowest effective activation energy trends and lowest values of 
Gibbs free energy and enthalpy changes.

On the other hand, fumed silica nanoparticles were functionalized with transition 
element oxides of Ni and Pd at different dosages for the oxidation of Colombian 
asphaltenes [16]. This study presents essential conclusions on the application of 
functionalized materials. First, a higher dosage of each metal in the mono-elemental 
nanoparticles increases the catalytic capacity of the material. Also, bi-elemental 
nanoparticles show better performance than mono-elemental nanoparticles. The 
application of transition elements can significantly improve the performance of 
TEOs, and the application of design of experiments can lead to the development of 
an optimal material to reduce the activation energy for the catalytic oxidation of 
asphaltenes, which has a dosage of 0.29% Ni and 1.32% Pd on the surface of the 
nanoparticle.
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The influence of resins on the adsorption of asphaltenes on nanoparticles has also 
been studied. The results present different adsorption isotherm types according to 
the resin/asphaltene ratio. It was concluded that resins I do not significantly influ-
ence asphaltene adsorption on nanoparticles and help to solubilize in the medium 
[59]. Other works have focused on the effect of resins I on the catalytic decomposi-
tion of asphaltenes adsorbed on nanoparticles. A combined method of thermogravi-
metric analysis and softening point measurements was used to evaluate the 
adsorption of asphaltenes and resins I in heavy oil model solutions. The results of 
the catalytic behavior show that the presence of resins I do not significantly change 
the decomposition temperature of the asphaltenes adsorbed on the nanoparticles. 
However, the catalytic effect of the nanoparticles is affected by an increase in acti-
vation energy as the presence of resins increases in the system [60].

Despite all efforts to understand and optimize TEOR methods by nanotechnol-
ogy application, the effect of pressure on the interaction of isolated asphaltene mol-
ecules and nanoparticles has not yet been reported in the literature. All these 
investigations have been evaluated at atmospheric pressure, without considering the 
high pressures to which the crude oils may be subjected in the reservoir and in situ 
combustion processes. The few works carried out under reservoir conditions directly 
evaluate the matrix of HO and EHO. Still, to optimize these processes, it is impor-
tant to understand how the individual fractions behave, specifically the coke precur-
sors in the reservoir, in nanoparticles’ absence and presence.

5.4  Compensation Effect

Essentially, the rate of all thermally activated processes is described by the Arrhenius 
law, where the rate r is temperature-dependent, following the expression 
r T k e E k To a

app
B( ) = − / , where, kB is the Boltzmann’s constant. Kinetic parameters

( Ea
app  and ko) determine the temperature dependence and overall rate, respectively, 

during thermal processes. Experimental studies have shown that in some systems, 
by varying Ea

app  values, a thermodynamic compensation effect is reflected in ko 
changes. A direct relationship between both parameters was found, described by 
Eq. (5.1)

 
ln k aE bo a

app( ) = +
 

(5.1)

The kinetic parameters characterizing the system, according to Eq. (X), are lin-
early related to Ea

app  as a function of ln(ko). The term “compensation effect” was 
introduced in 1908 by Wilson et al., by evaluating the electron emission phenome-
non on a heated platinum surface in a hydrogen environment. Later, the compensa-
tion effect was used in catalysis processes, and it has been found that it is valid for 
a large number of homogeneous and heterogeneous chemical reactions. Since then, 
the compensation effect has been used to study thermal and nonthermal processes’ 
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reaction mechanisms, including bulk diffusion, polymer dielectric relaxation, and 
electrical conduction, among others. In thermal reactions, the compensation effect 
is known as isokinetic relationship because the linear dependence of Eq. (5.1) leads 
to an isokinetic temperature (Tisokinetic) expressed by the slope of the line. This tem-
perature implies that all the considered reactions have the same rate. However, 
Tisokinetic is often outside the range of experimentally accessible reaction conditions. 
Commonly, the compensation effect of chemical reactions leads to real compensa-
tion in the rate, considering the values for a always positive. Nevertheless, despite 
the majority of the cases, there are a large of chemical processes that have negative 
values for a.

Despite many attempts to explain the compensation effect in different processes, 
the term is not universally accepted, arguing that the nature of Arrhenius’s law is 
such that the experimental determination of kinetic parameters is associated with 
large statistical uncertainties which rise to a compensatory effect.

On the other hand, the compensation effect can be distinguishable and catego-
rized according to the nature and range of the reactants and/or reaction conditions, 
together with the common constant and systematically modified features. The type 
I compensation effect for heterogeneous reactions is associated with modification of 
the chemical reaction or the catalysts. Type II represents the compensation effect for 
experimental condition variation (i.e., pressure, temperature, heating rate), and type 
III is associated with practical calculation changes. That is, the estimation of kinetic 
parameters is realized using different computational programs or different rate 
equations.

In this order, in this work, we will show that for a broad class of experimental 
conditions and catalysts with different active site distributions, the compensation 
effect can be explained. First, the type II compensation effect will be demonstrated 
by pressure changes during asphaltene oxidation in nanocatalysts’ presence and 
absence. Then, the type I compensation effect will be explained using a different 
class of nanocatalysts.

5.5  Materials and Methods

5.5.1  Materials

5.5.1.1  Nanoparticles and N-C7 Asphaltenes

Ceria-zirconia mixed oxide (Ce0.62Zr0.38O2) as support and impregnated with Au and 
Pd noble oxides in 3:1 and 10:1 Au/Pd initial nominal molar ratios was used for 
asphaltene adsorption and subsequent catalytic oxidation. Nanocatalysts were syn-
thesized by deposition-precipitation of Au followed by incipient wetness impregna-
tion of Pd. Details of the synthesis procedure are found in our previous work [1]. 
The surface area (SBET) of bi-elemental catalysts and support was 67 m2·g−1 ± 2 m2·g−1. 
The final load of element oxides on surface support was determined by inductive 
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coupled plasma-atomic emission spectrometry (ICP-AES). Results demonstrate 
that the nominal molar ratio remains equal to 3:1 and 10:1 at the end of the synthesis 
process. According to the Au/Pd nominal molar ratio, functionalized nanocatalysts 
were named as 3:1AuPd and 10:1AuPd.

Also, STEM-XEDS analysis corroborates the formation of metallic particles in 
functionalized nanocatalysts. The crystal size of Au and Pd varies between 1 and 
5 nm and the respective dispersions near to 36%, for both systems. Finally, by X-ray 
photoelectron spectroscopy, the main functional groups of each catalyst were 
obtained. These results are summarized in Table 5.1.

Initially, a single asphaltene source was used to evaluate the effect of pressure on 
its oxidation in the absence and presence of nanocatalysts. Then, six different 
asphaltenes were obtained from different HO and EHO around the world to address 
the chemical nature effect on reactivity at low- and high-pressure conditions. 
Asphaltene isolation was done by mixing n-heptane (99%, Sigma-Aldrich, St. 
Louis, MO) with the HO following the protocol described in the standard ASTM 
D2892 and ASTM D5236 [62–64]. The samples were characterized by elemental 
analysis (EA) estimated using a Thermo Flash elemental analyzer EA 1112 (Thermo 
Finnigan, Milan, Italy) to determine the C, H, S, O, and N content, following the 
protocol described in previous works [65]. The average molecular weight was esti-
mated using a Knauer osmometer (Knauer, Berlin-Heidelberg, West Germany) cali-
brated with benzyl and using the steps enlisted in literature [66]. X-ray photoelectron 
spectrometry was performed on a Specs brand X-ray photoelectronic spectrometer 
(NAP-XPS) with a PHOIBOS 150 1D-DLD analyzer, using a monochromatic 
source of Al-Kα (1486.7 eV, 13 kV, 100 W) with step energy 90 eV and 20 eV for 
general and high-resolution spectra, respectively. Finally, 1H NMR and 13CNM were 
developed on a Bruker AMX 300 spectrometer (Karlsruhe, Germany) operating at 
300 MHz, with a 5 mm inner diameter tube. The samples were dissolved in CDCL3 
(99.8%) containing traces of tetramethylsilane (TMS) used as standard internal sol-
vents. Details of the procedure are found in a previous study [67]. Considering the 
results of EA, VPO, and 13CNM, average molecule construction was done using 
Materials Studio (BOVIA, San Diego, CA, USA), following the Lee-Yang-Parr 
function and Clar’s theory [68, 69].

Table 5.1 Superficial atomic content (%) of Ce, Au (4f signal), and Pd (3d signal) ions through 
XPS of bi-elemental catalysts supported on Ce0.62Zr0.38O2 ± δ

Catalyst
Ce3+ (atomic 
%)

Au0 (atomic 
%)

Auδ+ (atomic 
%)

Pd0 (atomic 
%)

Pd2+ (atomic 
%)

3:1AuPda 20 100 0 37.7 62.3
10:1AuPda 34 100 0 50.4 49.6

aResults acquired from previous work [61]
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5.5.2  Methods

5.5.2.1  Adsorption Isotherms

The amount of asphaltenes adsorbed on the different nanocatalysts was determined 
by a colorimetric method using a UV-vis spectrophotometer Genesys 10S UV-VIS 
(Thermo Scientific, Waltham, MA, USA) at a wavelength fixed at 295 nm [70, 71]. 
Asphaltene initial concentrations were varied between 100 mg·L−1 and 1500 mg·L−1. 
Besides, the toluene was used as a blank in the calibration curve and as an agent for 
dilution [72].

The procedure starts by adding the constant mass of nanoparticles to the pre-
pared heavy oil model solutions in a ratio of 1:10 mass/volume. This solution to 
nanoparticles ratio is used to allow the adsorbent decantation for the UV-vis absor-
bance measurements. All samples were mixed at 200 rpm for 24 h at 25°C to ensure 
the equilibrium, unless otherwise specified. Then, by centrifugation, the nanoparti-
cles containing asphaltenes were separated. Runs were done by triplicate, obtaining 
a deviation of 0.05 mg·L−1. The amount of n-C7 asphaltenes adsorbed “q” is calcu-
lated using the mass balance in Eq. (5.2)

 
q

C C M

A
E=

−( ) ⋅0

 
(5.2)

where CE (mg·L−1) represents the n-C7 asphaltene concentration in the equilib-
rium, M (L·g−1) is the solution volume/nanoparticle mass ratio, and A (m2·g−1) 
denotes the surface area of the adsorbent.

5.5.2.2  Kinetic Study by High-Pressure Thermogravimetric Analysis

Kinetic analysis of n-C7 asphaltenes oxidation assisted by nanocatalysts was carried 
out using a high-pressure thermogravimetric analyzer 750 (TA Instruments, Inc., 
Hüllhorst, Germany). The equipment operates with a uniform electromagnetic field 
generated by a magnetically levitated balance. Figure 5.1 shows a diagram of the 
gas supply system for the equipment. It comprises four gas mass flow controllers 
(MFCs) to guarantee a correct flow of the working gas at different pressures. 
Initially, the sample surface is cleaned under a vacuum at 0.00025 MPa for 10 min 
by N2 injection at 5 mL·min−1. Then, two runs are done at the same operation condi-
tions due to flow effects, one for the sample to analyze and the other for the empty 
sample holder. Automatic correction is made by subtraction of the respective 
measurements.

Non-isothermal experiments were executed at different heating rates of 
5°C·min−1, 10°C·min−1, and 15°C·min−1. Air injection was done by a flow of 
80 mL·min−1, and the mass was fixed in 1 mg to avoid mass and heat diffusional 
effects [1, 73]. Thermal experiments were developed in three main subsections that 
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involve (i) virgin n-C7 asphaltene oxidation for a single source in a wide range of 
pressures between 0.084 MPa and 7.0 MPa, (ii) oxidation of different sources of n- 
C7 asphaltenes at low- and high-pressures, and (iii) oxidation of nanocatalysts con-
taining n-C7 asphaltenes.

5.6  Modeling

5.6.1  Solid-Liquid Equilibrium Model

This model, from the theory of adsorption and association of molecules over micro-
porous surfaces [74], describes the adsorption and desorption isotherms using the 
following equations (Eqs. 5.3, 5.4 and 5.5).
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Fig. 5.1 Representative diagram for the gas supply system of the HP-TGA 750. (MCF# corre-
sponds to gas mass flow controllers, P# the manometers, 1–6 are the automatic valves, 7 is the gas 
outlet pressure regulator, 8 is the tube balance, 9 is magnet levitated balance, and 10 is the high- 
pressure reaction furnace)
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where the concentration of asphaltenes in the equilibrium is represented by C 
(mg·g−1) and H (mg·g−1) refers to the affinity between the adsorbate-adsorbent cou-
ple. Similarly, K (g·g−1) indicates the self-association degree of n-C7 asphaltenes on 
nanoparticles, and Qm (g·g−1) is the maximum adsorption capacity of nanoparti-
cles [75].

5.6.2  Activation Energy Estimation

Estimation of kinetic parameters (i.e., Arrhenius pre-exponential factor and activa-
tion energy) was done using a single power law equation bearing in mind the imme-
diate reactivity of the materials. Ozawa-Wall-Flynn approximation was used to 
resolve non-isothermal experiments [76], leading the Eq. (5.6):
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where β (°C·min−1) is the heating rate, P (bar) is the oxygen partial pressure, n 
represents the order of oxidation reaction, Ea (kJ·mol−1) is the effective activation 
energy, ko (s−1·bar-n) is the Arrhenius pre-exponential factor, and R (J·mol−1·K−1) is 
the ideal gas constant. Besides, F(θ) is represented by the expression 
(∫dθ/f(θ) =  −  ln (1 − x)) related to the volumetric consumption model [1, 73].

5.7  Results

5.7.1  Characterization of N-C7 Asphaltenes

The elemental composition and average molecular weight results of the asphaltene 
samples are shown in Table 5.2. Carbon content varies between 81.0% and 85.0% 
while hydrogen content between 7.1% and 7.8%. Differences in heteroatom content 
between each sample were observed. The atomic percentage for nitrogen increases 
in the order SS < C < A ≈ D < E < F < B. Particularly, SS sample has a content 
below to 0.5%. Sulfur content is the predominant heteroatom in all samples, for 
values higher than 3.9%. Finally, oxygen content varies between 2.9% and 3.6%. 
On the other side, molecular weight increases in the order E < F < C < D < SS < A 
< B, according to the different elemental composition in each sample. A complete 
analysis is reported in a previous work [67].
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Carbon type proton distribution was obtained by the combination of normaliza-
tion and integration processes of the 13C NMR patterns and are shown in Table 5.3. 
The carbon was divided into two important regions, one for the aliphatic carbon 
content and the other for the aromatic carbon. The former increases in the order B < 
C < SS < A < D < F < E, while aromatic content follows the opposite behavior.

According to the NMR spectral analysis results, combined with elemental analy-
sis and average molecular weight (VPO), asphaltene molecules were computation-
ally resolved and are shown in Fig. 5.2 a–g. For all samples, island structure type 
adjusts correctly the experimental results obtaining theoretical molecular weights of 
903.1 g·mol−1, 959 g·mol−1, 1043 g·mol−1, 724 g·mol−1, 701 g·mol−1, 570 g·mol−1, 
and 660 g·mol−1 for SS, A, B, C, D, E, and F samples, respectively. These are devia-
tions lower than 3.0% for all asphaltenes. Molecular formulas are also enlisted in 
each figure. Results demonstrate that structural and chemical differences exist in 
each sample evaluated.

5.7.2  Adsorption Isotherms

Adsorption isotherms for SS asphaltenes over nanocatalysts are shown in Fig. 5.3. 
According to the International Union of Pure and Applied Chemistry (IUPAC) [77], 
this isotherm type is characterized by a high affinity between the adsorbent- 
adsorbate couple. For a fixed asphaltene concentration, adsorption amount increases 

Table 5.2 Elemental composition and average molecular weight of n-C7 asphaltenes of 
different sources

Sample
Elemental mass fraction concentration ± 0.2% MW ± 5.0 g·mol−1

C H N S O

SS 81.7 7.8 0.3 6.6 3.6 907.3
Aa 82.6 7.3 1.5 5.4 3.2 950.3
Ba 81.9 7.7 1.9 5.3 3.2 1051.6
Ca 82.5 7.7 1.1 5.3 3.4 722.4
Da 83.0 7.2 1.5 5.4 2.9 717.3
Ea 84.7 7.2 1.6 3.5 3.0 555.7
Fa 84.3 7.1 1.8 3.9 2.9 650.9

aResults acquired from previous work [67]

Table 5.3 Carbon types present in whole n-C7 asphaltenes and its fractions obtained by 13C-NMR 
analysis

Carbon
Relative amount (%) in asphaltenes

SS Aa Ba Ca Da Ea Fa

Car 64.48 62.12 68.2 65.9 60.3 55.6 57.8
Cal 35.51 37.9 31.8 34.1 39.7 44.4 42.2

aResults acquired from previous work [67]
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Fig. 5.2 Representative chemical structures for n-C7 asphaltene samples constructed from results 
of NMR, elemental analysis, and average molecular weight. (Reproduced from Medina et al. [67] 
with permission)
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in the order Support <3:1AuPd < 10:1AuPd. This trend is met throughout the range 
of concentrations evaluated. In the first instance, CexZr1-xO2 mixed oxides show a 
high capacity for asphaltene uptake due to the affinity for the polyaromatic con-
densed structures for Ce3+ ions [50]. In addition, Zr4+ ions provide a higher capabil-
ity to support by increasing the number of active sites for asphaltene adsorption and 
acid surface degree [78].

The incorporation of Au and Pd crystals improves the adsorption capacity and 
affinity according to the slope in Henry’s region. Between both nanocatalysts, a 
nominal molar ratio of 10:1 shows a better performance than 3:1. According to XPS 
analysis, 10:1AuPd has a higher content of Pd0 ions, which can result in stronger 
chemical bonds with asphaltene molecules [79]. As was mentioned, Ce3+ plays a 
critical role in adsorption processes and is present in a higher load for 10:1 nano-
catalyst [51]. These findings reveal that a heterogeneity surface is a key factor in 
increasing asphaltene adsorption, creating different selectivities for the nitrogen, 
oxygen, and sulfur functional groups of asphaltene structure. Compared with the 
literature, this study’s selected nanocatalysts show a better performance [80–82].

5.7.3  High-Pressure Thermogravimetric Analysis

5.7.3.1  Effect of Pressure on N-C7 Asphaltene Oxidation

Figure 5.4 shows the mass change and temperature profiles as a function of time for 
n-C7 asphaltene oxidation at 6.0 MPa. This system was selected to illustrate the 
asphaltene oxidation behavior at high-pressure conditions. According to the mass 
change profile, the temperature was divided into four defined regions. The first 
region, named oxygen chemisorption region (OC), corresponds to the interval where 
an increase in asphaltene mass is observed, associated with incorporating oxygen 
atoms on its chemical structure from the oxygen-rich environment. The second 

Fig. 5.3 n-C7 asphaltene 
adsorption isotherms over 
support and functionalized 
nanocatalysts with 
different Au/Pd nominal 
molar ratios (3:1, and 
10:1). (Taken with 
permission from Medina 
et al. [83])
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region, known as decomposition of chemisorbed oxygen region (DCO), is the tem-
perature interval where the first decomposition and desorption of oxygenated com-
pounds occurs, i.e., where mass sample begins its reduction. In this region, it also 
can occur the loss of lower molecular weight hydrocarbons and heteroatoms located 
in the branched structures. Then, for higher temperatures, the combustion phenom-
enon is divided into two main regions, first (FC) and second combustion (SC). These 
intervals were separated according to the thermal event close to 400°C, clearly 
observed in the temperature profile. The total consumption of asphaltenes is carried 
out at the end of SC. Each region is defined by a particular behavior associated with 
its mass change and mass change rate curves at the time of its decomposition in 
mathematical functions (conventionally Gaussian/Lorentzian), which perfectly 
describe the area under the DTG curve [16, 55, 56, 80, 84].

Then, the effect of pressure was evaluated on n-C7 asphaltene oxidation. The 
results are shown in Fig. 5.5. Panels a–c show the rate for mass change and panels 
d–f the mass change profiles for pressures between 0.084 MPa to 6.0 MPa. According 
to the results, asphaltene oxidation is a pressure-dependent phenomenon, due to 
both profiles being modified with the increase in pressure [85–87]. For atmospheric 
pressure, the asphaltene profile is divided into low- and high-temperature regions. 
Contrasting, pressures higher than 0.3 MPa modify the oxidation behavior from 2 to 
4 thermal events.

In the current context, panels a–c of the same figure shows that pressure gener-
ates a positive effect on asphaltene oxidation reflected in the number and intensity 
peaks of the rate for mass change. In panel a, a single peak is observed close to 
450°C, which is in accordance with results reported for asphaltene oxidation at low 
pressures [88]. By contrast, in panels b and c, two peaks appear at 380°C and 
450°C. Besides, a slight elevation is observed around 300°C. The lowers tempera-
ture peaks in the rate for mass change of asphaltene oxidation seem to arise from 
DCO and FC thermal events. On the other hand, panels d–f show that OC and DCO 
do not occur at low pressure since an increase in sample mass is not obtained for low 

Fig. 5.4 Profiles for mass 
change and temperature for 
n-C7 asphaltene oxidation 
at 6.0 MPa discretized in 
the four regions: (i) oxygen 
chemisorption (OC) 
region, (ii) decomposition 
of the chemisorbed oxygen 
(DCO) region, (iii) first 
combustion (FC) region, 
and (iv) second combustion 
(SC) region. Heating rate, 
10°C·min−1; airflow, 
80 mL·min-1; and sample 
mass, 6 mg. (Taken with 
permission from Medina 
et al. [73])
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temperatures. These results suggest that oxygen chemisorption plays a vital role in 
asphaltene oxidation since the molecules become more reactive; hence there is an 
easy bond scission. Besides, the volatile content is driven off at lower temperatures 
[88]. The oxidation of heavy hydrocarbon structures occurs in the most reactive 
sites, i.e., peripherical molecules and heteroatoms.

Also, the basal plane of the aromatic structure could promote oxygen anchorage 
[8]. High-pressure’s main effects promote the probability of oxygen atoms collision 
and, hence, higher kinetic energy [89, 90]. During SC the solid product obtained 
after FC is characterized for a low H/C ratio, high polarity, and aromaticity degree, 
since aliphatic structures react during DCO and FC regions, promoting aromatic 
condensation degree.

5.7.3.2  Thermo-Oxidation of Different N-C7 Asphaltenes

The effect of the chemical nature of asphaltene over its oxidation was evaluated 
using six different asphaltene sources. Samples were named as A, B, C, D, E, and F 
asphaltenes. The thermograms were constructed at three different pressures 
(0.084 MPa, 3.0 MPa, and 6.0 MPa). Figure 5.6 shows the mass change and rate for 
mass change profiles for the systems evaluated.

Results show that the oxidation process depends directly on the asphaltene chem-
ical structure and the increment of pressure remarks on the differences between the 
rate for mass change and mass change profiles. For all systems, asphaltene 

Fig. 5.5 (a–c) Rate for mass loss and (d–f) mass percentage for n-C7 asphaltene oxidation at dif-
ferent pressures between 0.084 MPa and 7.0 MPa. Heating rate, 10°C·min−1; airflow, 80 mL·min−1; 
and sample mass, 1 mg. (Taken with permission from Medina et al. [73])
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Fig. 5.6 Mass percentage and rate for mass change for different n-C7 asphaltene oxidations at 
different pressures from 0.084 MPa to 6.0 MPa. Sample weight, 1 mg; heating rate, 10°C·min−1; 
and airflow, 80 mL·min−1. (Taken with permission from Medina et al. [67])

5 Effect of Pressure on Thermo-oxidation and Thermocatalytic Oxidation of n-C7…



182

decomposition is defined by four thermal events as described in the previous section, 
for pressures higher than 3.0 MPa [91]. According to mass change profiles, oxygen 
chemisorption degree increases following the trend D < F < E < B < A < C. Substantial 
differences in the amount of oxygen chemisorbed in each sample can be associated 
with the amount of free radicals, heteroatoms, aromaticity degree, and diameter of 
clusters and aggregates. Free radicals vary according to the asphaltene source, 
between 1015 and 1020 spins·g−1. The greater the amount of free radicals, the greater 
the chemisorption of oxygen [92]. Besides, the increase in pressure promotes an 
increase in oxygen chemisorbed percentage due to aggregates’ thermal expansion 
[93]. A direct relationship between the content of carbonyl and carboxyl functional 
groups was found. Despite the increase in oxygen content following the order E ≈ F 
< D < A ≈ B < C, the amount of these functional groups increases as follows D < F 
< E < B < A < C, which agrees with OC%. Carboxyl groups are characterized by 
their easiness for being ionized by hydrogen proton releasing from OH− group [94]; 
therefore oxygen is strongly activated in these active sites. On the other hand, 
according to 1H-NMR results reported in previous work [67], the increase in aroma-
tization degree and the decrease in alkylation degree favor the anchorage of oxygen 
molecules on asphaltene structure. As the number of fused rings in the polyaromatic 
core increases, the intermolecular interactions increase too [95]. Therefore, the for-
mation of ketones, phenols, ethers, and alcohols takes place [91]. It has been reported 
that at low temperatures (100–150°C), ketones and aromatic ethers are the main 
oxygenated functional groups in asphaltene structures [92].

According to X-ray diffraction analysis, reported in previous work [67], the 
decrease in the cluster’s diameter increases the mass gained in the OC region, 
because there is a bigger surface area/volume ratio for oxygen anchorage, added to 
the asphaltene molecular expansion by pressure effect.

DCO region also is favored by high-pressure systems, as the loss of mass 
increases in the order 3.0 MPa < 6.0 MPa. This is obtained for all samples. Between 
asphaltenes, the mass loss percentage increases in the order D < F < E < C < B < 
A. The samples with higher OC increment lost a higher mass in the DCO region. It 
implies that in effect during DCO occurs mainly the decomposition of the oxygen-
ated structures, which at the same time are more reactive [91]. Besides, X-ray pho-
toelectron spectroscopy analysis shows the influence of the different functional 
groups. Samples with the highest thioether content have shown the highest mass 
loss in DCO. This sulfur form is characterized to require low energy for oxidizing. 
Besides the position on saturated structure facilitates their decomposition at low 
temperatures [96]. As for 1H-NMR, according to the Hα values, it was also found 
that a high content of methyl, ethyl, and methylene structures promotes a greater 
loss of mass in DCO region [97].

For combustion regions, the chemical nature of asphaltenes considerably influ-
ences the FC and SC behavior at high-pressure conditions. The asphaltenes with a 
high content of short aliphatic chains and heteroatoms located in branched struc-
tures decompose around 70% of their mass. According to the asphaltenes’ initial 
composition, the remaining coke after this region will have a different composition 
due to the loss of peripheral substituents [98] and the ability to create steric 
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hindrance and prevent polyaromatic condensation [98]. This was corroborated by 
XRD results, where samples with high intensity for γ-band and low intensity for 
(002)-bands have favorable conditions for polyaromatic sheets stacked together to 
produce coke [99]. Hence, during SC, for samples with low content of aliphatic 
structures and high aromatic degree, a high amount of asphaltenes is required to 
decompose, independently of system pressure. In the current context, aromatic 
functional groups, including thiophenes, pyrroles, and pyridines, also promote a 
higher mass loss in SC, adding extra polar interactions between the aromatic struc-
tures [100]. Figure  5.7 shows the differences in the profiles obtained from two 
asphaltene molecules with different functional groups, different sizes of the aro-
matic nucleus, and different molecular weights, among others.

5.7.3.3  Thermocatalytic Oxidation of N-C7 Asphaltenes

SS asphaltenes were selected to evaluate the effect of different nanocatalysts on 
asphaltene oxidation at high- and low- pressure conditions. Figure 5.8 shows the 
results in mass change and rate for mass change for asphaltene oxidation with (a) 
support, (b) 3:1AuPd, and (c) 10:1AuPd nanocatalysts at non-isothermal condi-
tions. According to the profiles obtained, the presence of nanocatalysts maintains 
the decomposition of asphaltenes defined by 4 thermal events for pressures greater 
than 1.0 MPa, i.e., 0.7 MPa higher than in the absence thereof. This suggests that a 
more significant mass diffusion occurs for virgin molecules at lower pressures 
[101]. The mixed support shows an important reduction in asphaltene decomposi-
tion for all pressure evaluations. The inclusion of Zr4+ on the internal molecular 
structure of ceria improves their catalytic activity by the increment in oxygen stor-
age capacity, directly related to redox reactions. As reported in the literature, the 

Fig. 5.7 Representative diagram for different n-C7 asphaltene oxidations at high-pressure condi-
tions. (Taken with permission from Medina et al.)
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couple Ce3+/C4+ plays an important role in asphaltene decomposition, being the 
main mechanism for hydrogen production in cracking processes. By using nano-
catalysts, the oxygen chemisorbed decreases considerably at 6.0 MPa; however, the 
reactivity of samples is favored by this event, ending the total decomposition for the 
systems with higher OC%. Lower pressures present a higher OC% for adsorbed 
than virgin asphaltenes. For DCO region, nanocatalysts cause most of the asphal-
tene to decompose in this region at lower temperatures (< 230°C). Nevertheless, for 
lower pressures, the mass loss is equally distributed in the three decomposition 
regions. This is corroborated by the rate for mass change peaks. For low-pressure 
systems, the main decomposition peak is observed at 230°C, but pressures higher 
than 1.0 MPa show an increase in intensity peak at 160°C.

As literature reports, active sites on the support surface can improve the catalytic 
activity of the materials. In this study, two noble elements (Au and Pd) were used in 
different nominal ratios (10:1 and 3:1). From results, it is appreciated that similar to 
support, the four thermal events remain for high-pressure systems. Nevertheless, 
substantial differences in intensity and temperature peaks are obtained in each sys-
tem [102]. Comparing with support, both functionalized nanocatalysts improve the 
oxidation behavior of asphaltenes by increasing oxygen chemisorption percentage, 
reduction of temperature peaks, and increase in intensity peaks at low temperatures 
and therefore its reduction at high temperatures. Besides, pressure increases improve 
the catalytic behavior of AuPd-based nanocatalysts. For lower pressures, the peak at 
200°C and 190°C is predominant for 3:1AuPd and 10:1AuPd, respectively. These 
temperatures are reduced as pressure goes up, achieving 170°C and 160°C at 
6.0 MPa for the same systems.

Oxygen chemisorption was higher for nanocatalysts with a higher amount of Au 
active phases (i.e., 10:1AuPd). Interactions between oxygen from the environment 
and noble elements favor the oxygen transfer to asphaltene molecules by spillover 
mechanism [103, 104]. In the current context, the DCO region is also favored in the 
same nanocatalyst trend described. As the carbonaceous molecules become oxygen- 
rich during OC, in DCO they lose a higher amount of mass. For example, 10: AuPd 

120a b c
100

80

60

40

20

0
–0.0025

–0.0020

–0.0015

–0.0010

–0.0005

–0.0000

0.0005

M
as

s 
C

ha
ng

e 
(%

)
120

100

80

60

40

20

0

100 150 200 250 300
Temperature (°C)

350 400 450 100 150 200 250 300
Temperature (°C)

350 400 450 100 150 200 250 300
Temperature (°C)

350 400 450
M

as
s 

C
ha

ng
e 

(%
)

R
at

e 
fo

r 
m

as
s 

ch
an

ge
 (

%
·°

C
)

–0.0025

–0.0020

–0.0015

–0.0010

–0.0005

–0.0000

0.0005
R

at
e 

fo
r 

m
as

s 
ch

an
ge

 (
%

·°
C

)

120
0.084 MPa

0.3 MPa

1.0 MPa

3.0 MPa

6.0 MPa

0.084 MPa

0.3 MPa

1.0 MPa

3.0 MPa

6.0 MPa

0.084 MPa

0.3 MPa

1.0 MPa

3.0 MPa

6.0 MPa

100

80

60

40

20

0

M
as

s 
C

ha
ng

e 
(%

)

–0.0025

–0.0020

–0.0015

–0.0010

–0.0005

–0.0000

0.0005

R
at

e 
fo

r 
m

as
s 

ch
an

ge
 (

%
·°

C
)

Fig. 5.8 Mass in percentage and rate for mass change for n-C7 asphaltene oxidation in the pres-
ence and absence of bi-elemental catalysts 3:1AuPd and 10:1AuPd at different pressures from 
0.084 MPa to 6.0 MPa. Sample weight, 1 mg; n-C7 asphaltene load, 0.2 mg·m−2; heating rate, 
10°C·min−1; and airflow, 80 mL·min−1. (Taken with permission from Medina et al. [83])
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and 3:1AuPd lost 90% and 80% of the initial mass, respectively, during DCO zone 
at 6.0 MPa. In this sense, during FC and SC, the asphaltene mass loss is consider-
ably reduced for high-pressure systems.

In addition, according to surface nanocatalysts characterization, the influence of 
different ions on asphaltene catalytic activity was found. High Pd2+ ions concentra-
tion promotes a detriment in catalytic activity, while Ce3+ and Au0 increase the reac-
tivity of the materials under the operational conditions. These results indicate that 
nanocatalysts require a good design based on structural and phase complexity for 
selective oxidation of asphaltenes [61, 105].

Figure 5.9 shows mechanistic insights about the catalytic oxidation process of 
n-C7 asphaltene oxidation over bi-elemental nanocatalysts.

Figure 5.9 tries to present the main mechanisms that act in the decomposition of 
asphaltenes at high pressure. First, the adsorption of asphaltenes occurs mainly in the 
active phases of the noble elements. Simultaneously, with increasing temperature, the 
oxygen molecules adsorb onto the oxygen anion vacancies on the surface of the sup-
port (OC region). Here, oxidation of asphaltenes occurs during the OC region. When 
nanocatalysts acquire enough energy, the first oxygenated fractions decompose dur-
ing DCO, a redox cycle takes place, and the first gaseous products are formed, includ-
ing sulfur-, nitrogen-, and oxygen-based gases. Finally, at the end of the FC region, a 
solid with a high condensed and aromatic degree is obtained due to the loss of ali-
phatic chains. In SC, the total decomposition of the condensed molecules is generated.

5.7.4  Estimation of Kinetic Parameters

5.7.4.1  Asphaltene Oxidation at Different Pressures

The effective activation energy for SS asphaltenes oxidation was calculated for all 
systems at different pressure conditions, discretizing the total phenomenon in four 
thermal events. Plotting ln lnβ − −( )( )×( )
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Fig. 5.9 Schematic illustration for thermocatalytic oxidation of n-C7 asphaltenes using AuPd/
Ce0.62Zr0.38O2 nanocatalysts discretized in the four thermal regions. (Taken with permission from 
Medina et al. [83])
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slope and intercept of the straight line, Ea and ko are obtained, respectively. Results 
are shown in Fig. 5.10 a–d. As temperature was divided into shorter intervals, a first- 
order reaction fits decomposition profiles correctly with R2 > 0.99.

From panel (a) of Fig. 5.10, it is observed that Ea increases as pressure increases. 
Values vary between 39.12 kJ·mol−1 and 83.46 kJ·mol−1 in the pressure range evalu-
ated. The amount of chemisorbed oxygen increases considerably for high-pressure 
systems; the energy to carry out this process also increases.

This same trend is followed for the DCO thermal event. Because with the increase 
in pressure, there are a greater number of oxygen structures formed, there is a 
greater energy expenditure in their decomposition.

Effective activation energies for DCO are higher than for the OC region, varying 
between 64.47 kJ·mol−1 and 223.84 kJ·mol−1. Finally, for the combustion regions, 
the activation energy at lower pressures is higher than in DCO; however, for high 
pressures, FC and SC have lower values, due to the high degree of decomposed 
structures during DCO, and high conversion degree implies high activation 
energy values.

For the Arrhenius pre-exponential factor, it is observed dependency on the pres-
sure system. Pressure modifies ko values by several orders of magnitude [91]. As the 
number of accessible number states increases, Arrhenius values during OC are 

Fig. 5.10 Estimated kinetic parameters for n-C7 asphaltene oxidation at different pressures dis-
cretized in different regions, including (a) oxygen chemisorption (OC), (b) decomposition of the 
chemisorbed oxygen (DCO) region, (c) first combustion (FC) region, and (d) second combustion 
(SC) region. (Results taken from Medina et al. [91])
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varied due to the change in entropy change by the system’s molecular disorganiza-
tion and the formation of an activated complex.

5.7.4.2  Kinetic Analysis for Different N-C7 Asphaltenes at 
High-Pressure Conditions

Kinetic analysis was done for the n-C7 asphaltenes from different sources. 
Figure 5.11 shows the results obtained. From panels a–b, it is observed an increase 
in Ea during OC and DCO region as pressure increases for all samples. As it was 

Fig. 5.11 Estimated effective activation energy for the oxidation of different n-C7 at 0.084 MPa, 
3.0 MPa, and 6.0 MPa discretized in different regions including (a) oxygen chemisorption (OC), 
(b) decomposition of the chemisorbed oxygen (DCO) region, (c) first combustion (FC) region, and 
(d) second combustion (SC) region. (Results are taken from Medina et al. [67])
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explained, DCO depends on the functional groups formed during OC zone. 
Regardless of the chemical nature of asphaltene, by increasing pressure, the number 
of oxygenated structures increases, due to interactions with free radicals, heteroat-
oms, and aromatic rings, among others. Each asphaltene has different active sites 
for oxygen anchorage, and pressure favors this phenomenon in all cases [91, 106, 
107]. On the other hand, the differences in Ea values between each sample are 
directly related to its chemical nature and origin. Samples with a higher aromatic 
degree show a higher activation energy value. Functional nitrogen and sulfur groups 
also affect these results. Aromatic nitrogen and sulfur reduce activation energy. The 
opposite is obtained for carboxyl and carbonyl groups. The high content of these 
groups increases the activation energy.

The values of Ea during DCO are higher than the obtained for OC, which is in 
accordance with the results previously exposed [91, 108]. Nevertheless, pressure 
generates a positive effect over asphaltene oxidation since the energy required to 
complete combustion zones is reduced.

On the other hand, asphaltenes with a smaller cluster size present lower Ea values 
during FC. This is due to the breakdown of alkyl side chains, making the asphaltenes 
more refractory at the end of this region. Finally, in SC region, several chemical 
reactions occur, including dealkylation/cyclization of aliphatic chains, combination/
polymerization/condensation and peri-condensation of aromatic rings, and aromati-
zation of naphthenic rings, mainly in asphaltenes like A, B, and C, reflected in their 
higher values for effective activation energy [9, 86, 109].

5.7.4.3  Kinetic Analysis for N-C7 Asphaltene Catalytic Oxidation

Kinetic study was done for thermocatalytic oxidation of n-C7 asphaltene based on 
effective activation energy. The values for both parameters are shown in Fig. 5.12. 
From results, it is appreciated that according to the chemical nature of nanocatalysts, 
Ea presents significant differences. The effect of pressure in the presence of nanocata-
lysts is the same as for virgin asphaltenes. Pressure increment implies higher energy 
values for OC and DCO thermal events and lower values for combustion zones. 
Besides, nanocatalysts with higher catalytic activity show higher energy values for 
OC and DCO regions. Contrasting with virgin asphaltenes, the adsorbed molecules 
reduces the activation energy around 17 kJ·mol−1 for the best system (10:1AuPd). 
This result could be associated with a faster consumption of heavy oil fraction in the 
active sites when increasing the system pressure [110–113]. As mentioned, DCO fol-
lows the same trend because higher energy is required to complete the decomposition 
of the oxygenated compounds. Nevertheless, due to the high mass loss during this 
region caused by the materials’ catalytic activity, the Ea values for these systems are 
higher than for free asphaltenes. This increase is offset by the decrease in Ea for FC 
and SC events. Functionalized materials show the highest reduction in these thermal 
events related to the synergic effect between noble metals and ceria-zirconia support.

In all systems, both the chemical nature of the nanocatalyst and the system pres-
sure changes the kinetic parameter values. For the case of pressure, it favors the 
global kinetic rate for n-C7 asphaltene oxidation reactions, independently of the 
asphaltene source.
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5.7.5  Compensation Effect

5.7.5.1  Compensation Effect on N-C7 Asphaltene Oxidation at 
Different Pressures

Figure 5.13 shows the experimentally measured effective activation energy (Ea) and 
ln(ko) values for asphaltene oxidation discretized in different thermal regions known 
as oxygen chemisorption (OC), desorption of chemisorbed oxygen functional 
groups (DCO), first combustion (FC), and second combustion (SC), at pressures 
between 0.084 MPa and 7.0 MPa. A linear compensation effect (dotted line) was 
observed between Ea and ln(ko). Standard deviations of 3.0%, 2.0%, 4.0%, and 5.0% 
were obtained for activation energy during OC, DCO, FC, and SC, respectively, 

Fig. 5.12 Estimated effective activation energy for n-C7 asphaltene oxidation with different nano-
catalysts. Discretized in the different regions including (a) oxygen chemisorption (OC), (b) 
decomposition of the chemisorbed oxygen (DCO) region, (c) first combustion (FC) region, and (d) 
second combustion (SC) region. (Results are taken from Medina et al. [83])
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while ln(ko) presents deviations lower than 3.0% in all regions. Many efforts have 
been made to explain several processes’ thermodynamic compensation effect [114, 
115]. It has been argued that large statistical uncertainties are associated with the 
nature of Arrhenius’s law, due to the experimental determination of the kinetic 
parameters (i.e., Ea and ko), and therefore, a compensatory effect is achieved [114, 
116]. According to Fig. 5.1, the DCO, FC, and SC phenomena show a direct rela-
tionship between the Ea and ln(ko) values. Unlike these, during OC, there is a varia-
tion in the linearity of this trend with the increase in pressure.

This result indicates that there are variations on the linear dependence of appar-
ent activation energy and pre-exponential factor attributed to the number of ways in 

Fig. 5.13 Dependence of effective activation energy Ea on the logarithm of the Arrhenius pre- 
exponential factor ko for asphaltene oxidation under different pressure conditions from 0.084 MPa 
to 7.0 MPa and different heating rates (HR) from 5°C·min−1 to 15°C·min−1, divided into the four 
thermal events OC, DCO, FC, and SC. R# means the number of mechanisms of reaction to take 
control of each thermal event during asphaltene oxidation at different pressures
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which the heat can provide the energy needed to overcome the barrier to carry out 
the asphaltene oxidation at low temperatures with system pressure increases. This 
behavior indicates that entropy and enthalpy of activation are linearly related to 
each stage’s activation energy, making evident the occurrence of a compensation 
effect in different stages [116]. In this zone, the oxidant’s initiation likely proceeds 
by hydrogen abstraction, and the subsequent reaction of the asphaltene radicals can 
either lead to oxygen incorporation [117]. This corroborates the two mechanisms 
suggested by the compensation effect to carry out OC.

For the development of the DCO, FC, and SC regions, in the initial stage, the 
asphaltene decomposition was done along a reaction path with high activation 
energy and with relatively high negative values of ΔSΤ due to the nature of the labile 
oxides in the new molecular (asphaltene*) oxygenated structure [118]. Therefore, 
there is a high value of ko when Ea is high (i.e., for pressures >0.7 MPa). Although 
the same trend was observed in FC regarding DCO, lower activation energy values 
were obtained. During FC occurs the loss of aliphatic functional groups, dissocia-
tion of heteroatoms positioned in branched structures [119, 120], leading to a 
weaker interaction between the molecules and an almost unimolecular reaction with 
a relatively low ΔSΤ negative value [118]. For low values of Ea, pre-exponential fac-
tor values are greatly reduced. At the end of this region, the asphaltene molecules 
change from a flaccid to a tight structure. Again, high Ea values are found, charac-
teristic of the decomposition of the heaviest solid residue after the decomposition of 
the lightest groups in the asphaltene structure [120]. The increase of ko makes a 
positive effect on the rate constant, compensated by the Ea increment, with a nega-
tive contribution to the rate constant.

5.7.5.2  Compensation Effect for Oxidation of N-C7 Asphaltenes 
in the Presence of Nanocatalysts at Different Pressures

Figure 5.14 shows the effective activation energy as a function of ln(ko) for asphal-
tene oxidation in the presence of support and AuPd-supported nanocatalysts 
between 0.084  MPa and 6.0  MPa. Results were presented according to the four 
thermal events that describe the asphaltene decomposition curves under high- 
pressure conditions. Throughout the results, it was identified as a linear correlation 
between the Ea values and ln(ko) for a reaction developed at different pressures. This 
means that an increase of the reaction rate (i.e., the increment of the frequency fac-
tor) can be compensated with a rise in the Ea (and therefore reaction rate decrease), 
as system pressure changes. All experiments in which each nanocatalysts is involved 
fit to a single line with good correlation, suggesting that asphaltenes react under the 
same mechanism through the same intermediates as pressure is modified. However, 
between each nanocatalyst, two independent lines were obtained. In ceria-zirconia 
mixed oxide, oxygen chemisorption is controlled by oxygen activated by the func-
tional groups of support and gas phase, known as lattice oxygen [121, 122]. Some 
research suggest that the main mechanism for asphaltene decomposition on ceria- 
based nanocatalysts is determined by the redox cycle (Ce4+/Ce3+) [51, 52, 123], and 
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the inclusion of isovalent and aliovalent Zr4+ on ceria fluorite structure improves the 
oxygen storage and hence the capability to reduce Ce4+ to Ce3+ [61, 105]. On the 
contrary, the incorporation of active phases of Pd and Au element oxides on the 
surface of ceria-zirconia mixed oxide modifies the asphaltene oxidation mechanism 
[124]. Oxygen chemisorption exists in the form of Au-O, Au = O, Au-O-Au, Pd = O, 
Pd-O-Pd, and Pd-O, being these phases more active and reactive for oxidation reac-
tions [103, 104]. Compensation effect is attributed to the different activation energy 
associated with the heterogeneity of the surface, whose relative number is modified 
with pressure variations, also varying the adsorption capacity of reactants and prod-
ucts. These results show the importance of determining the structural complexity of 

Fig. 5.14 Dependence of activation energy Ea on the logarithm of the pre-exponential factor ko for 
the oxidation of nanoparticles containing asphaltenes under different pressure conditions from 
0.084 MPa to 6.0 MPa, divided into the four thermal events OC, DCO, FC, and SC. R# means the 
number of mechanisms of reaction to take control in each thermal event during asphaltene oxida-
tion at different pressures
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nanocatalysts for selective asphaltene oxidation. For example, the effective activa-
tion energy to create a surface oxygen vacancy in the upper oxygen layer of ceria-
based materials is less on the surface of doped mixed oxide (AuPd/Ce0.62Zr0.38O2) 
than it is on pure oxide.

DCO also shows that there are no changes in the global mechanism for asphal-
tene decomposition by varying the pressure as a linear dependency of activation 
energy against ln(ko) was observed. Both variables vary in parallel ways. 
Nevertheless, according to the different chemical natures of each system, different 
reaction pathways are founded, following to the transition state theory (TST) for 
heterogeneous reactions [125, 126]. TST suggests that the concentration of the 
active sites plays a key role in the rate constant, showing a direct relationship. 
Hence, the changes in activation energy have been attributed to enthalpies’ founded 
modifications on the different surfaces provided by Au, Pd, Ce, and Zr element 
oxides. For combustion FC and SC regions, two different pathways were found for 
10:1AuPd nanocatalysts due to the heterogeneous surface and the different catalytic 
powers of each phase. At low pressures, there is another mechanism for asphaltene 
decomposition than at high pressures. This result corroborates the hypothesis that 
during OC the asphaltene structure is modified and its reactivity changes.

The addition of nanocatalysts does not change the trend of ko and Ea during com-
bustion zones. High values of the pre-exponential factor imply high values of effec-
tive activation energy. During FC, decomposition of groups occurs after the 
detachment of the oxygen groups in DCO, which are not as heavy as those that 
decompose in SC. This event is associated with low negatives values for ΔSΤ. The 
opposite behavior is observed in SC, with the highest values for ko and Ea. Hence, 
the change in compensation effect suggests a change in reaction mechanism, which 
strongly depends on the physicochemical properties of the nanocatalysts.

5.8  Conclusion

This work was focused on understanding the effect of pressure over the thermo- 
oxidation behavior of asphaltenes with and without nanocatalyst. Both thermo- 
oxidation and thermocatalytic oxidation of asphaltene showed a direct dependence 
on the system temperature and pressure. Unlike the results at low pressure, 
asphaltenes undergo marked oxidation at low temperatures when the system pres-
sure is greater than 0.7  MPa and 1.0  MPa for virgin and adsorbed asphaltenes, 
respectively. The effective activation energy values using AuPd/Ce0.62Zr0.38O2 nano-
catalyst was reduced by more than 30% for all the pressures evaluated. Moreover, 
according to the distributed activation energy models, the decomposition of 
asphaltenes occurs in several simultaneous reactions of order n = 1 due to the mul-
tiple mechanisms involved in asphaltene oxidation/decomposition and molecular 
complexity.

Besides, it was found that the pressure follows the compensation effect for 
asphaltene mass loss in the presence and absence of nanocatalysts. Oxygen 
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chemisorption, a dominant event at high pressures and low temperatures, follows 
two different reaction mechanisms: hydrogen abstraction and free radical reactions. 
In the case of nanocatalysts, it has been suggested that the distribution of active sites 
with varying reactivity could explain the compensation effect. Here, it was found 
that each catalyst follows a global reaction mechanism as the pressure is changed. 
Despite that the asphaltene oxidation in the presence and absence of nanocatalysts 
follows the compensation effect with changes in the system pressure, a marked 
change in the OC region was observed, where the reaction pathway goes from two 
global mechanisms to one for the n-C7 asphaltenes with and without nanocatalyst, 
respectively.

Compensation effect plots are useful to evaluate if the reaction pathway is chang-
ing by the change of any experimental variable, such as T, P, catalyst, and the molec-
ular structure of the reagents (asphaltenes for this case), among others.
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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 Oil 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 

Fig. 6.1 Different thermal EOR methods
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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].

Fig. 6.2 Schematic 
representation illustrating 
the top- down and 
bottom-up approaches for 
nanocatalyst preparation 
[45]. Permissions related to 
the material excerpted 
were obtained from 
Bentham Science 
Publishers, copyright 2012, 
and further permission 
should be directed to 
Bentham Science 
Publishers; Nassar, N.N., 
Iron oxide nano adsorbents 
for removal of various 
pollutants from 
wastewater: an overview. 
Application of adsorbents 
for water pollution control, 
2012: pp. 81–118
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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,1 ES-SAGD,2 and SAGP3 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 N2 or CO2. 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].

1 Vapor extraction.
2 Expanding solvent SAGD.
3 Steam 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; THAI4; and THAI-CAPRI.5

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.

4 Toe-heel-air-injection.
5 Catalytic 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 
THAI 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, 
THAI 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/m3, respectively; reservoir horizontal and vertical permeabil-

ity should exceed 200 and 50 mD, respectively. Moreover, the value of 
K

K
V

H
 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 O CO CO H O+ → + +2 2 2  (6.2)

Carbon rejection:

 
CH CH Cx x x x→ + >( )

1 1  (6.3)
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Hydrogen addition:

 
CH H CHx x x x+ → >( )2 11  (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 Hx

x
→ +

2 2
 (6.5)

 
C H O steam CO H+ ( ) → +2 2  (6.6)

 C CO CO+ →2  (6.7)

Water-gas shift:

 CO H O CO H+ → +2 2 2  (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].
• 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/o) 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 MoO2, MoO3, 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/Al2O3 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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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 

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
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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].

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]

Impurities
THAI- 
produced oil

Fixed-bed 
catalyst

Thermal 
cracking

Dispersed ultrafine 
Co-Mo/Al2O3

Asphaltenes (wt% of 
feed oil)

10.40 4.88 3.79 2.32

Aluminum (ppm 
mass)

2 2 <1 <1

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 
oil)

3.52 2.50 2.08 2.16

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
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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].

Table 6.2 Hydrogen addition reactions [61]

Process Feed Products
Operating 
conditions Remarks

Hydrotreating All cuts Same as feed 72–2320 psi
260–400°C 
0.15–10 h−1

Hydrogenates the feed with 
10% or less hydrocracking
Removes sulfur, nitrogen, and 
metals

Hydrocracking Medium and 
heavy cuts

Light gases 
Naphtha 
Kerosene
Diesel fuel
Lube oils

1450–
2900 psi
350–430°C
0.2–2 h−1

Changes the skeletal structure 
of the feed, by breaking C–C 
bonds

Mild 
hydrocracking

Medium and 
heavy cuts

Kerosene
Diesel oil

725–1160 psi
350–440°C
0.2–2 h−1

Same as hydrocracking, but at 
lower severity
Hydrocracks 40% or less of 
the feed
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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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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 

Table 6.3 Yields of liquid, gas, and coke after thermal and UD catalytic upgrading [83]

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

Thermal cracking + N2 78.71 ± 0.11 13.35 ± 0.54 7.95 ± 0.43
Ultradispersed + N2 83.79 ± 0.17 11.55 ± 0.19 4.67 ± 0.36
Ultradispersed + H2 86.81 ± 0.47 10.45 ± 0.49 2.74 ± 0.03
Ultradispersed + N2 + CH/oil (0.01) 86.97 ± 1.38 8.66 ± 1.62 4.38 ± 0.29
Ultradispersed + N2 + CH/oil (0.02) 87.05 ± 1.23 8.93 ± 1.85 4.02 ± 0.13
Ultradispersed + N2 + CH/o il (0.04) 87.94 ± 0.38 8.64 ± 0.22 3.43 ± 0.16
Ultradispersed + N2 + CH/oil (0.06) 88.25 ± 1.28 8.56 ± 1.11 3.20 ± 0.18
Ultradispersed + N2 + 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
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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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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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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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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. 6.7 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
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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.

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  cm3/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
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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 CO2 [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. 6.9 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  cm3/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
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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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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 cm3/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
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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 CO2 emission. According to 
their results, at high-pressure and high-temperature conditions, UD nanocatalysts 
could reduce the CO2 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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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].

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
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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:

 
k T AeA

E
RT( ) =

−

 (6.9)

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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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:

 
r k k k k yR R= − + + +( ) →1 2 3 4  (6.10)

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
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r k y k k k yRVGO VGO= − + +( ) →1 5 6 7  (6.11)

 
r k y k y k k yD R D= + − +( ) →2 5 8 9VGO  (6.12)

 r k y k y k y k yN R D R= + + − →3 6 8 10VGO  (6.13)

 r k y k y k y k yG R D N= + + + →4 7 9 10VGO  (6.14)

where k, r, and y are reaction constant [h−1], reaction rate [h−1], and component mass 
fraction [wt%], respectively.

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

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; 
Sánchez, S., M.A.  Rodríguez, and J.  Ancheyta, Kinetic model for moderate hydrocracking of 
heavy oils. Industrial & engineering chemistry research, 2005. 44(25): pp. 9409–9413
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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 liq-
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.

S. Ashoorian et al.



233

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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Chapter 7
Nanotechnology Applications for Viscosity 
Reduction of Heavy and Extra-Heavy Oils: 
A Review

Laura C. Bohorquez, Juan J. Insignares, Daniel Montes, Richard D. Zabala, 
Raul Osorio, Carlos A. Franco, Adriana Henao, Farid B. Cortés, 
and Camilo A. Franco

7.1  Introduction

With rising worldwide oil demand, heavy oil (HO) and extra-heavy oil (EHO) 
deposits have become a resource of great interest, accounting for at least half of all 
recoverable oil (IEA). The majority of HO is found in the following regions: the 
Orinoco Belt (Venezuela), Alberta (Canada), some regions of the Gulf of Mexico, 
and Northeast China [1]. Nonetheless, this type of crude oil has unfavorable physi-
cochemical properties such as a low °API (American Petroleum Institute) gravity 
(not exceeding 20 °API) [2] and high viscosity that negatively impact the quality of 
these crude oils, which decreases their value and competitiveness within the market 
while increasing the operating costs related to their production/recovery and trans-
port [3, 4]. These limitations are commonly associated with a high content of heavy 
compounds, mainly formed by resins and asphaltenes. The latter are some of the 
most complex crude oil molecules, and due to this complexity, no studies have deci-
phered them entirely. However, they are known for a high content of heteroatoms [5, 
6], such as oxygen (O), nitrogen (N), and sulfur (S), that generate dipole moments 
inducing self-association between asphaltenes molecules [6, 7]. The self- aggregation 
ability of asphaltenes and the interaction of resins with the supramolecular 
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asphaltene assemblies give rise to the formation of a viscoelastic network, which is 
the main cause of the high viscosity typically observed in this type of fluid [8].

Due to these molecular interactions, the recovery factor of these crudes is 19% 
[9], which is less than the average of conventional deposits. This poor recovery 
makes their cost-benefit ratio unprofitable. Furthermore, they require increased 
energy expenditure for artificial lifting mechanisms, mainly progressive cavity 
pump (PCP) and electric submersible pumps (ESP) [10]. Crude oil acquires a gel 
consistency when at rest, which, among other issues, makes transport problematic, 
causing damage in pipelines due to corrosion, plugging, and other mechanisms. 
These problems increase the costs for maintenance of the pipelines as more power 
is needed in the suction and discharge pumps, which leads to a significant volume 
of these crudes being transported by tank car with potentially limited road access [3].

A wide variety of in situ techniques aimed at viscosity reduction have emerged 
to improve mobility at reservoir conditions and for surface transport. Thus, thermal 
recovery processes such as thermal injection, gas injection, catalysis for in situ 
upgrading [11, 12], and deasphalting [13], among others [11, 14, 15], are some of 
the main viscosity reduction methods. Thermal injection is problematic with regard 
to the diffusion of heat towards the formation, reducing thermal efficiencies, so that 
much energy is lost. Furthermore, high temperatures can cause unwanted transfor-
mations, and dissolutions of minerals that can cause damage via a reduction of 
permeability, alteration of wettability, and thermal degradation [16]. Moreover, gas 
injection results in low mobility rates, mainly due to the low viscosity of gases com-
pared with the high viscosity of HOs.

Different techniques are similarly applied to improve the transportation of HOs, 
including dilution with lighter hydrocarbons [17], oil in water (o/w) emulsions [18], 
pipeline heating [19], pumping stations [20], and friction reduction (annular flow) 
[21]. These techniques are more energy-efficient because they do not require sub-
stantial equipment or facility development, which leads to a reduction in operating 
expenditures. However, these techniques generate high operating costs by requiring 
large amounts of solvents and diluents, which usually are not always readily avail-
able [22]. Furthermore, diluents are volatile compounds that modify upon evapora-
tion before and while acting on the crude oil [23]. The effects of these mechanisms 
are not permanent and have a low perdurability in the viscosity reduction [24].

In this context, nanotechnology becomes one of the most attractive alternatives 
for improving the existing viscosity reduction mechanisms both at reservoir condi-
tions and for surface transport. Based on previous studies [25], the use of nanotech-
nology in recovery processes decreases the energy required [26] by the 
aforementioned existing methods and increases recovery factor [27]. Other studies 
have evaluated nanoparticles and nanofluids of different chemical natures that lead 
to viscosity reductions up to 30% [28] and 90% [29], respectively.

In the oil industry, nanotechnology has attracted great research interest in the 
development and application of nanomaterials in different processes. Nanotechnology 
can be used in HO recovery processes to optimize existing mechanisms to reduce 
viscosity, energy consumption, and environmental impact [30–32].
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Other studies have evaluated the effect of nanoparticles/nanofluids as viscosity 
reducers of HO and EHO by core flooding tests at reservoir conditions, demonstrat-
ing that the addition of nanoparticles increases the crude mobility and allows for oil 
recovery factor to increase by 16% [29]. These results have been validated in field 
trials in which crude oil production has been increased by more than 300 bopd [33].

The main objective of this section is to provide a review of the literature focused 
on the different mechanisms by which nanoparticles reduce the viscosity of HO and 
EHOs. Thus, the review accounts for the rheological properties of HO and EHOs, 
focusing mainly on viscosity. We then explain the mechanisms of interaction 
between nanoparticles and heavy fractions of crude oils, such as asphaltenes and 
resins. Subsequently, we describe different nanotechnology applications for viscos-
ity reduction, including ultrasound cavitation, deasphalting, improved oil recovery 
(IOR) stimulation, and reduction of diluent consumption in transport. Finally, we 
present three field trials in Colombian oil fields where nanoparticles/nanofluids 
have been applied.

This chapter has been divided into five sections, including the introduction sec-
tion. The second section describes HO and EHO rheological properties, such as 
viscosity, thixotropy, and yield point, accounting for their molecular weights and 
microstructures. This section also presents the composition and rheological behav-
ior of heavy crudes as non-Newtonian and pseudoplastic fluids. The third section 
presents the main mechanisms of interaction between crude oil heavy fractions and 
nanoparticles generated by the adsorption phenomenon. We evaluate the effects of 
textural properties such as roughness, hydrodynamic diameter and surface area, 
chemical nature, and nanoparticle concentration. Section four details the different 
applications for reducing the viscosity of HO and EHO, assisted by nanoparticles 
categorized into surface processes and at reservoir conditions, designed to improve 
the mobility of crude oils in recovery and reduce the consumption of solvents such 
as naphtha. The final section presents three field trial cases wherein viscosity reduc-
tion is assisted by nanotechnology.

7.2  Properties of Heavy and Extra-Heavy Crude Oil

Crude oil physicochemical properties are related to their processing and commer-
cialization quality and account for their classification into light, intermediate, heavy, 
and extra-heavy crude oils [34]. Among the predominant characteristics of HOs and 
EHOs are their unfavorable rheological properties such as high viscosities and their 
specific low gravity that does not exceed 20 °API [2]. Therefore, these crudes are 
categorized as low-quality resources [35]. Moreover, their limited mobility gener-
ates issues during extraction, transport [4, 23], and refining [36]. However, these 
properties are not alone in their negative impact. Rheological behavior also causes 
problems as these oils have a high content of heavy compounds, mainly asphaltenes 
and resins [37].
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HOs are composed of saturated, aromatic, resins and asphaltenes (SARA) [38], 
in which the content of asphaltenes and resins significantly influence behavior due 
to their complexity. Asphaltenes are very polar aromatic compounds due to the pres-
ence of heteroatoms (oxygen, nitrogen, and sulfur) in their molecular structure. 
Heteroatoms produce a high dipole moment that allows asphaltenes to self- assembly. 
This ability, in conjunction with the presence of resins, leads to the formation of a 
3D microstructure (viscoelastic network) that reduces the mobility of crudes by 
increasing their viscosity [39].

Moreover, according to previous studies, the asphaltenes can be described by 
their solubility and by their suppression of phase separation (SPS) [40], which 
refers to the formation and maintenance in solution of a new nuclei phase based on 
the asphaltene subfractions. In this way, asphaltenes are established to be a blend 
which is divided into two subfractions, A1 and A2 [40, 41]. This asphaltenes blend 
may present multiple interaction mechanisms for both fractions; however, fraction 
A1 predominantly interacts via hydrogen bonds, van der Waals forces, and acid–
base interactions, while in fraction A2, stacking interactions predominate. Type A1 
molecules are soluble in toluene at very low concentrations (approximately 
90 mg∙L−1). At this concentration, the solid phase separation occurs, forming nuclei 
wherein type A1 molecules predominate. This separation is the main cause of the 
self-aggregation tendency of asphaltenes. Nevertheless, for asphaltenes to remain in 
solution, fraction A2 must be present, because when they intersperse with type A1 
molecules, they penetrate into their micropores, thereby inhibiting the growth of the 
nuclei and the separation of the phases [41]. For this reason, these nuclei are consid-
ered a solid solution of A1-A2 [40, 41]. A molecular mechanics model simulating 
the previously mentioned nucleus phase is shown in Fig. 7.1.

However, in light crude oils, the asphaltene–asphaltene interactions tend to pro-
duce a lack of stability in the fluid matrix and are precipitated and subsequently 
deposited [42]. Thus, resins play a very important role in the structure of HOs, as 
they are polar and interact with asphaltene aggregates positioning on their surface in 
order to penetrate the micropores of asphaltenes and break the aggregation system 
providing such stability [43–45]. Resins have a high affinity with the A1 fraction 
found in solution due to the A2 fraction. Hence, resins enter in a “competition” with 
fraction A2 by the active sites of fraction A1 [43], which results in a 3D microstruc-
ture that triggers pseudoplastic behavior characteristic of a non-Newtonian fluid [46].

HOs and EHOs are considered colloidal blends because the heavy fractions are 
properly dispersed and stabilized in the blend, nevertheless there is no solution pro-
cess [47, 48]. Consequently, heavy fractions are stabilized in the continuous phase, 
mainly because the resins prevent asphaltene precipitation. Stability effects are 
related to their non-Newtonian rheological behavior such as thixotropy, viscoelas-
ticity [49] and yield stress [50]. Thixotropic behavior is characterized by a decrease 
of viscosity over time as the fluid undergoes shear stress, in the same way that it 
increases its viscosity over time when the flow is terminated [51, 52]. This behavior 
occurs because the interaction forces generated by the viscoelastic network are not 
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strong enough to withstand shear stress when the fluid is in motion, and the crude 
oil microstructure is broken down [40]. However, as soon as the fluid is left to rest, 
this network can be rebuilt. The impact of thixotropic mixtures is more severe at low 
temperatures, introducing problems associated with surface processes such as flow 
obstruction in pipes [53], gel formation, and difficulties in restart operations after 
the fluid has been static [54].

Viscoelasticity refers to the behavior of a fluid with properties between those of 
a pure solid and a pure liquid [48]. It is commonly related to thixotropy, and although 
every thixotropic fluid is viscoelastic, not all viscoelastic fluids are thixotropic. 
Hence, HOs and EHOs exhibit viscoelastic behavior [49]. In addition to these two 
properties, fluids may demonstrate yield stress, the minimum shear stress required 
for the fluid to start flowing [50]. All fluids can exhibit different rheological behav-
iors, especially when conditions vary. To understand the cause of these fluids’ 
behaviors under variable conditions, it is necessary to understand their composition 
and structure [39, 55].

Viscoelastic networks are the main cause of the high viscosities of HOs. Viscosity 
is one of the most complex properties when working with HOs and EHOs because 
they exhibit great resistance to flow through the porous environment and pipes due 
to cohesion effects and adhesion of their internal particles [30]. These effects are 
problematic at reservoir conditions and on the surface.

Fig. 7.1 Graphical 
representation of a 
molecular model of an 
asphaltene. (Reprinted 
with permission from 
Acevedo et al. [40]; 
Copyright 2018, ACS 
publications)
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7.3  Interaction Between Nanoparticles and Heavy Crude 
Oil Fraction

The interaction between nanoparticles and oil heavy fractions is mainly based on an 
adsorption process [56–58]. The adsorption phenomenon occurs when a solid can 
retain particles of a fluid on its surface after contact with the fluid. It describes the 
ability of the nanoparticle to retain asphaltenes on its surface. There are two types 
of adsorption: (i) physical adsorption or physisorption [59] and (ii) chemical adsorp-
tion or chemisorption [60–62]. The first type is reversible and is caused by electro-
static or dipolar attraction forces between asphaltenes and the nanoparticle’s surface. 
The second is irreversible, occurs via chemical joints [63], and is due to the fact that 
the products are different from the reactants after desorption [64].

Because ions are not common in asphaltenes, it is difficult to achieve a chemical 
interaction. This interaction is commonly a physisorption process, characterized by 
its weak (van der Waals and dipolar) forces [57].

To better understand the process of interaction between nanoparticles and 
asphaltenes, the liquid–solid balance model (SLE) [65] was developed. In this 
model, the behavior of adsorption isotherms is studied, as the shape of their curve is 
significant in understanding the adsorptive phenomenon in terms of affinity and 
selectivity [57]. Asphaltene adsorption isotherms on the surface of different solids 
are related to the initial concentration of adsorbate (Co) and the amount adsorbed in 
the balance (q), taking into account three main parameters: the Henry’s Law con-
stant (H), constant on i-mer reactions (K), and the maximum amount of adsorption 
(qm). Under these parameters, the process of adsorption of asphaltenes on the 
nanoparticle’s surface may be explained in two main stages. The first stage implies 
the formation of a monolayer represented by the type I isotherms [66–68] consisting 
mainly of the most polar fractions. This layer presents the strongest interactions 
between nanoparticle and asphaltenes [40]. Once the monolayer has been saturated 
(all the active sites of the nanoparticle’s surface have been occupied), the second 
stage begins, during which other layers are formed above the monolayer [69]. The 
interactions at this stage are between asphaltenes, so they tend to be weaker. Thus, 
the formation of a multilayer continues. Most studies have focused on understand-
ing the adsorptive phenomena of asphaltenes and nanoparticles that follow predom-
inantly type I and type III isotherms [43]. These reactions depend on the complexity 
of asphaltene self-association due to their influence on the interaction between 
adsorbate and adsorbent [58]. In addition, the methodology by which it is evaluated 
can affect the construction of the isothermal curve. Guzman et al. [58] proposed two 
different methods for asphaltenes of different origins (AspA and AspB). In method 
1, a given amount of adsorbent in a fixed volume of liquid was exposed to a varying 
initial concentration of the adsorbate. In method 2, a known amount of asphaltenes 
in a fixed volume of liquid was exposed to a variable dosage of nanoparticle. The 
results are shown in Fig. 7.2. The isotherms intersect at a critical point, when they 
are operating under equal conditions. Method 1 is representative of type I isotherms 
and method 2 of type III isotherms. Another factor to consider in the construction of 
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isotherms is the origin of asphaltenes as it affects the asphaltene-asphaltene and 
asphaltene–nanoparticle interactions in which AspBs demonstrate greater adsorp-
tion capacity than AspAs.

When nanoparticles are added to crude oil, they interact directly with fraction A1 
because the interaction between the nanoparticle and the A1 fraction is greater than 
the attraction forces between A1 molecules [70]. Moreover, fraction A1 has the 
highest polarity and, therefore, the lowest solubility. Under these conditions, the A1 
fraction is most strongly attracted to the surface of the nanoparticle. During this 
process, the nanoparticle extracts fraction A1 from the viscoelastic network to retain 
it on its surface. This activity reduces aggregate size and subsequently alters the 
microstructure of crude oil, which disrupts the viscoelastic asphaltenes network 
[71]. Although type I resins present in the viscoelastic network may affect the 
nanoparticle–asphaltene interactions, recent studies have shown that adsorption of 
resins depends solely on their chemical nature and affinity for the nanoparticle [70]. 
Furthermore, the adsorption of asphaltenes is higher than the adsorption of resins. 
Therefore, the presence of resins loses importance in the adsorption process of 
asphaltenes.

Nanoparticles can adsorb certain heavy components of crude oil, such as 
asphaltenes and resins. However, previous studies have shown that nanoparticles 
have a higher affinity for asphaltenes than for resins [65, 71]. As shown in Fig. 7.3, 
three nanoparticles of different chemical natures were evaluated using adsorption 
isotherms [72]. The results showed an adsorption capacity in the order 
SiO2A > SiO2 > Al2O3. Figure 7.3 shows each nanoparticle’s ability to reduce the 
size of asphaltene aggregates over a specific time, indicating that the asphaltene–
nanoparticle interaction achieves network disruption and thereby reduces the size of 
asphaltene aggregates, leading to viscosity reduction [29]. As seen in Fig. 7.4, the 
SiO2A nanoparticle achieves a greater reduction in the aggregate size of asphaltenes 

Fig. 7.2 Adsorption isotherms for models 1 and 2 against AspA and AspB. (Reprinted with per-
mission from Guzmán et al. [58]; Copyright 2016, ACS publications)
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in a shorter time than Al2O3 and SiO2 nanoparticles. As a result, it is possible to state 
that the greater the adsorption capacity, the greater the nanoparticle’s ability to 
reduce the aggregate size of asphaltenes [29].

To analyze the viscoelastic behavior of crude oil, viscoelasticity is analyzed in 
terms of i) the storage modulus (G′), which is the ability of a material to store 
energy and deform after being submitted to stress, and ii) the loss modulus (G″), 
which indicates the material’s ability to dissipate energy through the flow. If G′ > G″, 
the material is considered a viscoelastic solid. Conversely, if G″ > G′, it is a visco-
elastic fluid [39, 73, 74]. Figure  7.5 shows the viscoelastic behavior of a heavy 
crude oil a) in the absence of nanoparticles and b) in the presence of nanoparticles 
relative to its phase angle (δ), which is generated in the response of the crude oil to 
the oscillatory stimulus [28].

In Fig. 7.5a and b, the behavior of a viscoelastic fluid is demonstrated as G″ > G′. 
However, the presence of nanoparticles results in a change in the fluid’s internal 
structure, which is reflected in the decrease of G′ and G″ as well as an increase in 
the phase angle, as shown in Fig. 7.5b. The decrease of G′ and G″ values observed 

Fig. 7.3 SLE model of SiO2A, SiO2, and Al2O3 nanoparticles at 298 K. (Reprinted with permis-
sion from Taborda et al. [29]; Copyright 2016, Elsevier)

Fig. 7.4 Reduction of 
asphaltene aggregate size 
in the presence of SiO2A, 
SiO2, and Al2O3 
nanoparticles vs. time. 
(Reprinted with permission 
from Taborda et al. [29]; 
Copyright 2016, Elsevier)
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in Fig. 7.5b compared to Fig. 7.5a indicates a reduction in elastic and viscous con-
tributions suggesting a more liquid-like than solid-like response and demonstrating 
a crude oil viscosity reduction [28].

Often, when HOs are subjected to an increasing shear rate, their viscosity 
decreases; however, with the addition of nanoparticles, crude oils reduce their vis-
cosity without being subjected to stress [29, 75]. The modification of the fluid’s 
microstructure and the disruption of the viscoelastic network of asphaltenes gener-
ates a change in the rheological properties of crude oil [28]. A more Newtonian 
behavior [63] appears in crude oil after adding the nanoparticles, suggesting a 
reduction in the pseudoplastic and thixotropic behaviors of the fluid [28, 32].

The viscosity reduction assisted by nanoparticles is due to the change of HO 
microstructure. As shown in Fig. 7.6, the oil matrix changes with the addition of 

Fig. 7.5 The viscoelastic moduli for crude oil (a) in the absence and (b) presence of SiO2 nanopar-
ticles at 298 K. (Reprinted with permission from Taborda et al. [28]; Copyright 2016, Elsevier)
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SiO2 nanoparticles that disrupt the viscoelastic network formed by asphaltene 
aggregates in the presence of resins [28]. In this way, the viscoelastic network dis-
ruption is responsible for generating a decrease in fluid viscoelasticity and yield 
stress behavior [50], leading to viscosity reduction [39].

7.3.1  Effects of the Textural Properties of Nanoparticles

Textural properties play an important role in asphaltene–nanoparticle interaction, 
mainly influencing nanoparticles’ adsorption capacity for asphaltenes. These prop-
erties include roughness [54], surface area, size [76], and hydrodynamic diameter 
[77]. Multiple authors [40, 41] have considered roughness a primary parameter in 
the formation of the monolayer in the adsorption process as it consists of the A1 
fraction occupying the active nanoparticle sites and possibly generates a surface 
area blockage by steric effects. Montes et al. [54] evaluated the effect of textural 
properties of four SiO2 nanoparticles obtained from different synthesis routes and 
silicon precursors and concluded that the availability of active surface sites substan-
tially affects the adsorption process. However, roughness and surface area also play 
an important role in this phenomenon. Figure  7.7 shows the effect of (a) silica 
nanoparticle roughness and (b) silica nanoparticle surface area. Figure 7.7a suggests 
that increasing roughness may increase viscosity reduction. Figure 7.7b shows a 
possible increase in the viscosity reduction with an increase in surface area, except 

Fig. 7.6 Change of the heavy oil internal structure in the presence of SiO2 nanoparticles. 
(Reprinted with permission from Taborda et al. [28]; Copyright 2016, Elsevier)
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for one case. However, the study concluded that the number rather than the extent of 
active sites exposed on its surface was critical, since it is in the active sites where 
asphaltenes will be adsorbed. This property is linked to the size of the nanoparticles: 
an increase in viscosity reduction is seen as the size of the nanoparticle decreases 
[32]. This result can be associated with the nanoparticles’ easy dispersion and dif-
fusion in solution [76], generating greater interaction with asphaltenes and thereby 
increasing their contact area. As shown in Fig. 7.8, the hydrodynamic diameter is 
inversely proportional to viscosity reduction, as the lower the hydrodynamic diam-
eter, the greater the reduction of viscosity. This is because it is linked to the expo-
sure of functional groups on the surface of the nanoparticle. Thus, asphaltene 
adsorption strongly depends on the hydrodynamic diameter, nanoparticle size in 
suspension, and the type of active site.

Fig. 7.7 Effect of four different silica nanoparticles’ (a) roughness and (b) surface area on the 
degree of viscosity reduction (DVR) of heavy oil. (Reprinted with permission from Montes et al. 
[54]; Copyright 2020, ACS Omega)

Fig. 7.8 Effect of the 
hydrodynamic diameter 
(dp50) on the degree of 
viscosity reduction (DVR) 
for four different silica 
nanoparticles. (Reprinted 
with permission from 
Montes et al. [54]; 
Copyright 2020, ACS 
Omega)
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7.3.2  Chemical Nature of the Effects of Nanoparticles

Several studies have evaluated the reduction of viscosity in the presence of multiple 
nanoparticle chemical types, including alumina [32, 78], silica [29, 32, 54], iron 
[32, 79], and nickel [31], among others. Modification of the nanoparticle’s surface 
acidity has also been evaluated by several authors, who determined that such modi-
fication can affect their interaction forces. The above observation mainly depends 
on the number of basic and acidic centers of the specific asphaltene [32] and the 
chemical composition of the nanoparticle. As a result, several comparative studies 
have evaluated the nanoparticle’s ability to reduce viscosity based on its surface 
acidity [76].

Viscosity reduction is related to the adsorptive capacity of the nanoparticle, and 
usually, higher adsorptive capacity results in greater viscosity reduction [58, 80]. 
The silica nanoparticle has been one of the most widely used in viscosity reduction 
processes as it has been shown to have a high adsorption capacity for n-C7 
asphaltenes, which is mainly attributed to the presence of its silanol group [81]. For 
this reason, its surface composition has been evaluated for its effect on the nanopar-
ticle’s textural properties. However, as discussed in the previous section, the pres-
ence of the silanol group and the availability of active nanoparticle sites depend 
largely on its adsorption capacity. Using adsorption isotherms, Betancur et al. [76] 
assessed the effect of modifying the surface acidity of the silica nanoparticle 
(Fig. 7.9). The isotherms constructed were of type III, as four silica nanoparticles 
with different surface acidities were evaluated. The nanoparticle S11A, which cor-
responds to a silica nanoparticle with an acidic surface, has a greater adsorption 
capacity for n-C7 asphaltenes. This is likely due to the nanoparticle’s surface 

Fig. 7.9 Adsorption isotherms in the presence of S11A nanoparticles with an acidic surface, S11B 
with a basic surface, S11N with a neutral surface, and S11 for no surface modification. (Reprinted 
with permission from Betancur et al. [76]; Copyright 2016, Ind. Eng. Chem. Beef)
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usually exhibiting increased acidity, enhancing the presence of silanol hydroxyl (Si- 
OH), which are the primary molecules responsible for increasing the interaction 
between the nanoparticle surface and asphaltenes. Therefore, increasing its acidity 
enhances the presence of silanol groups (Si-OH) in nanoparticles and their capacity 
to interact with the hydroxyl groups of asphaltenes [28, 32].

Alumina nanoparticles demonstrate a rapid adsorption and reach equilibrium in 
2 h, which can be attributed to spontaneous and exothermic adsorption since the 
surface of the alumina nanoparticle is basic [41, 49, 71]. There is also evidence of a 
high affinity between adsorbent and adsorbate in the formation of isotherms Type I 
corresponding to the Langmuir model [71]. As with the silica nanoparticle, alumina 
has the Al-OH group, increasing its ability to interact with asphaltenes.

Other nanoparticles of interest are magnetite and hematite. Shayan et  al. [79] 
determined that hematite reacts exothermically, generating a faster adsorption and 
balance capacity than magnetite, which demonstrated endothermic adsorption [82]. 
The thermodynamic behavior of each nanoparticle is linked to the acidity or basicity 
of its surface [82], and the acid surface of the magnetite increases its adsorption 
capacity as it attracts the hydroxyl groups of asphaltenes. In contrast, hematite’s 
basic surface adsorbs protons and the adsorption produced heat; this process was 
primarily responsible for its exothermic behavior [79, 82].

This evidence allows us to speculate that viscosity reduction mechanisms depend 
heavily on the adsorption process through polar interactions between the surface of 
the nanoparticle and asphaltenes. These forces are commonly generated by acid–
base interactions, which can be measured via an adsorption affinity value repre-
sented by the affinity constant (H) [83]. In addition, nanoparticles have demonstrated 
better performance when functionalized with other metallic elements [80]. This 
improvement is mainly due to the increased selectivity of the nanoparticle’s active 
sites accompanied by a greater capacity for the stabilization of asphaltenes on the 
surface of the nanoparticle [84]. However, functionalized nanoparticles do not 
always favor the reduction of the viscosity of heavy crudes since the presence of 
metal oxide in their support tends to reduce their surface area and the availability of 
active sites with respect to the concentration of nanoparticles. Montes et al. [31] 
evaluated a functionalized NiO nanoparticle on nanoparticulate silica to reduce the 
viscosity of heavy crude oils and achieved a viscosity reduction at time 0 of approx-
imately 13% (Fig. 7.10). The authors compared the viscosity reduction of specific 
percentages of four nanoparticles with different chemical nature (SiO2, Fe3O4, 
Al2O3, and SiNi). SiO2, Fe3O4, and Al2O3 nanoparticles were evaluated at a shear 
rate of 5 s−1, a temperature of 30 °C, and a concentration of 1000 mg∙L−1. The func-
tionalized nanoparticle SiNi was evaluated under the following conditions: 
1000 mg∙L−1 of SiNi nanoparticles, at time 0, 25 °C, and 10 s−1 [31]. The order of 
viscosity reduction capacity of the nanoparticles was SiO2 > Al2O3 > Fe3O4 > SiNi. 
This result is mainly due to the presence of the silanol group (Si-OH), which 
increases the nanoparticle–asphaltene interaction [76] because, as mentioned above, 
nanoparticles increase their tendency to attract hydroxyl groups from asphaltene 
molecules.
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7.3.3  Effect of Nanoparticle Concentration

Several authors have focused on evaluating the effects of nanoparticle concentration 
on reducing the viscosity of HOs [28, 32, 70]. Figure 7.11 shows the change in 
crude oil viscosity in the presence of nanoparticles at different concentrations rang-
ing from 10 mg∙L−1 to 10,000 mg∙L−1 vs. shear rate, which does not exceed 75 s−1. 
As noted, the shape of the curve indicates a shear-thinning behavior typical of a 
non-Newtonian fluid [28]; when the nanoparticles are added, the viscosity is 
reduced. This behavior is potentiated by increasing the nanoparticle concentration 
up to 1000  mg∙L−1, considered an optimal concentration. At a concentration of 
10,000 mg∙L−1, a reduction in viscosity is still observed but to a lesser degree. This 
observation results from the particle’s packaging effects, which might block the 
nanoparticle active sites and thereby reduce the interaction energy/forces [32]. 
Another reason that 1000 mg∙L−1 is considered an optimal concentration is related 
to the nanoparticle’s size. The concentration directly affects its size, and it is 
intended to have a small size to provide greater availability of active sites on its 
surface [76].

Fig. 7.10 Viscosity 
reduction percentages vs. 
the chemical nature of 
nanoparticles (SiO2, Fe3O4, 
Al2O3, and SiNi) were 
evaluated at a shear rate of 
5 s−1, a temperature of 
30 °C and a concentration 
of 1000 mg∙L−1. (Data 
obtained from Montes 
et al. [31] and Taborda 
et al. [28])

Fig. 7.11 The viscosity of 
heavy oil in the presence of 
SiO2 nanoparticles at 
different (10, 100, 1000, 
10,000 mg∙L−1) 
concentrations in relation 
to shear rate. (Reprinted 
with permission from 
Taborda et al. [32]; 
Copyright 2017, Elsevier)
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In conclusion, increasing the concentration of nanoparticles to an optimal value, 
usually 1000 mg∙L−1, maximizes viscosity reduction. From this value, an increase 
in the nanomaterial dosage generates negligible increases in viscosity reduction.

7.3.4  Nanofluid Implementation

Nanofluids provide another approach, specifically how they provide a medium for 
nanoparticle injection and greater nanoparticle dispersion [29]. Nanofluids consist 
of a carrier fluid (diluent/dispersant) and nanoparticles, wherein the diluent is 
responsible for providing a soluble phase in the crude oil [24, 30, 85]. The disper-
sant acting as a surfactant performs two main functions: keeping the nanoparticle 
suspended and avoiding its self-aggregation to increase its active site availability 
[86, 87]. One of the factors influencing the availability of active nanoparticle sites is 
related to the hydrodynamic diameter, representing a suspended nanoparticle diam-
eter calculation through the DLS method [77]. A smaller hydrodynamic diameter 
increases the availability of active sites because nanoparticles with smaller diame-
ters act individually, allowing all active sites to be available.

Montes et al. [24] evaluated the use of nanofluids for viscosity reduction and its 
perdurability over time (30 days), increasing viscosity in the presence and absence 
of nanoparticles (Fig. 7.12).

When only the carrier fluid was used, an 80% increase in viscosity was evident 
because diluents are highly volatile and tend to evaporate. On the other hand, nano-
fluid in the presence of silica nanoparticles did not increase viscosity as signifi-
cantly (20%). This observation is attributed to the fact that the adsorption process is 
considered irreversible [88], affecting the cohesive forces of asphaltenes, avoiding 
the formation of viscoelastic networks, and following the increase in viscosity. 
Therefore, the nanoparticle not only fulfills the role of reducing viscosity, but also 
has an effect on its perdurability, which is an important factor in reducing the vis-
cosity of heavy crude oils, as it can reduce dilution costs for the transport of these 
crude oils [86].

Fig. 7.12 Evaluation of 
the durability of viscosity 
reduction in the presence 
and absence of 
nanoparticles from 0 to 
30 days. (Reprinted with 
permission from Montes 
et al. [24]; Copyright 2019, 
Energies)
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7.4  Different Nanotechnology Applications 
for Viscosity Reduction

7.4.1  Reduction of Solvent Consumption for Transport

The development of these mechanisms occurs mainly in transport and facilities 
[89]. The characteristics of HOs also make these processes more complex. Their 
high viscosity leads to the use of solvents that manage to produce a blend between 
light crudes and heavy crudes that balances the viscosities and improves crude 
mobility. These solvents can be liquids such as naphtha [90] and diesel [91] or gas-
ses such as CO2 [92]. The addition of nanoparticles for cold processes in transport 
reduces naphtha consumption and increases the viscosity reduction perdurability 
[93]. This outcome is based on two main assumptions: (i) solvent dissolution of 
heavy crude fractions and (ii) redistribution of the viscoelastic network generated 
by the absorption processes and catalytic capacity of the nanoparticles [94].

To form the nanofluid, the nanoparticles must be dispersed in the carrier fluid. 
This action results in a synergic effect that leads to better performance in viscosity 
reduction.

Taborda et al. [94] studied the effect of SiO2 nanoparticles on reducing naphtha 
consumption. A rheological evaluation concluded that nanofluid composed of bio-
diesel and 1000 mg∙L−1 SiO2 nanoparticles (BNF) was the best performing viscosity- 
reducing agent for HO. As shown in Fig. 7.13, the addition of 10% BNF + 13% 
naphtha reduced naphtha consumption by 52%, at which the HO reached its lowest 
viscosity. The study also provided an economic analysis that demonstrated a poten-
tial reduction of dilution costs with approximately 50% energy savings, represent-
ing a savings of more than USD 2.5 million/day. Furthermore, decreased energy 
consumption in pumping by 11% to HO and 37% to EHO was equivalent to more 
than USD 5500/day, generating a savings of over USD 2 million/year. The study 
proposed that a higher volume of oil might be transported as more net oils mass can 
be pumped, reducing capital expenditures.

Fig. 7.13 Viscosity 
reduction as a function of 
shear rate of mixes of 
heavy oil with BNF and 
naphtha. (Reprinted with 
permission from Taborda 
et al. [94]; Copyright 2017, 
Elsevier)
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7.4.2  Ultrasonic Cavitation

Ultrasonic cavitation involves irradiating ultrasound to disaggregate asphaltenes. 
This phenomenon is caused by an increase in energy resulting from the vibration to 
which they were exposed, thus decreasing the ability of asphaltene to interact with 
other asphaltene molecules [33, 75]. Another phenomenon that can occur in cavita-
tion is the improvement by bubble formation. These bubbles are unstable and, upon 
collapse, generate an increase in temperature and pressure in the crude oil, manag-
ing to break the oil’s heavy fractions, which are then hydrogenated by a hydrogen 
donor [31, 75, 80]. Montes et al. [31] evaluated viscosity reduction by ultrasonic 
cavitation assisted by SiO2 nanoparticles functionalized with Ni nanocrystals. 
Added nanoparticles generated a synergic effect and reduced viscosity by three 
mechanisms: adsorption, disaggregation, and upgrading [31, 75, 80]. As shown in 
Fig. 7.14a, the exposure time increasing from 0–90 min improved viscosity reduc-
tion by 44% and an asphaltenes content reduction of 16% in the presence of silica 
nanoparticles. This observation is related to the increase in bubbles during the cavi-
tation process. In addition, there was an increase in DVR (Fig. 7.14b), where only 
by adding the nanoparticles, the DVR at time 0 increased by 12% [31].

Fig. 7.14 (a) Viscosity 
and (b) DVR of heavy oil 
in the ultrasonic cavitation 
process in the presence and 
absence of 100 mg∙L−1 
SiNi1 nanoparticles. 
(Reprinted with permission 
from Montes et al. [31]; 
Copyright 2018, DYNA)
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7.4.3  Deasphalting

Solvent deasphalting (SDA) consists of removing the heavy fraction of crude oil, 
resulting in the separation of two fractions: crude deasphalting (DAO) and pitch 
(asphaltenes and resins) [13]. This separation is achieved by adding high amounts 
of solvents to the crude where asphaltenes are not stable, causing them to self- 
aggregate and further precipitate so that, due to gravity effects, they are subse-
quently deposited [13, 95] and form residues known as pitch. Deasphalting is 
performed to improve crude oil quality and reduce viscosity by removing asphal-
tene aggregates from the DAO. Guzman et al. evaluated the effect of SiO2 nanopar-
ticles on a solvent deasphalting process for DAO quality improvement, comparing 
conventional SDA and deasphalting with improved solvent (e-SDA) with SiO2 
nanoparticles [96]. The results included an increase in API gravity of 14% under the 
e-SDA spray, as well as a reduction in viscosity in DAO greater than 50% compared 
to conventional deasphalting, caused by Si2O nanoparticle synergic effects on DAO 
and pitch performances [96]. As shown in Fig.  7.15, DAO and pitch yields are 
inversely proportional when a) the pitch increases and b) the DAO decreases. This 
occurs because as the solvent to oil ratio (SOR) increases, the resins are solubilized, 
preventing them from playing their role as an interfacial agent with asphalts [96–
98]. Therefore, asphaltenes are aggregated and precipitated, increasing pitch 

Fig. 7.15 Effect of the 
solvent to oil ratio in a) 
DAO and b) pitch yields 
for the SDA with (e-SDA) 
and without (SDA) SiO2 
nanoparticles. (Reprinted 
with permission from 
Guzmàn et al. [96]; 
Copyright 2017, Hindawi)
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performance and decreasing the presence of asphalts in DAO, thus improving their 
quality [98]. Deasphalting in the presence of nanoparticles (e-SDA) provides a 
higher pitch yield due to the phenomenon of adsorption between silica nanoparti-
cles and asphaltenes [99–101], as adsorbing them onto their surface facilitate their 
precipitation and separation of the oil matrix. In addition, deasphalting with 
improved solvent (e-SDA) reduces the required amount of solvent in the process.

7.5  Field Trials for IOR Stimulation

The Colombian oil industry has expressed great interest in developing nanotechnol-
ogy for viscosity reduction due to its high amount of HO and EHO reserves. As a 
result, with the assistance of the state, academia, and industry, Colombia has been 
positioned as one of the pioneering countries in the field application of nanofluids/
nanoparticles.

Zabala et al. [27] assessed the improvement of HO mobility in two Colombian 
fields by reducing viscosity using oil-based nanofluids (OBNs) containing nanopar-
ticles. Field A produced an EHO of 8°API, and the reservoir showed a permeability 
between 800–400 mD and a porosity between 16–20%. Field B produced an HO of 
13°API, and the reservoir showed a permeability between 500–1000  mD and a 
porosity between 16–22%.

The study developed a displacement test from a porous media with core plugs 
from each field under reservoir conditions and obtained an increase in oil recovery. 
Two field trials were conducted in each field. In field A, into the CHA and CHB 
wells were injected 86 bbl and 107 bbl of nanofluid, respectively. After nanofluid 
injection, the wells were closed for a soaking process for 12 h. The results showed 
an instant increase in the oil rate of approximately 310 bopd for the CHA well and 
87 bopd for CHB, mainly due to the crude oil’s viscosity reduction. In the first 
9 days after the job, there was a reduction in viscosity of approximately 98%. The 
authors concluded that the treatment was economically viable as the increase in 
production lasted until day 269, and the capital invested was recovered in the first 
90 days. Figure 7.16a shows the viscosity behavior within the first 300 days after 
treatment, which is reflected in well production performance. Figure 7.16b provides 
a record of the residual nanoparticles in the well.

In field B, the pilot wells were CNA and CNB in which 200 bbl and 150 bbl of 
nanofluids, respectively, were injected at a slow rate. After nanofluid injection, the 
wells were closed for the soaking process for approximately 12–18 h. The produc-
tion increases were 270 bopd and 280 bopd for the CNA and CNB wells, respec-
tively. The treatment effectiveness in field B remained for 174 d. Although the 
performance in field A was superior, the capital invested was recovered in just 
4 months. Furthermore, the treatment achieved a viscosity reduction of 47% in the 
first 30 days (Fig. 7.17a).
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Another field trial in well C, in which a stimulation process was assisted by 
nanofluids using coiled tubing, was applied to improve oil mobility and viscosity 
reduction to reduce operating expenditures and consumption of naphtha and other 
solvents. The job was applied in a HO field in Colombia in which viscosity was 
approximately 608.600 cP at 86 °F.

The trial began by injecting 45  bbl of pre-flow into well C to increase the 
nanoparticle efficiency. Subsequently, 150 bbl of nanofluids and 101 bbl of organic 
pill were injected and displaced by 32 bbl of brine to decrease interfacial tension. 
After the nanofluid injection, the well was closed for a soaking process of 12 h. 
Figure 7.18 shows the production curve for well C before and after the stimulation 
assisted by nanofluids. Before stimulation, 861 bopd was produced. On 27 
December, the stimulation of well C began to increase the production rate, and an 
increase of approximately 600 bopd was achieved. Three months later, the produc-
tion reached an average value of 1600 bopd and remained at that production level.

The production increase was related to the viscosity reduction, and the viscosity 
reduction was due to the adsorption capacity of the nanoparticle. Before the stimu-
lation process assisted by nanofluids, a viscosity reduction of approximately 82% 
was achieved (Fig.  7.19). Therefore, for 3  months, there was an approximately 

Fig. 7.16 (a) Viscosity 
and (b) residual 
nanoparticles vs. days after 
job. (Reprinted with 
permission from Zabala 
et al. [27]; Copyright 
2016, SPE)
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Fig. 7.17 (a) Viscosity 
and (b) residual of 
nanoparticles vs. days after 
job. (Reprinted with 
permission from Zabala 
et al. [27]; Copyright 
2016, SPE)

Fig. 7.18 Well production before and after stimulation assisted by nanofluids and PIP wells 
vs. time
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100% reduction in naphtha consumption. Viscosity reached its initial value 800 days 
after the trial. At approximately 10 months after the stimulation, a profit greater than 
USD 2.1 million was reported with an investment of approximately USD 738 thou-
sand, showing a high cost-benefit ratio of the project.

7.6  Conclusions

Nanotechnology is presented in the oil industry as a novel alternative for improving 
existing recovery mechanisms. This chapter shows that the adsorption capacity of 
nanoparticles for oil heavy fraction substantially enhances oil recovery as nanoflu-
ids and nanocatalysts in processes such as DOA, ultrasound cavitation, and reduc-
tion in naphtha consumption.

Nanoparticles can adsorb the heavy fractions of crude oils on their surface, 
mainly due to active sites’ availability. Viscosity can be reduced by different mecha-
nisms but always involves disrupting the viscoelastic network formed mainly by 
asphaltenes and resins. Moreover, viscosity reduction mechanisms depend heavily 
on the adsorption process occurring through polar interactions between the surface 
of the nanoparticle and asphaltene, the chemical nature of which is closely related 
to that of the nanoparticle surface. Finally, the results of field trials showed the 
importance of the perdurability of nanofluid viscosity reduction in the technical- 
economic results of the treatments.

Acknowledgments The authors would like to acknowledge Universidad Nacional de Colombia 
Sede Medellín, Fundación Universidad de América and Ecopetrol S.A. for financial and logistical 
support.

Fig. 7.19 Viscosity reduction at 86 ° F vs. time
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Chapter 8
Using Nanoparticles as Gas Foam 
Stabilizing Agents for Enhanced Oil 
Recovery Applications

Yazan Mheibesh, Farad Sagala, and Nashaat N. Nassar

8.1  Introduction

8.1.1  Background

Oil recovery from a conventional reservoir involves three distinct but intimately 
connected recovery mechanisms: the primary recovery, which is the oil production 
using the inherent reservoir pressure; the secondary recovery, which is the recovery 
of oil by pressure maintenance operations including water flooding; and the 
enhanced oil recovery (EOR), which is the extraction of oil by either thermal, chem-
icals, or gas flooding techniques. The primary and secondary oil recovery mecha-
nisms can recover up to one-third of the present oil in a reservoir while two-thirds 
of the oil will remain unrecovered [3, 76, 116, 144]. Tertiary or enhanced oil recov-
ery (EOR) methods are targeted to economically produce 65% of the remaining 
hydrocarbon initially in place at the end of both the primary and secondary recovery 
mechanisms [65]. The performance of EOR is evaluated based on the macroscopic 
and microscopic efficiencies. The macroscopic displacement efficiency refers to the 
ability of the displacing fluid in contact with the reservoir in a volumetric sense both 
areally and vertically [65]. On the other hand, the microscopic displacement effi-
ciency addresses the ability of the displacing fluid to mobilize the residual oil in the 
pore scale [35]. The microscopic displacement efficiency is closely related to the 
dimensionless capillary number which is the ratio between the viscous and interfa-
cial forces. In a typical brine flooding (secondary recovery), the capillary number is 
within the range of (10−7–10−6) [84]. Increasing the capillary number to the range of 
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(10−4–10−3) can reduce the residual oil saturation to 10% [79]. Moreover, the resid-
ual oil saturation reaches zero as the capillary number is increased to 10−2 [78]. To 
achieve this capillary number, the interfacial tension has to be within the range of 
(10−2–10−3) mN/m [153]. Although chemical EOR can effectively decrease the 
interfacial tension to ultralow values, it has not been applied widely in the past due 
to the high costs of chemicals and low oil prices [84].

The most common EOR method implemented in field applications is the gas 
EOR which contributes to about 39% of the entire world EOR project production [7, 
10, 58]. Gas EOR methods include the injection of inert or hydrocarbon gases 
including methane, nitrogen, carbon dioxide, or air for reservoir pressure mainte-
nance and residual oil recovery [142]. About 38% of US EOR project production is 
referred to as CO2 injection [100]. The high focus on CO2 implementation in EOR 
projects is attributed to minimizing the environmental aspects of the greenhouse 
emissions (GHE) as well as the desirable miscible properties of CO2. However, the 
oil recovery from field applications of gas EOR is considered lower than anticipated 
as a result of early gas breakthrough and gravity override. Several applications of 
the oil industry involve utilizing foams including fire retardants and synthesis of 
porous materials [24, 25, 121], hydraulic fracturing [71, 130], and finally EOR [54]. 
Foam is considered one of the most promising technologies to overcome the gravity 
override and viscous fingering of gas EOR. Foams are capable of enhancing the 
macroscopic sweep efficiency of the gas flood by blocking the high permeable 
zones, increasing the apparent viscosity of gas, and diverting it towards unswept 
reservoir zones. Despite the high potential of foams in enhancing oil recovery, the 
stability of foams is still a major concern due to film thinning and bubble coales-
cence. One of the ultimate approaches to enhance the stability of surfactant- 
stabilized foams can be nanoparticles as suggested in the literature [108]. This is 
mainly attributed to nanoparticles and their ability to irreversibly adsorb and stabi-
lize the foam liquid films [19, 74, 167]. The focus of this chapter is to summarize 
the main concepts of foam stability and the current status of foam stabilization by 
nanoparticles including the mechanisms and crucial parameters influencing foam 
stability. Moreover, remarkable studies also illustrate the role of nanoparticles in 
enhancing both the static and dynamic foam stabilities. Lastly, some field applica-
tion overview and future commendations/research gaps for nanoparticle-stabilized 
foam are addressed in this chapter.

8.1.2  Need for Foam EOR

Theoretically, a miscible gas flood can recover most of the crude oil in a swept zone 
[152]. However, field applications showed that oil recovery by miscible CO2 is 
much lower than anticipated which can go up to 20% of the OOIP [15]. The main 
obstacle of gas EOR is the low volumetric sweep efficiency due to the gravity over-
ride, the gas fingering, and reservoir heterogeneity, as depicted in Fig. 8.1 [26, 29, 
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110]. The density difference between the gas and displaced fluid causes the gravity 
override of gas which results in an early gas breakthrough [5]. Moreover, the exis-
tence of fractured zones and heterogeneity in reservoir permeability can form high-
mobility channels of the low-viscosity gas, thus lowering the macroscopic 
displacement efficiency of a gas flood [137, 141]. These drawbacks of gas flooding 
hinder the oil recovery by CO2 gas flooding even though it has a high microscopic 
displacement efficiency [137]. Despite the high potential of surfactant flooding in 
recovering residual oil, it can only be implemented when oil prices are relatively 
high because of surfactant high costs and surfactants retention [94]. These addressed 
challenges of both gas and surfactant EOR methods led to conceptualizing of foam 
as a promising EOR approach [5, 179]. Literature suggests that generation of foam 
by a combination of both surfactant and gas flooding is cost-effective and enhances 
the sweep efficiency [5, 134]. Foam increases the sweep efficiency by reducing gas 
mobility via blockage of some flow channels, trapping gas so that its relative perme-
ability will be reduced, and it can also increase the gas effective viscosity [5, 57, 97, 
107, 134, 137].

In contrast with gas flooding, foam mainly recovers oil by the following mecha-
nisms: it increases the viscosity of injected gas (the displacing fluid) for a more 
stable displacement process. Secondly, it diverts gas to more unswept oil-bearing 
zones by diverting gas from high permeable zones [5, 9, 60].

Fig. 8.1 Comparison between the volumetric sweep efficiency of gas and foam floods [60]. 
Permissions related to the material excerpted were obtained from ACS, and further permission 
should be directed to ACS; Farajzadeh, R., Andrianov, A., & Zitha, P. L. J. (2010). Investigation of 
Immiscible and Miscible Foam for Enhancing Oil Recovery. Industrial & Engineering Chemistry 
Research, 49(4), 1910–1919. doi: https://doi.org/10.1021/ie901109d
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8.2  Foam Principles

One of the colloidal dispersion kinds is foam in which gas phase (internal/disperse 
phase) is dispersed in a continuous liquid phase (external phase). Gas bubbles are 
separated by a thin liquid film called lamellas which meet at a vertex called the 
plateau border. Figure  8.2a depicts a 2-D section of a foam surface. In two- 
dimensional slices of foam, the three lamellas meeting at the plateau border will 
have an angle of 120 (polyhedral angle). In three dimensions four lamellas will be 
meeting at the plateau border with an angle of 109.6 (tetrahedral angle). Finally, 
foams are thermodynamically unstable, and the arrangements of films in the foam 
are a result of both the surface tensions and contracting forces along with the liquid 
films [140].

The structure of gas bubbles in a foam can be either spherical or polyhedral cells. 
When the foam is wet or in a liquid phase, the shape of the gas bubbles will be 
spherical. However, due to the effect of gravity, foam can start drying resulting in a 
more polyhedral shape as shown in Fig. 8.2b [4, 18, 45, 46].

Surfactants are considered the most common foaming agent. The most common 
foam generation and evaluation methods of a solution containing foaming agents 
are the Bartsch method (shaking), the Bikerman method (sparging), and the Ross- 
Miles method. Based on the Bartsch method, foam is generated by mechanical 
shaking of a specific amount of solution placed in a closed container at a specific 
frequency [124]. In the Bikerman method, a specific volume of solution is placed in 
a cylinder while gas is being sparged at a specific flow rate through an orifice or 
porous disk placed at the bottom [124]. In the Ross-Miles method, a portion of the 

Fig. 8.2 (a) 2-D section of a foam [143]. Permissions related to the material excerpted were 
obtained from Elsevier and further permission should be directed to Elsevier; J. Sheng (2013). 
Enhanced Oil Recovery Field Case Studies. Oxford, UNITED STATES: Elsevier Science & 
Technology. (b) Wet and dry foam structures. Permissions related to the material excerpted were 
obtained from Elsevier and further permission should be directed to Elsevier [45]
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solution is being placed in a cylinder while a portion of the liquid phase is being 
poured from the top to generate foam from a specific height [124].

The main concepts to be considered when dealing with the foaming behavior of 
a solution include foamability and foam stability. According to Carey and 
Stubenrauch [27], foamability characterizes the ability of a solution to produce 
foam which can be evaluated as the time needed to achieve a specific volume of 
foam. The rate at which surfactant molecules adsorb and the total amount of surfac-
tant molecules adsorbed at the water/gas interface are the main factors controlling 
the foamability of a surfactant solution [27]. Thus, high foamability refers to a foam 
possessing a rapid surfactant adsorption rate, a high surface elasticity, and surface 
viscosity properties [27, 122]. The main principles of foam stability will be dis-
cussed in the following section.

8.3  Fundamentals of Foam Stability

A foaming agent that can be surfactant, macromolecule, or fine solids is required to 
generate foam by reducing interfacial energy thus increasing the interfacial area and 
reducing the mechanical energy input between the gas and liquid phases. To form a 
more stable foam, effects of foam destabilizing processes have to be minimized, 
including the film thinning (i.e., lamellas become thinner without changing the total 
surface area of the bubbles), coalescence (i.e., lamellas rupture, and gas bubbles 
merge to form bigger bubbles), and coarsening or Oswald ripening (i.e., gas flux 
from smaller to bigger bubbles). The main factors affecting foam stability include 
gravity drainage, capillary suction, surface elasticity, foam bulk, surface viscosity, 
repulsion, electric double layer, dispersion force attraction, and steric repulsion 
forces [140, 165].

According to the Young-Laplace equation, interfacial tension (σ) causes pressure 
difference (∆P) to exist across a curved surface between the interface of gas (G) and 
liquid (L) phases. Equations (8.1 and 8.2) show the pressure difference (∆P) across 
an interface of a wet foam bubble with a radius (R) where PG, PL are the pressure of 
the gas and liquid phases, respectively. Equation (8.3) shows the pressure difference 
of more complex foam bubbles with principal radii of curvature (R1, R2) [140].
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The Young-Laplace equation illustrates that the pressure inside a foam bubble 
(PG) exceeds the outside pressure (PL). Moreover, the pressure difference at the 
interface is also dependent on the foam bubble radius (R).

Due to variations in a foam bubble principal radii as shown in Fig. 8.3 between 
measured radius from a plateau border (RB) and measured radius from a lamella 
(RA), an additional pressure difference occurs between the liquid inside a film (PA) 
and liquid in a plateau border (PB). The pressure of a liquid in the foam film increases 
with an increase of measured radius. Thus, the liquid will flow from the film (rela-
tively bigger radius RA) to the plateau border (relatively smaller radius RB) which 
causes film thinning resulting in lower foam stability [140].

Free energy of a gas bubble in foam increases with an increase in bubble size. As 
surfactant molecules adsorb a monolayer on the interface between a gas bubble and 
a liquid film, surface tension and free surface energy will be decreased. Thus, the 
thin liquid film will be stabilized due to surface tension reduction and increase in 
interfacial viscosity which provides mechanical resistance to film thinning and rup-
ture. Equation (8.4) shows the general Gibbs adsorption for a binary isothermal 
system containing excess electrolyte. This equation thermodynamically describes 
the reduction of free surface energy due to surfactant adsorption when surfactant 
adsorption is considered as a monolayer while surface curvature is not great [140]

Fig. 8.3 Pressure difference across curved surfaces in a foam lamella due to variation in bubble 
principal radii. R1A and R1B are the radii from the right side of the liquid film, while R2A and R2B are 
from the left side of the liquid film [140]. Permissions related to the material excerpted were 
obtained from ACS, and further permission should be directed to ACS; Schramm, L.  L., & 
Wassmuth, F. (1994). Foams: Basic Principles. In Foams: Fundamentals and Applications in the 
Petroleum Industry (Vol. 242, pp. 3–45): American Chemical Society
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where (Γs) is the surface excess of surfactant (mol/cm2), (R) is the gas constant, (T) 
is the absolute temperature, (σ) is the surface or interfacial tension, and (Cs) is the 
solution concentration of surfactant in (M). Due to gravity forces, the liquid starts 
draining from liquid films until it is being balanced by capillary forces as described 
previously by the Young-Laplace equation. As a result, the thinning process leads to 
further foam collapse [140]. Surface elasticity of foam films increases foam ability 
to withstand deformations without rupturing. When a foam film is stabilized by 
surfactant adsorption undergoes a sudden expansion, the expanded portion of the 
film will have a lower degree of surfactant adsorption compared to the unexpanded 
film portion due to the increase in surface area. Thus, surface tension increases 
locally providing resistance for more film expansion by producing an immediate 
surface contraction by viscous forces. Hence, liquid flows from the low-surface ten-
sion region to the high-surface tension region as shown in Fig. 8.4. The diffusion of 
surfactant from bulk liquid to the expanded foam portion can be more quick in thick 
films compared to thin foam films. In thin foam films, not enough surfactant mole-
cules will be transferred and adsorbed on the interface and achieve equilibrium 
quickly after film expansion. This phenomenon is called the Gibbs-Marangoni 
effect which is significant in stabilizing foam against thin film rupture and rapid 
deformation. This effect explains why a foam having low film surface tension can-
not stabilize foam, because it does not having sufficient surface elasticity to reach 
equilibrium after surface expansion or contraction [140].

Fig. 8.4 Surface tension gradients in a film due to expansion [140]. Permissions related to the 
material excerpted were obtained from ACS, and further permission should be directed to ACS; 
Schramm, L. L., & Wassmuth, F. (1994). Foams: Basic Principles. In Foams: Fundamentals and 
Applications in the Petroleum Industry (Vol. 242, pp. 3–45): American Chemical Society

8 Using Nanoparticles as Gas Foam Stabilizing Agents for Enhanced Oil Recovery…



276

To form a stable foam, both lower surface tension and surface elasticity proper-
ties are required. Surface elasticity in foams is a dynamic property measuring the 
resistance against the creation of surface tension gradients and the rate of disappear-
ance of these gradients in the system. In foam stability studies, there are two types 
of surface elasticity, the Gibbs and the Marangoni surface elasticities. The Gibbs 
surface elasticity (EG) is an equilibrium surface measurement occurring when the 
number of surfactant molecules in the thin foam is very low so that the surfactant 
cannot restore surface concentration equilibrium after deformation. The Marangoni 
surface elasticity (EM) is a nonequilibrium or time-dependent surface measurement 
occurring when there is enough amount of surfactant molecules in the foam for 
restoring the surface concentration equilibrium. Figure 8.5 compares between Gibbs 
and Marangoni surface elasticities after surface expansion. Equation (8.5) shows the 
Gibbs surface elasticity for a foam film (EG) where (σ) is the surface tension and (A) 
is the geometric area of the surface. The surface elasticity for foam accounts for the 
effect of two gas/liquid interfaces so factor 2 is introduced in Eq. (8.5) [140].
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Viscous forces in foam, including both the surface and bulk viscosities, can 
affect the rate of bubble coalescence and film drainage. These forces can indirectly 

Fig. 8.5 Illustration of (a) 
Gibbs surface elasticity 
measurement occurring 
when the number of 
surfactant molecules is 
very low, (b) Marangoni 
surface elasticity 
measurement occurring 
when enough number of 
surfactant molecules exists 
in the foam for restoring 
the surface concentration 
equilibrium after film 
expansion [140]. 
Permissions related to the 
material excerpted were 
obtained from ACS, and 
further permission should 
be directed to ACS; 
Schramm, L. L., & 
Wassmuth, F. (1994). 
Foams: Basic Principles. In 
Foams: Fundamentals and 
Applications in the 
Petroleum Industry (Vol. 
242, pp. 3–45): American 
Chemical Society
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stabilize foam by resisting foam film thinning and rupturing processes. Thinning of 
thick foam lamellas is mainly resisted by bulk viscosity, while surface viscosity 
hinders the thinning of thin films [140].

A foam film stabilized by ionic surfactants adsorbed on the interface influences the 
distribution of nearby ions. Thus, ions with the same charge are repelled, while coun-
ter-charged ions are attracted to the film interface. This results in an electric double 
layer (ELD) consisting of both inner adsorbed ions and a diffuse layer. The diffuse 
layer consists of attracted ions by electric forces, and thermal motion will be formed. 
Depending on foam film thickness and charge density, the ELD opposes foam film 
thinning process when the charged interfaces of both film interfaces approach each 
other due to repulsive forces. Figure 8.6 depicts an electric double layer on one side of 
a foam film and the electric potential for a charged foam lamella [140].

Moreover, disjointing pressure, hydrostatic pressure difference between gas bub-
bles and bulk liquid, plays a significant role in keeping lamellas interfaces apart 
from each other. It accounts for electrical, dispersion, and steric (Van der Waals) 
forces operating across the foam lamellas [140].

8.4  Effect of Nanoparticles on Foam Stabilization

Despite the advantages of foam in increasing the oil recovery over conventional gas 
enhanced oil recovery processes, solely stabilized foams by surfactants have unde-
sirable properties hindering foam flooding applications in enhanced oil recovery 

Fig. 8.6 Illustration of 
ELD of a charged foam 
lamella [143]. Permissions 
related to the material 
excerpted were obtained 
from Elsevier, and further 
permission should be 
directed to Elsevier; 
J. Sheng (2013). Enhanced 
Oil Recovery Field Case 
Studies. Oxford, United 
States: Elsevier Science & 
Technology
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projects. Low foam stability in harsh reservoir conditions such as high temperature 
and salinity makes conventional foams fail to meet the production requirements 
[98]. Moreover, adsorption of surfactants to the rock surface and surfactant decom-
position in harsh reservoir environments results in weak foam formation resulting in 
poor sweep efficiency [7, 97].

Generally, dispersed solids help in the formation of more stable foams. They can 
increase the foam bulk viscosity and provide more foam film mechanical stability 
by solid adsorption on the gas/liquid interface [140]. Several studies showed that 
nanoparticles can play a significant rule in foam stability at high temperatures and 
salinity conditions by synergistic effect or physicochemical interactions between 
nanoparticles and surfactants [7]. Adsorption of nanoparticles on the liquid-gas 
interface enhances the foam dilatational elasticity and hinders the water flow at the 
bubble surface, thus preventing bubble coarsening, and slows down film thinning 
[47, 83, 113].

8.4.1  Mechanisms of Foam Stabilized by Surfactant 
and Nanoparticles

Interactions between nanoparticles-interface, surfactants-interface, and 
nanoparticles- surfactants count for foam film stabilization. There are several mech-
anisms of foam stabilization by nanoparticles proposed in the literature including 
particle detachment energy, particle arrangement during film drainage, maximum 
capillary pressure of coalescence, and the growing of aggregates [7, 146].

8.4.1.1  Particle Detachment Energy

Adsorption of nanoparticles at the film interface between gas and liquid is irrevers-
ible. The affinity of nanoparticles at the liquid interface is affected by the hydro-
philic or lipophilic characters of the nanoparticles [129]. The required energy to 
remove a particle from the gas/liquid interface (∆E) is expressed in Eq. (8.6) when 
the gravity and buoyancy forces are neglected due to the small size of the nanopar-
ticles [20].

 
�E R aw� �� �� � �2 2

1 cos
 

(8.6)

where (∆E) is the energy required to remove a particle from the interface, (R) is the 
nanoparticle radius, (σaw) is the gas/water interfacial tension, and (θ) is the contact 
angle between nanoparticles and the liquid. The sign in the bracket is negative for 
transfer from water and positive for transfer from oil or gas phase. This equation 
explains that the reduction in interfacial tension at the interface by surfactants can 
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lower the detachment energy resulting in lower foam stability. In the case of the 
high hydrophilic (θ < 30°) or hydrophobic (θ > 150°) particle wettability, the detach-
ment energy will be reduced resulting in lower foam stability [146]. Figure  8.7 
depicts the lipophile and hydrophile characterization of nanoparticles depending on 
contact angles between solids and liquid.

8.4.1.2  Particle Arrangement During Film Drainage

Depending on the wettability of the solid, adsorbed nanoparticles inside a thin film 
can form either a monolayer of bridging particles, a bilayer of closed-packed parti-
cles, or a network of particles aggregates as shown in Fig. 8.8 [77]. The network of 
particle aggregates occurs when there is an excess of solids inside the foam films. It 
is considered the most effective mechanism in foam stabilization because it keeps 
the gas bubbles separated by resisting dragging, hence slowing foam coalescence 
and liquid drainage [7].

Fig. 8.7 Contact angle between solid particle and surfactant solution: (a) Hydrophobic particle 
(θ > 90°), (b) hydrophilic particle (θ < 90°) [7]. Permissions related to the material excerpted were 
obtained from ACS, and further permission should be directed to ACS; AlYousef, Z., Almobarky, 
M., & Schechter, D. (2017). Enhancing the Stability of Foam by the Use of Nanoparticles. Energy 
& fuels, 31(10), 10620–10627
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8.4.1.3  Maximum Capillary Pressure of Coalescence

With the presence of nanoparticles adsorbed to the foam films, the maximum capil-
lary pressure a liquid film can withstand before rupture increases [42]. This thresh-
old pressure is referred to as the maximum capillary pressure of coalescence ( Pc

max

) which results in more foam stability as Pc
max  increases [146]. In the absence of 

nanoparticles, foam films are flat, while they do not have to be flat in the presence 
of nanoparticles, which provides a barrier against film thinning [7]. Equation (8.7) 
expresses that the maximum capillary pressure of coalescence ( Pc

max ) is dependent 
on the packing parameter (p), air/liquid interfacial tension, particles radius (R), and 
contact angle (θ).

 
P p

Rc
awmax �

2�
�cos

 
(8.7)

In the case of hydrophobic solids (θ > 90°), the film ruptures due to liquid drain-
age. On the other hand, if the solid particles are hydrophilic (θ < 90°), liquid film 
starts thinning until it becomes flat as capillary pressure moves the liquid towards 
the solid particles [7, 146]. As a result, the film thinning process will be stopped 
which helps in maintaining foam stability, as shown previously in Fig. 8.7.

Fig. 8.8 Particle 
arrangement during film 
drainage [146]. 
Permissions related to the 
material excerpted were 
obtained from ACS, and 
further permission should 
be directed to ACS; Singh, 
R., & Mohanty, 
K. K. (2015). Synergy 
between Nanoparticles and 
Surfactants in Stabilizing 
Foams for Oil Recovery. 
Energy & Fuels, 29(2), 
467–479. doi: https://doi.
org/10.1021/ef5015007
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8.4.1.4  Growing Aggregates

The stability of foam films can be increased by nanoparticles as a result of particle 
aggregation and cork formation. Using silica nanoparticles at high concentrations 
(concentration > 2 wt.%,) helps in improving foam stability by increasing film vis-
cosity [7, 28].

8.4.2  Experimental Techniques of Foam Stability Evaluation

The main experimental methods of foam stability by surfactant-nanoparticles for 
enhanced oil recovery include bulk stability tests, interfacial and dilatational elastic-
ity experiments, and foam displacement tests [175]. In static foam tests, the decay 
of foam height, bubble size, and gas quality are evaluated over time both in the pres-
ence and absence of crude oil. These experiments indicate the effect of nanoparti-
cles on slowing foam decay and coalescence rate. Interfacial tension and dilatational 
elasticity experiments evaluate the stability of foam films under expansion and con-
traction effects. Finally, foam displacement tests evaluate the ability of foam in 
increasing apparent viscosity of the displacing fluid, enhancing the flood mobility 
ratio, and its effect on oil recovery.

8.4.2.1  Bulk Foam Stability Tests

In bulk foam stability tests, foam generated by gas and the surfactant-nanoparticle 
dispersion is received in a transparent cylindrical testing tube to assess the foam 
physical properties over time. Foamability can be indicated by the change in foam 
height, bubble size distribution, and liquid holdup as a function of time. Effects of 
temperature, pressure, salinity, surfactant concentration, nanoparticle concentra-
tion, and crude oil could be evaluated in this type of foamability test. In this method, 
foam stability can be evaluated based on foam height and half-life time, bubble size 
distribution, vertical foam film, and confocal laser scanning microscopy tests.

Foam Height and Half-Life Time

As the generated foam is received in a cylindrical column, it starts decaying with 
time. The measured height of the foam column at a given time indicates foam stabil-
ity. The time of foam height decay is slower in more stable foams. Half-life time is 
the time required for a foam column to decay to its half original height. Normalized 
foam height can be expressed as shown in Eq. (8.8). This test can be used to evaluate 
the effect of surfactants and/or nanoparticle concentrations on foam stability when 
the foam is in contact with crude oil. Figure 8.9 shows a typical diagram of a foam 
stability device used for bulk foam stability evaluation.
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(8.8)

Bubble Size Evaluation

Investigation of bubble size distribution helps in understanding the foam coales-
cence and film rupture mechanisms, especially by the use of microscopic pictures. 
Generally, the radius of foam bubbles is small when the foam is formed, but the size 
of the gas bubbles starts growing as a result of lamella rupturing. The effect of 
absorbed nanoparticles at the liquid films on delaying foam rupture can be studied 
by this method [97]. Figure 8.10 compares the gas bubble sizes of several surfactant 
solutions and surfactant-nanoparticle solutions. Foam coarsening was delayed in 
the case of the surfactant-nanoparticles solution, while foam bubble sizes of surfac-
tant solution increased relatively faster indicating lower foam stability. Analyzing 
the foam bubble size and size distribution helps in understanding the effect of 
nanoparticles in enhancing foam stability as introduced by Xue et al. [171]. The 

Atmosphere

Foam Column

Control Valve

Guage
Pressure

Regulator

Graduated
Transparent
Glass Cylinder

Gas diffuser
(Porous stone)

Gas Flow-meter

CO2

Cylinder

Fig. 8.9 Typical foam 
evaluation device for bulk 
foam stability evaluation 
[16]. Permissions related to 
the material excerpted 
were obtained from 
Elsevier, and further 
permission should be 
directed to Elsevier; Bayat, 
A. E., Rajaei, K., & Junin, 
R. (2016). Assessing the 
effects of nanoparticle type 
and concentration on the 
stability of CO2 foams and 
the performance in 
enhanced oil recovery. 
Colloids and Surfaces A: 
Physicochemical and 
Engineering Aspects, 511, 
222–231. doi: https://doi.
org/10.1016/j.
colsurfa.2016.09.083
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captured picture of foam morphology generated in a glass bead pack over time was 
used to calculate the Sauter mean diameter (Dsm) and the dimensionless polydisper-
sity (Upoly) as expressed in Eqs. (8.9) and (8.10). A smaller change in foam Sauter 

Fig. 8.10 Comparison between bubble sizes with time of foam stabilized by surfactants only and 
foam stabilized by surfactant-carbon nanodot (CND) [136]. Permissions related to the material 
excerpted were obtained from ACS, and further permission should be directed to ACS; Sakthivel, 
S., Adebayo, A., & Kanj, M. Y. (2019). Experimental Evaluation of Carbon Dots Stabilized Foam 
for Enhanced Oil Recovery. Energy & Fuels, 33(10), 9629–9643. doi: https://doi.org/10.1021/acs.
energyfuels.9b02235
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mean diameter over time indicates higher foam stability and delayed foam coarsen-
ing and coalescence. The insignificant change in the polydispersity indicates more 
uniformity in bubble shape over time [171, 175].
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where Dsm and Upoly are the Sauter mean diameter and the Polydispersity averaged 
over at least 100 bubbles. Di and Dmed are the diameter of a foam bubble and the 
median of the volume-averaged bubble diameter in the foam, respectively.

Vertical Foam Film Tests

In these tests, microscopes are used to observe the foam morphology to understand 
the effects of surfactants and/or nanoparticles on film thinning, film thickness, foam 
stability, and the location of adsorbed surfactants and/or nanoparticles. These tests 
show that nanoparticles can form three-dimensional networks enhancing the foam 
bubbles [146]. Figure  8.11 compares between a vertical foam film stabilized by 
surfactant only and a foam film stabilized by the surfactant-nanoparticle mixture. It 
shows that the surfactant-nanoparticle mixture delayed both the foam film thinning 
and rupturing. In Fig. 8.12b, when nanoparticles with fluorescence properties were 
used, nanoparticles were shown to be adsorbed at the interface and the Gibbs- 
Plateau border.

Fig. 8.11 Comparison between foam film morphologies and thicknesses of (a) foam stabilized by 
surfactant, (b) foam stabilized by surfactant and nanoparticles [146]. Permissions related to the 
material excerpted were obtained from ACS, and further permission should be directed to ACS; 
Singh, R., & Mohanty, K. K. (2015). Synergy between Nanoparticles and Surfactants in Stabilizing 
Foams for Oil Recovery. Energy & Fuels, 29(2), 467–479. doi: https://doi.org/10.1021/ef5015007

Y. Mheibesh et al.
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8.4.2.2  Interfacial Tension and Dilatational Viscoelasticity Measurements

Interfacial tension and viscoelastic modulus are important parameters for the evalu-
ation of foam generation and stability. In the absence of crude oil, surface tension 
controls the foam generation [7]. An increase in the viscoelastic modulus of foam 
films enhances foam stability against contraction and expansion [97]. Experiments 
of emulsions stabilized by surfactants and numerical simulations indicated that 
higher surface dilatational elasticity may decrease the Oswald ripening rates thus 
increasing foam stability [63, 113, 159]. In the presence of crude oil, interfacial ten-
sion properties between gas, water, and oil (σwg, σwo, σog) can be used to evaluate the 
effect of oil on foam stability, as will be discussed in the coming sections. The vis-
coelastic modulus (ε) in (mN/m) is expressed in Eq. (8.11) [97], where (γ) is the 
interfacial tension in (mN/m) and (A) is the surface area in (m2).

 
�

�
�

d

d Aln  
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8.4.2.3  Application of Foam in the Porous Media Experiments

The effect of stabilized foam by surfactant-nanoparticle solution on enhancing oil 
recovery can be tested using porous media experiments. Micromodels, sand packs, 
and core flooding can be used for testing the foam apparent viscosity and its effect 
on oil recovery and mobility ratio enhancements. Micromodels can be used to study 
the pore scale effect of foam in EOR processes and its physical structure within the 
porous media at lower pressure experiments [118]. Core flooding experiments can 
mimic EOR processes under real reservoirs conditions. From differential pressure 
drop data in porous media experiments, apparent viscosity and mobility reduction 
factor can be calculated. An increase in pressure drop in foam flooding experiments 

Fig. 8.12 Vertical foam film stabilized by surfactant-nanoparticle mixture captured at (a) visible 
light, (b) UV light [146]. Permissions related to the material excerpted were obtained from ACS, 
and further permission should be directed to ACS; Singh, R., & Mohanty, K. K. (2015). Synergy 
between Nanoparticles and Surfactants in Stabilizing Foams for Oil Recovery. Energy & Fuels, 
29(2), 467–479. doi: https://doi.org/10.1021/ef5015007
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is related to the increase in gas apparent viscosity [111]. Apparent foam viscosity 
(μapp) in a core flooding experiment is mathematically expressed in Eq. (8.12) [111].
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(8.12)

where k is the core permeability, ∆P is the pressure difference, ut is the total super-
ficial velocity, and L is the core length.

Steady-state foam flow behavior can be classified into low-quality and high- 
quality foam regimes concerning the gas volumetric fraction in the total injected 
fluids or the foam quality (fg) [30, 135]. Low-quality foam regime is characterized 
by a high superficial velocity of water (Uw) and low superficial velocity of gas (Ug) 
[22]. When the superficial velocity of gas (Ug) is high whereas the superficial veloc-
ity of water is low (Uw), foam flow regime is considered a high-quality foam regime 
[22]. These flow regimes can be clearly distinguished in the pressure gradient (∆P) 
contours concerning superficial velocities of gas and water as illustrated in Fig. 8.13. 
The nearly vertical (∆P) contours express the high-quality regime, while the nearly 
horizontal (∆P) contours express the low-quality foam regime [22].

Higher apparent foam viscosity significantly attributes in higher foam strength 
[5]. Pressure gradient and apparent foam viscosity increase with the increase in the 
foam quality in the low-quality foam regime [37, 107]. Then, both the pressure 
gradient and the apparent foam viscosity decrease with the increase in the foam 
quality in the high-quality foam regime [37, 107]. Effect of increase in foam quality 
on the pressure and the apparent foam viscosity in foam displacement experiments 
in porous media is illustrated in Fig. 8.14.

The behavior of foam bubbles varies in the porous media in the different foam 
regimes. In the low-quality foam regime, foam bubbles are spaced and separated by 
thick liquid films [75, 107]. Hence, as the foam quality increases, apparent foam 
viscosity will also increase [37, 56, 135]. On the other hand, foam bubbles are 
packed and separated by individual liquid films in the high-quality foam regime [75, 
107]. Moreover, as the foam quality increase in the high-quality foam regime, 
apparent foam viscosity will decrease as a result of an increase in the gas saturation 
and capillary pressure [61]. Hence, the foam will be unstable due to foam bubble 
coarsening [61]. Overall, in the high-quality foam regime, foam is stable when cap-
illary pressure is lower than a limiting capillary pressure ( Pc

∗ ) [37]. Figure 8.15 
expresses the concept of the limiting capillary pressure at which foam becomes 
unstable when foam quality is increased.

Injected foam in porous media can be either continuous or discontinuous gas 
foam as illustrated in Fig. 8.16. Gas bubbles in the discontinuous gas foam are sepa-
rated by liquid lamellas, while gas channels are connected in the case of continuous 
gas foam [56, 107]. Accounting for this behavior is essential for understanding the 
foam mobility in porous media [5]. Discontinuous gas foam is capable of increasing 
apparent viscosity, while continuous gas foam can only reduce the gas relative 
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permeability [75, 107]. Hence, for the best mobility control foam, gas has to be 
discontinuous [5].

The ratio of total mobility of gas/brine to foam mobility is called the mobility 
reduction ratio (MRF). A higher reduction factor indicates higher foam stability 
[81]. It can be calculated from the ratio of pressure drop across the core during foam 
flooding (∆Pf) to the pressure drop of the gas-only (∆Pg). Equation (8.13) expresses 
the mobility reduction factor [81].
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Fig. 8.13 Pressure gradient (psi/ft) contours as a function of gas and water superficial velocities 
of nitrogen gas foam in a horizontal pipe (0.5 wt% FA-406, 0.38/0.5 in ID/OD nylon pipe): (a) 
high-quality foam regime, (b) low-quality foam regime [62]. Permissions related to the material 
excerpted were obtained from Elsevier, and further permission should be directed to Elsevier; 
Gajbhiye, R. N., & Kam, S. I. (2011). Characterization of foam flow in horizontal pipes by using 
two-flow-regime concept. Chemical Engineering Science, 66(8), 1536–1549. doi: https://doi.
org/10.1016/j.ces.2010.12.012
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where k is the core permeability, A is the cross-sectional area of the core, ∆P is the 
pressure drop Q is the injection rate, and L is the core length. The subscripts f and g 
are for the foam and gas, respectively.

Fig. 8.14 Effect of increasing foam quality on (a) pressure gradient, (b) apparent foam viscosity. 
Carbonate core was used to construct these figures, while total injection rate was (0.05 ft3/d) [5]. 
Permissions related to the material excerpted were obtained from ACS, and further permission 
should be directed to ACS; Al Sumaiti, A., Shaik, A. R., Mathew, E. S., & Al Ameri, W. (2017). 
Tuning Foam Parameters for Mobility Control using CO2 Foam: Field Application to Maximize 
Oil Recovery from a High Temperature High Salinity Layered Carbonate Reservoir. Energy & 
Fuels, 31(5), 4637–4654. doi: https://doi.org/10.1021/acs.energyfuels.6b02595

Fig. 8.15 Limiting capillary pressure concept for foam stability [61]. Permissions related to the 
material excerpted were obtained from ACS, and further permission should be directed to ACS; 
Farajzadeh, R., Lotfollahi, M., Eftekhari, A. A., Rossen, W. R., & Hirasaki, G. J. H. (2015). Effect 
of Permeability on Implicit-Texture Foam Model Parameters and the Limiting Capillary Pressure. 
Energy & Fuels, 29(5), 3011–3018

Y. Mheibesh et al.
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8.5  Critical Parameters Influencing Foam Stability

In this section, the main crucial parameters influencing foam stability are discussed 
extensively.

8.5.1  Temperature

Generally, literature results suggest that increasing the temperature of a foam dis-
persion has a detrimental effect on foam stability. Static foam stability measure-
ments indicate a decline in foam half-life time of liquid drainage as the temperature 
is increased [97, 163]. Moreover, the interfacial tension between gas and water 
increases, while dilatational viscoelasticity modulus decreases as a result of tem-
perature elevation as depicted in Fig. 8.17 [97]. Consequently, both the foam stabil-
ity and foam generation rate are declined with the increase in foam dispersion 
temperature [13, 97, 115, 156, 175, 177]. As a result, apparent foam viscosity can 
also decrease with the increase in temperature [8, 170].

The reduction of foam stability with the increase in temperature is attributed to 
several reasons. Increasing temperature cause ineffective adsorption of surfactant 
molecules and nanoparticles at foam lamellae as a result of thermal agitation and 
energetic movement of nanoparticles and surfactant molecules [97, 175, 177]. 
Increasing the temperature also contributes to decreasing the foam viscosity due to 

Fig. 8.16 Illustration of 
continuous and 
discontinuous gas (flowing 
and trapped) foams flow in 
porous media
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the escalation of both the gas diffusion and liquid drainage from the foam films 
[148, 172, 175]. Hence, the foam stability is crucially impacted as a result of foam 
film thinning and Ostwald ripening. Furthermore, an increase in water evaporation 
rate also contributes to foam film thinning [97, 175, 177].

8.5.2  Pressure

Increasing pressure can increase foam stability as suggested by Li et al. [97] In their 
study, CO2 foam stability of SDS/SiO2 dispersion was enhanced as indicated from 
half-life time, foam volume, surface tension, and viscoelastic measurements when 
pressure was increased from 2 to 12 MPa. Figure 8.17 indicates the increase in foam 
half-life time, volume, viscoelastic modulus, and the decrease in surface tension due 
to the increase in pressure. Moreover, generated CO2 foam volume and density was 
increased gradually as pressure was raised as shown in Fig. 8.18. Li et al. [97] attrib-
uted the increase in foam volume and the enhancement of foam stability as pressure 
was increased due to the phase change of CO2. The density of CO2 increases dra-
matically from the gas phase to the supercritical phase. Hence, the fluid discharged 
from the CO2 foam will be decreased as explained by Li et al. [97] which enhanced 
the foam stability in addition to resulting in desirable interfacial property behavior.

However, Emrani and Nasr-El-Din [53] reported the opposite effect of increasing 
pressure on CO2 foam stability of AOS/SiO2 at 75°F. It was claimed that the increase 
in CO2 solubility with the increase in pressure decreased the foam half-life time 
leading to a faster liquid drainage rate as shown in Fig. 8.19. Finally, further research 
needs to be conducted to explain the causes of such completely different behavior 
of foam half-life time and volume when pressure is increased.

Fig. 8.17 Effect of increasing temperature from 22 to 40 °C and pressure from 2 to 12 MPa on 
CO2 foam properties of SDS/SiO2 dispersion: (a) foam volume and half-life time, (b) interfacial 
tension and viscoelastic modulus [97]. Permissions related to the material excerpted were obtained 
from ACS, and further permission should be directed to ACS; Li, S., Li, Z., & Wang, P. (2016). 
Experimental Study of the Stabilization of CO2 Foam by Sodium Dodecyl Sulfate and Hydrophobic 
Nanoparticles. Industrial & Engineering Chemistry Research, 55(5), 1243–1253. doi: https://doi.
org/10.1021/acs.iecr.5b04443
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Fig. 8.18 Morphology of CO2 foam of SDS/SiO2 foam at pressure 2–12 MPa [97]. Permissions 
related to the material excerpted were obtained from ACS, and further permission should be 
directed to ACS; Li, S., Li, Z., & Wang, P. (2016). Experimental Study of the Stabilization of CO2 
Foam by Sodium Dodecyl Sulfate and Hydrophobic Nanoparticles. Industrial & Engineering 
Chemistry Research, 55(5), 1243–1253. doi: https://doi.org/10.1021/acs.iecr.5b04443

Fig. 8.19 Effect of pressure on CO2 foam half-life time of AOS/SiO2 at 25 °C while SiO2 concen-
tration was fixed at 0.1 wt.% [52]. Permissions related to the material excerpted were obtained 
from Elsevier, and further permission should be directed to Elsevier; Emrani, A. S., & Nasr-El-Din, 
H. A. (2017a). An experimental study of nanoparticle-polymer-stabilized CO2 foam. Colloids and 
Surfaces A: Physicochemical and Engineering Aspects, 524, 17–27. doi: https://doi.org/10.1016/j.
colsurfa.2017.04.023
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8.5.3  Salinity

The presence of electrolytes is a crucial parameter influencing both the stability of 
surfactant molecules and nanoparticles in a foam dispersion. The stability of a 
surfactant- stabilized foam depends on both the concentration and the type of cation 
salts whether it is a monovalent, divalent, or multivalent. Kumar and Mandal [93] 
studied the effect of NaCl concentration on foam height for several surfactants 
including SDS, CTAB, and Tween 80. Their results indicated a relative increase in 
foam height after 50 min as salt concentration was less than 1 wt.% NaCl. However, 
as salinity was increased above 1 wt.% NaCl, foam height after 50 min declined. 
Figure 8.20 summarizes the effect of NaCl salinity on foam height after 50 min, 
while concentrations of SDS, CTAB, and Tween 80 were at the critical micelle con-
centration. Impact of salinity on a surfactant-stabilized foam increases due to the 
presence of divalent or multivalent ions. This is mainly due to the high tendency of 
surfactants to influentially react with existing cations such as Ca2+ and Mg2+ in for-
mation brines which results in surfactant precipitation [162, 175].

Fig. 8.20 Effect of salt concentration on foam height after 50 min in the presence of different 
surfactants [93]. Permissions related to the material excerpted were obtained from Elsevier, and 
further permission should be directed to Elsevier; Kumar, S., & Mandal, A. (2017). Investigation 
on stabilization of CO2 foam by ionic and nonionic surfactants in presence of different additives 
for application in enhanced oil recovery. Applied Surface Science, 420, 9–20. doi: https://doi.
org/10.1016/j.apsusc.2017.05.126
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Derjaguin-Landau-Verwey-Overbeek (DLVO) theory suggests that the stability 
of a nanoparticle-stabilized foam is controlled by the sum of the repulsive electro-
static forces and the Van der Waals forces [173, 175]. The Van der Waals attraction 
forces become greater than the electrostatic repulsion forces as a result of the 
increase in solution salinity [21, 172]. This can be indicated from the low zeta 
potential measurements [44, 91]. Hence, the presence of a high concentration of 
monovalent and divalent ions can cause nanoparticle aggregation resulting in either 
stabilizing or destabilizing foam depending on the location of agglomeration (liquid 
phase, continuous liquid phase, or at the gas/liquid interface) [175].

According to Yekeen et al. [175], moderate aggregation of nanoparticles due to 
the presence of electrolytes at the gas/liquid interface can enhance foam stability. 
On the other hand, excessive particle accumulation at the interface or in the liquid 
phase can prevent the migration of nanoparticles to the gas/liquid interface which 
will eventually destabilize the foam.

8.5.4  Zeta Potential and pH

Zeta potential measures the magnitude of electrostatic repulsion/attraction between 
suspended particles and is considered a major property in evaluating the stability of 
colloidal dispersions and emulsions [117]. More stable emulsions possess higher 
magnitudes of electrostatic forces and consequently higher zeta potential measure-
ments [117]. The major property affecting the zeta potential of a colloidal disper-
sion is the pH.  Adding an acid to an emulsion reduces the magnitude of zeta 
potential, while adding an alkali increases the magnitude of the zeta potential [17].

In acidic environments, protonation of surfactants occurs, resulting in a reduc-
tion in the molecules’ surface-active properties. As a result, surfactant aggregation 
can occur. Hence, it is more favored to keep an emulsion in the alkali environment 
for more stability [34].

Singh, Panthi, Weerasooriya, and Mohanty [150] evaluated the effect of pH alter-
nation on the foam stability of tristyrylphenol propoxy carboxylate (TSP-PO45- 
COOH). This is an anionic surfactant which contains a carboxyl group which is a 
pH-sensitive unit as shown in Fig. 8.21. This surfactant dispersion was able to pro-
duce a fine bubble texture (bubble size <200 μm) in the alkali pH range. However, 
decreasing the pH by either adding acid or CO2 injection resulted in foam destabili-
zation behavior. Singh et al. [150] explained that the protonation of the carboxyl 
unit is responsible for foam destabilization. Moreover, the acidic pH causes a 
cloudy/unclear surfactant solution due to aggregation as reported from DLS and 
TEM test as shown in Fig. 8.22. Figure 8.23 shows the foam behavior due to pH 
alternation.

Recently, several surfactants were reported to generate stable foams in acidic 
environments including switchable amine surfactants. Switchable amine surfactants 
such as Ethomeen C/12, Duomeen TTM, and Duomeen CTM perform as nonionic 
surfactants in neutral pH and convert to cationic surfactants at low pH due to 
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Fig. 8.21 Structure of TSP-PO45-COOH [150]. Permissions related to the material excerpted 
were obtained from ACS, and further permission should be directed to ACS; Singh, R., Panthi, K., 
Weerasooriya, U., & Mohanty, K. K. (2018). Multistimuli-Responsive Foams Using an Anionic 
Surfactant. Langmuir, 34(37), 11010–11020. doi: https://doi.org/10.1021/acs.langmuir.8b01796

Fig. 8.22 TEM pictures showing the effect of pH alternation on growing aggregates of TSP- 
PO45- COOH surfactant [150]. Permissions related to the material excerpted were obtained from 
ACS, and further permission should be directed to ACS; Singh, R., Panthi, K., Weerasooriya, U., 
& Mohanty, K. K. (2018). Multistimuli-Responsive Foams Using an Anionic Surfactant. Langmuir, 
34(37), 11010–11020. doi: https://doi.org/10.1021/acs.langmuir.8b01796
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protonation as shown in Fig. 8.24 [32, 33, 50]. These surfactants are capable of 
producing stable CO2 at pH between 4 and 6 [31].

Generally, stable nanoparticle dispersion at a specific pH range can enhance sur-
factant foam stability. Rattanaudom, Shiau, Suriyapraphadilok, and Charoensaeng 
[128] compared the effect of pH alternation on the N2 foam stability of an anionic 
carboxylate extended surfactant with the effect of the addition of partially hydro-
phobic silica nanoparticles to the surfactant solution. Their results indicated that the 
presence of nanoparticles increased the foam half-life time when pH was increased 
from 3 to11 as displayed in Fig. 8.25. Figure 8.26 shows the zeta potential of the 
surfactant dispersion at 0.5 wt.% concentration and the 0.5 wt% surfactant disper-
sion with 100 ppm hydrophobic silica nanoparticles.

Fig. 8.23 Effect of pH alternation on foam stability of TSP-PO45-COOH surfactant [150]. 
Permissions related to the material excerpted were obtained from ACS, and further permission 
should be directed to ACS; Singh, R., Panthi, K., Weerasooriya, U., & Mohanty, K. K. (2018). 
Multistimuli-Responsive Foams Using an Anionic Surfactant. Langmuir, 34(37), 11010–11020. 
doi: https://doi.org/10.1021/acs.langmuir.8b01796

Fig. 8.24 Schematic of protonation of a switchable surfactant from the nonionic to the cationic 
form due to protonation at low pH conditions [38]. Permissions related to the material excerpted 
were obtained from ACS, and further permission should be directed to ACS; Rattanaudom, P., 
Shiau, B.-J., Suriyapraphadilok, U., & Charoensaeng, A. (2021). Effect of pH on silica nanoparticle- 
stabilized foam for enhanced oil recovery using carboxylate-based extended surfactants. Journal of 
Petroleum Science and Engineering, 196, 107729. doi: https://doi.org/10.1016/j.
petrol.2020.107729
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Fig. 8.25 Comparison between the effect of pH alternation on foam stability of carboxylate sur-
factant at 0.5 wt.% with the addition of hydrophobic silica nanoparticles at 100 ppm concentration: 
(a) foam initial height, (b) foam half-life time [128]. Permissions related to the material excerpted 
were obtained from Elsevier, and further permission should be directed to Elsevier; Rattanaudom, 
P., Shiau, B.-J., Suriyapraphadilok, U., & Charoensaeng, A. (2021). Effect of pH on silica 
nanoparticle- stabilized foam for enhanced oil recovery using carboxylate-based extended surfac-
tants. Journal of Petroleum Science and Engineering, 196, 107729. doi: https://doi.org/10.1016/j.
petrol.2020.107729
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Fig. 8.26 Zeta potential of 0.5 wt.% surfactant solution, 0.5 wt.% surfactant, and 100 ppm silica 
solution and nanoparticle dispersion at 100 ppm concentration [128]. Permissions related to the 
material excerpted were obtained from Elsevier, and further permission should be directed to 
Elsevier; Rattanaudom, P., Shiau, B.-J., Suriyapraphadilok, U., & Charoensaeng, A. (2021). Effect 
of pH on silica nanoparticle-stabilized foam for enhanced oil recovery using carboxylate-based 
extended surfactants. Journal of Petroleum Science and Engineering, 196, 107729. doi: https://doi.
org/10.1016/j.petrol.2020.107729
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8.5.5  Gas Type

Foam performance and properties crucially depend on the gas types used for foam 
generation. The main gases utilized in gas EOR include methane, carbon dioxide, 
nitrogen, and air. In foam stability studies, carbon dioxide, nitrogen, and air received 
the most attention since they are nontoxic, nonflammable, and cost-effective [175].

Compared to CO2, N2 and air can form a stable foam in both ambient and reser-
voir conditions. Aarra, Skauge, Solbakken, and Ormehaug [2] evaluated the proper-
ties of N2 and CO2/AOS surfactant foams due to pressure variation (30–280 bar) 
while temperature and gas quality were fixed at 50 °C and 80%, respectively. Core 
flooding experiments in a Berea sandstone core indicated that N2 was able to form a 
stable foam at both low and high pressures. However, the pressure drop in the CO2 
foam core flooding was significantly decreased as pressure was increased from 30 
to 280 bar. Figure 8.27 compares the differential pressure of N2 and CO2 foams core 
flooding experiments at both low and high pressures.

The change in CO2 foam properties between ambient and reservoir conditions is 
attributed to the phase change of CO2 from the subcritical to the supercritical state. 
Moreover, the high solubility of CO2 in water increases gas diffusion between foam 
bubbles resulting in both lamella rapturing and film thinning [68, 175]. Due to the 
high solubility of CO2, less gas volume generates foam compared to less soluble 
gases such as N2 [1, 174]. Furthermore, dissolved CO2 gas in water produces car-
boxylic acid which also influences foam stability and film thickness via screening 
of the Van der Waals and electrostatic forces [11, 59].

Despite the physical change of CO2 at high pressure and temperature conditions, 
several surfactants and nanoparticles were reported to be capable of generating sta-
ble supercritical CO2 foams. Mainly, switchable amine surfactants [5, 38], the 

Fig. 8.27 Pressure gradient of foam core flooding experiments at both low and high pressure 
conditions of (a) N2, (b) CO2 while temperature and gas quality were 50 °C and 80%, respectively 
[2]. Permissions related to the material excerpted were obtained from Elsevier, and further permis-
sion should be directed to Elsevier; Aarra, M. G., Skauge, A., Solbakken, J., & Ormehaug, P. A. (2014). 
Properties of N2- and CO2-foams as a function of pressure. Journal of Petroleum Science and 
Engineering, 116, 72–80. doi: https://doi.org/10.1016/j.petrol.2014.02.017
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zwitterionic surfactant LDMAA [170], and the anionic surfactant AMPHOAM 
[170] can produce supercritical CO2 foams at elevated pressure and temperature 
conditions. Organic ligand-graphed silica nanoparticles also showed the ability to 
stabilize supercritical CO2 foams [8]. These surfactants and nanoparticles will be 
explained in further detail in the following sections.

8.5.6  Crude Oil

Crude oil is composed of complex mixtures of hydrocarbon and nonhydrocarbon 
components. Main hydrocarbon components include paraffin, aromatics, and naph-
thenes, while nonhydrocarbons contain sulfur, nitrogen, and oxygen compounds 
[112]. The variety of oil composition can significantly influence both the physical 
and chemical properties of any petroleum fluid [119, 160]. Hence, crude oil proper-
ties are significant in evaluating foam stability whether it will not destabilize the 
foam or only spread on liquid films or even enter the foam lamellas [111]. The main 
concepts discussed in the literature for evaluating the effect of crude oil on foam 
stability include the spreading and entering coefficients, lamella number, bridging 
coefficient, and the pseudo-emulsion film theory [160].

8.5.6.1  The Spreading and Entering Coefficients

To explain foam stability qualitatively in the presence of crude oil, the following 
coefficients can be used: spreading (S) and entering (E) coefficients as expressed in 
Eqs. (8.14) and (8.15). Negative values of the entering (E) and spreading coeffi-
cients (S) indicate that the oil does not affect foam stability. On the other hand, a 
positive value of S indicates that oil will spread on the foam films causing film 
rupture as depicted in Fig. 8.28 [160].

Fig. 8.28 Illustration of: (a) oil drop within the solution, (b) non-spreading oil system (S < 0), and 
(c) spreading system (S > 0) [103]. Permissions related to the material excerpted were obtained 
from ACS, and further permission should be directed to ACS; Lobo, L., & Wasan, D. T. (1993). 
Mechanisms of aqueous foam stability in the presence of emulsified nonaqueous-phase liquids: 
structure and stability of the pseudoemulsion film. Langmuir, 9(7), 1668–1677. doi: https://doi.
org/10.1021/la00031a012
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S wg wo og� � �� � �

 
(8.14)

 
E wg wo og� � �� � �

 
(8.15)

where σwg, σwo, and σog are the gas and water interfacial tensions with oil.

8.5.6.2  The Bridging Coefficient

When the value of the bridging coefficient (B) as expressed in Eq. (8.16) is positive, 
the presence of crude oil will destabilize the foam films regardless of the sign of the 
spreading coefficient (S). Figure 8.29 illustrates the bridging effect of oil in a foam 
liquid film (B > 0) [7, 41, 70, 111, 131, 160].

 
B wg wo og� � �� � �2 2 2

 
(8.16)

where σwg, σwo, and σog are the gas and water interfacial tensions with oil.

Fig. 8.29 Illustration of 
oil bridging-stretching 
mechanism of foam film 
destruction: (a–c) 
formation of an oil bridge, 
(c–e) stretching of an oil 
bridge due to 
uncompensated capillary 
pressures at the oil-water 
and oil-air interfaces, and 
(e) oil bridge rupture at the 
its thinnest central region 
[43]. Permissions related to 
the material excerpted 
were obtained from ACS, 
and further permission 
should be directed to ACS; 
Denkov, N. D., Cooper, P., 
& Martin, J.-Y. (1999). 
Mechanisms of Action of 
Mixed Solid−Liquid 
Antifoams. 1. Dynamics of 
Foam Film Rupture. 
Langmuir, 15(24), 
8514–8529. doi: https://
doi.org/10.1021/la9902136

8 Using Nanoparticles as Gas Foam Stabilizing Agents for Enhanced Oil Recovery…

https://doi.org/10.1021/la9902136
https://doi.org/10.1021/la9902136


300

8.5.6.3  Lamella Number

Lamella number (L) as expressed in Eq. (8.17) represents the tendency of oil to 
become emulsified and imbibed into foam films. When lamella number is less than 
1, spreading and entering coefficients are negative which results in a more stable 
foam. When lamella number is between 1 and 7, the oil will moderately destabilize 
the foam which results in a negative spreading and positive entering coefficients. 
Finally, when the lamella number is greater than 7, the oil will destabilize the foam, 
and both S and E will be positive. Figure 8.30 illustrates the effect of oil on the 
stability of three types of foam (A, B, C) and the variations of the foam lamella 
number [138, 139, 160]

 
L wg

wo

�
0 15. �

�  
(8.17)

where σwg and σwo are the water/gas and the water/oil interfacial tensions, respectively.

Fig. 8.30 Comparison between foam stability in contact with oil of: (a) foam type A (L < 1), (b) 
foam type B (1 < L < 7), and (c) foam type C (L > 7) [138]. [2]. Permissions related to the material 
excerpted were obtained from Elsevier, and further permission should be directed to Elsevier; 
Schramm, L. L., & Novosad, J. J. (1990). Micro-visualization of foam interactions with a crude oil. 
Colloids and Surfaces, 46(1), 21–43. doi: https://doi.org/10.1016/0166- 6622(90)80046- 7
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8.5.6.4  Pseudo-Emulsion Film

Foam stability in presence of oil is significantly related to the stability of pseudo- 
emulsion films [90, 109, 127, 164]. A pseudo-emulsion film is defined as the thin 
liquid film existing between an oil droplet and the gas phase [160]. The oil will 
remain in the liquid lamella if the pseudo-emulsion film is stable, whereas oil may 
form a lens at the gas/water interface if the pseudo-emulsion film is ruptured. Hence, 
foam can break down [160]. Figure 8.31 expresses the possible configurations of the 
oil depending on the pseudo-emulsion film stability.

8.5.7  Surfactants

Foaming agents or surfactants are required for foam generation. Surfactant mole-
cules stabilize liquid films via adsorption at the water/gas interface. Hence, the 
water molecules at the interface are replaced by a layer of surfactant molecules with 
a lower energy level [120, 166]. The selection of the appropriate surfactants for any 
EOR project is a challenging task. Surfactant concentration, hydrophilic-lipophilic 
balance (HLB), gas type, temperature, pH, and salinity are crucial factors impacting 
the effectiveness of foam stabilization by surfactants. The main surfactants reported 
in the literature for possessing foamability and foam stabilization properties for 
EOR applications are summarized in Table 8.1.

Fig. 8.31 (a) Stable pseudo-emulsion film, and (b) unstable pseudo-emulsion film [103]. 
Permissions related to the material excerpted were obtained from ACS, and further permission 
should be directed to ACS; Lobo, L., & Wasan, D. T. (1993). Mechanisms of aqueous foam stabil-
ity in the presence of emulsified nonaqueous-phase liquids: structure and stability of the pseudo-
emulsion film. Langmuir, 9(7), 1668–1677. doi: https://doi.org/10.1021/la00031a012
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8.5.8  Nanoparticles

Extensive foam stability studies suggest that nanoparticles may be a promising tech-
nique for enhancing both the static and dynamic foam stability. Insofar, it was 
proved that nanoparticles are capable of increasing foam half-life time, delay the 
foam bubble coalescence and coarsening rates, and maintain small bubble sizes 
with time. Moreover, they significantly increase the viscoelastic modulus of liquid 
while decreasing the gas/water surface tension. Foam displacement experiments 
indicated that nanoparticles could play a significant role in maintaining higher foam 
apparent viscosities. Hence, they contribute to better foam stability. Nanoparticle 
type, surface wettability, size, and concentration are the main crucial factors influ-
encing the effectiveness of nanoparticles in enhancing foam stability.

Table 8.1 Main surfactants tested for foam stabilization

Surfactant 
type Short name Chemical name Reference

Anionic APS Alcohol propoxy sulfate [117]
AOS Alpha olefin sulfonate [117]
SDS Sodium dodecyl sulfate [9]
AMPHOAM – [170]
AES Sodium fatty alcohol polyoxyethylene ether 

sulfate
[123]

FRC-1 – [104]
ENORDET 
A031

– [6]

Cationic CTAB Dodecyl trimethyl ammonium bromide [27]
Ethomeen C/12 Bis(2-hydroxyethyl cocoalkylamine) [38]
Duomeen TTM N,N,N′-trimethyl-N′-tallow-1,3-

diaminopropane
[38]

Duomeen CTM N,N,N′-trimethyl-N′-coco-1,3-
diaminopropane

[38]

Zwitterionic FS Perfluoroalkyl betaine surfactant [9]
LDMAA Lauryldimethylammonio acetate [170]
LAPB Lauramidopropyl betaine [66]
OA-12 C14H31NO [163]

Nonionic C12DMPO Dodecyl dimethyl phosphine oxide [27]
FC Fluorochemical [9]
β-C12G2 n-dodecyl-β-d-maltoside [23]
Triton CG-110 Alkyl polyglucoside [147]
Tween 80 Polysorbate 80 [93]
TX-100 C34H62O11 [163]
C12E23 Lauryl alcohol polyoxyethylene ether [99]
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8.5.8.1  Nanoparticle Type

Several nanoparticle types have been investigated for foam stabilization including 
silica nanoparticles, metal oxides, graphene oxides, and ash materials. Silica 
nanoparticles are the most common type of nanoparticles applied in foam stability 
studies [175]. Bayat et al. [16] studied the effect of nanoparticle type on the stability 
of CO2 foam. Evaluated nanoparticles were silica (SiO2), hydrophilic metal oxide 
including aluminum oxide (Al2O3), titanium dioxide (TiO2), and copper oxide 
(CuO) at an optimum concentration of 0.008 wt.%. Static and dynamic foam stabil-
ity experiments indicated that SiO2 and Al2O3 were the best nanoparticles types for 
stabilizing CO2 foam. The foam half-life times of SiO2, Al2O3, TiO2, and CuO were 
28.1, 24.6, 20.1, and 17.9 min, respectively. Finally, total oil recoveries by foam 
displacement in sand packs achieved by SiO2, Al2O3, TiO2, and CuO were 71.7%, 
65.7%, 58.2%, and 57.3%, respectively.

Several researchers evaluated the potential of fly ash, particulate matter (PM), 
and graphene oxides as a CO2 foam stabilizer [48, 67, 95, 106, 149]. Fly ash or PM 
is a waste material produced from coal power generation plants [106, 149]. Although 
fly ash materials are cheap and can be used as CO2 foam stabilizers, the grain sizes 
are too large for injection in the reservoirs [149]. To minimize the sizes of fly ash 
materials, high-frequency ultrasonic grinding (ball milling process) was used [48, 
149, 175]. However, producing nanoparticles from fly ash material requires several 
steps of dilution which makes the quantification of the concentration of the pro-
duced nanoparticles very challenging [48, 67]. Similarly, particle growth of gra-
phene oxides causes it to be unsuitable for implementation in reservoirs [14]. 
Literature results suggest that nanoparticles can improve the stability of foam with-
out the respect of the nanoparticle types [175], especially if it poses the optimum 
surface wettability, size, and concentration, as explained in the next section.

8.5.8.2  Nanoparticle Surface Wettability

Surface wettability of nanoparticles plays a significant role in foam generation by 
nanoparticles and provides an essential indication of the particle surface activity 
[175]. Literature results demonstrated that the hydrophilic-lipophilic balance (HLB) 
and the hydrophilic-CO2-philic balance (HCB) contributes to the surface wettability 
of nanoparticles [175]. Hence, the correct choice of HCB is crucial for the genera-
tion of nanoparticle-stabilized CO2 foams [168].

The wettability of nanoparticles can usually be indicated via the measurement of 
the contact angle at the gas/liquid interface [36]. The ideal contact angle reported in 
the literature for foam stabilization by nanoparticles is within the range of 40–70° 
[77, 85, 97, 125, 146, 156], According to other researchers, the contact angle is 
preferred to be in the range of 60–90° [98]. As the nanoparticles possess the opti-
mum contact angle, it will be adsorbed efficiently and irreversible at the gas/water 
interface due to the highly associated particles’ detachment energy [19, 74, 167]. 
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On the other hand, at contact angles, less than 30° or higher than 150°, particles’ 
detachment energy will be reduced [175].

According to Yekeen et al. [175], several techniques can be used to modify the 
surface wettability of nanoparticles for foam stabilization. Firstly, the extent of sali-
nization can be altered by dichloro dimethyl silane. Secondly, surface-active agents 
(surfactants or polymers) can be coated on the surface of the nanoparticles. Thirdly, 
surface modification of the nanoparticles can be achieved by in situ hydrophiliza-
tion of the nanoparticles or mixing it with surfactants. Table 8.2 summarizes the 
main approaches of nanoparticle surface modification illustrated in the literature.

Table 8.2 Selected nanoparticles surface modification from the literature

Nanoparticle 
type Surface modification/surfactant/polymer

Hydrophilicity/contact 
angle Reference

Silica (SiO2) Polyethene glycol (PEG) Hydrophilic [55]
Methylsilylmodifed (Siu) Partially hydrophobic [168]
Methyl coated with dichloro dimethyl 
silane

30° [118]

PEG, physical mixing with AOS Hydrophilic [146]
Surface modified, physical mixing with 
SDS

Partially 
hydrophobic/122.22°

[97]

Alumina-coated, surface modifier, physical 
mixing with AOS

Hydrophilic [147]

Surface modified, physical mixing with 
CTAB

Hydrophilic/38.63° [98]

Physical mixing with viscoelastic 
surfactant (VES) and AOS

[81]

Physical mixing with TX-100, SDBS, 
CTAB, or OA-12 surfactants

Hydrophilic [163]

Saline modified, physical mixing with 
linear alcohol ethoxylate (C12-C16) 
surfactant

Less hydrophilic [133]

Physical mixing with polymer (PAM) Hydrophilic [126]
Coated with dimethylsiloxane, physical 
mixing with FRC1 anionic surfactant

Hydrophobic [104]

Physical mixing with lauryl alcohol 
polyoxyethylene ether (C12E23) nonionic 
surfactant

Hydrophilic [99]

Surface modified by silane KH560, 
physical mixing with ethoxylated amine 
surfactant

Hydrophilic [181]

Fly ash Physical mixing with AOS Hydrophilic [48]
Iron oxide 
(Fe3O4)

Physical mixing with AOS Hydrophilic [51]
Surface modification by 4-methyl-2- 
pentanone, physical mixing with SDS and 
HPAM

Contact angles (12.7°, 
20.6°, 57.5°, and 97.3°)

[102]
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8.5.8.3  Effect of Nanoparticles Size

The performance of nanoparticles in foam stabilization is crucially impacted by the 
size of nanoparticles [85]. Generally, foam stability decreases as the size of the 
nanoparticles increases, and smaller nanoparticles generate more stable foams 
[175]. Tang, Xiao, Tang, and Jiang [158] studied the effect of silica nanoparticle size 
variation (sizes in the range of 20–700 nm) on the stability of SDS air foams. Their 
results indicated that smaller size nanoparticles are better for foam stabilization. 
Moreover, foam apparent viscosity also increases with decreasing the size of 
nanoparticles [89]. Figure 8.32 compares the apparent viscosity of CO2 foam stabi-
lized by varied sizes of silica nanoparticles (12–80 nm).

Smaller sizes of nanoparticles attribute to better foam stability for several fac-
tors. Mainly, smaller nanoparticles can migrate faster than bigger nanoparticles to 
the gas/water interface [40]. Hence, the adsorption and concentration of nanoparti-
cles at the gas/water interface will increase providing more liquid film stability [89, 
175]. Moreover, the attachment energy of nanoparticles at the gas/water interface is 
increasing with the increase in particle size [154, 172].

Fig. 8.32 Effect of CTAB/hydrophilic silica nanoparticle concentration ratio on CO2 foam stabil-
ity [98]. Permissions related to the material excerpted were obtained from ACS, and further per-
mission should be directed to ACS; Li, S., Qiao, C., Li, Z., & Wanambwa, S. (2017). Properties of 
Carbon Dioxide Foam Stabilized by Hydrophilic Nanoparticles and Hexadecyltrimethylammonium 
Bromide. Energy & Fuels, 31(2), 1478–1488. doi: https://doi.org/10.1021/acs.energyfuels.6b03130
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8.5.8.4  Effect of Nanoparticle Concentration

Literature results indicated that nanoparticle concentration is crucial for the evalua-
tion of foam stability. At low nanoparticle concentration, the number of nanoparti-
cles adsorbed at the water/gas interface could be not sufficient for enhancing the 
stability of the liquid film [175]. Kim, Taghavy, DiCarlo, and Huh [88] demon-
strated that beyond a threshold of nanoparticle concentration, adsorbed nanoparti-
cles at the gas/water interface become sufficient for enhancing the stability of the 
liquid. As the nanoparticle concentration in the solution increases, more nanoparti-
cles will be adsorbed at the gas/water interface contributing to enhancing the liquid 
film elastic properties and slowing down both the liquid drainage and film thinning 
processes [175]. However, beyond the optimum nanoparticle concentration, aggre-
gation of nanoparticles can impact the foam stability negatively [86]. According to 
Z. Li et al. [96], nanoparticle aggregation results in particles exerting gravity force 
exceeding the foam bubble anti-deformation capacity. Consequently, film thinning 
rate increases as a result of liquid discharge under the gravity effect of the aggre-
gated nanoparticles [175]. The synergistic effect between nanoparticles and surfac-
tants enhances the foam stabilization process. However, optimum nanoparticle 
concentration will be significantly impacted by the type of surfactant utilized, its 
chain length, and concentration [175]. Investigated synergy effect between silica 
nanoparticles and surfactants for CO2 foam stabilization demonstrated that foam 
half-life time increases as the surfactant-nanoparticle concentration is increased 
until it reaches an optimum concentration ratio [97, 98]. However, beyond this opti-
mum concentration ratio, the foam will be destabilized, as shown in Fig. 8.32.

S. Li et al. [98] explained that increasing the concentration ratio between CTAB 
and the hydrophilic silica nanoparticles (original contact angle with water is 38.63°) 
between 0.02 and 0.07 achieved the most stable foam (7 times the stability of CTAB 
alone) as shown in region (II) in Fig. 8.32. However, there was no obvious synergis-
tic effect due to further increase in the CTAB/SiO2 concentration ratio (region III), 
which results in lower foam stability compared to the region (II).

8.6  Various Studies Conducted on Foam Stability 
Using Nanoparticles

Foam studies can be conducted by using nitrogen, methane, and carbon dioxide. 
Literature results are expressed based on different gas types used for foam generation.

8.6.1  Nitrogen

Singh and Mohanty [145] evaluated the effect of alumina-coated silica nanoparti-
cles on the stability of immiscible N2 foam. These hydrophilic nanoparticles were 
unable to stabilize foam without the addition of a PG surface modifier. PG surface 
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modifier was able to change the wettability of nanoparticles to partially hydropho-
bic thus helping in the formation of more stable and fine foam bubbles at nanopar-
ticle concentration of 1 wt.% and surface modifier of (0.05 wt.%). [7] showed that 
anionic alpha olefin sulfonate (0.5 wt.%) and surface-modified silica nanoparticle 
(0.5 wt.%) solution was able to stabilize foam in the prescience of crude oil. Foam 
half-life time was increased as the concentration of nanoparticles was increased. 
Moreover, the increase in surfactant-solid dispersion salinity to 1  wt.% of NaCl 
showed a desirable effect on enhancing foam stability and delaying foam height 
decay. On the other hand, in the absence of crude oil, the addition of solids had a 
minor effect on foam stability.

Nitrogen foam stabilized by surfactants-nanoparticles can have the ability to 
increase oil recovery after water flooding. According to Singh and Mohanty, oil 
recovery by N2 foam stabilized by 0.5 wt.% Titon nonionic surfactant increased the 
oil recovery by 13.4% OOIP after water flooding. On the other hand, oil recovery by 
N2 foam stabilized by 0.05 wt.% PG surface modifier and 1 wt.% alumina-coated 
silica nanoparticles increased the oil recovery by 22.6% OOIP after water flooding. 
This indicates that stabilizing N2 foam by nanoparticles does not only increase the 
oil recovery, but it also helps in lowering the amount of surfactant concentration 
required [7, 145].

Evaluation of foam stability by calculation of spreading, entering, and bridging 
coefficients helps in understanding the effects of change of experimental conditions 
such as salinity on foam stability. [7] showed that blends of nanoparticles were not 
able to stabilize foam since crude oil had an antifoaming effect which can be 
expressed by positive values of the bridging coefficient (B) for both 0 and 1 wt.% of 
nanoparticles as shown in Table 8.3. On the other hand, when solution salinity was 
increased to 1 wt.% of NaCl, the bridging coefficient (B) became negative, or crude 
oil was no longer acting as an antifoaming agent. It is worth mentioning that the 
value of entering coefficient (E) stayed positive when salinity was increased. This 
indicates that the crude oil had affected the foam stability to some extent, whereas 
the foam was still relatively stable since oil drops were not spreading on the surface 
of foam films. This can be indicated by the negative values of the spreading coeffi-
cient (S). Table 8.4 shows a selected nitrogen foam studies from the literature and 
the oil displacement recovery for each experiment.

Table 8.3 Spreading (S), entering (E), and bridging (B) coefficients calculated from IFT 
measurements at 25 °C [7]

Coefficient
0 wt.% NaCl 1 wt.% NaCl
0 wt.% NPs 1 wt.% NPs 0 wt.% NPs 1 wt.% NPs

S −5.5 −5.1 −4.5 −3.9
E 5.7 4.7 1.8 1.3
B 39 8.7 −74.9 −72.4

Permissions related to the material excerpted were obtained from ACS, and further permission 
should be directed to ACS; AlYousef, Z., Almobarky, M., & Schechter, D. (2017). Enhancing the 
Stability of Foam by the Use of Nanoparticles. Energy & fuels, 31(10), 10620–10627
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8.6.2  Carbon Dioxide

CO2 has many advantages over other gases such as N2 and CH4 which makes it the 
most favorable gas in enhanced oil recovery. Mainly, it can achieve a supercritical 
state at most reservoir conditions, and it can be miscible in crude oil which helps in 
improving the microscopic displacement efficiency of residual oil [64]. Injected 
CO2 foam can be either in the supercritical state or normal CO2. Several researchers 
confirmed the ability of nanoparticles in stabilizing CO2 foams. Surface-modified 
nanoparticles have the following advantages in foam stabilization. They can stabi-
lize CO2 foam under high temperature and high salinity concentrations [77, 80, 92, 
161, 180]. Nanoparticles can migrate in the porous media and are less prone to 
adsorb on the surface of rock formations compared to surfactants [69, 178]. Since 
the molecules of CO2 lacks a permanent dipole, the hydrocarbon chain of a surfac-
tant will be more inclined towards the water phase instead of being at the gas/liquid 
interface due to the weak Van der Waals forces [169]. In contrast, the surface- 
modified nanoparticles can have an affinity for both CO2 and water which increases 
the binding forces between CO2 and water resulting in more foam stability [155]. 
Due to the high solubility of CO2 in water, gas diffusion between bubble films 
results in bubble coarsening thus decreasing the foam lifetime as a result of the 
Ostwald ripping effect [171]. Adsorption of nanoparticles on the gas/liquid interface 
can reduce the gas diffusion by contact area reduction between gas bubbles and 
liquid films [97]. Literature suggests that CO2 foam can be stabilized either by 
brine-nanoparticle solution or by the surfactant-nanoparticle solution. In the follow-
ing sections, the main results of CO2 foam studies are discussed.

8.6.2.1  CO2 Foam Stabilization by Brine-Nanoparticle Solution

These studies mainly focus on the in situ generation of stabilized CO2 foam in 
porous media without the need for surfactants. To mitigate problems of surfactant 
retention during enhanced oil recovery, surface-modified nanoparticles can be used 
for CO2 foam formation and stabilization. Nanoparticles such as silica, fly ash, or 
nano-clay can be commercially fumed by using polyethene glycol or PEG process 
and cost USD 4/lb [82]. Espinoza et  al. [55] investigated the effect of surface- 
modified silica nanoparticles on increasing supercritical CO2 foam viscosity by 
using two types of surface-modified silica nanoparticles: hydrophilic coated 
nanoparticles with polyethene glycol and salt-tolerant nanoparticles. These nanopar-
ticles were able to form stable foam and increase the flow resistance by 2–18 times 
compared to the CO2 brine solution without nanoparticles by using only (0.5 wt.%) 
of nanoparticle concentration. The study was performed at 95 °C and 1350–1400 psi 
in a column of 180-micrometer glass beads. This study indicated that the threshold 
shear rate is independent of the ratio between the injected CO2/brine ratio. Yu, An, 
Mo, Liu, and Lee [176] used other surface-modified silica nanoparticles that were 
able to increase the apparent foam viscosity and mobility by 1.5–2.5 times and 9 
times higher than CO2/brine solution when nanoparticle concentration was between 
2500 and 10,000 ppm. Moreover, a sandstone core flooding experiment that was 
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conducted by the same research team showed that the pressure drop increased from 
50 to 870 psi when brine and CO2 foam stabilized by nanofluid was used at 5000 ppm 
concentration. However, despite their promising results of controlling CO2 mobility, 
this nanofluid cannot form foam when salinity is higher than 2 wt.% NaCl due to 
nanoparticle agglomeration.

Yu et  al. [178] evaluated the effect of supercritical CO2 foam stabilized by 
(5000 ppm) silica nanoparticles on oil recovery via core flooding experiments. Two 
sandstone cores were used (permeability was 31 and 270 mD), salinity was (2 wt.% 
NaCl), and temperature and pressure were 20  °C and 1200 psig, respectively. 
Additional oil recovery in the two sandstone cores by CO2-nanofluid after brine 
flooding was 48.7% and 35.8% OOIP. At the end of the core flooding experiment, 
one of the cores (31 mD) was tested against nanoparticle retention in the porous 
media. Nanoparticles losses were found to be 3.3% of the total injected in the core 
flooding experiment. It is expected that minor nanoparticles losses in reservoir 
flooded by nanoparticle-stabilized foams were due to strong attractions between the 
nanoparticles and the gas/liquid interface [12]. According to A. Worthen et al. [168] 
methyl-coated silica nanoparticles can form more stable foams than polyethene gly-
col (PEG)-coated silica nanoparticles. Nguyen et al. [118] demonstrated that 50% 
of methyl-coated silica nanoparticles were able to stabilize CO2 foam for 10 days at 
a concentration of 1 wt.%. On the other hand, bare silica nanoparticles and 75% 
methyl-coated silica nanoparticles were not able to generate foam when mixed with 
CO2, while sodium dodecyl sulfate (SDS) formed less stable foam. Moreover, due 
to the coalescence of SDS surfactant foam, foam density decreased from 31 to 9 
bubbles/mm2, while bubble diameter increased from 83 to 198 μm during the exper-
iment period (20  h). During the same experiment period, methyl-coated silica 
nanoparticles were able to maintain a foam density of 29 bubbles/mm2 with a diam-
eter of 72 micrometers, and changes were negligible for the next 10 days as shown 
in Fig. 8.33.

To evaluate the stability of CO2 foam stabilized by methyl-coated silica nanopar-
ticles in presence of crude oil, Nguyen et al. [118] performed gas flooding experi-
ments by using CO2 and CO2 foam stabilized by nanoparticles in a micromodel 
saturated with medium to heavy oil (API gravity of 24) at 22 °C and 600 psi. Water 
flooding resulted in a recovery of 41% OOIP. When water flooding was followed by 
CO2 injection, additional recovery was 5% OOIP. On the other hand, CO2 foam 
stabilized by nanoparticles resulted in 15% OOIP additional oil recovery. Figure 8.34 
compares the oil recovery and the macroscopic displacement efficiency for brine, 
CO2, and CO2 foam floods in a micro model.

Nguyen et al. [118] reported a reduction in the oil-in-water emulsion sizes in the 
case of nanoparticle-stabilized CO2 foam. This effect is attributed to the active 
nanoparticles at the oil-water interface. This mechanism contributes to enhancing 
the oil recovery by CO2 foam. Similarly, in EOR methods, smaller oil-in-water 
emulsion sizes improve the recovery rates [39]. By using fluorescence imaging at 
the microscale, Nguyen et al. [118] were able to quantify the sizes of oil-in-water 
and water-in-oil emulsion sizes as shown in Fig. 8.35. Oil-in-water emulsion sizes 
in the CO2 flooding were reported to have an average size of 7.8 μm, while it was 
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1.7 μm in the case of CO2 nanoparticle foam. Thus, surface-active nanoparticles 
were able to reduce the oil-in-water emulsion sizes by 80%.

Alzobaidi et al. [8] demonstrated the effect of surface-modified silica nanopar-
ticles on the increasing CO2 foam apparent viscosity at harsh reservoir conditions. 
Silica nanoparticles utilized in their study were low coverage (LC), medium cover-
age (MC), and high coverage (HC) organic ligand nanoparticles. Nanoparticle dis-
persions of concentration of 1 wt.% were stabilized when salinity was 15 wt.% TDS 
at 3000 psi. Glass bead pack and sandstone core flooding experiments demonstrated 
the significant role of coated silica nanoparticles in maintaining high CO2 foam 
viscosity up to 35 cP and bubble sizes in the order of 40 μm. Figure 8.36 compares 
the apparent foam viscosity against foam quality for the three types of nanoparticles 
at pressure, temperature, and salinity of 3000 psig, 25 °C, and 15 wt.% TDS, respec-
tively. The apparent foam viscosity increased as the coverage of the silica nanopar-
ticles increases from low coverage to high coverage. Moreover, apparent viscosity 

Fig. 8.33 (a) Foam sample stabilized only by SDS surfactant, (b) foam stabilized by nanoparti-
cles, (c) change in bubble diameter of nanoparticle-stabilized foams with time, (d) change in foam 
density of surfactant- and nanoparticle-stabilized foams with time [118]. Permissions related to the 
material excerpted were obtained from ACS, and further permission should be directed to ACS; 
Nguyen, P., Fadaei, H., & Sinton, D. (2014). Pore-Scale Assessment of Nanoparticle-Stabilized 
CO2 Foam for Enhanced Oil Recovery. Energy & Fuels, 28(10), 6221–6227. doi: https://doi.
org/10.1021/ef5011995
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increased with an increase in foam quality; then it started decreasing after the transi-
tion foam quality (85%). Figure 8.37 compares the bubble sizes and apparent foam 
viscosity against foam quality for the MC and HC nanoparticles at pressure, tem-
perature, and salinity of 3000 psig, 80 °C and 15 wt.% TDS, respectively. Finally, in 
core flooding experiments by using Boise and Berea sandstone cores, apparent foam 
viscosity was 26 cP at pressure, temperature, salinity, and foam quality of 3000 psig, 
70 °C, 15 wt.% TDS, and 75%, respectively.

Rognmo et al. [132] performed another study on the effect of surface-modified 
silica nanoparticles on supercritical CO2 at high salinity and pressure. Silica 
nanoparticles were surface modified to enhance hydrophobicity and salt tolerance. 
Nanoparticle dispersion at a concentration of 1500–5000 ppm was stable at a tem-
perature of 40 °C for 75 days at salinity up to 20 wt.% NaCl and 5 wt.% CaCO3. 
Moreover, nanoparticle dispersion dynamic stability was also tested at a concentra-
tion of 3000 ppm at temperatures 20, 60, and 120 °C and salinity between 15 and 
25 wt.%. Constant pressure drop when the injection rate was fixed revealed that 
nanoparticle dispersion was stable. Rognmo et  al. [133] evaluated the effect of 

Fig. 8.34 Comparison between (a) water and CO2 floods, (b) water and CO2 foam stabilized by 
50% methyl-coated silica nanoparticles [118]. Permissions related to the material excerpted were 
obtained from ACS, and further permission should be directed to ACS; Nguyen, P., Fadaei, H., & 
Sinton, D. (2014). Pore-Scale Assessment of Nanoparticle-Stabilized CO2 Foam for Enhanced Oil 
Recovery. Energy & Fuels, 28(10), 6221–6227. doi: https://doi.org/10.1021/ef5011995
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co- injection of brine-silica nanoparticle dispersion and supercritical CO2 at a foam 
quality of 70% and salinity of 1  wt.% NaCl on oil recovery and pressure drop. 
Surfactant used was a linear alcohol ethoxylate (C12–C16) at a concentration of 
10,000 ppm. Core flooding experiments of 12 Bentheimer sandstone core plugs at 
90 bar and 60 °C indicated that supercritical CO2-nanoparticle dispersions enhanced 
the oil recovery compared to the injection of supercritical CO2 and brine. The aver-
age increase in the oil recovery and the pressure drop gradient (calculated from the 
end of water flooding) of co-injection of supercritical CO2 and brine (70% foam 
quality) was 8.2% OOIP and 39%, respectively. On the other hand, co-injection of 
1500 ppm nanoparticles, 10,000 ppm surfactant dispersion, and supercritical CO2 
(70% foam quality) increased the oil recovery by 10.1–14.4% OOIP, while the 
increase in the pressure drop gradient was between 68 and 118%. Finally, injection 
of 5000 ppm nanoparticle dispersion and supercritical CO2 at 70% foam quality 
increased the oil recovery by 15.4% OOIP, and the increase in the pressure drop 
gradient was 191%. On the other hand, co-injection of 1 wt.% of linear alcohol 
ethoxylate and supercritical CO2 at foam quality of 70% increased oil recovery by 
15.9% OOIP, while the pressure drop decreased by 13%. This indicates that the 
generated foam was not stable without the addition of silica nanoparticles. 
Figure 8.38 demonstrates the additional oil recovery and increase in pressure drop 
when nanoparticles were used compared to CO2 flood and brine flood without 

Fig. 8.35 Comparison between the oil-water and water-in-oil emulsion sizes in the cases of CO2 
and CO2 foam floods [118]. Permissions related to the material excerpted were obtained from ACS, 
and further permission should be directed to ACS; Nguyen, P., Fadaei, H., & Sinton, D. (2014). 
Pore-Scale Assessment of Nanoparticle-Stabilized CO2 Foam for Enhanced Oil Recovery. Energy 
& Fuels, 28(10), 6221–6227. doi: https://doi.org/10.1021/ef5011995
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co- injection of surfactant (baseline). Figure 8.39 summarizes the average increase 
in oil recovery and pressure drop of each case as explained above.

Bayat et al. [16] assessed the effect of hydrophilic metal oxides (Al2O3, TiO2, 
CuO) on enhancing the stability of CO2 foam and increasing oil recovery. Best foam 
stability was obtained at nanoparticle concentration of 0.008 wt.% for all nanopar-
ticle types. Evaluation of foam morphology and bubble size indicated that the bub-
ble sizes of CO2 foam stabilized by Al2O3, TiO2, and CuO nanoparticles were 400, 
500, and 600 μm, respectively. Hence, Al2O3 nanoparticles are better in CO2 foam 
stabilization than TiO2 and CuO nanoparticles since bubble coalescence rate was 
slower. Figure 8.40 compares the morphology and bubble sizes of CO2 foam stabi-
lized by SiO2, Al2O3, TiO2, and CuO nanoparticles. Increment in oil recovery by 
using CO2 foam stabilized by Al2O3, TiO2, and CuO nanoparticles was 12.3, 6.5, and 
5.1% OOIP, respectively, while oil recovery increased by 17.4% OOIP in the case 
of CO2 foam stabilized by SiO2.

Graphene oxides (GO) are surface-active particles capable of the creation of very 
stable emulsions with organic solvents [87]. Amphiphilicity of GO is dependent on 
the particle sizes [105]. Smaller GO particles tend to have higher hydrophilicity due 
to the high density of –COOH on its edges and epoxy groups on the particle surface 
[105]. Thus, amphiphilicity of GO oxides can be altered by changing particle size 
or by partially reducing the particle oxygen content [101].

Fig. 8.36 Comparison between apparent viscosity behavior of the three types of nanoparticles 
with the increase in foam quality at pressure  =  3000  psig, temperature  =  25  °C, and salin-
ity = 15 wt.% TDS [8]. Permissions related to the material excerpted were obtained from ACS, and 
further permission should be directed to ACS; Alzobaidi, S., Lotfollahi, M., Kim, I., Johnston, 
K.  P., & DiCarlo, D.  A. (2017). Carbon Dioxide-in-Brine Foams at High Temperatures and 
Extreme Salinities Stabilized with Silica Nanoparticles. Energy & Fuels, 31(10), 10680–10690
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Partially reduced GO were efficient in stabilizing CO2 in water which can 
improve foam stability due to large surface area of these particles [101]. Barrabino 
et al. [14] reduced the size of graphene oxides from 4–30 μm to 260–295 nm and 
tested their ability to produce stable CO2 foams with synthetic seawater. Their study 
revealed that GO was able to generate foam, but the partially reduced graphene 
oxides and graphene in the nano range had a determinant effect on CO2 foamability. 
Barrabino et al. [14] reported that nanographene can be partially reduced to achieve 
less hydrophilicity while considering the reduction angle. Table  8.5 summarizes 
selected studies of CO2 foam stabilization by nanoparticles for enhancing oil recov-
ery and maintaining high apparent foam viscosity.

Fig. 8.37 Comparison between CO2 foam bubble sizes and apparent viscosity of HC and MC 
nanoparticles at pressure  =  3000  psig, temperature  =  80  °C, and salinity  =  15 TDS% [8]. 
Permissions related to the material excerpted were obtained from ACS, and further permission 
should be directed to ACS; Alzobaidi, S., Lotfollahi, M., Kim, I., Johnston, K. P., & DiCarlo, 
D.  A. (2017). Carbon Dioxide-in-Brine Foams at High Temperatures and Extreme Salinities 
Stabilized with Silica Nanoparticles. Energy & Fuels, 31(10), 10680–10690
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Fig. 8.38 Oil recovery (solid points and lines) and pressure drop comparison between CO2 injec-
tion, 1500–5000 ppm by mass nanoparticle dispersion, and supercritical CO2 at temperature, pres-
sure, and salinity of 60 °C, 90 bar, and 1 wt.% NaCl [133]. Permissions related to the material 
excerpted were obtained from Elsevier, and further permission should be directed to Elsevier; 
Rognmo, A. U., Heldal, S., & Fernø, M. A. (2018). Silica nanoparticles to stabilize CO2-foam for 
improved CO2 utilization: Enhanced CO2 storage and oil recovery from mature oil reservoirs. Fuel, 
216, 621–626. doi: https://doi.org/10.1016/j.fuel.2017.11.144
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Fig. 8.39 (a) Additional oil recovery and (b) increase in pressure drop of supercritical CO2 foam 
stabilized by nanoparticles (types NPA and NPB of different hydrophobicity) at temperature, pres-
sure, salinity, surfactant concentration, and foam quality of 60 °C, 90 bar, 1 wt.% NaCl, 10,000 ppm, 
and 70%, respectively [133]. Permissions related to the material excerpted were obtained from 
Elsevier, and further permission should be directed to Elsevier; Rognmo, A.  U., Heldal, S., & 
Fernø, M.  A. (2018). Silica nanoparticles to stabilize CO2-foam for improved CO2 utilization: 
Enhanced CO2 storage and oil recovery from mature oil reservoirs. Fuel, 216, 621–626. doi: 
https://doi.org/10.1016/j.fuel.2017.11.144
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8.6.2.2  Effect of Nanoparticle Surface Modification on CO2 
Foam Stability

The synergistic effect between nanoparticles and surfactants has received high 
attention as a significant mechanism for foam stability in EOR applications. 
Nevertheless, nanoparticles with certain hydrophobicity can be irreversibly adsorbed 
to the gas/liquid interface at lower energy compared to surfactant. Moreover, 
nanoparticles increase the density of surfactant molecules capable of stabilizing the 
foam interface. This effect can improve the interfacial tension between gas and liq-
uid and increase the mechanical elasticity of foam lamellas, hence hindering the 
foam coalescence, rupturing, and liquid drainage compared to using surfactants 
only as a foam stabilizing agent. Main studies of CO2 foam stabilization by modi-
fied nanoparticles and surfactants have been reported.

S.  Li et  al. [98] investigated the synergistic effect between hydrophilic silica 
nanoparticles (contact angle 38.63° with water) and CTAB on the stabilization of 
CO2 foam. In their study, the concentration of silica nanoparticles was fixed at 
1.5 wt.%, while CTAB concentration was changed from 0 to 0.3 wt.%. Initially, 
when surfactant concentration was low, the zeta potential of the silica nanoparticles 
and CTAB showed negative measurements indicating low adsorption between 
CTAB positive ions on the surface of the nanoparticles. Hence, the nanoparticles 

Fig. 8.40 Comparison between bubble sizes of CO2 foam stabilized by (a) SiO2, (b) Al2O3, (c) 
TiO2, and (d) CuO nanoparticles [16]. Permissions related to the material excerpted were obtained 
from Elsevier, and further permission should be directed to Elsevier; Bayat, A. E., Rajaei, K., & 
Junin, R. (2016). Assessing the effects of nanoparticle type and concentration on the stability of 
CO2 foams and the performance in enhanced oil recovery. Colloids and Surfaces A: Physicochemical 
and Engineering Aspects, 511, 222–231. doi: https://doi.org/10.1016/j.colsurfa.2016.09.083
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were still hydrophilic. As surfactant concentration was increased, more surfactant 
molecules were able to adsorb on the surface of the nanoparticles resulting in the 
formation of a monolayer of adsorption stage (CTAB/SiO2 ratio between 0.02 and 
0.033). This behavior was indicated by the positive zeta potential measurements. 
Due to the adsorption of surfactant molecules on the silica nanoparticles, the silica 
nanoparticles became hydrophobic hence escaping from the bulk phase and starts 
adsorbing on the gas/liquid interface. On the other hand, the double adsorption stage 
of surfactant molecules on the surface of the nanoparticles occurred due to further 
increase in surfactant concentration (CTAB/SiO2 ratio between 0.033 and0.07) 
resulting in movement of nanoparticles from the gas/liquid interface back to the 
bulk phase as demonstrated in Fig. 8.41.

CO2 foam half-life time and viscoelasticity were significantly increased due to 
the alternation of nanoparticle hydrophobicity by CTAB compared to using CTAB 
only. The rate of foam coalescence was delayed, and liquid hold up was signifi-
cantly enhanced at CTAB/SiO2 ratio of 0.033 (0.05 wt.% CTAB, 1.5 wt.% SiO2) due 
to adsorption of nanoparticles at the gas/liquid interface. On the other hand, CO2 

Fig. 8.41 Adsorption of the silica nanoparticles to the interface with an increase in surfactant 
concentration [98]. Permissions related to the material excerpted were obtained from ACS, and 
further permission should be directed to ACS; Li, S., Qiao, C., Li, Z., & Wanambwa, S. (2017). 
Properties of Carbon Dioxide Foam Stabilized by Hydrophilic Nanoparticles and 
Hexadecyltrimethylammonium Bromide. Energy & Fuels, 31(2), 1478–1488. doi: https://doi.
org/10.1021/acs.energyfuels.6b03130

Y. Mheibesh et al.

https://doi.org/10.1021/acs.energyfuels.6b03130
https://doi.org/10.1021/acs.energyfuels.6b03130
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foam stabilized by CTAB at 0.3 wt.% without nanoparticles showed lower foam 
liquid holdup and half-life time and thus lower foam stability. Figure 8.42 shows the 
liquid holdup of CO2 foam at different CTAB/SiO2 concentrations. Finally, micro-
model displacement experiments showed that CO2 foam was able to increase the 
total oil recovery from 45% OOIP (at the end of water flooding) to 74.3% OOIP.

P.  Wang et  al. [163] compared the effect of several types of surfactants and 
hydrophilic silica nanoparticles on CO2 foam stability. Surfactants used in this study 
include CTAB (cationic), SDBS (anionic), TX-100 (nonionic), and OA-12 (zwit-
terionic). The stability of CO2 foam was decreased for all surfactant/nano- dispersion 
as salinity and temperature were increased from 0 to 30,000 mg/L and 30 to 70 °C, 
respectively. The best foam stability effect was achieved by a zwitterionic surfactant 
(OA-12) at nanoparticle and surfactant concentrations of 0.5 wt.% and 0.02 wt.%, 
respectively. The synergy between hydrophilic silica nanoparticles and OA-12 
enhanced the CO2 foam stability by lowering the surface tension and increasing the 
viscoelasticity modulus. Moreover, the intensity of CO2 foam lamellas was rein-
forced by the formation of the three-dimensional network structure. Figure  8.43 
illustrates the effect of hydrophilic silica nanoparticles in CO2 foam stabilization. 
S. Li et al. [99] investigated the effect of silica nanoparticles hydrophilicity on CO2 
foam stability in the presence of nonionic surfactant (C12E23).

The best synergistic effect between four types of hydrophilic silica nanoparticles 
and C12E23 was reported when contact angle with water was minimum (20.12°). Due 

Fig. 8.42 CO2 foam liquid holdup at different CTAB concentrations [98]. Permissions related to 
the material excerpted were obtained from ACS, and further permission should be directed to ACS; 
Li, S., Qiao, C., Li, Z., & Wanambwa, S. (2017). Properties of Carbon Dioxide Foam Stabilized by 
Hydrophilic Nanoparticles and Hexadecyltrimethylammonium Bromide. Energy & Fuels, 31(2), 
1478–1488. doi: https://doi.org/10.1021/acs.energyfuels.6b03130

8 Using Nanoparticles as Gas Foam Stabilizing Agents for Enhanced Oil Recovery…
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to surfactant adsorption on the surface of the nanoparticles, the contact angle 
became 78° achieving the best foam stability at a surfactant concentration of 
2.49 mM and nanoparticle concentration of 1.5 wt.%. As a result of the synergistic 
effect between hydrophilic silica and C12E23, CO2 foam half-life was 30 times 
greater than surfactant foam, and interfacial viscoelastic modulus increased from 
5.1 to 25.2 mN/m. Figure 8.44 shows the delay in CO2 bubble coalescence of C12E23/
SiO2 dispersion compared to C12E23 foam in the microscopic model.

The role of hydrophobic nanoparticles in foam stability have also been reported. 
S. Li et al. [97] studied the synergistic effect between anionic surfactant (SDS) and 
hydrophobic silica nanoparticles (122.22° contact angle with water) at SDS/SiO2 
concentration ratio of 0.1–0.4 for CO2 foam stabilization. Zeta potential measure-
ments of SDS/SiO2 dispersion revealed that the silica particle had a positive charge. 
Hence, most of the nanoparticles would be in the gas phase when SDS concentra-
tion is low. As the SDS/SiO2 ratio increased, zeta potential started decreasing and 
reached zero when the SDS/SiO2 ratio was 0.17. This indicates a reduction in 
nanoparticle hydrophobicity resulting in modulating the position of silica nanopar-
ticles from the gas phase to the gas/liquid interface. Further increase in the SDS/
SiO2 ratio results in negative zeta potential measurements. When SDS/SiO2 ratio 
reaches 0.4, nanoparticles become mostly hydrophilic. Hence, the stabilization 
effect of SDS/SiO2 will be minimal since most of the nanoparticles will be already 
dispersed in the liquid phase. Figure  8.45 illustrates the position of the silica 
nanoparticles concerning the gas/liquid interface when SDS/SiO2 concentration 
ratio was increased from 0.05 to 0.67.

S. Li et al. [97] reported that the synergistic effect between SDS/SiO2 enhanced 
the CO2 foam stability by the alternation of the interfacial properties. Viscoelastic 

Fig. 8.43 Comparison between CO2 foam morphology: (a) foam stabilized by surfactant 
(0.02 wt.% OA-12), (b) foam stabilized by surfactant-NPs (0.02 wt.% OA-12, 0.5 wt.% SiO2) 
[163]. Permissions related to the material excerpted were obtained from ACS, and further permis-
sion should be directed to ACS; Wang, P., You, Q., Han, L., Deng, W., Liu, Y., Fang, J., … Dai, 
C. (2018). Experimental Study on the Stabilization Mechanisms of CO2 Foams by Hydrophilic 
Silica Nanoparticles. Energy & Fuels, 32(3), 3709–3715. doi: https://doi.org/10.1021/acs.
energyfuels.7b04125

Y. Mheibesh et al.

https://doi.org/10.1021/acs.energyfuels.7b04125
https://doi.org/10.1021/acs.energyfuels.7b04125
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modulus increased gradually as SDS/SiO2 was increased to 0.17; then it decreased 
due to a further increase in SDS/SiO2 ratio. At elevated temperatures, CO2 foam 
stability was enhanced by addition of SiO2 compared to using SDS alone. Increasing 
temperature lowers the viscoelastic modulus and increases the interfacial tension of 
SDS/SiO2 dispersion. On the other hand, increasing pressure is beneficial for foam 

Fig. 8.44 (a–c) Stability of 2.49 mM C12E23 foam with time, (d–f) stability of 2.49 mM C12E23 and 
1.5 wt.% silica foam with time [99]. Permissions related to the material excerpted were obtained 
from ACS, and further permission should be directed to ACS; Li, S., Yang, K., Li, Z., Zhang, K., 
& Jia, N. (2019). Properties of CO2 Foam Stabilized by Hydrophilic Nanoparticles and Nonionic 
Surfactants. Energy & Fuels, 33(6), 5043–5054. doi: https://doi.org/10.1021/acs.
energyfuels.9b00773

Fig. 8.45 Modulating the silica nanoparticle position from: (a) gas phase, (b) gas/liquid interface, 
(c) liquid phase. This figure indicates a middle section of a foam column [97]. Permissions related 
to the material excerpted were obtained from ACS, and further permission should be directed to 
ACS; Li, S., Yang, K., Li, Z., Zhang, K., & Jia, N. (2019). Properties of CO2 Foam Stabilized by 
Hydrophilic Nanoparticles and Nonionic Surfactants. Energy & Fuels, 33(6), 5043–5054. doi: 
https://doi.org/10.1021/acs.energyfuels.9b00773
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stability by increasing foam half-life (foam half-life is 10 times higher) and interfa-
cial properties as shown in Fig. 8.46. This effect was reported due to achieving the 
supercritical state of CO2. Hence, CO2 becomes liquid above 31.2 °C and 7.28 MPa. 
Figure 8.47 shows the increase in CO2 foam volume due to pressure increase.
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Fig. 8.46 (a) Foam half-life and volume of SDS/SiO2 CO2 foam at different temperatures and 
pressures, (b) interfacial properties of SDS/SiO2 CO2 foam at different temperatures and pressures 
[97]. Permissions related to the material excerpted were obtained from ACS, and further permis-
sion should be directed to ACS; Li, S., Li, Z., & Wang, P. (2016). Experimental Study of the 
Stabilization of CO2 Foam by Sodium Dodecyl Sulfate and Hydrophobic Nanoparticles. Industrial 
& Engineering Chemistry Research, 55(5), 1243–1253. doi: https://doi.org/10.1021/acs.
iecr.5b04443

Fig. 8.47 Increase in SDS/SiO2 CO2 foam volume with an increase in pressure at 40 °C [97]. 
Permissions related to the material excerpted were obtained from ACS, and further permission 
should be directed to ACS; Li, S., Li, Z., & Wang, P. (2016). Experimental Study of the Stabilization 
of CO2 Foam by Sodium Dodecyl Sulfate and Hydrophobic Nanoparticles. Industrial & 
Engineering Chemistry Research, 55(5), 1243–1253. doi: https://doi.org/10.1021/acs.iecr.5b04443

Y. Mheibesh et al.

https://doi.org/10.1021/acs.iecr.5b04443
https://doi.org/10.1021/acs.iecr.5b04443
https://doi.org/10.1021/acs.iecr.5b04443
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S. Li et al. [97] tested the efficiency of CO2 foam in oil recovery stabilized by 
several SDS/SiO2 concentration ratios at 50 °C and 8 MPa backpressure. Pressure 
difference and oil recovery results were optimum when SDS/SiO2 concentration 
was 0.17. These results indicate that the best surfactant-nanoparticle concentration 
ratio to achieve CO2 foam stability in the static foamability test is also the same as 
in the oil displacement tests. The maximum pressure difference and additional oil 
recovery results by water flooding followed by CO2 foam stabilized by SDS/SiO2 
were 1.4 MPa and 75%, respectively.

Q. Liu et al. [102] studied the effect of surface modification of Fe3O4 nanoparti-
cles on enhancing CO2 foam stability. In the nanoparticle surface modification, 1,2- 
epoxy dodecane was grafted to the surface of the nanoparticles to alter its 
hydrophobicity. The alternation process of the hydrophobicity of the nanoparticles 
included the dispersion of Fe3O4 nanoparticles into a 4-methyl-2-pentanone solu-
tion while using NaOH aqueous solution as a catalyst. Then, the 1,2-epoxy dodec-
ane was added to the aqueous dispersions. The surface modification reaction of the 
nanoparticles was conducted at 110  °C, while mechanical stirring speed was 
300 rpm for 4 h under N2 protection. More details of the Fe3O4 nanoparticles surface 
modification procedure are explained by Q. Liu et al. [102].

The identification of the surface functional groups by FTIR and TGA of the 
modified Fe3O4 nanoparticles indicated an effective grafting of the 1,2-epoxy dodec-
ane (the hydrophobic functional group) to the surface of the nanoparticles. The con-
tact angle between deionized water and the unmodified Fe3O4 nanoparticles was 
12.7°, while the prepared Fe3O4 nanoparticles had the following contact angles: 
20.6°, 57.5°, and 94.3°.

Evaluation of CO2 foam stability of 0.1 wt.% Fe3O4, 0.2 wt.% SDS, and 0.1 wt.% 
HPAM dispersions by static foam stability tests, surface shear viscosity measure-
ments, and core flooding experiments demonstrated the capability of surface- 
modified Fe3O4 to enhance foam stability. The best foam stability performance was 
achieved by the 94.3° wetting angle nanoparticles. They were able to increase the 
shear viscosity from 2650 to 5200 mPa.s, while enhancement in oil recovery was 
only 0.86% in a low permeability core oil displacement experiment by nano- 
dispersion foam.

8.7  Challenges of Field Implementation 
of Nanoparticle-Stabilized Foams

Although nanoparticle-stabilized foam is one of the most promising technologies 
for enhanced oil recovery and mitigation of the drawbacks of gas EOR, no pilot/
field implementation of nanoparticle-stabilized foams have been reported in the lit-
erature [175]. However, the current status of nanoparticle-stabilized foams is still an 
important research focus. Yekeen et al. [175] summarized the main obstacles of field 
implementation of nanoparticle-stabilized foams including the uncertainty of the 

8 Using Nanoparticles as Gas Foam Stabilizing Agents for Enhanced Oil Recovery…
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economic aspects of nanoparticle-stabilized foams within the current low oil prices, 
nanoparticle agglomeration, and the environmental consequences of nanoparticles. 
Nanoparticles investigated in the literature for foam stabilization are developed 
from low-cost and commercially available raw materials including silica, fly ashes, 
and metal oxides; then surface modification is applied to the surface of the nanopar-
ticles such as polyethene glycol (PEG) [82]. However, there is still no cost analysis 
demonstrating the economic advantages of nanoparticle utilization as a foam stabi-
lizing agent in contrast with other foaming stabilization agents including surfactants 
or polymers [175]. Stability of a nanoparticle dispersion is crucially impacted by 
media conditions including salinity, temperature, pH, and nanoparticle concentra-
tion. In lab-scale foam studies, homogenous nanoparticle-surfactant dispersion can 
be prepared by ultrasonic vibration and surface modification of nanoparticles to 
avoid nanoparticle agglomeration [157]. However, the stability of nanoparticle dis-
persion in field-scale foam EOR is still unknown due to the lack of foam implemen-
tation in field or pilot applications [175]. In high salinity and high temperature 
environments, the screening effect of an electrostatic double layer (EDL) by reser-
voir electrolytes and the increased effect of particle collisions at high- temperature 
increments increase the risk of particle agglomeration [72, 73, 175] Hence, the 
aggregation of nanoparticles increases the hydrodynamic diameter of particles 
which could be in microns resulting in serious reservoir damage due to pore throats 
blockage. Finally, log-jamming and mechanical entrapment are the main identified 
mechanisms of nanoparticle pore channel blockage [49, 151, 157].

8.8  Conclusion, Recommendations, and Future Remarks

In this chapter, an extensive review of nanoparticle application for foam stability has 
been performed. Based on the existing literature, and from the phenomenological 
point of view, it can be argued that nanoparticle-stabilized foam offers a better alter-
native compared to surfactant-stabilized foam during gas EOR.  Furthermore, 
nanoparticles of a given type and moderately hydrophobic surface at given optimum 
concentrations offer better stabilization options at the interfaces between immisci-
ble fluids. Nevertheless, understanding the fundamental foam mechanisms, involved 
at the pore scale in the porous media coupled with nanoparticle agglomeration, is 
some of the current challenges of foam stabilized nanoparticles. Experimental stud-
ies and reported findings on the essential parameters of nanoparticle-stabilized foam 
performance are limited, and those that are reported are contradicting. It is impor-
tant to note that the presence of nanoparticles at the air-water interface of the foam 
results in the draining of the oil from the foam films and their migration and accu-
mulation at the edges enhance the foam stability and delay coalescence of the bub-
bles. Furthermore, the synergistic effect between nanoparticles and surfactants 
enhances the foam stabilization process. However, optimum nanoparticle concen-
tration will depend largely on the surfactant type used and the concentration and 
operating conditions. It is also important to note that the aggregation of 
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nanoparticles at high salinity and high temperature and pressure could significantly 
increase or decrease foam stability depending on the aggregation magnitude. The 
potential benefit of producing nanoparticle-stabilized foam from fly ash and other 
low-cost nanoparticles, coupled with nanoparticle-stabilized foam visualization at 
the pore scale, and the fluid diversion mechanisms of nanoparticle-stabilized foam 
are exhilarating areas for further studies. Despite the extensive studies available in 
the literature, there are still some gaps in the nanoparticle-stabilized foam studies. 
Most of nanoparticle foam stabilization studies focus on sandstone formation, glass 
bead, or sand pack porous media, while less research has been conducted on carbon-
ate formations. Also, the uncertainty of economic viability, nanoparticle agglomera-
tion coupled with the uncertainty of health, and environmental hazards of 
nanoparticles are some of the existing challenges of nanoparticle-stabilized foam 
applications. In field applications, the purity of injected gases will differ over time 
due to gas recycling during the production process [170]. The effect of variation in 
gas composition or gas dilution on nanoparticle-stabilized foams is still unclear. 
Additionally, grafting surfactants on the surface of nanoparticles instead of physical 
mixing is another direction of research that has not been addressed recently that 
requires further investigations. Finally, there is still a need for pilot applications of 
nanoparticle- stabilized foams for field-scale performance evaluation of nanoparti-
cle-stabilized foams.
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 Nomenclature

A Surface area, also used as the cross-sectional area of a core
B Bridging coefficient
Cs Surfactant concentration in solution
Di Diameter of a foam bubble
Dmed Median of the volume-averaged bubble diameter in the foam
Dsm Sauter mean diameter
E Entering coefficient
∆E Energy required to remove particle from the gas/liquid interface
EG Gibbs surface elasticity
EM Marangoni surface elasticity
fg Foam quality
k Core permeability
L Lamella number, core length
MRF Mobility reduction ratio
Pc

max  Maximum capillary pressure
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Pc
∗  Limiting capillary pressure

PG, PL Pressure on each side of an interface (gas, liquid)
∆P Pressure difference across an interface or pressure change
p Nanoparticle packing parameter
Q Injection rate
R  Radius of a curved surface or interface, also used as the gas constant, 

radius of nanoparticles
S Spreading coefficient
R1, R2 Principal radii of curvature of a surface or interface
T Absolute temperature
Ug The superficial velocity of the gas
Upoly Polydispersity
Uw The superficial velocity of water
ut The total foam superficial velocity
σ Surface or interfacial tension
σog The interfacial tension between oil and gas
σwo The interfacial tension between water and oil
σwg The interfacial tension between water and gas
ε Viscoelastic modulus
θ Contact angle
Γs Surface excess concentration of surfactant
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Chapter 9
Influence of Surfactant Adsorption 
on Surface-Functionalized Silica 
Nanoparticles for Gas Foam Stability

Yira Hurtado, Daniel López, Sergio H. Lopera, Farid B. Cortés, 
and Camilo A. Franco

9.1  Introduction

Gas injection into oil fields represents about 39% of enhanced oil recovery (EOR) 
methods used worldwide [1]. However, this technique is limited by the mobility 
difference between displacing (gas) and displaced (crude oil) fluids, causing gravi-
tational segregation, fingering, and gas channeling to previously depleted areas [2]. 
Through foam injection, gas mobility and its relative permeability are reduced 
because the apparent gas viscosity increases when it is trapped in bubbles [3]. 
Consequently, a uniform displacing front is maintained throughout the reservoir that 
mobilizes the crude oil, mitigating the limitations of the gas injection technique and 
improving oil recovery [4, 5]. However, foam use is limited because bubbles are 
unstable; consequently, foam effectiveness in long-term treatments is insufficient 
[6]. To improve the stability and long-term performance of foams, two mechanisms 
have been used: to supply a high volumetric gas fraction to the foaming solution to 
increase the number of bubbles in the foam and make them smaller and to increase 
the viscosity by incorporating surfactants, polymers, and/or foam boosters to reduce 
foam mobility and in turn improve stability [7, 8].
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One of the strategies used to increase foam stability is reinforcing its structure 
with nanoparticles [2, 9–27] to prevent or mitigate two of the factors causing foam 
instability: gas diffusion between bubbles and the drainage of the liquid phase [9, 
10]. Silica nanoparticles have shown great versatility in EOR processes because 
they remain well-dispersed in brines and decrease the surface tension between res-
ervoir fluids [28–30]. In the foam system, nanoparticles locate at the gas-liquid 
interface of each bubble, so they must have a specific wettability that can be acquired 
by surfactant adsorption on the nanoparticle surface or surface modifications during 
the synthesis process [9, 11, 15, 16, 31]. Therefore, the interactions between surfac-
tant molecules and nanoparticles play an essential role in foam stability [11, 16, 31, 
32]. According to the literature, the mechanisms of surfactant-nanoparticle interac-
tions depend on surfactant type and nanoparticle characteristics [24, 25, 31, 33]. In 
the case of oxide nanoparticles, such as silica, and anionic surfactants, such as alpha 
olefin sulfonates (AOSs), it is suggested that the adsorption is promoted by opposite 
charges between the interacting species [33], although the adsorption of surfactant 
and nanoparticles of similar charges is possible due to the presence of dissolved 
ions at appropriate pH [34–36]. The adsorption process leads to a partition of the 
adsorbed surfactant from the fluid to the nanoparticle surface, so only the free sur-
factant can promote bubble formation. Hence, the amount of nanoparticles in the 
foam solution determines not only the stability but also the formation of foam bub-
bles [14, 16]. The decrease in the interfacial tension between the liquid and gaseous 
phases is attributed to the surfactant in aqueous solution, which generates foam. 
Simultaneously, the surfactant adsorbed on nanoparticles allows them to remain in 
colloidal suspension and improves their wettability so that they can suspend at the 
air-liquid interface [25, 37, 38]. Therefore, both surfactant and nanoparticle concen-
trations affect foam stability [16]. Thus, studying surfactant-nanoparticle interfacial 
interactions could help in determining the concentrations of nanoparticles and sur-
factant in the foam solution to promote highly stable foams [16]. Although some 
studies showed the benefits of using nanoparticles to stabilize foams [15, 37, 39, 
40], complex interaction mechanisms between nanoparticles and surfactants and 
optimal nanoparticle and surfactant concentrations to improve foam stability have 
not been investigated. In this work, we extended our previous work on natural gas 
foams stabilized with silica nanoparticles and investigated how surfactant adsorp-
tion to nanoparticles affects foam stability. The effect of nanoparticle concentration 
on the wettability and availability of surfactant at the gas-liquid interface was also 
evaluated.

9.2  Foam Injection in EOR Processes

Based on the co-injection of a large amount of gas into a surfactant solution to gen-
erate a gas bubble system surrounded by a thin liquid film called lamellae, the foam 
injection has been extensively developed to overcome gas injection drawbacks [41–
43]. Since 1958, when Boud and Holbrook patented their foam injection technique 
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[44], several academic and industrial works have been reported [43, 45] for EOR 
applications. In general, the foam injection mechanism relies on macroscopic and 
microscopic factors that provide advantages over other EOR methods [43]. In par-
ticular, a system composed of gas bubbles in a liquid film provides higher apparent 
viscosity in comparison with a single gas system, improving the macroscopic sweep 
efficiency [45]. Due to the presence of surfactant compounds in the gas bubble-fluid 
system, the contact between the displacement fluid with the reservoir fluids pro-
motes the reduction of the interfacial tension between the oil and water phases, 
reducing capillary forces at the pore level and promoting the mobilization of the 
trapped residual oil [46, 47]. Thus, the applicability of foams becomes attractive in 
the oil and gas industry, where traditional flooding becomes challenging, especially 
in low-permeability and/or high-temperature reservoirs [48].

Several variables, such as reservoir conditions, surfactant type, adsorption capa-
bility of the surfactant onto the rock surface, rock surface mineralogy, wettability, 
and petrophysical properties of oil and water phases, influence foam generation [6]. 
Due to their metastable nature at reservoir conditions, foams begin to coalesce when 
the liquid solution drains from the lamellae, reducing its thickness and increasing 
the capillary pressure of the system [42]. In general, pressure increases foam stabil-
ity due to higher miscibility of surfactant compounds in the gaseous phase; how-
ever, the temperature increase reduces surfactant solubility in the brine and improves 
its degradation [6]. Besides, many studies show the detrimental effect of reservoir 
fluids in foam stability, whereas the reservoir brine could affect electrostatic double- 
layer forces, promoting the break of the foam [49]. The dispersion of oil droplets 
into the gas bubble system acts as an antifoaming agent via the promotion of a new 
interface and, thus, the realignment of surfactant compounds within interfaces [50]. 
Besides, foams could remain stable if a pseudo-emulsion within the oil phase and 
the liquid film is created [47]. However, the most important parameters for foam 
stability are the nature of the surfactant, its concentration in the foam solution, and 
its interactions with the reservoir fluids and rock surface. Surfactant molecules act 
as a surface-active agent that modifies interfacial forces within the liquid and gas-
eous phases, enhancing bubble formation and stability. However, surfactant adsorp-
tion onto the rock surface leads to a loss of the surfactant and its subsequent 
reduction in the foam solution. Hence, a reduction in the available surface-active 
agents adsorbed onto the air-water interface decreases the stabilization of foam 
lamellae, suggesting that the effectiveness of foam injection depends on the selec-
tion of the most suitable surfactant that can lead to high foam stability but possesses 
low adsorption affinity to the rock surface in reservoir conditions.

Surfactant adsorption onto the rock surface constitutes an important concern for 
EOR because the reduction in the available surface-active agents adsorbed onto gas- 
liquid interface decreases the stabilization of foam lamellae [34]. In comparison 
with cationic surfactants, nonionic and anionic surfactants are currently used as 
foaming agents, such as AOS and sodium dodecyl sulfate (SDS), due to its low 
adsorption rate. According to several investigations, foam stability is enhanced with 
the increase in surfactant concentration; however, foam stability is maximized at a 
threshold concentration [51]. In the presence of different salts, this threshold 
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concentration and foam stability are affected due to the modification of electrostatic 
forces in the aqueous solution [51, 52]. Selecting surfactant dosage without consid-
ering reservoir fluid interactions and the adsorption of the surfactant onto the rock 
surface leads to the underestimation of the initial surfactant concentration for foam 
stabilization [34]. Commonly, nanoparticles have been applied to foam solutions 
due to the capacity of nanomaterials to migrate to the gas-liquid interface, blocking 
gas diffusion and liquid drainage [10, 53–55]. However, although the nanomaterials 
reinforce the bubble structure, they can act as a carrying agent of adsorbed surfac-
tant molecules from the bulk surface to the gas-liquid interface, inhibiting the sur-
factant adsorption onto the rock surface, increasing the number of surface-active 
molecules in the interface, and thus enhancing the foam stability. Consequently, the 
effects of surfactant-nanoparticle interactions on foam stability have been over-
looked. We performed a comprehensive study on the interfacial interactions at the 
nanoparticle surface between nanoparticles and adsorbed surfactants to determine 
the effects of nanoparticle surface properties on foam stability and surfactant 
adsorption.

9.3  Nanoparticles for Natural Gas Foam Stability

Nanoparticle-surfactant mixtures have been applied to stabilize emulsions and 
foams for various applications in the gas and oil industry [24]. For example, the 
incorporation of nanoparticles in foam systems improved oil recovery up to 64% 
and reduced the mobilization of the injected gas, showing promising solutions for 
foam injection in EOR operations. Foam stability depends on several surface and 
morphological properties of nanoparticles, such as size, shape, surface wettability, 
interactions with the foaming agent, and concentration in the foam solution [55]. 
The main mechanism of gas diffusion blockage and liquid drainage is related to the 
adsorption and accumulation of nanoparticles at the gas-liquid interface, leading to 
the following three main modes proposed by Horozov [56]: (1) bridging particles, 
(2) a close-packed particles, and (3) a network of particle aggregates. However, 
because of the nature of most metal oxide nanoparticles, a reversible adsorption of 
the nanoparticles on the gas-liquid interface is expected, affecting foam stability 
[53] Besides, an amphiphilic surface nature is required to promote nanoparticle 
migration from the bulk surface and the attachment to the gas-liquid interface [15, 
53, 57].

In general, hydrophobic and modified hydrophilic nanoparticles with adsorbed 
amphiphilic molecules are currently used to enhance foam stability, including foam 
agents used for bubble formation [24, 35, 53, 57, 58]. Yu et al. [59] evaluated CO2 
foams in water stabilized by silica nanoparticles with varying hydrophobicity and 
showed that nanoparticles with moderate wettability (i.e., contact angle near 60°) 
showed the most stable foam. However, nanoparticles chemically modified with 
hydrophobic compounds lead to poor dispersion and can increase the operating cost 
with a relatively low increase in foam stability [24]. According to several studies, 
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the adsorption of amphiphilic molecules such as foam agents on the nanoparticle 
surface provides better insights into increased foam stability [36, 58, 60]. The ori-
entation away from the nanoparticle surface of the chain side of the amphiphilic 
molecule modifies surface wettability, increasing the amphiphilic behavior of the 
nanoparticle due to the presence of polar and nonpolar functional groups around the 
nanoparticle surface. Based on the interactions between the surfactant and nanopar-
ticle, the surface wettability of the nanoparticle after the adsorption process and thus 
the capacity of the nanoparticle to migrate and locate onto the gas-liquid interface 
are modified. Although several types of nanoparticles, such as SiO2, Al2O3, and 
CaCO3, and surfactant, such as AOS, SDS, hexadecyl trimethyl ammonium bro-
mide, and sodium dodecylbenzene sulfonate, have been evaluated, there remain 
some concerns related to the influences of the adsorbed surfactant in the foam sta-
bility via the mobilization of nanoparticles from the bulk to the gas-liquid interface 
and possible synergistic effect between the adsorbed and non-adsorbed surfactant 
molecules at the interface [16, 24, 34, 42, 43, 49, 53, 55, 57, 58, 60]. Based on our 
previous work where silica nanoparticles were used to study the effects of surface 
acidity and polarity [16], in this work, we aimed to determine the role of the 
adsorbed and non-adsorbed surfactant molecules in the enhancement of foam stabil-
ity in the presence of silica nanoparticles with various net surface charges using 
AOS as the foaming agent.

9.4  Materials and Methods

9.4.1  Materials

SiO2 nanoparticles purchased from Sigma Aldrich (St. Louis, Missouri, United 
States) were subjected to several surface modifications to determine the effects of 
acidity and polarity on the interactions with the surfactant. A certain amount of the 
nanomaterial was subjected to the acidification (SiO2/A) and basification (SiO2/B) 
processes, and one was grafted with petroleum vacuum residue (SiO2/VR), while 
another was left unmodified. The synthesis procedure was detailed in our previous 
work [16]. The samples were characterized using an Autosorb-1 (Quantachrome 
Instruments, Boynton Beach, United States) device to estimate the surface area 
(SBET) by nitrogen adsorption isotherms at −196  °C.  The NanoPlus-3 
(Micromeritics, GA, 183 United States) device was used for hydrodynamic diame-
ter (dp50) and ζ potential measurements at pH 7. Finally, the total surface acidity was 
obtained using the temperature-programmed desorption method (TPD-NH3) in a 
ChemBET/TPD (Quantachrome Instruments, Boynton Beach, United States).

The foam solution (surfactant P) composed mainly by AOS compounds as the 
active agent was purchased from Nalco S.A. (Bogota, Colombia) and used as 
received. Based on the absorbance measurements of surfactant solutions in a 
GENESYS™ 10S UV-Vis spectrophotometer (Thermo Scientific, Waltham, MA, 

9 Influence of Surfactant Adsorption on Surface-Functionalized Silica Nanoparticles…



344

USA), the critical micelle concentration (CMC) in deionized water was close to 
2000 mg·L−1. At this concentration, it was found that the size of the surfactant P 
micelles was 18 nm. The natural gas injected for foam generation involved methane 
(93.5 wt.%) and a low-molecular-weight hydrocarbon (6.5 wt.%). Finally, a repre-
sentative synthetic brine of a tight gas condensate reservoir, composed of NaCl, 
CaCl2, MgCl2·6H2O, KCl, and BaCl2·2H2O, was employed in nanofluid preparation.

9.4.2  Methods

9.4.2.1  Nanofluid Preparation

In preparing foam nanofluid, a known mass of nanoparticles was added into the 
brine solution with a certain concentration of surfactant P. After the incorporation of 
nanoparticles, the dispersion was stirred for 2 h at 600 rpm using a magnetic stirrer 
(Cimarec Digital Stirring Hot Plate, Thermo Scientific) and then sonicated for 
30  min at room temperature in an ultrasound probe (Elmasonic E 60 H, Elma 
Schmidbauer GmbH) using 37-kHz ultrasonic frequency. To ensure proper nanopar-
ticle dispersion, nanoparticle aggregation kinetics before and after the ultrasound 
process was determined.

9.4.2.2  Surfactant Adsorption Experiments

Surfactant batch adsorption was conducted using a fixed surfactant concentration of 
1000 mg∙L−1 and nanoparticle dosages from 0.5 to 5 g∙L−1. The surfactant solution 
was prepared in brine; then, the nanoparticles were added. The mixture was stirred 
for 2 h at 600 rpm and left to stand for 12 h to ensure that the adsorption equilibrium 
was reached. The ultrasound was omitted for the nanoparticles to precipitate faster. 
Then, the mixtures were centrifuged, and the obtained precipitate was dried at room 
temperature. About 5 mg precipitate was used to perform the thermogravimetric 
analyses using a thermogravimetric analyzer (TGA Q50, TA Instruments). The 
sample was heated in an air atmosphere (flow rate, 100  mL∙min−1) from 30 to 
800 °C at a rate of 5 °C∙min−1. The thermogravimetric test was also performed on 
virgin nanoparticles as a control. The difference in weight loss accounted for the 
adsorbed surfactants on the nanoparticle surface, Q (milligrams of surfactant per 
gram of nanoparticle, mg∙g−1), and the equilibrium concentration, CE (mg∙L−1), was 
the amount of surfactant that was not adsorbed and remained free in solution. Both 
Q and CE were estimated based on the TGA results and the following mass balance 
[61–63]:

 
Q C C

V

Mi E� �� �
 (9.1)
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where Ci (mg∙L−1) is the initial concentration of surfactant P, V (L) is the surfac-
tant solution volume, and M (g) is the nanoparticle dosage. All tests were performed 
at least three times to confirm repeatability and calculate standard deviations. The 
standard deviations for all measurements did not exceed 54.3 mg·L−1.

9.4.2.3  Foam Stability Tests

Foam stability in the absence and presence of nanoparticles was evaluated by plac-
ing a 10 mL of surfactant solution or nanofluid in a graduated glass concentric cyl-
inder. In the internal cylinder, the foam was generated by the injection of 4.0 L∙min−1 
natural gas through a porous disk located at the bottom of the cylinder. The employed 
experimental setup is shown in Fig. 9.1. When the foam reached the top of the col-
umn, the gas injection was stopped. Hot water (70 °C) was circulated through the 
outer cylinder for temperature control [37]. The foam height was recorded as a func-
tion of time. The half-life, the time passed until 50% of the foam remained in the 
column, was taken as an indication of stability.

9.4.2.4  Foam Flooding Test

Based on a typical low-permeability gas condensate reservoir, natural gas flooding 
was conducted in the presence of surfactant P solutions at 1000  mg·L−1 in the 
absence and presence of nanoparticles to obtain oil recovery curves after foam 

Fig. 9.1 Schematic representation of the experimental setup to perform foam stability tests in the 
absence and presence of nanoparticles. Flow rate, 4.0 L∙min−1; temperature, 70 °C. 1, Hot water 
bath; 2, peristaltic pump; 3, universal support; 4, graduated concentric cylinder with a porous disk 
at the bottom; 5, check valve; 6, flow regulator; 7, nitrogen tank

9 Influence of Surfactant Adsorption on Surface-Functionalized Silica Nanoparticles…



346

injection. The test was conducted at a reservoir temperature of 212°F and pore and 
confining pressures of 35.85 and 8.27 MPa, respectively. A sandstone core with 7% 
porosity and 65.1  mD absolute permeability was used. Further information and 
additional tests can be found in our previous work [16].

9.5  Results

9.5.1  Nanoparticle Characterization

The nanoparticle characterization is summarized in Table 9.1. The findings showed 
that the nanoparticles without any surface modification exhibited an SBET of 
389 m2·g−1, a hydrodynamic diameter of 11 nm, and a total acidity of 216 mmol∙g−1. 
Also, in aqueous solutions at pH 7, the nanoparticles remained stable due to the high 
magnitude of the ζ potential of the nanoparticles. The surface modification of the 
SiO2 nanoparticles led to the redistribution of surface atoms, promoting the aggre-
gation of nanomaterials. This generates an increase in the hydrodynamic diameter, 
a decrease in the surface area, and the modification of acidic sites [30]. Modified 
nanoparticles had SBET values between 90 and 250 m2·g−1, hydrodynamic diame-
ters from 40 to 110 nm, and surface total acidities between 0.3 and 2.85. The ζ 
potential values after the modification process decreased based on surface modifica-
tion type. The reduction in the ζ potential value for the modified nanoparticles sug-
gests a low increase in hydrophobicity degree [24], whereas SiO2/VR showed the 
highest hydrophobicity. However, at pH 7, all nanoparticles remained dispersed in 
the aqueous bulk phase.

9.5.2  Surfactant Adsorption

Figure 9.2 shows the free surfactant concentration after the adsorption process onto 
SiO2, SiO2/A, SiO2/B, and SiO2/VR as a function of dosage. From Fig. 9.2, it can be 
observed that the surfactant concentration in nanofluids after adsorption equilibrium 

Table 9.1 Mean hydrodynamic diameter (dp50), surface area (SBET), ζ potential at pH 7 (ζ), and 
total surface acidity values of SiO2 nanoparticles

Material
dp50
(nm)

SBET
(m2·g−1)

ζ
(mV)

Total acidity
(mmol∙g−1)

SiO2 11 389.0 −23.6 2.16
SiO2A 42 255.7 −19.7 2.85
SiO2B 82 91.1 −17.7 1.51
SiO2VRa 109 250.8 −18.9 0.31

aThe nanoparticles were estimated in a mass fraction of 3.7% through thermogravimetric anal-
yses [16]
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was reached decreases as the nanoparticle dosage increases. SiO2/B and SiO2/VR 
are the ones that have the widest gap when it comes to surfactant after adsorption 
equilibrium (CE). In this sense, the amount of surfactant adsorbed is higher for 
SiO2/B than that for SiO2/VR, where the free surfactant in brine solutions at the 
highest nanoparticle dosage was reduced by 35.1%, 46.8%, 63.4%, and 90.2% for 
SiO2/VR, SiO2, SiO2/A, and SiO2/B systems, respectively, suggesting that the sur-
face characteristics of the nanoparticles determine surfactant adsorption in the sys-
tem. Currently, AOS compounds act as an anionic surfactant with a polar side 
mainly composed of the sulfonate functional group (SO3

−) and a hydrocarbon chain 
with a length in the range of C12–C18 as the nonpolar side in the surfactant structure 
[64, 65]. Considering that the adsorption experiments were conducted below the 
CMC value of surfactant P, surfactant monomers would interact with the nanopar-
ticle surface based on their affinity to polar/nonpolar functional groups on the sur-
face of the nanoparticles. In general, the acidification and basification processes 
alter the electrostatic forces of the nanoparticle due to changes in the amount of 
silanol (Si–OH) and siloxane (O–Si–O) functional groups exposed to the surface of 
the nanomaterial [16, 30, 66, 67]. Based on the obtained ζ potential values, these 
processes reduce surface negative charges (i.e., the net charge of the nanoparticles), 
supporting the interaction between the sulfonate group of surfactant P and SiO2/B 
and SiO2/A. Thus, inferring that the net surface charge of the nanoparticles deter-
mines the presence of feasible electrostatic interactions between the adsorbate and 
adsorbent is possible [24]. However, this adsorption mechanism was not observed 

Fig. 9.2 Surfactant P concentration in solution after adsorption onto SiO2, SiO2/A, SiO2/B, and 
SiO2/VR nanoparticles for dosages of 500 mg∙L−1, 1000 mg∙L−1, 2000 mg∙L−1, and 5000 mg∙L−1, 
respectively. Surfactant initial concentration  =  1000  mg∙L−1; stirring rate  =  600  rpm; 
temperature = 25 °C
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in the presence of SiO2/VR.  Vacuum residue used to modify the surface of the 
nanoparticles is mainly composed of the heavy components of the crude oil, which 
promotes the attachment of several hydrocarbon fractions onto the SiO2 surface, 
increasing its hydrophobicity [57]. In that case, surfactant P could migrate to the 
nanoparticle surface due to the alignment of the chain side via weak interaction 
forces, such as hydrogen bonds and London forces. These weak forces reduce the 
adsorption strength of surfactant P on SiO2/VR, leading to high surfactant concen-
tration in the brine solutions, as shown in Fig. 9.2.

The adsorption of surfactant P onto silica nanoparticles changes surface wetta-
bility due to the orientation and subsequent alignment of surfactant molecules on 
the nanoparticle surface [11]. Figure 9.3 shows a schematic representation of the 
surface of the nanoparticles in the presence and absence of surfactant P for SiO2 and 
SiO2/VR.  Once the adsorption process was complete, the nanoparticles had the 
appropriate wettability to position themselves at the interface and slowed down the 
gas diffusion between bubbles and the thinning of the lamella by the liquid drainage 
[15, 57].

Further, the stability of the foam is governed by two mechanisms: reduction in 
interfacial tension between gas and aqueous phases and reduction in interbubble gas 
diffusion. When the foam is being generated, the main mechanism stabilizing the 
foam is the reduction in interfacial tension; consequently, a high CE can lead to 
enhanced foam stability. Over time, the disproportionation of gas bubbles, or the 
change in the diameter of bubbles caused by the gas diffusion between them, leads 
to the disappearance of bubbles with small diameters and becomes the main stabili-
zation mechanism. The nanoparticles that migrate to the interface due to the change 
in wettability granted by the surfactant must combat the second mechanism of foam 
destabilization. The nanoparticles at the interface can act as a solid membrane in the 
lamella and decrease the gas diffusion and liquid drainage between bubbles, reduc-
ing their coalescence and increasing foam stability [25, 37, 39, 68–71].

9.5.3  Foam Stability

Figure 9.4 shows foam height as a function of time. The foam was generated by 
injecting natural gas to the column containing brine solutions with 1000 mg∙L−1 
surfactant P and nanoparticles at 500, 1000, 2000, and 5000 mg∙L−1. During the 
test, the temperature was maintained at 70 °C. The partition coefficient of the sur-
factant in the nanofluid depends on the nanoparticle nature, where part of the surfac-
tant is free in the solution to promote the formation of bubbles and the rest is 
adsorbed on the surface of the nanoparticles, encouraging stabilization of the foam 
by the migration of the nanomaterials to the interface of the bubbles. If the nanopar-
ticles do not become partially hydrophobic by surfactant adsorption, they remain in 
the liquid face and eventually locate in the plateau borders of the bubbles, slowing 
down the liquid drainage of the lamella. The fluids containing SiO2/B and SiO2/VR 
have a better performance at a concentration of 500 mg∙L−1, indicating enhanced 
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Fig. 9.3 Schematic representation of surfactant P alignment on SiO2 nanoparticles after the 
adsorption process. (a) SiO2 in the absence of the adsorbed surfactant, (b) SiO2 in the presence of 
the adsorbed surfactant, and (c) SiO2 coated with vacuum residue (VR) in the presence of the 
adsorbed surfactant
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foam stability (half-life) of 63% and 70%, respectively. The foam stabilization in 
the presence of nanoparticles depends on the interactions within the surfactant com-
pound, nanoparticle size, shape, concentration, and surface wettability [41]. In this 
sense, the induction of a more oil-wet surface due to the high adsorption amount 
displayed by SiO2/B improves the alignment of these nanoparticles in the bubble, 
thereby increasing the stability of the foam by decreasing gas diffusion. For the case 
of SiO2/VR, the inherent hydrophobicity of these nanoparticles due to the presence 
of heavy oil fractions on its surface increases the foam stability due to a feasible 
alignment of the nanoparticles in the gas-liquid interface. Therefore, the foam stabi-
lization due to the nanoparticles occurring at low concentrations for SiO2/B and 
SiO2/VR is because they have a higher degree of hydrophobicity than other materi-
als [16]. However, for concentrations above 500 mg∙L−1, there is a drastic reduction 
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in foam height for samples containing SiO2/B and SiO2/VR. As the concentration of 
the nanoparticles increases, interactions with the surfactant molecules at the 
nanoparticle surface increase, leading to a competition for surfactant between the 
fluid bulk and the surface of the nanoparticles. When an adequate proportion of 
surfactant is reached, achieving improved foam stability is possible. If nanoparticle 
concentration exceeds that equilibrium point, the durability of the foam is nega-
tively affected as there is not enough surfactant to decrease the interfacial tension 
between the gas and liquid at the bubble interface [11, 31]. As the concentration of 
nanoparticles increases, the partition coefficient in the nanofluid varies. The free 
surfactant migrates from the fluid bulk to the nanoparticle surface; consequently, 
there is less surfactant available to form the bubbles; thus, the first mechanism of 
foam stabilization is negatively affected. Besides, nanofluids containing SiO2 and 
SiO2/A generate a more stable foam at a higher concentration of nanoparticles 
(1000 mg∙L−1) because the partition coefficient of the surfactant in the nanofluid is 
affected by the affinity between nanoparticles and surfactants.

Figure 9.5 shows foam half-life as a function of nanoparticle concentration for 
each nanofluid. The half-life of the foam first increases with increasing nanoparticle 
concentration until it reaches a maximum value. From that point forward, the foam 
half-life drastically diminishes. This behavior is congruent with the two abovemen-
tioned mechanisms of foam stabilization. In the absence of nanoparticles, foam sta-
bility depends only on the reduction in interfacial tension due to the presence of the 
surfactant. In the presence of nanoparticles, foam stability depends on the reduction 
in gas diffusion and liquid drainage in the lamellae that decrease the coalescence of 
the bubbles. The reduction in coalescence is, therefore, the result of the 
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nanoparticles with adequate wettability being positioned at the interface. However, 
if the concentration of nanoparticles is too high, the first mechanism of foam stabi-
lization is affected, and the foam half-life decreases due to the low concentration of 
free surfactant in the brine solution [24, 31]. Finally, the maximum point changes 
with the nature of the nanoparticle. The nanofluids with SiO2/B and SiO2/VR reach 
their maximum points at lower concentrations than those with SiO2 and SiO2/A, 
showing that the surface wettability and surfactant-nanoparticle interactions play a 
vital role in the half-life of the foam.

9.5.4  Foam Flooding Test

The foam stability results showed that SiO2/B and SiO2/VR demonstrate higher 
foam stability at the lowest nanoparticle dosage, suggesting that the wetting charac-
ter of the nanomaterial before and after surfactant adsorption plays an important 
role in foam stability. Considering that high surfactant adsorption could prevent the 
loss of surface-active compounds in the porous media and thus enhance the foam 
flooding process, surfactant P solutions in the absence and presence of SiO2/B were 
evaluated in reservoir conditions for crude oil recovery. Natural gas displacement 
was first conducted to ensure the preferential flow channels in the porous media. 
Figure 9.6 shows the oil recovery curves during the foam flooding test. The increase 
in the foam stability improves the blockage of the preferential channels in the porous 
media, thereby allowing a better sweep of the noncontacted zones and improved oil 
recovery [16, 34, 53, 56, 69, 72, 73].

Fig. 9.6 Oil recovery curves for natural gas flooding (base) and foam flooding after surfactant P 
in the absence and presence of SiO2/B. (Reproduced from Hurtado et al. [16] with permission)
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9.6  Conclusions

Incorporating nanoparticles in foam solutions increases foam stability due to the 
alignment of nanomaterials at the bubble-fluid interface, avoiding the liquid drain-
age of the lamella and reducing the interbubble gas diffusion. However, the effec-
tiveness of foam stability improvement is determined by the adsorption affinity of 
surfactant P to the nanoparticle surface. The orientation and subsequent alignment 
of surfactant molecules on the nanoparticle surface change surface wettability, 
where the exposed chain side of AOS increases the hydrophobicity of the nanopar-
ticles and enhances nanoparticle migration to the gas-liquid interface. The adsorp-
tion of surfactant P on the nanoparticles reduces the surfactant concentration in the 
brine solutions to 35.1% for SiO2/VR and 90.2% for SiO2/B, which means that less 
surfactant is available to reduce interfacial tension and promote bubble formation. 
Thus, high surfactant adsorption leads to a low concentration of surfactant P in the 
brine solution, affecting foam stability.

The results revealed that the modification of surface wettability of nanoparticles 
after the adsorption process and the alignment of the adsorbed surfactant molecules 
once the nanoparticles are located in the gas-liquid interface determine foam stabil-
ity and low surfactant adsorption onto the nanoparticle surface implies high nanopar-
ticle dosage. Besides, the results showed that negative charges in the SiO2 surface 
must be reduced to enhance AOS adsorption by promoting surface wettability and 
enhanced migration from the bulk phase to the interface. Besides, foam stability 
depends on the synergy between the surface wettability of the nanoparticles and the 
ability of the free surfactant to decrease the interfacial tension of the bubbles. For 
this reason, a comprehensive analysis must be conducted to obtain the most feasible 
nanoparticle dosage based on the nanoparticle nature, interactions between the 
nanomaterials and surfactant, and the effect of the nanoparticle-surfactant system 
on the bubble stability. This work sheds light on the effects of nanoparticle surface 
wettability and surfactant concentration on foam stability for EOR.
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Chapter 10
Nanoparticles for Drilling, Cementing, 
Hydraulic Fracturing, and Well 
Stimulation Fluids

Farad Sagala and Nashaat N. Nassar

10.1  Introduction

The worldwide decrease in oil recovery from available resources, coupled with the 
increase in energy consumption, has revitalized the curiosity of the oil industry to 
investigate additional prospects in both conventional and unconventional hydrocar-
bon formations. During oil production, drilling is one of the essential stages that 
involves cutting a hole using a drill bit that creates a wellbore for oil and gas recov-
ery. However, the design of the appropriate choice of drilling fluids for particular 
drilling requirements is an essential aspect for the attainment of drilling processes, 
especially in unconventional reservoirs. Drilling fluids help by cooling of the drill 
bit and drill pipe, preventing the formation fluids from entering the wellbore by 
providing a hydrostatic pressure, transporting drill cuttings to the surface from the 
wellbore, and suspending drill cuttings in case drilling is paused or in the event of 
well shutdown [1–3]. Generally, drilling fluids are categorized into three main 
groups, namely, water-based mud (WBM), oil-based mud (OBM), and synthetic- 
based mud (SBM). OBM and SBM normally offer better-operating efficiency com-
pared to the WBM. Nevertheless, using OBM and SBM is normally not recommended 
due to the environmental concerns that they may create [4, 5]. Due to the severity of 
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the wellbore condition especially the harsh reservoir conditions (high pressure and 
high temperature), normally the rheological properties of these drilling fluids are 
altered, hence decreasing their efficiency. Moreover, the conventional drilling fluids 
still face some critical challenges, such as water loss into fractures, drilling fluid 
leakage into the surrounding formation, and the decrease of fluid density and/or 
viscosity in the fluid circulation process. This has led to various researchers ventur-
ing into the use of different additives that can assist in improving the rheological 
properties and performance of these drilling fluids. Numerous investigations have 
been performed on different drilling types over the past years to improve their per-
formance by altering their characteristics with the addition of various agents such as 
calcium carbonate, soda ashes, and more recently, nanoparticles [6, 7]. Nanoparticles 
have exceptional behaviors due to their diminutive size and larger surface area-to- 
volume ratio, hence showing more reactivity with other molecules. Nanoparticles 
navigate numerous industries, and their type of selection depends on the projected 
usage. In particular, nanoparticles are increasingly becoming popular in drilling 
activities, cementing, hydraulic fracturing, well stimulation, etc. [8–11]. Through 
manipulation of their physical and chemical properties, scientists have generated 
various nanomaterials with enhanced intrinsic, mechanical, magnetic, thermal, and 
rheological properties. The impacts of various forms of NPs positively on the char-
acteristics of various types of drilling fluids have been reported by various investiga-
tors [12–14]. On the hand cementing is normally performed during the well 
completion stage where a mixture of cement is used to strengthen and/or stabilize 
the casing strings and also provide zone isolation between the pipe and the sedimen-
tary formation. Cement consists of organic complex chemical compounds such as 
calcium silicate, aluminates, and gypsum that are normally added to water generat-
ing C-S-H gel as the major hydrate product [15]. The cementing process is essential 
during oil well construction as the inadequate cementing procedure can result in 
drastic effects, such as increased costs, well instability, and risks to the environment. 
During the cement formulation, cement slurry should be designed with the proper 
materials to resist the temperature, pressure, and depth. Therefore, there is always a 
gap to create high-performing slurry materials to boost and enhance cementing 
properties. To improve the mechanical, chemical, and physical properties of cement-
ing slurry downhole, recently different forms of nanoparticles are added to improve 
its performance, and recent studies will be reviewed in this chapter. Likewise, 
hydraulic fracturing involves injecting sand, water, and/or other chemicals or other 
proppants using high pressure into a wellbore to create fractures in the formations 
through which petroleum and brine can freely flow. Nonetheless, developing new 
fracturing fluids that can sustain tremendous rheological properties especially at 
reservoir conditions, as well as reduce the impairment to the reservoir properties, 
requires more investigation. In recent years, nanotechnology is attracting attention 
and developing more interest in the aforementioned areas during various stages of 
oil production [16]. Investigations are in progress, in tackling and improving the 
challenges of conventional drilling, cementing, and fracking fluids during well stim-
ulation. This chapter, therefore, will highlight some of the recent advances in using 
nanoparticles during drilling fluid formulation, designing improved well cementing 
slurries, and hydraulic fracturing and/or well stimulation fluids. Also, future research 
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suggestions and some recommendations will be given to facilitate the evaluation of 
nanoparticle in the aforementioned applications.

10.2  Types of Drilling Fluids

Drilling mud, or drilling fluids, refers to a highly viscous heavy fluid blend that is 
employed in oil and gas drilling processes. When drilling a new well, normally a 
certain form of fluid is required. The key purposes of drilling fluids incorporate lift-
ing the drilled cuttings, providing hydrostatic pressure that can prevent the entry of 
formation fluids into the wellbore, maintaining its stability, cooling and cleaning the 
drill bit during drilling, and holding the drill cuttings while drilling is inactive or 
stopped when the drilling unit is being removed from the hole. There are mainly 
three types of drilling fluids normally used in the oil and gas industry, namely, 
water-based muds (WBM), which is either dispersible and non-dispersible; oil- 
based muds (OBM) or the nonaqueous mud; and synthetic-based mud (SBM), in 
which a wide range of gases can be used [17]. The selection of particular drilling 
fluid to be used for a particular well and the additives used normally depends on the 
type or composition of the rock being drilled, environmental effect, and the cost 
implications. A standard WBM contains clay, which is typically bentonite, to pro-
vide the mud with the appropriate viscosity to transport the cutting from the well-
bore to the surface. Also, it may contain minerals such as barite (barium sulfate) 
which is normally added to stabilize the borehole by increasing the weight of the 
column. These types of mud are traditionally based on water, either freshwater, 
distilled water, seawater, or natural occurring brines. In general, WBM are suitable 
for drilling conventional vertical wells at medium depths and less challenging wells, 
whereas oil-based muds are appropriate for deeper wells, in directional or horizon-
tal drilling, which requires much more stress on the drilling apparatus [18]. In the 
shale formations, however, the WBM has some drawbacks as it causes swelling 
which makes its application feeble in such formations. Moreover, shale swelling 
can result in more severe destructive challenges such as pipe sticking, wellbore 
instability, and lost circulation [19, 20]. In contrast, oil-based muds (OBMs) nor-
mally require the use of petroleum- refined products such as mineral oil and diesel 
oil in the fluid formulation. Their limitations are mainly attributed to the environ-
mental impacts that are not friendly to the ecosystem. On the other hand, synthetic- 
based mud (SBM) are prepared using refined fluid components that are made to 
more exacting property specifications than traditional petroleum-based oils. These 
types of drilling fluids were proposed due to the environmental concerns of the 
OBMs, even though most of the drilling muds are highly regulated in their composi-
tion, and in certain environments, some specific combinations may be prohibited 
from use. Nevertheless, synthetic-based drilling fluids are proven to have numerous 
high-tech and environmental benefits compared to the WBM and OBM and can 
reduce the total well costs in many cases. Figure 10.1 shows samples of drilling 
fluids for (a) WBM and OBM (b).
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10.3  Application of Nanoparticles in Drilling Fluids

Selection of a proper drilling fluid depends on the type of the formation and particu-
lar drilling job to be accomplished to avoid formation damage and corrosion. To 
enhance the rheological and filtration properties of various drilling fluids, a variety 
of additives are proposed based on their mechanical, chemical, and physical proper-
ties. Normally, temperature and pressure are some of the limitations that influence 
the selection of conventional additives such as type, particle size, etc. As thus, 
nanoparticles are suggested as prospective additives that can enhance the rheologi-
cal characteristics of drilling fluids [17, 21–23]. In the next section of this chapter, 
the applicability of nanomaterials in each type of drilling fluid will be reviewed with 
the existing challenges and limitations explained.

10.4  Effect of Nanoparticle Types and Concentration 
on the Enhancement of Drilling Fluids

Nanoparticle types and concentration play a critical role in improving the rheologi-
cal properties of different types of drilling fluids. Therefore, the proper selection of 
nanoparticle types and optimizing their concentration is imperative. Among the 
commonly used nanoparticles in improving the performance of drilling fluids 
include clay nanoparticles, silicon dioxide (SiO2), aluminum oxide (Al2O3), copper 
oxide (CuO), carbon nanotubes, titanium dioxide (TiO2), and less costly nanomate-
rials including calcium carbonate (CaCO3) and fly ash nanoparticles, in the case of 
unconventional reservoirs [17, 24]. The addition of nanoparticles to drilling fluids 
can enhance various rheological properties such as elastic stability, plastic viscosity, 
mechanical filtration, gel strength, and yield point. Some of these properties in 
regard to drilling fluids will be explained briefly below.

 (a) Plastic Viscosity

Plastic viscosity (PV) is a Bingham model factor that represents the mud viscosity 
when extended to infinite shear rate depending on the mathematical model of Bingham 

Fig. 10.1 Photographs of (a) water-based mud and (b) oil-based mud. Copyright permission was 
obtained from Zeal Environmental Ltd. (http://www.zealenvironmental.com/)

F. Sagala and N. N. Nassar

http://www.zealenvironmental.com/


363

[25]. Normally, for proper drilling operations, mud with relatively high PV is not easily 
pumped and is not preferred by operators. Nevertheless, mud should have an appropri-
ate density to maintain the hydrostatic pressure that is directly proportional to the mud 
viscosity. Using mud with lower viscosity can result in the mud with a lower density 
and lower hydrostatic pressure that can cause blowouts during drilling operations. 
Therefore, for safer drilling activities, an optimum PV is desirable which can be 
obtained by considering the mud characteristics and the operational conditions [26]. 
There are various mechanisms under which nanoparticles improve these properties 
which depend on the mud and nanoparticle characteristics. Adding nanoparticles to the 
base mud can increase the friction between the two fluid layers which can result in vis-
cosity increment. Normally, NP properties such as their geometry, heat capacity, den-
sity, etc. assist in the adjustment of the drilling fluid properties. Bentonite-WBM and the 
added NPS link or bond together across several chemical linkages to boost the mud PV 
properties [27]. This modification, however, depends on the type of nanoparticle used.

 (b) Yield point

Yield point in drilling fluids is also a Bingham plastic parameter that refers to the 
stress required by the fluid to start moving. The forces of attraction between the col-
loidal particles in the drilling mud prevents it from moving until the required stress 
has been applied. Therefore, a higher yield point value is desirable for faster trans-
portation of drilling cuttings towards the surface [28]. A high yield point is required 
for proper drill cutting transportation out of the well; however, it should not be too 
excessive to increase the pump pressure when mud starts flowing [29]. The effects 
of NPs on yield point of Bentonite-WBMs are shown from some studies, for exam-
ple in Fig.  10.2. It can be observed that different nanomaterials have different 
behavior in terms of yield point modification.

 (c) Gel Strength

Gel strength is also another important behavior of drilling fluids that refers to the 
measurement of electrochemical forces of attraction within the mud system under 

Fig. 10.2 (a)Yield point of NPs Bentonite WBM at different concentrations (CuO, TiO2 and SiO2 
NPs Bentonite WBM from left Y-axis and Al2O3 NPs Bentonite WBM from right Y-Axis)[30] and 
(b) Yield point of 9 ppg OBM samples at different temperatures [32]. Permissions related to the 
material excerpted were obtained from Elsevier, and further permission should be directed to 
Elsevier
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static conditions. It differs from the yield value because of its time dependence and 
because it breaks up once the flow is restricted. It also shows the ability of drilling 
fluids to suspend solids and cuttings. Normally to determine the gel strength, the 
shear stress is assessed at a lower shear rate after the mud has set. The API proce-
dure for this measurement is normally performed with time frame 10 s to 10 min 
although measurements between 30 min to 16 h can be performed. It is important to 
note that a high gel strength is important to prevent several critical drilling chal-
lenges. The addition of nanoparticles can therefore improve the gel strength depend-
ing on the type, size, concentration, and the measurement time as shown in Fig. 10.3.

 (d) Filtration Loss and Filter Cake Thickness Quality

The volume of the fluid lost and the thickness of the mud cake are the measurable 
parameters to quantify this test. High-volume fluid loses during drilling activities 
are not desirable since they may result in lower hydrostatic pressure and cause for-
mation damage and wellbore instability [31]. Furthermore, filter cake quality assess-
ment and stiffness must be evaluated. The filter mud cake quality is another 
important parameter that should be addressed during drilling activities. The quality 
and thickness of the mud cake represent the amount of filter loss that may occur in 
drilling operations. Therefore, to have proper wellbore stability and prevent fluid 
loss, it is always appropriate to add some additives to drilling fluids to reduce the 
filter loss. Adding nanoparticles, depending on the type and concentration, is one of 
the appropriate ways that has been evidenced to prevent fluid loss by improving the 
mud cake quality, as seen in Fig. 10.4.

Asaba et al. [33] investigated the impact of nanoparticle concentration and types, 
namely, aluminum oxide, copper oxide, and magnesium oxide, on the rheological 
characteristics and the filtration physical properties of WBM fluid at room tempera-
ture and higher temperature of 50°C. The authors found out that plastic viscosity of 
the drilling mud could be decreased by 50% when NPs were used. Also, the yield 
point for the mud could be enhanced by 84%, 121%, and 231% by adding 0.5%vol 

Fig. 10.3 Gel strength of WBM with different  NPs quantified in: (a) 10 s and (b) 10 min  [30]. 
Permissions related to the material excerpted were obtained from Elsevier and further permission 
should be directed to Elsevier
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copper oxide, aluminum oxide, and magnesium oxide, respectively. As well, the gel 
strength improved up to 95% with a fluid loss decrease of 30%. However, they noted 
that the filtration characteristics were negatively affected by the higher pressure and 
higher temperature of the formation. The authors noted that increasing the concen-
tration of these nanoparticles had no significant effect on the WBM rheological 
characteristics. They concluded that the rheological properties, of WBM, can be 
improved with nanoparticles that can result in proper hole cleaning. In contrast, 
Yingpei et al. [34] noted a significant increment in the rheological properties and the 
plugging performance of WBM by increasing the concentration of Fe3O4 nanopar-
ticles that were modified with poly(acrylic acid). From their findings, increasing the 
nanoparticle concentration from 0.05 up to 0.1 wt% resulted in the decrease of the 
consistency coefficient (K) of the Fe3O4/PAA nanoparticles/WBM concentration of 
the WBM. Using 0.1 wt% nanoparticles was found to perform best as a filtration 
additive in WBM. Bayat et al. [30] investigated the role of four hydrophilic nanopar-
ticles, aluminum oxide (Al2O3), titanium dioxide (TiO2), silicon dioxide (SiO2), and 
copper oxide (CuO). These NPs were added to the formulated bentonite drilling 
fluids at concentrations of 0.01, 0.05, 0.1, and 1 wt%. Their study showed that the 
Al2O3 NPs could enhance the mud filtration up to 80% but destroy the mud cake 
quality compared to the based mud. However, the amount of mud filtration had a 
decreasing trend when SiO2, TiO2, and CuO NPs were used especially with mass 
fractions lower than 0.5 wt%. Moreover, in comparison with the base mud, other 
properties such as the gel strength and rheological properties were similarly 
enhanced in the presence of these NPs. Generally, it was deduced that the addition 
of the NPS at lower concentrations less than 0.5 wt% to the WBM can enhance its 
rheological and filtration properties. Some of the measured properties using the dif-
ferent nanoparticles (SiO2, TiO2 and CuO NPs) are depicted in Fig. 10.5.

The rheological performance of both WBM and OBM at higher temperature was 
enhanced by adding different nanosilica in the range of 0.5 ppb–1.5 ppb. In their 

Fig. 10.4 (a) WBM fluid loss of different nanoparticles at different concentrations and (b) API 
mud cake thickness in the presence of nanosilica at various concentrations [30, 32]. Permissions 
related to the material excerpted were obtained from Elsevier, and further permission should be 
directed to Elsevier
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study, the authors measured various fluid rheological properties, including mud 
lubricity, electrical stability, and filtration measurements at HPHT, and later rheo-
logical models were obtained. Compared to the basic mud, it was found that adding 
0.5 ppb nanosilica can improve almost all the tested properties of WBM and OBM 
[32]. It is always appropriate to optimize the nanoparticles because a higher concen-
tration of nanoparticles used in drilling fluids can increase and alter the friction 
coefficient of the particles, changing the fluid lubricity which can impact the hole 
cleaning efficiency [35]. Some of the measured properties in the presence of nano-
silica at different temperature are shown in Figs. 10.6, 10.7, and 10.8.

Pitchayut et al. [36] demonstrated that ZnO and copper oxide (CuO) nanoparti-
cles at the concentration in the range of 0.1 to 1 wt% improved the rheological and 
thermal conductivity of a bentonite-based xanthan gum drilling fluids by up to 38% 
at elevated temperatures with ZnO therefore improving performance compared to 
CuO. This improved thermal conductivity can help the drilling fluid to cool more 

Fig. 10.5 WBM plastic viscosity (a) and yield point (b) Relative CoF reduction of OBM samples 
with and without nanosilica [30]. Permissions related to the material excerpted were obtained from 
Elsevier, and further permission should be directed to Elsevier

Fig. 10.6 Enhancement of filtration loss properties (a) and(b) relative coefficient of friction (CoF) 
reduction of OBM samples with and without nanosilica [32]. Permissions related to the material 
excerpted were obtained from Elsevier, and further permission should be directed to Elsevier
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rapidly as it circulates from the wellbore to the surface during the drilling operation. 
Still, the filtration tests conducted at a higher temperature (100°C and 500 psi) indi-
cated a significant filtration loss reduction (30.2%) with 0.8 wt % CuO in compari-
son to 18.8% ZnO for the similar concentration. Moreover, there was a significant 
mud thickness reduction in contrast to the base fluid when these nanoparticles were 
used. Their findings revealed the capability of using these nanoparticles to improve 
the properties of WBMs and their possibility to be utilized as filtration loss addi-
tives. Another challenge of drilling fluids that have been remediated by the use of 
nanoparticles is sagging of drilling fluid. Sagging of drilling fluids results in density 
variation of the mud and, hence, wellbore instability and well control challenges. 
Wagle et  al. [37] showed that nanoparticles can be used to prepare sag-resistant 

Fig. 10.7 Improving the electrical stability (a) and the gel strength (b) for oil-based mud using 
nanoparticles at different concentrations and different temperatures [32]. Permissions related to the 
material excerpted were obtained from Elsevier, and further permission should be directed to 
Elsevier

Fig. 10.8 Impact of nanosilica on yield point (a) and plastic viscosity (b) of drilling mud at dif-
ferent concentrations and temperatures [32]. Permissions related to the material excerpted were 
obtained from Elsevier, and further permission should be directed to Elsevier
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drilling fluids by stabilizing invert-emulsion drilling fluids. Their results proved that 
using 6–16 lbm/bbl of nanoparticles in organoclay-free invert-emulsion drilling 
fluid can minimize the emulsion separation and, hence, reduce sag at temperatures 
up to 250°F. Nanoparticles have also been utilized as additives to improve the fluid 
loss from drilling fluids. Vryzas et al. [38] found that using iron oxide (Fe2O3) NPs 
enhanced the fluid loss properties in WBM drilling fluids. Adding 0.5 wt% Fe2O3 
nanoparticles, the fluid loss could be reduced by 42.5% in comparison with the base 
mud. Zakaria et al. [39] reported that 70% more improvement in fluid loss could be 
achieved when 2 wt% of NPs were added to OBM drilling fluids with the similar 
objective of reducing the fluid loss. Furthermore, in shale formations, wellbore sta-
bility is reduced when water from drilling fluids invades shale. In another study, 
there was a reduction by a factor of 5–50 for the permeability of Atoka shale forma-
tion by adding 5–22-nm silica nanoparticles, which are understood to penetrate 
deep into the shale and prevent water invasion; moreover, the water infiltration into 
the Atoka formation also decreased by 98% compared to seawater by adding 
nanoparticles [40]. Additional studies to summarize the role of nanoparticles for 
drilling fluid properties enhancement are shown in Table 10.1.

Table 10.1 Summary of some recent studies performed using different nanoparticles and different 
types of drilling fluids

Study 
properties

Mud 
type

Type of nanoparticle 
used Deduction from the study Reference

Filtrate volume, 
lubricity, yield 
point

WBM Glass beads, multiwall 
carbon nanotube 
(MWCNT), silica 
nanoparticles

MWCNT were found to be better 
additives for WBM compared to 
silica NPs and glass beads.
Filtrate volume was reduced; 
mud cake thickness and yield 
point were all improved due to 
the addition of MWCNT.

[41]

Mechanical 
filtration, fluid 
loss, and 
viscosity

WBM Boron nitride (BN) 
and iron trioxide 
(Fe2O3)

Addition of 0.0095 wt% BN and 
Fe2O3 reduced the mechanical 
coefficient by 37%, and 43%, 
respectively.
BN did not show any impact on 
filter loss.
There was viscosity enhancement 
with both nanoparticles.

[35]

Rheological 
properties
Electrical 
conductivity
Thermal 
conductivity
Shale recovery

WBM TiO2 TiO2 altered the electrical and 
thermal conductivity of drilling 
fluids.
TiO2 increased the shale recovery, 
and thermal resistance was 
improved by 25% and reduced 
the filtration volumes up to 27%.

[42]

Plastic 
viscosity, yield 
point

WBM ZnO, montmorillonite, 
and palygoskite

Addition of 50 nm resulted in 
more stabilized rheological mud 
characteristics at HPHT 
conditions.

[43]

(continued)

F. Sagala and N. N. Nassar



369

Table 10.1 (continued)

Study 
properties

Mud 
type

Type of nanoparticle 
used Deduction from the study Reference

Yield point
gel strength
Plastic viscosity

OBM Silica and nanoclay Using 2.0 wt% of nanoclay alone 
or mixed with 1 wt% silica 
nanoparticles improved the PV 
and the gel strength of OBM.

[29]

Plastic viscosity OBM SiO2 Addition of 20 nm nanosilica at 
2.0 vol% in OBM increased the 
PV at room conditions and 
maintained a stabilized 
rheological profile at HPHT 
conditions.

[44]

Yield point
Gel strength
Plastic viscosity

WBM Cellulose 
nanoparticles

Addition of 0.5 wt% cellulose 
nanoparticles in WBM improved 
the rheological properties at a 
higher temperature in the range 
from 20 to 80°C.

[45]

Viscosity OBM Nanographite Addition of nanographite within 
OBMs improved the fluid PV at 
ambient condition.

[46]

Plastic viscosity
Yield point
Gel strength

WBM SiO2 Addition of 1.0 wt% of SiO2 to 
WBM at all conditions improved 
all the tested parameters.

[47]

Yield point
Plastic viscosity

WBM SiO2

Fe2O3

Nanosilica (SiO2) and ferric 
oxide (Fe2O3) NPs were applied 
in a WBM. Addition of 0.5 wt% 
of ferric oxide enhanced the fluid 
rheological characteristics, while 
SiO2 at the same mass fraction 
showed reverse impacts on the 
measured rheological properties. 
Fluid having Fe2O3 NPs exhibited 
more stabilized properties at the 
measured conditions.

[48]

10.5  Application of Nanoparticles in Cementing Activities

One of the most crucial processes during well completion is cementing whose role 
is to provide zone seclusion between the pipe and the formation. Oil industries are 
venturing into materials with higher performance to reduce the costs associated 
with the repair and reduce losses due to cementing failure. A universal overview of 
the well cementing procedure is shown in Fig. 10.9. The major causes of cement 
failure can include cement contraction, partial cement placement, casing centraliza-
tion, diversion of the cement slurry to the nearby formation, inadequate cement 
formation, micro-annuli in cement, mechanical or thermal stress, rusting/corrosion 
of the casing string, etc. As thus, similar to drilling operations, efforts are focused 
on developing and applying nanomaterials at the nanoscale with superior character-
istics to offer ways to acquire significant variations in physical, chemical, and 
mechanical properties to improve numerous practical issues by enhancing 
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mechanical strength and water penetration resistance; accelerating hydration reac-
tion, controlling calcium leaching, density, setting time, heat and electrical conduc-
tivity, and filtration; providing self-cleaning properties and viscosity; and reducing 
the porosity and permeability; etc. Various nanoparticles [15, 49–53] have been evi-
denced to enhance various cement properties such as impacting toughness, improv-
ing the durability, dry shrinkage capacity enhancement and permeability resistance 
to water, strength, providing self-compacting, etc.

Several researchers have concluded that the addition of nanoparticles to cement 
can mechanically reinforce cementitious materials because nanoparticles have a 
high surface area-to-volume ratio that enhances the chemical reactions and are 
small enough that when dispersed in the slurry, they can occupy the small pores 
between cement grains, forming thicker concrete and reducing the porosity and 
permeability. Also, well-distributed nanoparticles act as crystallization centers, 
quickening cement hydration due to the chemical reactions generated by nanopar-
ticles. Nanoparticles that are highly reactive speed up the pozzolanic reaction 
(CH + SH-C–S–H) and also react with calcium hydroxide (Ca(OH), forming an 
additional quantity of C–S–H gel. Similarly, nanoparticles boost the crystallization 
of small-sized crystals (Ca(OH)2, AF silicate hydrate (C–S–H). Furthermore, add-
ing nanoparticles results in better bonding between aggregates and the cement paste 
since it enhances the aggregates contact zonal structure [52].

 The ability of nanoparticles to enhance the selected cement properties was stud-
ied on a laboratory scale, using a colloidal solution of silica (nano-SiO2), alumina 
(nano-Al2O3) and ternary systems containing calcium oxide, and aluminum (CaO- 
SiO2- Al2O3). The experiments were conducted through the incorporation of the 
nanosilica and ternary system in cement slurries. The results indicate the possibility 
of using nanosilica in cement systems, because the mechanical properties of the sys-
tems, such as compressive strength, were improved to almost 90% with concentra-
tions of 0.5  wt% nanosilica. On the other hand, the ternary system introduced 
qualitative cementitious properties when reacting with water at atmospheric condi-
tions [15]. In another study, multiwalled carbon nanotubes (MWCNTs) were found 
to enhance the cement properties that included toughness and durability, dry shrink-
age capacity, and permeability resistance. Moreover, adding a lower concentration of 

Fig. 10.9 Well cementing process, modified from [54, 55] after permission
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carbon fibers and carbon nanotubes (CNT) in ultra-range of 0.025–0.05 wt% was 
found to enhance the electromechanical properties of cement [56, 57]. It has been 
evidenced that through enhancement of these cement electromechanical and physical 
properties, it is suitable to apply such cement to offshore oil and gas formations 
where the cement operations are performed in deeper water bodies. Other applica-
tions of nanoparticles in cementing operations have been extensively reported else-
where [52, 58]. In summary, nanotechnology application for the oil and gas 
production mainly in upstream processes is expected to result in more advanced 
materials to enhance the cement properties. This can help to lower the cost and also 
prevent disastrous wellbore failure. The use of nanomaterials ranging from metal, 
metal oxides, and carbon nanomaterials can be part of the future additive formulation 
for cement slurries. Table 10.2 shows a summary of some other studies for enhancing 
cement properties with nanoparticles and the deductions from such findings.

Table 10.2 A summary of nanoparticle application during cementing activities

References Nanoparticle type Experimental conditions Deductions

[59] 0.5–1 wt% aluminum 
oxide

Ambient conditions
25°C

Improved the compressive 
strength
Improved electrical resistivity 
up to 30%

[60] Iron oxide Temperature
25–85°C, pressure 
345–465Pa

Improved the compressive 
strength
Improved the setting 
properties

[61] MWCNT Ambient conditions Improved the setting time
[62] Silicon dioxide Low-temperature 15°C 

and ambient pressure
Enhanced the compressive 
strength
Accelerated the setting time

[63] Silicon dioxide Ambient conditions Improved the mechanical 
properties

[64] Iron oxide (0.5 wt%)
Silicon dioxide 
(0.25 wt%)

Ambient conditions Improved mechanical 
properties
Improved sensing properties

[65] Nano-synthetic 
graphite (0.5 wt%)

Ambient conditions Improving the early 
compressive strength 
development

[66] 2 wt% magnesium 
oxide

Temperature and 40°C and 
ambient pressure

Improved the setting time
Reduced chemical shrinkage

[67] Aluminum oxide
1.5 wt %

Temperature and 40°F and 
ambient pressure

Increased tensile strength by 
141%
Improved mechanical 
properties

[68] Graphene 
nanoplatelets (GNP)

Ambient conditions Improved mechanical 
properties up to 30%
Reduced chemical shrinkage

[69] 1–2 wt% aluminum 
oxide

90°C
200 MPa (30,000 psi)

Improving mechanical 
properties
Improved rapid setting with 
high strength
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10.6  Application of Nanoparticles in Well Stimulation 
and Hydraulic Fracturing

Hydraulic fracturing also known as hydrofracking is a wellbore stimulation tech-
nique that involves creating fractures in geological formations using pressurized 
fluids. During this process, fracking fluids, typically water containing sands and 
ceramic particles or other suspended proppants with the support of thickening addi-
tives, are injected using higher pressure into a wellbore, creating cracks in the deep- 
rock formations through which natural hydrocarbons and brine flow easily from the 
reservoir to the wellbore. Hydraulic fracturing stimulation is normally necessary to 
produce oil from tight reservoir formations with the permeability less than 1 mD; a 
typical hydrofracking structure is shown in Fig. 10.10.

Before pumping proppant fluids, pad fluids with no proppants are pumped to the 
formation to open the fractures [70]. Normally, hydrofracturing fluids are used to 
break down underground formations where oil and gas are trapped. Also, these 
fracking fluids act as carriers for proppant in the fractures. When the pressure is 
released, the fracture is kept open due to the pressure, and once released, the prop-
pants are packed inside the fracs to maintain a highly conductive flow of hydrocar-
bons and prevent the closing of the fractures [71]. Synthetic polymers, biopolymers, 
foams, viscoelastic surfactant (VES) fluids, and slick water are some of the applied 
fracturing fluids, with each having different properties that are beneficial under cer-
tain conditions [72]. Nowadays, their preparations are well-designed, and of recent, 
small-sized particles may be added in the nanometer size range. Factors such as 
reservoir temperature, permeability, and mineralogy define the fluid selection pro-
cess. For example, temperatures more than 177°C generally warrant synthetic poly-
mers over biopolymers [16]. Water-based fluids are regularly substituted with 

Fig. 10.10 A graphic representation of formation showing hydraulic fracturing operation for the 
conventional and unconventional formation. Copyright permission was obtained from Oklahoma 
State University Extension (https://extension.okstate.edu/)
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foams, hydrocarbon-based fluids, or alcohol-based fluids in water-responsive for-
mations. In the formations with high leak-off rates, VES-based fluids are normally 
applied to reduce the damage that could occur if polymer-based fluids are used [16]. 
Over time, hydraulic fracturing chemicals have been proposed to provide significant 
performance, improved cleaning of the created fractures, and good control over the 
hydraulic fracturing operations. Notwithstanding their ability, however, VES-based 
fluids were found to experience high leak-off rates in moderate-permeability reser-
voirs less than 200 mD. Because their viscosity at temperature higher than 104°C 
diminishes significantly, these types of fluids were found ineffective for formations 
with higher temperatures [73]. Pressure-dependency behavior of borate-crosslinked 
gels is another problem, where the viscosity was found to decrease significantly 
under high pressures. Additionally, it is difficult to formulate a fluid that can main-
tain the fluid viscosity for a given period in high-temperature reservoirs (>176°C). 
Synthetic polymers (such as acrylamide-based polymers) are frequently employed 
and have been reported to be used at high concentrations. The high-concentration 
constraints are necessitated by the need to design a stable viscosity that can with-
stand high-temperature conditions. Moreover, high polymer loading raises the 
potential of formation damage caused by the fluid residue. These challenges, which 
can be addressed by nanotechnology, have a major impact on hydraulic fracturing 
applications. Nanoparticles have addressed certain technological limitations of frac-
turing fluids. Low-cost tunable nanoparticles such as nanosilica, carbon nanotubes, 
nano-sensor, nano-proppants, and polyelectrolyte complex nanoparticles have been 
used as additives for fracking fluids [16]. For instance, the operating temperature 
threshold of VES-based fluids was enhanced by adding zinc oxide (ZnO) and mag-
nesium oxide (MgO) nanoparticles from 93 to 121°C [73]. The borate-crosslinked 
gels were found to maintain their viscosity at higher pressures up to 20,000  psi 
when boronic acid-functionalized nanolatex silica particles were used as cross-
linkers. Moreover, under these high pressures, conventional borate crosslinkers 
indicated more than 80% reduction in viscosity. Furthermore, the rheological prop-
erties of VES combined with polymer fluids were improved by using nanoparticles. 
Nanoparticles have also been used in the well stimulation of carbonate reservoirs. 
Nickel nanoparticles were investigated for their ability to generate carbonic acid in 
situ to improve the performance of hydrochloric acid (HCl)-based acidizing fluids. 
The nanoparticles were first dispersed in water and then dispersed to formulate the 
solution. After that, HCl was injected into the carbonate reservoir, generating CO2 
as a result of the HCl reacting with the carbonate reservoir. The generated gas 
reacted with nickel nanoparticles forming carbonic acid, which enhanced the dis-
solution of carbonate rocks [74, 75]. For deep sensing of petroleum reservoirs, sil-
ver nanowires and tin and bismuth nanoparticles were applied at reservoir 
temperature and pressure data; this probably is the first phase towards deeper reser-
voir sensing in the oil field [76]. According to Reza [77], silica and polyelectrolyte 
complex (PEC) nanoparticles can prevent fluid loss during hydraulic fracturing in 
low-permeability cores in the range of 10−5–10−4  mD, 0.01–0.1  mD, and 
1–40 mD. The authors found out that these nanoparticles, when mixed with 2% 
KCl, can significantly reduce the fluid loss volume for the cores with lower 
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permeabilities below 0.1 mD. It was later evidenced that PEC nanoparticles could 
reduce the fluid loss to zero when utilized with 2% KCl on tight cores, whereas 
silica nanoparticles revealed slight fluid loss volumes. Generally, both nanoparticle 
solutions indicated a significant fluid loss control capacity when low permeability 
and tight cores were used. Furthermore, fluid loss control capability coupled with 
nanoparticles of specific characteristics of the nanoparticles improved the fracture 
conductivity by reducing the fluid loss volume caused through formation of thinner 
filter cakes on the rock surface. This is ascribed to the formation of 3-D network 
super-micellar structures which supported the development of a low-permeability 
continuous and integrated reinforced filter cake that obstructed fluid flow [78]. This 
resulted in the formation of clear fractures with higher fracture conductivity that 
could produce higher hydrocarbon volumes (Table 10.3).

10.7  Field Applications of Nanoparticles in Drilling, 
Cementing, and Hydraulic Fracking

Based on the reviewed studies, no major field trials have been reported for nanopar-
ticle application for drilling, cementing, or hydraulic fracturing. Most of the reported 
studies show nanoparticle applications in these operations at laboratory and devel-
opment scales. However, some commercial products available from nanomaterials 
for hydraulic fracturing application were discussed elsewhere [83], as shown in 
Table 10.4.

10.8  Conclusion

This book chapter focused on highlighting the application of nanoparticles in the 
areas such as drilling fluids, cementing, hydraulic fracturing, and/or well stimula-
tion. Based on the published literature, nanoparticles are showing promising results 
based on their performance and efficiency. The obtained findings can be ascribed to 

Table 10.3 Some of the selected nanoparticles used to improve  the rheological properties of 
hydraulic fracturing fluids

References Nanoparticle type Improved characteristics

[79] Silicon dioxide Reduced permeability damage
Reduced adsorption capacity

[80] Silicon dioxide-hydrophobic 
NPs (0.5–1.5 wt%)

Improved the permeability of the fractures
Formation of microencapsulated acid

[81] Magnesium oxide
Zinc oxide

Improved the rheological properties of fracturing 
fluid

[82] Silicon dioxide Improved the performance of CO2 foam as 
hydrofracking fluid at 121°C
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the idiosyncratic properties of nanoparticles. Despite their higher potential, nanopar-
ticles still have challenges such as scale-up for field application due to their eco-
nomics feasibility and the HSE aspects. This chapter further confirms a number of 
points. Silica-based nanoparticles continue to be the most investigated nanoparticles 
used in the improvement of different applications in the oil and gas industry, specifi-
cally for the reviewed segments. Generally, most of the  nanoparticles that have 
been used previously depending on their concentrations, sizes and types, for the 

Table 10.4 Commercial products designed from nanomaterials and the reported field applications

Materials
Type of 
applications Commercialization Field Applications Reference

OIL perm TM 
FMMs

Fluid 
mobility 
modifier 
(FMMs)

Halliburton 
incorporated

Wood ford 
shale play in 
Oklahoma

Oil production 
increased after 
30 days for 
treatment

[83]

Controlled 
electrolytic 
metallics 
(CEM) 
material(IN- 
Tallic 
disintegrating 
frac balls)

Downhole 
completion 
tools

Baker Hughes 
Incorporated

USA tight 
formations 
(Bakken, 
Niobrara, 
Marcellus, 
Utica, 
Haynesville, 
Granite Wash, 
Woodford, 
Wolfberry, 
Bone Springs, 
and Eagle 
Ford)

Ball-activated 
sleeve system 
for multi-stage 
fracturing of 
shale gas 
reservoirs.

[83]

ConFINE 
fixing agent

Formation 
fines control 
additives 
and clay 
stabilizers

Baker Hughes 
Incorporated

The deep- 
water Gulf of 
Mexico

For controlling 
sand and fine 
migration

[83]

Nano- 
proppants 
FracBlack 
HT™

Nano- 
proppants

Sun Drilling 
Technologies

China, South 
America, and 
Europe

Applied in 
traditional and 
coal bed 
methane 
projects (China) 
Applied as 
gravel pack 
material (South 
America) 
Applied for 
recovery of 
hydrocarbons in 
both shale and 
coal bed 
methane 
projects 
(Europe)

[83]
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various applications, have improved the rheological, filtration and mechanical, ther-
mal stability properties for drilling, cement, and hydraulic  fracturing  fluids. 
Specifically, for cementing, the setting time and the mechanical properties were 
significantly improved using different nanoparticles. Improving the fluid properties 
may depend on the size, nanoparticle type, shape, nanoparticle concentration, and 
the operating pressure and temperature of the reservoir. For hydraulic fracturing/
well stimulation, given their small particle size and surface area-to-volume ratio, 
higher hardness and elasticity, and high closure stress resistance, nanoparticles such 
as fly ash, nanosilica, and carbon nanotubes have been successfully used as effective 
nano-proppants and have been used to enhance the fracture conductivity and oil 
recovery. Lastly, it is paramount to investigate the impact of various factors such as 
nanoparticle type, nanoparticle surface wettability, size reservoir pH properties, 
salinity on stability, and agglomeration at downhole conditions for better optimiza-
tion and improved effectiveness.
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Chapter 11
Double Purpose Drilling Fluid Based 
on Nanotechnology: Drilling-Induced 
Formation Damage Reduction 
and Improvement in Mud Filtrate Quality

Johanna V. Clavijo, Leidy J. Roldán, Diego A. Castellanos, German A. Cotes, 
Ángela M. Forero, Camilo A. Franco, Juan D. Guzmán, Sergio H. Lopera, 
and Farid B. Cortés

11.1  Introduction

The production in the Ocelote field is mainly in C7 sand, which corresponds to sand 
from the Carbonera formation. The well logs recorded during the life cycle of this 
field show drilling-induced formation damage associated with the drilling process 
where water-based drilling fluids have been used. Therefore, the production from 
the new wells was low based on the values estimated from the petrophysical proper-
ties. Although this problem has been alleviated by modifying the type and design of 
the bridging material used in the conventional fluids, there is scope to further reduce 
the damage and achieve an early stimulation of the formation from other types of 
mechanisms. Moreover, during the production life of the wells, the productivity 
decreases because of fines migration (presence of migratory clays) and wettability 
changes due to organic deposits (crude oil with colloidal instability).
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Mud filtrate and solid particle invasion near the wellbore during the drilling pro-
cess and the consequent formation damage induced are the main problems in the oil 
and gas industry [1–3]. The different damage mechanisms due to the mud filtrate are 
associated with polymer adsorption onto the rock and plugging [1], ionic incompat-
ibility between the filtrate and the formation water [4], aqueous filtrate trapping [5], 
wettability [6, 7], and pore-blocking effects [8] resulting from changes in the satura-
tion of water [9, 10]. The solid and fine particles inherent to the formation block the 
pore throats and reduce the effective flow space [11, 12]. Furthermore, an accurate 
interpretation of the well logs depends strongly on the depth of the mud filtrate and 
fine mobilization extent.

It is difficult to reduce the near-wellbore invasion of the mud filtrate and mitigate 
the fines migration given the design of the drilling fluids in terms of the selection of 
suitably sized bridging material [13–16] and filtration control additives [17] for an 
appropriate filter cake development [18]. Moreover, the properties of the reservoir 
and formation fluids, particularly the viscosity, interfacial tension (IFT), and wet-
tability, vary because of the interactions between the reservoir fluid, mud filtrate, 
and fine particles [10]. Therefore, in the drilling fluid design, reducing the drilling- 
induced formation damage due to the invasion of the mud filtrate and controlling the 
fines migration are essential. The solution designed in this study aims to mitigate the 
formation damage while drilling a well in a field located in the Llanos Basin of 
Colombia (Ocelote field).

Recently, nanoparticles (NPs) have been employed in NP-based drilling fluids, 
where the NPs influence the viscosity, filtration control, and thermal and electrical 
conductivities, among the other properties of the drilling fluid simultaneously [19]. 
For instance, authors have evaluated the chemical characteristics of NPs [20–23], 
intercalated clay hybrid [24, 25], and nano-polymer material [26–28] to improve the 
rheological behavior and filtration properties of the drilling fluids. Others have stud-
ied carbon nanotubes, SiO2, ZnO, and CuO NPs to enhance the thermal and electri-
cal conductivities [19, 29–31]. Some studies have demonstrated that NPs could 
improve shale inhibition and wellbore stability [32–34]. However, these studies did 
not consider the inhibition of the formation damage due to the drilling fluids. 
Moreover, these NP-based drilling fluids neglect the effects of the mud filtrate and 
fine invasion into the porous media. Most studies focused on bentonite-based drill-
ing fluids, which are associated with a high formation damage degree [35, 36].

More recently, our research group examined the effects of the nanoparticle size 
and surface acidity on the formation damage due to bentonite-free water-based drill-
ing fluids. Additionally, the authors found that the invaded mud filtrate remained in 
contact with the heavy oil during the displacement and reduced the viscosity [37]. 
Therefore, nanofluids should be designed such that they not only reduce the forma-
tion damage but also ensure that the mud filtrate invaded allows inhibiting the dam-
age mechanism such as in terms of the fine migration, wettability alteration, and 
viscosity reduction, while additionally acting as a drilling fluid for stimulation treat-
ment. The NPs could favor the stimulation of the reservoir and reduce the use of 
additional chemical stimulation treatments for improving the oil and gas production 
in the early stages. Recently, Al-Yasiri et  al. [19] developed a multifunctional 
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drilling fluid by incorporating NPs. This nanofluid improved the rheology, filtration, 
and thermal properties of the drilling fluid, overcoming many of the difficulties 
encountered in drilling operations [19]. To the best of our knowledge, there is no 
report that addresses both the reduction in drilling-induced formation damage and 
enhancement in the mud filtrate quality that could improve the oil mobility and help 
control fines migration with the use of a mud filtrate invaded with NPs.

Therefore, in this study, we designed a double purpose nanofluid to reduce the 
drilling-induced formation damage while the mud filtrate invaded allows for improv-
ing the oil mobility and controlling the migration fines through core flooding tests 
under reservoir conditions. Our double purpose drilling fluid is a new concept for 
NP-based drilling fluids to reduce the drilling-induced formation damage while 
improving the quality of the mud filtrate invaded, allowing for the interaction 
between the rock and the formation fluids. Improvement in oil mobility and better 
fines migration control can be expected. This paper is organized into five main sec-
tions: (i) NP characterization, (ii) evaluation of rheological and filtration properties, 
(iii) evaluation of the mud filtrate quality, (iv) core flooding experiments, and (v) 
field application. Our experimental study on the drilling fluids could help enhance 
the drilling fluid properties, reduce the drilling-induced formation damage, and 
employ the mud filtrate as an early stimulation treatment to improve the oil mobility 
by reducing the wettability change and IFT. Field applications were carried out on 
the drilling of two horizontal wells, in which a high mud filtration invasion has been 
historically reported. The results are validated by comparing the behavior of the 
pilot with a base drilling fluid well whose drilling is carried out using the same drill-
ing fluid but without the nanomaterials. The wells are evaluated in terms of the 
invasion diameter, well stabilization time, productivity index, and solid production, 
in order to verify the effectiveness of the NPs in the drilling fluid.

11.2  Materials and Methods

11.2.1  Nanoparticle Characterization

Fumed silica NPs (Si, 99%, Sigma Aldrich, United States) and β-alumina NPs (Al, 
Petroraza, Colombia) were used. The NPs were characterized using the hydrody-
namic diameter (dh = 9.7 ± 4 nm Si and 61.4 ± 6 nm Al) and zeta potential at pH of 
work (ζ-potential @ pH 10 = −31.54 ± 3 mV Si and − 56.66 ± 2 mV Al) based on 
the dynamic light scattering technique (DLS) using a Nanoplus-3 from Micrometrics 
(Norcross, GA, United States). The surface area (SBET = 380 m2/g Si and 247 m2/g 
Al) was determined through N2 physisorption using the Brunauer–Emmett–Teller 
method (BET) with a Gemini VII 2390 Surface Area Analyzer (Autosorb-1 from, 
Quantachrome, United State). Finally, the Fourier transform infrared spectroscopy 
(FTIR) using an IRAffininty-1 s (Shimadzu, Kyoto, Japan) was applied to deter-
mine the functional groups on the NP surface.
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11.2.2  Drilling Fluid Preparation and Characterization

The drilling fluid was prepared to blend each component in a mixer (Hamilton 
Beach, United State) as follows: 300 mL of water, pH was adjusted with caustic 
soda to reach a value of 10 (NaOH >98%, Sigma Aldrich, United State), 1 g of xan-
than gum (Sigma Aldrich, United State), 5 g of starch (Sigma Aldrich, United State), 
22 g of diesel, 3.4 g of 600 mesh calcium carbonate (CaCO3, Procomin, Colombia), 
15.0 g of 325 mesh CaCO3, and 4.1 g of 200 mesh CaCO3. The Al and Si NPs were 
added after xanthan gum with a concentration varying from 0 to 0.3 wt.%.

11.2.3  Methods

11.2.3.1  Aging Process

Each of the prepared drilling fluid samples was aged in a hot roller oven (Fann, 
United States) in a hermetic cylinder at 76 °C for 16 h by adhering to the American 
Petroleum Institute (API) recommended test procedures [38]. The objective was to 
evaluate the rheology and filtration control in the worst scenario of the drilling fluid, 
that is, after thermal and dynamic degradation during the drilling operation under 
the bottom hole conditions.

11.2.3.2  Rheological and Filtration Test

A rotational viscometer (Ofite, United States) was used to determine the rheological 
properties of the drilling fluid. The plastic viscosity (PV) was obtained by subtract-
ing the Fann values at θ600 and θ300. Yield point (YP) was obtained by subtracting at 
the PV value the Fann lecture at θ300. Gel strength was measured at 10 s and 10 min 
(Gel 10s/10 m) reading the maximum dial at θ3 after at the respective time of not 
circulation. Finally, the HPHT filtration test (Fann, United States) was conducted to 
quantify the filtration volume under the static condition with a differential pressure 
of 500  psi and a temperature of 76  °C, respectively. Additionally, the mudcake 
thickness was measured using a digital caliper (700–113 MyCal Lite, Mitutoyo 
America Corp, United State) with several repetitions. These procedures adhered to 
the standard protocols of the API [38].

Based on the results of the rheological and filtration experiments, the optimal 
concentration of the NPs was selected to evaluate the performance of the mud fil-
trate obtained in their respective filtration test for improving the oil mobility and 
fines migration control.
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11.2.3.3  Contact Angle, Spontaneous Imbibition Test, and Interfacial 
Tension Measurements

The oil-wet rock samples, representative of the formation mineralogy, were 
immersed into the mud filtrates with and without the NPs for 24 h at 25 °C. The rock 
samples were oil-wet induced by asphaltene precipitation from an intermediate 
heavy crude (23° API and asphaltene content of 10.54% by weight) produced from 
the Ocelote field. Subsequently, the contact angle was measured through the sessile 
drop method using an Attention Theta optical tensiometer (Biolin Scientific, 
Finland). Moreover, we conducted a spontaneous test on the imbibition of water 
into the oil-wet rock impregnated previously with the mud filtrate, before drying at 
70 °C overnight, at room temperature to monitor the weight changes in the system 
after being submerged. The imbibed water mass was recorded for 3.5 h [39, 40]. 
The wettability changes were analyzed on the basis of the liquid/air/rock contact 
angles formed in the surface samples treated with the filtrate mud with and without 
the NPs and in the differences between the imbibed mass. Finally, the IFT between 
the crude oil/water formation and the crude oil/mud filtrate with and without the 
NPs was evaluated at 25 °C using a force tensiometer - K11 (Krüss, Germany). The 
same crude oil used for the oil-wet induction was employed for the IFT measure-
ments and the displacement test.

11.2.3.4  Fines Retention Experimental Test

Fines retention experimental tests were performed in synthetic porous media previ-
ously impregnated with the mud filtrate with and without the NPs under atmospheric 
conditions. The porous media were prepared with 70 g of Ottawa sand (Minercol 
S.A, Colombia) (12–20 and 25–40 mesh) in a fraction mass of 50% ratio of each 
mesh. The solution of the fines was composed of a mass fraction of 0.2% kaolinite, 
because it is considered the most problematic clay and the main reason for the plug-
ging of porous spaces due to its migration [41–43], as seen in the Ocelote field. 
Hence, fines suspension was injected from the top and flowed through the sand 
packed through gravity forces. The effluent was collected and passed through the 
filter paper to measure the quantity or concentration of the fines retained. Before the 
test, the sand bed was soaked for 24 h with the mud filtrate with the NPs to impreg-
nate the porous media. The filter paper was weighted each time the fines suspension 
passed through the porous media, thus determining the fines retained using an ana-
lytical balance (A & D company, United States) and obtaining the concentration of 
the resultant fines. The test was completed once the initial concentration was equal 
to the effluent concentration [42, 44].
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11.2.3.5  Displacement Test

Sandstone core samples from the Carbonera C7 formation of the Ocelote field were 
used to compare the formation damage by the solid particle and mud filtrate inva-
sion from the drilling fluids with and without the NPs and to evaluate the migratory 
clay control through the invaded mud filtrate. The mineralogical composition of the 
rock samples consists of quartz (86%), feldspar (2%), illite/smectic (1%), illite/
mica (1%), kaolinite (9%), and chlorite (1%). The core flooding experiments were 
carried out under reservoir and dynamic conditions such as a reservoir pressure of 
1627 psi, a confining pressure of 2293 psi, an injection rate of 0.3 mL/min, and a 
temperature of 76 °C. Table 11.1 lists the basic properties of the core samples from 
the Ocelote field.

The drilling-induced formation damage due to the drilling fluid was evaluated by 
comparing the permeability values before and after the injection of the drilling fluid 
with respect to the protocol by Van der Zwaag [45]. The NP performance was exam-
ined considering three scenarios: (1) baseline, (2) drilling fluid injection without 
NPs, and (3) drilling fluid with NPs, in other words the double purpose drilling 
fluid. First, a synthetic brine was injected, and the absolute permeability was mea-
sured (Kabs). Subsequently, the Ko and relative permeability curves (Kr) were 
obtained through the injection of the crude oil and synthetic brine, respectively. The 
crude oil was injected to reach the residual water saturation state. Thereafter, the 
drilling fluid was circulated in the transverse direction to the production core face 
with an overbalance pressure of 500 psi, simulating the drilling operative times and 
appropriate rates of the field. Additionally, while drilling with fluid circulation, the 
dynamic filtration was measured. Later, the oil effective permeability (Ko) was eval-
uated by injecting the crude oil. The Kro, Krw, and oil recovery factors after the 
drilling mud circulation were measured during the injection of the synthetic brine 
until the residual oil saturation (Sor). Finally, the crude oil was injected, and the 
return permeability was measured.

To evaluate the fines migration control by the mud filtrate invaded into the core, 
the drilling fluid with and without the NPs was once again circulated over the core 
face. The experimental protocol to determine the critical injection rate was based on 
a study conducted by Cespedes et al. [42]. Crude oil was injected at injection rates 
of 0.1, 0.3, 0.5, 1.0, 2.0, 3.0, 5.0, and 7.0 mL/min to obtain the injection rate in 
which Ko is reduced by 10% compared with the previous Ko value.

Table 11.1 Permeability and porosity core samples of the core samples from Carbonera C7 
formation of Ocelote field

Core number Permeability (mD) Pore volume (mL) Porosity (%)

1 453 9.7 20.2
2 445 11.1 22.0
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11.3  Results

11.3.1  Nanoparticle Characterization

Figure 11.1 shows the transmission electron microscopy (TEM) images. The NPs 
presented an irregular form, and it was possible to corroborate the nanometric size 
obtained by the DLS.  Figure  11.2 presents the FTIR spectrum and vibrational 
absorption bands for the Al and Si NPs. The representative bands of the vibration of 
the silica (Si–OH, Si–O–Si), alumina (Al–OH, Al–O–Al), and hydroxyl (–OH) 
groups can be observed. The wide peak in the range of 3000–3550 cm−1 is associ-
ated with Al–OH and Si–OH bonds and adsorbed water molecules on the surface in 
the case of both the NPs [46]. The peak at approximately 808 cm−1 can be attributed 
to siloxane (Si–O–Si) symmetric vibrations. The peak in the range of 980–1220 cm−1 
corresponds to Al–O–Al and Si–O–Si linkages. Additionally, the band Si–O–Si 
groups are responsible for the peak in the range of 1970–1840 cm−1 [47]. The FTIR 
of the NPs is similar, except for the dissimilarities in the intensity of the peaks for 
the −OH groups. The surface area of the Si NPs is larger than that of the Al NPs, so 

Fig. 11.1 Transmission 
electron microscopy 
images (TEM) of (a) Al 
and (b) Si NPs at a 
magnification of 200 nm
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the presence of −OH groups could be more representative; even water is adsorbed 
onto the surface in the case of the Si NPs.

11.3.2  Rheological and Filtration Behaviors

Figure 11.3a–c show the NP concentration effect on the PV, YP, and gel strength at 
70 °C, respectively, of the drilling fluid samples after the hot rolling process, repre-
senting the critical scenario of the drilling fluids during the operation due to the 
thermal degradation. As expected, the PV increases with the increase in the NP 
concentration in the system. However, for Al NP concentrations in the range of 
0.03–0.05 wt.%, the PV did not increase. In fact, at a concentration of 0.1 wt.% and 
higher, the PV increased. The Si NPs presented a higher PV increment than Al NPs. 
This increment in the PV values is a result of the adsorption of the hydrophilic 
group of the NPs with the polymer through hydrogen bonding with the –OH groups 
on the NP surface [48, 49]. However, the Si NPs had a stronger interaction with the 
polymer. The Al NPs had a lower adsorption capacity than silica [50]. The high PV 
can be attributed to the viscous base fluid; it means that there is an alteration of the 
cross-linking effect [51]. The addition of solid particles and the increment in the 
viscosity did not represent changes in the density of the drilling fluids, conserving 
the value of 8.9 lb/gal in all the samples. The addition of solid particles did not 
change the hydrostatic pressure of the fluid, thus ensuring a safe drilling operation. 
The YP presents a similar behavior as the PV values. The YP values increase with 
the increase in the NP concentration. However, the effect was stronger in the case of 
YP than in the case of PV after the addition of the NPs. The average increments for 
the PV were 5% and 13% for the Al and Si NPs, respectively, whereas for the YP, 
the increments were 16% and 20%. The YP is considered the flow resistance as a 

Fig. 11.2 FTIR spectra of Al and Si nanoparticles
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Fig. 11.3 Rheological 
properties of the drilling 
fluid samples as a function 
of the NP concentration: 
(a) plastic viscosity (PV), 
(b) yield point (YP), and 
(c) gel strength at 10 s and 
10 min after the hot rolling 
process
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consequence of the electrochemical forces inside the fluid under dynamic condi-
tions [22]. These electrochemical forces were improved because of the electrical 
charges of the nanoparticles under a pH of 10 (pH of work), and deprotonation of 
H+ of the Si–OH and Al–OH occurs, resulting in a negative charge in the ζ-potential 
values, −31.54 and −56.66 mV, for the Si and Al NPs, respectively. The ζ-potential 
value is related to the colloidal stability due to the repulsion forces between the 
particles; for ζ-potential lower than −30 mV, a higher stability is obtained because 
the repulsion forces acts between the particles [24, 37, 52]. With regard to the sam-
ples presented herein, the Si NPs presented a lower ζ-potential than the Al nanopar-
ticles, so the repulsion forces weakly favored the aggregation, allowing a higher 
resistance to flow and generating high PV values.

Otherwise, the gel strength, for the concentration range of 0.03–0.05 wt.%, pre-
sented a slight increase. However, at higher concentrations, the properties improve 
by approximately 60% and 80% with respect to the drilling fluid sample without 
NPs. Additionally, the gel structure of Al NPs was better than that of the Si NPs for 
concentrations greater than 0.1 wt.%. The gel strength is one of the major rheologi-
cal properties indicating the capacity to build a gel structure during static conditions 
allowing the solid particles and cuttings suspension [22, 53]. This means that Al 
NPs present better electrostatic forces under static conditions, whereas the Si NPs 
exhibit the highest performance while the drilling fluid is in circulation. This could 
be because during the circulation of the drilling fluid, there are more interactions 
between the polymer chains and the Si NPs than in the case of the Al NPs. The 
ζ-potential value is quite high for the Al NPs, so in theory, the repulsion forces gov-
ern the system; however, under static conditions, the aggregation is predominant. 
This suggests that the conditions of the dynamic circulation of the fluids favor the 
Si NP–drilling fluid interactions, whereas the static conditions favor the Al NP–
drilling fluid interaction. The NPs could improve the rheological parameter of the 
drilling fluids through different mechanisms that depend on the continuous phase, 
water, of the mud system, and characteristics of the NPs, as shown in previous stud-
ies [23–25, 27, 54–56]. The Si NPs could improve the viscosity and YP of the drill-
ing fluids and consequently the transport of the solids and cutting to the surface 
during the drilling operation, whereas the Al NPs are better for the suspension or 
solids under static conditions. The NPs dispersed in the drilling fluid have a possi-
bility of increasing the friction between the layers, which increases the viscosity 
[48, 49, 54]. The NPs and polymer may be linked through certain chemical link-
ages, thereby increasing the PV, YP, and gel strength. These results are in good 
agreement with the previous findings obtained by our group.

Figure 11.4a, b show the effects of NP concentration on the filtration volume and 
mudcake thickness at 500 psi and 70 °C of the drilling fluid samples after the hot 
rolling process. The filtration volume and mudcake thickness decrease until a con-
centration of 0.05 wt.% and then start to increase with an increase in the NP concen-
tration. The Si and Al NPs presented a higher reduction of 17% in the filtration 
volume at an optimum concentration of 0.05 wt.%. The Si NPs reduced the mud-
cake thickness by 18% compared with the base mud, whereas the Al NPs did not 
present any significant changes. However, above an NP concentration of 0.1 wt.%, 

J. V. Clavijo et al.

https://www.powerthesaurus.org/major/synonyms


391

a heavy filter cake thickness with a low quality was obtained, resulting in a high 
filtration volume. This behavior could be explained by the aggregation between the 
particles due to the reduction in the distance between them with the increase in the 
concentration. This was evident in the fact that the increments in the PV, YP, and gel 
strength were less at low concentrations; however, above 0.1 wt.%, the resistance to 
flow increases due to the aggregation. This suggests that the van der Waals and 
electrostatic attraction forces are predominant at high NP concentration [57]. When 
the Al and Si NPs are in the region of stability, that is, at ζ-potentials lower than 
−30 mV, we can expect a higher stability state to occupy the space between the 
bridging materials, and they can even act as dispersing agents [37, 58]. Some authors 
have reported that NPs could enhance the rheological and filtration parameters of 
the drilling fluids [23, 24, 26, 29, 54, 55, 59–62]. The NPs could interact with the 
polymer additives and strength of the viscoelastic structure [21, 23, 24, 61], while 
they act in the mudcake occupying the space and reducing the permeability and 

Fig. 11.4 Volume filtration 
(Vf) and mudcake 
thickness (hmc) as a 
function of the NP 
concentration after the hot 
rolling process
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porosity [24, 37, 55, 63]. Thus, the effluents from the HPHT filtration test with a 
concentration of 0.05 wt.%, which presented the highest filtration reduction, were 
selected to evaluate the possible wettability alteration, reduction in IFT, and migra-
tion fines control capacity.

11.3.3  Effluent Evaluations

Generally, the mud filtrate invaded is considered a contamination of the rock, alter-
ing the oil saturation, wettability, capillary pressure, among other properties near 
the wellbore [12, 18]. However, this could change with mud filtrate reduction and 
enhancement in the quality. This means while drilling, the mud filtrate invaded with 
the NPs could improve oil mobility and migration fines control because of NP reten-
tion in the porous media. Therefore, in this section, the effluents obtained in the 
HPHT test with an optimal NP concentration of 0.05 wt.% were selected as they 
showed the highest filtration reduction and improvement in the mudcake thickness 
to soak the sandstone core and Ottawa sands. The processes of mud filtrate invasion 
through the rock and wettability alteration were emulated. The results showed 
reduction in the IFT, improved oil mobility, and migration fines control. Figure 11.5 
shows the drops of water (Fig. 11.5a–c) and oil (Fig. 11.5d–f) placed onto the rock 
surface, before and after mud filtrate soaking. As shown, the rock sample treated 
with the mud filtrate in the absence of NPs showed an average contact angle of 
66.6°. This condition indicates a low oil-wet condition [64, 65]. The same behavior 
was observed for the rock treatment with the mud filtrate with Si NPs, 69.0°. 
However, the rock soaked with a mud filtrate with Al NPs presented a reduction of 
37% compared with the base scenario (mud filtrate without the NPs), reaching an 
average contact angle of 41.4°. The presence of Al NPs favored the water- wettability, 
whereas the rock samples treated with the mud filtrate with the Si NPs did not 

a) c)

d) e) f)

b) 

Fig. 11.5 Contact angles for the water/air/rock system treated with the mud filtrate: (a) without 
NPs, (b) with 0.05 wt.% Si, and (c) with 0.05 wt.% Al. Contact angles for the oil/air/rock system 
treated with the mud filtrate: (d) without NPs, (e) with 0.05 wt.% Si, and (f) with 0.05 wt.% Al
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change the oil wettability to water. For the oil droplets, the contact angles after the 
mud filtrate treatment with and without the NPs did not change. Thus, the mud fil-
trate alters the wettability of the water but not of the oil. Subsequently, spontaneous 
imbibition tests were performed with the rock samples treated with the mud filtrate 
with and without the NPs. The difference between the former test is the available 
surface area in contact with the liquid. In the following test, the water could enter 
the rock and interact with the porous interconnected. Figure  11.6 compares the 
spontaneous imbibition of the rock samples treated with the mud filtrate in the 
absence of NPs, with 0.05 wt.% of Si and Al NPs, respectively. A fast-spontaneous 
imbibition was observed for the rock with the mud filtrate with Al NPs, consistent 
with the water-wet condition obtained in the contact angle test. This could be due to 
the capillary pressure, which is the main factor driving the spontaneous imbibition 
and is greater as the system is more water-wet, whereas the rock samples treated 
with the mud filtrate without the NPs presented the slowest imbibition process. 
These results are in good agreement with those obtained from the contact angle test. 
The mud filtrate that invaded the formation can improve the wettability of the rock. 
The NPs that have an affinity for the oil phase could be more easily adsorbed onto 
the surface and can extend, making a thin film between the water drop and the solid 
surface, as reported in literature [40, 66–68]. This means that the NPs decorate the 
surfaces with induced oil wettability change into water preferences [40, 69]. 
Regarding the IFT, the Al nanoparticles in the mud filtrate generated a reduction in 
the IFT measurement from 31.4 ± 0.5 mN/m to 24.1 ± 0.3 mN/m, which represents 
a reduction of 24% compared with the crude oil/formation brine, whereas the mud 
filtrate without the NPs did not represent a significative change, with IFT values of 
31.9 ± 0.2 mN/m and 40 ± 0.5 mN/m, respectively. The NPs created a layer at the 
crude oil and brine interface, thus reducing the friction between them, improving 
the mobilization of the oil, and decreasing the work required to move the oil drop-
lets [70]. The trapped oil can be recovered if the ratio between the viscous and capil-
lary forces, expressed in literature as the capillary number Nc = μV/σcos(θ) [71], can 

Fig. 11.6 Spontaneous 
imbibition curves for 
sandstone cores soaked 
with a mud filtrate in the 
absence and presence of Al 
and Si NPs with a 
concentration of 0.05 wt.%
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be increased when the system exhibits the least flow restriction due to the reduced 
interfacial and wettability. Wettability alteration and IFT reduction are two impor-
tant mechanisms for enhanced oil recovery, playing a dominant role in the possible 
oil mobility mechanisms. The mud filtrate not only works as a conventional stimula-
tion treatment but also helps change the wettability and reduce the IFT.

Figure 11.7 shows the breakthrough curves for the sand samples treated with the 
mud filtrate with and without the Al and Si NPs at 0.05 wt.%. For the mud filtrate of 
the base drilling fluid, the breakthrough curve shows an inherent retentive capacity 
to sand, which is considerably lower than that when it is impregnated with the NPs, 
as these provide a greater fixate capacity of the fines on the sand. Therefore, the 
sand sample impregnated with the mud filtrate with the Si NPs presented a greater 
fines retention. This could be attributed to the better affinity of the Si NPs to clay 
fines in attaching to the sand grains. The attractive bonds between these particles 
and the rock matrix are strengthened by the presence of the NPs that had been previ-
ously adsorbed onto the surface. In other words, the presence of certain NPs inhibits 
the fines migration by fixing them to the formation [43, 72]. These results are con-
sistent with the report by Mora et al. [44].

Based on the obtained results, the drilling fluid with Al and Si NPs reported a 
filtration volume reduction and improvement in rheological properties. Additionally, 
the mud filtrate that invaded the formation could improve the water-wettability ten-
dency and reduce the IFT, for the case of the mud filtrate with Al NPs, and achieve 
a greater retention of the fine particles that could be released from the porous media 
or invaded from the drilling fluid, in the case of the mud filtrate with the Si NPs. The 
IFT and wettability influence the capillary pressure [73]. In this sense, the reduction 
in the IFT and water-wet tendency enhances the mobilization of the oil and improves 
the oil recovery by decreasing the work required to move the oil droplets through 

Fig. 11.7 Breakthrough 
curves for the sand samples 
treated with the mud 
filtrate in the absence and 
presence of 0.05 wt.% Al 
and Si NPs
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the pore throat [70]. Therefore, the mud filtrate invaded will not represent other 
mechanisms of formation damage during drilling operation; otherwise, this mud 
filtrate could improve the properties of the rock and the formation fluids such as the 
conventional stimulation treatment. Finally, a dual purpose drilling fluid based on 
nanotechnology could be obtained through the enhancement of the drilling fluid 
properties and improvement of the rock properties through the enhancement of the 
mud filtrate quality. To corroborate the effect of these NPs under the reservoir and 
dynamic conditions through displacement tests, the Al NPs at 0.05  wt.% was 
selected owing to the filtration volume reduction, wettability alteration, IFT reduc-
tion, and fine migration control, although to a lower extent, given that the Si NPs 
only presented fines migration control effect and not wettability or IFT improvement.

11.3.4  Displacement Test

The best NP and its concentration obtained in the static test, Al 0.05 wt.%, were 
evaluated by conducting a dynamic filtration test through core flooding under reser-
voir and dynamic conditions. Table 11.2 lists the oil effective permeability for the 
three scenarios reported. The reduction in the oil effective permeability owing to the 
double purpose drilling fluid was lower than the mud unless the NPs. Finally, the 
return permeability of the drilling fluid without the NPs presented a good return, 
reaching its initial oil effective permeability. However, the drilling fluid with the 
NPs allowed not only the return of the permeability but also a stimulation of the 
permeability by 12% compared with the initial permeability value. The difference 
in the oil effective permeability reductions after injecting the drilling fluid with and 
without the NPs can be explained by the aggregation effect of the particles achieved 
in the presence of NPs, allowing a lower invasion of the fines particles and mud 
filtrate due to a less impermeable mudcake and therefore less formation damage, 
which can be corroborated by the reduction in the filtration volume shown in 
Fig 11.8.

The dynamic filtration behavior was reduced by 52% after the addition of the Al 
NPs to the double purpose drilling fluid, as shown in Fig. 11.8. During the first 
minutes, the highest filtration volume was obtained. In this scenario, the internal 
mudcake is in motion. However, for the drilling fluid with the NPs, the change in the 

Table 11.2 Comparison of oil effective permeability reduction due to the drilling fluids with and 
without 0.05 wt.% Al NPs

Mud type Drilling fluid Drilling fluid +0.05 wt.% Al NPs

Initial permeability (mD) 393 393
Damage permeability (mD) 202 282
Permeability reduction (%) 48.6 28.2
Return permeability (mD) 390 442
Permeability reduction (%) 0.7 12.5
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slope is faster, indicating the development of the mudcake with low permeability 
and porosity. For the drilling fluid without the NPs, it required more time to reach a 
low-permeability mudcake to allow for the reduction in the mud filtrate invasion and 
buildup of the external mudcake. At this time, a high filtration volume was reached. 
In the second stage, the external mudcake was evaluated, where a seal was devel-
oped on the wall of the wellbore. Regarding the drilling fluid with the NPs, the fil-
tration volume tends to stop, whereas for the drilling fluid without the NPs, the 
external mudcake is not yet consistent, so the filtration volume increases over time. 
The NPs plug the pores and prevent the solid particles and mud filtrate invasion. 
Based on the studies carried out by our research group, the NPs improve the filter 
cake properties and solid packing, thus reducing the filtration volume and the growth 
time for a stable and low-permeability filter cake formation [37, 55, 58].

Figure 11.9 shows the relative permeability curves for the baseline, drilling fluid 
with and without Al NPs. Once again, the cores used in the study presented the same 
petrophysical properties that ensure the reproductivity of the study, meaning that it 
could represent the C7 formation. The Kro value at residual water saturation, end-
point, for the scenario without the NPs presented the highest reduction as a result of 
the highest solid particles and mud filtrate induced while circulating the drilling 
fluid, as reported in Fig. 11.8. However, the NP addition allowed the lowest reduc-
tion in the endpoint value. Therefore, the formation damage or the permeability 
reduction was the lowest. After drilling fluid without the NP circulation, the residual 
oil increased, and the water saturation decreased, compared with the baseline sce-
nario. The opposite was obtained for the drilling fluid in the presence of the NPs, 
achieving a reduction in the Sor. This could be explained by the change in the wet-
tability; the porous media retained water and produced crude oil. These results are 
consistent with the evaluation of the effluents in the static test and the reduction of 
the Krw curves. Finally, the NPs in the drilling fluid improved the oil mobility based 
on the conservation of the Kro slope. The NPs could inhibit the formation damage 
and improve the wettability through the decoration of the porous media and reduc-
tion in the IFT, which does not occur in a conventional drilling fluid.

Fig. 11.8 Dynamic 
filtration curves for the 
drilling fluid with 
0.05 wt.% Al nanoparticles
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Figure 11.10 shows the oil recovery factor for the drilling fluid with and without 
the NPs. The drilling fluid system without the NPs showed an oil recovery of 59%. 
The drilling fluid with a 0.05 wt.% Al NPs provided an oil recovery of 66%, com-
pared with the drilling fluid system without the NPs. According to this result, the 
NPs in the drilling fluids reduced the formation damage by the mud filtrate and solid 
particle invasion. Moreover, the NPs could change the wettability of the porous 
medium that favored the permeability return, obtaining 7% more crude oil than the 
conventional drilling fluid. Additionally, as mentioned before, the mud filtrate from 

Fig. 11.9 Relative permeability curves for the scenario without damage, after the injection of the 
base drilling fluid and with 0.05 wt.% alumina nanoparticles (Al)

Fig. 11.10 Oil recovery 
factor curves for the 
drilling fluid with and 
without 0.05 wt.% Al 
nanoparticles
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the double purpose drilling fluid helped reduce the IFT, indicating that the trapping 
oil can be recovered.

Figure 11.11 shows the behavior of Ko by varying the injection rate after the mud 
filtrate circulation with and without the NPs. The objective was to determine the rate 
at which the fines particles detach from the porous media and flow through blocking 
the pore spaces and reduce the permeability mudcake. The addition of the NPs to 
the drilling fluid and subsequent invasion of these through the mud filtrate increased 

Fig. 11.11 Critical injection rate to crude oil after mud filtrate injection from (a) base drilling fluid 
and (b) drilling fluid with 0.05 wt.% alumina nanoparticles (Al)
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the injection rate from 5 mL/min (base drilling fluid) to 7 mL/min, an increase of 
25%. The NPs decorate the porous medium, and once the fines particles start migrat-
ing, they are trapped by the NPs with no possibility of migrating or plugging the 
throats.

11.3.5  Field Application

The main damage mechanisms of the Ocelot field have been identified, that is, 
drilling- induced formation damage associated with the drilling process where 
water-based muds are dominant. During the production life of the wells, the produc-
tivity decreases because of the migration of fines (presence of migratory clays) and 
wettability changes due to organic deposits (crude oil with colloidal instability). 
During the drilling operation of new wells, the drilling fluid allows the formation of 
an efficient seal that helps reduce the filtration volume and solid invasion. 
Additionally, the mud filtrate acts as a carrier fluid for the entry of NPs and helps 
improve the properties of the rock by changing the tendency of the wettability to 
water and controlling the fines and clay migration. Therefore, this damage mecha-
nism is the most important during the production stage.

A pilot was carried out in July 2020 in two wells in the Ocelote field whose target 
formation is C7A. To evaluate the behavior in the two types of wells, the study was 
initially carried out in a deviated well where the risks of differential sticking are 
less. Subsequently, based on the results obtained, the second pilot will be run in a 
horizontal well in the same production unit. From the above, a more effective result 
is expected in the horizontal well where historically a greater invasion of mud filtra-
tion has been reported given the drilling conditions.

The validation of the results will be carried out by comparing the behavior of the 
pilot with a base well whose drilling will be carried out using the same drilling fluid 
without nanomaterials. These wells will be considered as twins and will be charac-
terized by their similarity in terms of the structural location, target formation, min-
eralogy, deviation, extent of completion, types of fluids produced, and expected 
productivity indexes. The last parameter is directly associated with the petrophysi-
cal properties and well pressure conditions. The described comparison could help 
evaluate the variation in the following parameters between the twin wells in order to 
verify less fluid invasion, higher productivity associated with less drilling-induced 
formation damage, and early fine stabilization.

11.3.5.1  Invasion Diameter Calculation by Well Logging

Given the different research depths of resistivity tools and the difference between 
the formation water salinity and the drilling mud salinity, it is possible to define an 
invasion profile both in wells without the nanofluids and in wells where the technol-
ogy is tested and thus compare the values in the formation of interest and quantify 
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the percentage of decrease. This is achieved through a statistical distribution of the 
resistivity curves in each of the wells.

11.3.5.2  Stabilization Time of Production Fluids

During the development of the Ocelote field, it has been found that there are wells 
that take longer to produce the completion fluids. These cases from a petrophysical 
viewpoint have been associated with poor filtration control. Given the above, the 
time it takes to produce the formation fluids and the volumes obtained before pro-
ducing the formation fluids will be calculated, discounting for the pipeline capaci-
ties. The reservoir fluids are expected to be obtained more quickly in the pilot with 
the nanomaterials.

11.3.5.3  Productivity Index

The initial productivity index will be compared by normalizing per feet of open 
formation between the pilot wells and the comparison wells in the area. For the pilot 
well, a lower deviation in the real productivity index is expected due to petrophysi-
cal properties, which translates into less formation damage. Less formation damage 
may be associated with less invasion of the mud filtrate and restoration of the forma-
tion wettability.

11.3.5.4  Solid Production

Wellhead monitoring of the solid content produced during a month will be carried 
out at equal time intervals so that a low solid content can be expected in the pilot due 
to the stabilization of the NPs. The solids will be characterized by DRX and PSD to 
confirm that they correspond to fines from the reservoir.

11.4  Conclusion

Alumina and silica NPs presented enhancement in the rheological and filtration 
properties of a drilling fluid. The Si NPs at 0.05 wt.% presented an increase in PV 
of over 9% compared with the drilling fluid without the NPs. However, the Al NPs 
required a concentration of 0.1 wt.% to realize the same performance. The Al and Si 
NPs could improve the YP and gel strength of the drilling fluids, but a concentration 
of 0.1 wt.% was required to have significant changes. The filtration volume under 
HPHT conditions after the aging process was reduced by 17% when adding 
0.05 wt.% of Si and Al NPs. The Si NPs reduced the mudcake thickness by 18%.
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The Al NPs exhibited the highest performance in terms of the contact angle 
reduction, 37%, IFT reduction 44%, and fine migration control, 66%. This indicates 
that the NPs invaded through the mud filtrate could generate a water-wettability 
tendency and retain the fines during the production time. Thus, the Al NPs were 
selected for evaluation in displacement tests, not only owing to better filtration 
reduction but also in terms of improving the oil mobility.

The Al NPs at 0.05 wt% in the drilling fluid reduce the filtration volume under 
dynamic conditions by 52.1%, and the decrease in the oil effective permeability due 
to the double purpose drilling fluid was lower than that of the mud without the NPs 
by 20.2%. The NPs inhibited the formation damage owing to the reduction in the 
invasion of filtrate and solid particles. The system allowed a high water retention by 
increasing the saturation window, thus improving the mobility of the oil. These 
characteristics provided an additional recovery of 10% crude compared with the 
baseline scenario.

The Al NPs serve two objectives in the drilling fluid. After the drilling fluid cir-
culation, an increase in the critical injection rate of 66% was observed, indicating a 
greater stability of the fines in the porous media. Thus, the treatment shows a poten-
tial not only to reduce the damage by the drilling fluids but also as an agent for fine 
migration.

The results (field application) are in the process of execution, starting from the 
selection of drilling fluids and wells that meet the requirements, wells with percent-
age of damage induced during drilling, fines migration, deposition of organics, and 
subsequent changes in the wettability during the production life. Additionally, we 
expect that the results will help compare the invasion diameter, well stabilization 
time, productivity index, and solid production in the two wells called twin wells, 
one of which will be drilled without the NPs and the other using the mud with NPs 
based on its formulation.

Acknowledgments The authors want to thank HOCOL S.A for granting permission to present 
and publish this paper and Engineers Oscar Medina and Johanna Roldán for their help in the 
experimental tests. We would also like to recognize the Universidad Nacional de Colombia and 
Colciencias for logistical and financing assistance in the doctoral studies of Johanna Vargas Clavijo 
through the announcement of 785/2018.

References

 1. B. Peng, S. Peng, B. Long, Y. Miao, W.Y. Guo, Properties of high-temperature-resistant drill-
ing fluids incorporating acrylamide/(acrylic acid)/(2-acrylamido-2-methyl-1-propane sulfonic 
acid) terpolymer and aluminum citrate as filtration control agents. J. Vinyl Addit. Technol. 16, 
84–89 (2010)

 2. M. Aston, P. Mihalik, J. Tunbridge, S. Clarke, Towards zero fluid loss oil based muds, in SPE 
Annual Technical Conference and Exhibition (2002)

 3. D. Jiao, M.M. Sharma, Dynamic filtration of invert-emulsion muds. SPE Drill. Complet. 8, 
165–169 (1993)

11 Double Purpose Drilling Fluid Based on Nanotechnology: Drilling-Induced…



402

 4. S. Gharat, J. Azar, D. Teeters, Effect of incompatibilities caused by fluids filtrates on formation 
properties, in SPE Formation Damage Control Symposium (1994)

 5. D.B. Bennion, R.F. Bietz, F.B. Thomas, M.P. Cimolai, Reductions in the productivity of oil 
and low permeability gas reservoirs due to aqueous phase trapping. J. Can. Pet. Technol. 33, 
45–54 (1994)

 6. D. Jia, J. Buckley, and N. Morrow, Alteration of wettability by drilling mud filtrates, in SCA 
Symposium, Norway, September (1994)

 7. G. Phelps, G. Stewart, J. Peden, The effect of filtrate invasion and formation wettability on 
repeat formation tester measurements, in European Petroleum Conference (1984)

 8. A. Wojtanowicz, Z. Krilov, J. Langlinais, Experimental determination of formation damage 
pore blocking mechanisms. J. Energy Resour. Technol. 110, 34–42 (1988)

 9. R.  Caenn, H.  Darley, G.  Gray, Chapter 10—Completion, reservoir drilling, workover, and 
packer fluids, in Composition and Properties of Drilling and Completion Fluids, 6h edn., (Gulf 
Professional Publishing, Boston, 2011), pp. 477–533

 10. J. Argillier, A. Audibert, D. Longeron, Performance evaluation and formation damage poten-
tial of new water-based drilling formulas. SPE Drill. Complet. 14, 266–273 (1999)

 11. R.  Caenn, H.C.H.  Darley, G.R.  Gray, Chapter 7  – The filtration properties of drilling flu-
ids11a glossary of notation used in this chapter will be found immediately following this 
chapter’s text, in Composition and Properties of Drilling and Completion Fluids, ed. by 
R. Caenn, H. C. H. Darley, G. R. Gray, 7th edn., (Gulf Professional Publishing, Boston, 2017), 
pp. 245–283

 12. R. Caenn, H.C.H. Darley, G.R. Gray, Chapter 10 – Drilling problems related to drilling flu-
ids, in Composition and Properties of Drilling and Completion Fluids, ed. by R.  Caenn, 
H.  C. H.  Darley, G.  R. Gray, 7th edn., (Gulf Professional Publishing, Boston, 2017), 
pp. 367–460

 13. A. Suri, M.M. Sharma, Strategies for sizing particles in drilling and completion fluids. SPE 
J. 9, 13–23 (2004)

 14. M. Dick, T. Heinz, C. Svoboda, M. Aston, Optimizing the selection of bridging particles for res-
ervoir drilling fluids, in SPE International Symposium on Formation Damage Control (2000)

 15. W. He, M. P. Stephens, Bridging particle size distribution in drilling fluid and formation dam-
age, in SPE European Formation Damage Conference (2011)

 16. S.  Vickers, M.  Cowie, T.  Jones, A.J.  Twynam, A new methodology that surpasses current 
bridging theories to efficiently seal a varied pore throat distribution as found in natural reser-
voir formations. Wiertnictwo, Nafta, Gaz 23, 501–515 (2006)

 17. H.C. Darley, G.R. Gray, Composition and Properties of Drilling and Completion Fluids (Gulf 
Professional Publishing, Boston, 1988)

 18. F.  Civan, Chapter 18-Drilling mud filtrate and solids invasion and mudcake formation, in 
Reservoir Formation Damage, (Gulf Professional Publishing, Burlington, 2007)

 19. M. Al-Yasiri, D. Wen, Gr-Al2O3 nanoparticles based multi-functional drilling fluid. Ind. Eng. 
Chem. Res. 58, 23 (2019)

 20. S. M. Javeri, Z. M. W. Haindade, C. B. Jere, Mitigating loss circulation and differential stick-
ing problems using silicon nanoparticles, in SPE/IADC Middle East Drilling Technology 
Conference and Exhibition (2011)

 21. A. Salih, T. Elshehabi, H. Bilgesu, Impact of nanomaterials on the rheological and filtration 
properties of water-based drilling fluids, in SPE Eastern Regional Meeting (2016)

 22. A.E. Bayat, P.J. Moghanloo, A. Piroozian, R. Rafati, Experimental investigation of rheologi-
cal and filtration properties of water-based drilling fluids in presence of various nanoparticles. 
Colloids Surf. A Physicochem. Eng. Asp. 555, 256–263 (2018)

 23. S.R. Smith, R. Rafati, A. Sharifi Haddad, A. Cooper, H. Hamidi, Application of aluminium 
oxide nanoparticles to enhance rheological and filtration properties of water based muds at 
HPHT conditions. Colloids Surf. A Physicochem. Eng. Asp. 537, 361–371 (2018)

J. V. Clavijo et al.



403

 24. M.M. Barry, Y. Jung, J.-K. Lee, T.X. Phuoc, M.K. Chyu, Fluid filtration and rheological prop-
erties of nanoparticle additive and intercalated clay hybrid bentonite drilling fluids. J. Pet. Sci. 
Eng. 127, 338–346 (2015)

 25. Y.  Jung, Y.-H. Son, J.-K. Lee, T.X. Phuoc, Y. Soong, M.K. Chyu, Rheological behavior of 
clay–nanoparticle hybrid-added bentonite suspensions: Specific role of hybrid additives on the 
gelation of clay-based fluids. ACS Appl. Mater. Interfaces 3, 3515–3522 (2011)

 26. M.-C. Li, Q. Wu, K. Song, C.F. De Hoop, S. Lee, Y. Qing, et al., Cellulose nanocrystals and 
polyanionic cellulose as additives in bentonite water-based drilling fluids: Rheological model-
ing and filtration mechanisms. Ind. Eng. Chem. Res. 55, 133–143 (2015)

 27. M.-C. Li, Q. Wu, K. Song, Y. Qing, Y. Wu, Cellulose nanoparticles as modifiers for rheology 
and fluid loss in bentonite water-based fluids. ACS Appl. Mater. Interfaces 7, 5006–5016 (2015)

 28. L. Liu, X. Pu, K. Rong, Y. Yang, Comb-shaped copolymer as filtrate loss reducer for water- 
based drilling fluid. J. Appl. Polym. Sci. 135, 45989 (2018)

 29. J.K.M. William, S. Ponmani, R. Samuel, R. Nagarajan, J.S. Sangwai, Effect of CuO and ZnO 
nanofluids in xanthan gum on thermal, electrical and high pressure rheology of water-based 
drilling fluids. J. Pet. Sci. Eng. 117, 15–27 (2014)

 30. S.S. Hassani, A. Amrollahi, A. Rashidi, M. Soleymani, S. Rayatdoost, The effect of nanopar-
ticles on the heat transfer properties of drilling fluids. J. Pet. Sci. Eng. 146, 183–190 (2016)

 31. M. Sedaghatzadeh, A. Khodadadi, An improvement in thermal and rheological properties of 
water-based drilling fluids using multiwall carbon nanotube (MWCNT). Iran. J. Oil Gas Sci. 
Technol. 1, 55–65 (2012)

 32. J. Cai, M.E. Chenevert, M.M. Sharma, J.E. Friedheim, Decreasing water invasion into Atoka 
shale using nonmodified silica nanoparticles. SPE Drill. Complet. 27, 103–112 (2012)

 33. P.J. Boul, B. Reddy, J. Zhang, C. Thaemlitz, Functionalized nanosilicas as shale inhibitors in 
water-based drilling fluids. SPE Drill. Complet. 32, 121–130 (2017)

 34. Y. Kang, J. She, H. Zhang, L. You, M. Song, Strengthening shale wellbore with silica nanopar-
ticles drilling fluid. Petroleum 2, 189–195 (2016)

 35. M.  Amanullah, An environment friendly and economically attractive thermal degradation 
inhibitor for bentonite mud, in SPE Europec/EAGE Annual Conference and Exhibition (2006)

 36. D. Longeron, J. Argillier, A. Audibert, An integrated experimental approach for evaluating 
formation damage due to drilling and completion fluids, in SPE European Formation Damage 
Conference (1995)

 37. J.V. Clavijo, L.J. Roldán, L. Valencia, S.H. Lopera, R.D. Zabala, J.C. Cárdenas, et al., Influence 
of size and surface acidity of silica nanoparticles on inhibition of the formation damage by 
bentonite-free water-based drilling fluids. Part I: Nanofluid design based on fluid-nanoparticle 
interaction. Adv. Nat. Sci. Nanosci. Nanotechnol. 10, 045020 (2019)

 38. R. API, 13B-1: Recommended Practice for Field Testing Water-Based Drilling Fluids, and ISO 
10414-1 (American Petroleum Institute, Washinton, DC, 2003)

 39. M. Franco-Aguirre, R.D. Zabala, S.H. Lopera, C.A. Franco, F.B. Cortés, Interaction of anionic 
surfactant-nanoparticles for gas-wettability alteration of sandstone in tight gas-condensate res-
ervoirs. J. Nat. Gas Sci. Eng. 51, 53–64 (2018)

 40. J. Giraldo, P. Benjumea, S. Lopera, F.B. Cortés, M.A. Ruiz, Wettability alteration of sandstone 
cores by alumina-based nanofluids. Energy Fuel 27, 3659–3665 (2013)

 41. X. Liu, F. Civan, Formation damage and skin factor due to filter cake formation and fines 
migration in the near-wellbore region," in SPE Formation Damage Control Symposium (1994)

 42. C.  Céspedes Chávarro, Desarrollo de un nanofluido para la estabilización de finos de la 
formación barco del campo Cupiagua (Universidad Nacional de Colombia-Sede Medellín, 
Medellín)

 43. C.  Franco Ariza, F.  Cortés, D.  Arias-Madrid, E.  Taborda, N.  Ospina, R.  Zabala, et  al., 
"Inhibition of the formation damge due to fine migration on low-permeability reservoirs of 
sandstone using silica-based nanfluids: from laboratory to a successful field trial.," 2018, 
p. 231 New York : Nova Science Publishers

11 Double Purpose Drilling Fluid Based on Nanotechnology: Drilling-Induced…



404

 44. C.M. Mera, C.A.F. Ariza, F.B. Cortés, Uso de nanopartículas de sílice para la estabilización de 
finos en lechos empacados de arena Ottawa. Informador Técnico 77, 27–34 (2013)

 45. C.H. van der Zwaag, Benchmarking the formation damage of drilling fluids, in SPE 
International Symposium and Exhibition on Formation Damage Control (2004)

 46. L.F. Isernia, FTIR study of the relation, between extra-framework aluminum species and the 
adsorbed molecular water, and its effect on the acidity in ZSM-5 steamed zeolite. Mater. Res. 
16, 792–802 (2013)

 47. B.  Gohari, N.  Abu-Zahra, Polyethersulfone membranes prepared with 
3- aminopropyltriethoxysilane modified alumina nanoparticles for Cu (II) removal from water. 
ACS Omega 3, 10154–10162 (2018)

 48. J.R. Kennedy, K.E. Kent, J.R. Brown, Rheology of dispersions of xanthan gum, locust bean 
gum and mixed biopolymer gel with silicon dioxide nanoparticles. Mater. Sci. Eng. C 48, 
347–353 (2015)

 49. L.J. Giraldo, M.A. Giraldo, S. Llanos, G. Maya, R.D. Zabala, N.N. Nassar, et al., The effects of 
SiO2 nanoparticles on the thermal stability and rheological behavior of hydrolyzed polyacryl-
amide based polymeric solutions. J. Pet. Sci. Eng. 159, 841–852 (2017)

 50. J.J. Adams, Asphaltene adsorption, a literature review. Energy Fuel 28, 2831–2856 (2014)
 51. N.K. Maurya, A. Mandal, Studies on behavior of suspension of silica nanoparticle in aque-

ous polyacrylamide solution for application in enhanced oil recovery. Pet. Sci. Technol. 34, 
429–436 (2016)

 52. A.L. Lorenzen, T.S. Rossi, I.C. Riegel-Vidotti, M. Vidotti, Influence of cationic and anionic 
micelles in the (sono) chemical synthesis of stable Ni (OH) 2 nanoparticles: “In situ” zeta- 
potential measurements and electrochemical properties. Appl. Surf. Sci. 455, 357–366 (2018)

 53. R. Caenn, H.C.H. Darley, G.R. Gray, Chapter 6 – The rheology of drilling fluids, in Composition 
and Properties of Drilling and Completion Fluids, ed. by R. Caenn, H. C. H. Darley, G. R. Gray, 
7th edn., (Gulf Professional Publishing, Boston, 2017), pp. 151–244

 54. A.R. Ismail, N.M. Rashid, M.Z. Jaafar, W.R.W. Sulaiman, N.A. Buang, Effect of nanomaterial 
on the rheology of drilling fluids. J. Appl. Sci. 14, 1192 (2014)

 55. J.  Vargas, L.  J. Roldán, S.  H. Lopera, J.  C. Cardenas, R.  D. Zabala, C.  A. Franco, et  al., 
Effect of silica nanoparticles on thermal stability in bentonite free water-based drilling fluids 
to improve its rheological and filtration properties after aging process, in Offshore Technology 
Conference Brasil (2019)

 56. Z. Vryzas, L. Nalbandian, V.T. Zaspalis, V.C. Kelessidis, How different nanoparticles affect 
the rheological properties of aqueous Wyoming sodium bentonite suspensions. J. Pet. Sci. Eng. 
173, 941–954 (2019)

 57. J. Jiang, G. Oberdörster, P. Biswas, Characterization of size, surface charge, and agglomeration 
state of nanoparticle dispersions for toxicological studies. J. Nanopart. Res. 11, 77–89 (2009)

 58. S. Bentacur, F.B. Cortés, G.A.A. Espinosa, Mejoramiento de los fluidos de perforación usando 
nanopartículas funcionalizadas: Reducción de las pérdidas de filtrado y del espesor de la 
retorta. Boletín de Ciencias de la Tierra, 5–14 (2014)

 59. M. Zakaria, M.M. Husein, G. Harland, Novel nanoparticle-based drilling fluid with improved 
characteristics, in SPE International Oilfield Nanotechnology Conference and Exhibition (2012)

 60. L.  Whatley, R.  Barati, Z.  Kessler, J.-S.  Tsau, Water-based drill-in fluid optimization using 
polyelectrolyte complex nanoparticles as a fluid loss additive, in SPE International Conference 
on Oilfield Chemistry (2019)

 61. Z. Vryzas, V.C. Kelessidis, M.B.J. Bowman, L. Nalbantian, V. Zaspalis, O. Mahmoud, et al., 
Smart magnetic drilling fluid with in-situ rheological controllability using Fe3O4 nanopar-
ticles, in SPE Middle East Oil and Gas Show and Conference, MEOS, Proceedings (2017), 
pp. 2558–2569

 62. J.T. Srivatsa, M.B. Ziaja, An experimental investigation on use of nanoparticles as fluid loss 
additives in a surfactant – Polymer based drilling fluid, in Society of Petroleum Engineers – 
International petroleum technology conference 2012, IPTC 2012 (2012), pp. 2436–2454

J. V. Clavijo et al.



405

 63. N.C. Mahajan, B.M. Barron, Bridging particle size distribution: A key factor in the designing 
of non-damaging completion fluids, in SPE Formation Damage Symposium (1980)

 64. W. Anderson, Wettability literature survey-part 2: Wettability measurement. J. Pet. Technol. 
38, 1246–1262 (1986)

 65. A. Cassie, S. Baxter, Wettability of porous surfaces. Trans. Faraday Soc. 40, 546–551 (1944)
 66. K. Kondiparty, A.D. Nikolov, D. Wasan, K.-L. Liu, Dynamic spreading of nanofluids on sol-

ids. Part I: Experimental. Langmuir 28, 14618–14623 (2012)
 67. S. Al-Anssari, S. Wang, A. Barifcani, M. Lebedev, S. Iglauer, Effect of temperature and SiO2 

nanoparticle size on wettability alteration of oil-wet calcite. Fuel 206, 34–42 (2017)
 68. H. Jang, W. Lee, J. Lee, Nanoparticle dispersion with surface-modified silica nanoparticles and 

its effect on the wettability alteration of carbonate rocks. Colloids Surf. A Physicochem. Eng. 
Asp. 554, 261–271 (2018)

 69. C. Franco, E. Patiño, P. Benjumea, M.A. Ruiz, F.B. Cortés, Kinetic and thermodynamic equi-
librium of asphaltenes sorption onto nanoparticles of nickel oxide supported on nanoparticu-
lated alumina. Fuel 105, 408–414 (2013)

 70. A. Roustaei, S. Saffarzadeh, M. Mohammadi, An evaluation of modified silica nanoparticles’ 
efficiency in enhancing oil recovery of light and intermediate oil reservoirs. Egypt. J. Pet. 22, 
427–433 (2013)

 71. L.J. Giraldo, J. Gallego, J.P. Villegas, C.A. Franco, F.B. Cortés, Enhanced waterflooding with 
NiO/SiO2 0-D Janus nanoparticles at low concentration. J. Pet. Sci. Eng. 174, 40–48 (2019)

 72. N.C. Ogolo, O.A. Olafuyi, M. Onyekonwu, Effect of nanoparticles on migrating fines in for-
mations, in SPE International Oilfield Nanotechnology Conference and Exhibition (2012)

 73. W.G. Anderson, Wettability literature survey-part 4: Effects of wettability on capillary pres-
sure. J. Pet. Technol. 39, 1283–1300 (1987)

11 Double Purpose Drilling Fluid Based on Nanotechnology: Drilling-Induced…



407

Chapter 12
Evaluation from Laboratory to Field Trial 
of Nanofluids for CaCO3 Scale Inhibition 
in Oil Wells

Richard D. Zabala, Carlos A. Franco, Oscar E. Medina, Leidy J. Roldan, 
C. Candela, José Reyes, German Lucuara, Sergio H. Lopera, Farid B. Cortés, 
and Camilo A. Franco

12.1  Introduction

Inorganic scale precipitation is a common and recurring problem in the oil and gas 
industry [1]. Primarily, calcium carbonate (CaCO3) scales are the most common 
source of formation damage from precipitation/deposition of mineral scales [1, 2]. 
The precipitation of inorganic compounds can be developed due to the incompati-
bility of two fluids [3] or due to the ion concentration that exceeds the solubility 
under reservoir conditions [4]. Hydrochloric acid (HCl) is frequently used for the 
remediation of calcium carbonate scales as it offers good short-term performance 
and low costs [5]. However, these kinds of acid treatments have a short life, and a 
further decline in production is frequently observed due to scales re-precipitation 
[6]. Additionally, due to the corrosive nature of HCl, the use of expensive corrosion 
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inhibitors is necessary to protect the injection and pipelines only for a short period 
[5]. For high-temperature applications, the use of organic acids is preferred because 
of corrosion problems [1]. The dissolution of calcium carbonate by chelating agents 
such as ethylenediaminetetraacetic (EDTA) is also well known [7]. These kinds of 
treatments are less aggressive than acid treatments. However, dissolution rates are 
slower, and its use in stoichiometric proportions increases costs [8, 9].

The inhibition methods are based on the use of initiation inhibitors, which inter-
act with the nucleation sites of the crystals, limiting their size. Since a little amount 
of treatment is required, it is an effective way to avoid the deposition of mineral 
scales [8, 9]. The different inhibitors correspond to one (or more) of the following 
inhibition mechanisms [10, 11]: (1) crystal distortion, where the inhibitor interferes 
with the growth of the crystal producing an irregular structure; (2) dispersion, where 
charges are induced on the surface of the crystal in such a way that the crystals repel 
each other; (3) chelation, where bonds are formed with certain metal ions forming 
soluble complexes [12]; and (4) threshold effect, where the inhibitor acts by retard-
ing the precipitation of salts. Phosphonates through the threshold effect prevent 
nucleation and growth of inorganic scale crystals because they have a high tolerance 
to Ca2+ ions [4, 13]. Additionally, phosphonate-based treatments are stable in a wide 
range of temperature and pressure at reservoir conditions [14]. These compounds, 
when used in the formulation of nanofluids, have shown promising results, since, in 
synergy with nanoparticles (NPs) of different chemical natures, they act on the sur-
face of inorganic scale crystals, affecting their size and morphology [13].

In this sense, nanomaterials and nanofluids are presented as an alternative for the 
inhibition and/or remediation of formation damage caused by the precipitation of 
inorganic scales. Due to their small size (1–100 nm) [15, 16], their high surface area 
[17, 18], their high dispersibility, and their adjustable physicochemical properties, 
nanomaterials are suitable for injection to reservoir conditions without the risk of 
blockage and promoting better dispersion throughout the reservoir, including reach-
ing inaccessible places for other types of treatments [19, 20]. The nanoparticles, due 
to their high reactivity, block the nucleation sites in the inorganic scale crystals, 
preventing their subsequent growth and precipitation [21, 22]. In this sense, some 
studies have been focused on the evaluation of different nanoparticles and nanoflu-
ids for the CaCO3 scaling inhibition. Shen et al. [23] found that Ca-diethylenetriamine 
Penta methylene phosphonic acid (Ca-DTPMP) nanoparticles present good diffu-
sion and retention into the porous media, inhibiting the CaCO3 precipitation. On the 
other hand, Zhang et al. [24] found the same results using metal phosphonate-based 
nanoparticles surrounded by surfactants. Moreover, Haghtalab et al. [25] demon-
strated that at 25 °C, the efficiency of Ca-DTPMP nanoparticles for the inhibition 
and deleting of crystal growth of CaCO3 increases as the concentration of the inhibi-
tor increases, as well particle size decreases. Other studies include core flooding 
evaluation at reservoir conditions such as Franco et  al. [22], who evaluated 
Ca-DTIPMP-based nanofluids to inhibit and remediate the CaCO3 scaling in tight 
reservoirs. The authors classified the treatment as a threshold inhibitor and founded 
excellent performance for the inhibition and removal of the formation damage.
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Although several researchers have reported on the study of CaCO3 crystal growth 
inhibition using nanoparticles as reported above [22, 26, 27], there are few studies 
focused on the formation damage by inorganic scales under high pH values [26, 27]. 
This evaluation is important since there are some applications within the chemical 
enhanced oil recovery (CEOR) such as the injection of alkalis or the alkali- 
surfactant- polymer (ASP) technique that improve the hydrocarbon sweep efficiency 
in the reservoir and increase the crude oil recovery factor [28]. However, these 
applications can produce a collateral effect of raising the pH of the formation water 
to values that can range between 9 and 11 [19, 28]. This deviation from normal 
conditions (pH between 6 and 8) cause problems of precipitation of mineral scales 
due to the incompatibility between formation and injection water [28]. Also, it is 
worth to mention that, to the best of our knowledge, there is no report about the 
application of nanofluids for the inhibition from laboratory up to field test in crude 
oil reservoirs at high pH.

Therefore, the main objective of this work is to evaluate the inhibition efficiency 
of a homemade nanofluid in the inhibition of the formation damage by precipita-
tion/deposition of CaCO3 scales at high pH through static and dynamic experiments 
and its subsequent application in a field test in a Colombian field with previous 
CaCO3 scaling due to ASP implementation. The chapter is divided into three sec-
tions, including (i) static experiments, where the nanoparticle and nanoparticle/car-
rier fluid ratio are selected; (ii) dynamic experiments, where the treatment efficiency 
to inhibit and remediate CaCO3 scaling damage at reservoir conditions is evaluated; 
and (iii) field test.

This work, for the first time, reports the execution of a test at field level to inhibit 
the precipitation of inorganic scales through nanotechnology. In this way, a new 
landscape is opened, for future applications due to the success of this 
implementation.

12.2  Materials and Methods

12.2.1  Materials

Commercial TiO2, CeO2, and SiO2 nanoparticles were provided from Sigma Aldrich 
(St. Louis, MO, USA). The γ-Al2O3, nanoparticles were supplied by Petroraza 
S.A.S. (Sabaneta, Colombia). Sodium hydroxide (NaOH) and MgNO3·6H2O 
(Merck KGaA, Darmstadt, Germany) were used for MgO nanoparticle synthesis. 
Diethylenetriamine pentamethylene phosphonic acid (DTPMP, 50 wt%) and HCl 
37% were provided by Sigma Aldrich (St. Louis, MO, USA). n-Hexadecyl- trimethyl 
ammonium bromide (CTAB) and CaCl2·2H2O were purchased for Merck KGaA 
(Darmstadt, Germany). All these reagents were used for Ca-DTPMP nanoparticle 
synthesis. For batch experiments, sodium bicarbonate (NaHCO3, ≥99.7%, Merck 
KGaA, Darmstadt, Germany) was used. Methanol (99.8% purity) and toluene 
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(99.8% purity) were employed for porous media cleaning and were obtained from 
Merck KGaA (Darmstadt, Germany). Sodium chloride (NaCl, 99.5%, Merck 
KGaA, Darmstadt, Germany) was employed for nanofluid preparation. A commer-
cial EDTA-based treatment “B200” supplied by Petroraza S.A.S. (Sabaneta, 
Colombia) was employed as carrier fluid (CF) for nanofluid formulation.

Moreover, for the dynamic tests, it has employed a Colombian light crude oil 
with a 29.9 °API gravity, a viscosity of 40.3 cP at 25 °C, and saturates, aromatics, 
resins and asphaltenes content of 50.74%, 29.85%, 14.55%, and 4.86% in mass 
fraction, respectively.

12.2.2  Methods

12.2.2.1  Synthesis of Ca-DTPMP Nanoparticles

The synthesis method of Ca-DTPMP nanoparticles begins by mixing 0.75 M of 
CaCl2·2H2O and 3.8% in mass fraction of CTAB in an aqueous solution. The solu-
tion is stirred at 300 rpm until a pH of 6.0 is reached. Then, a phosphonate solution 
of 0.1 M is prepared, and using NaOH the pH is adjusted to 9.0. The phosphonate 
solution is added dropwise to the CaCl2·2H2O and stirred for 1 h until a milky white 
precipitate is observed. The mixture is placed in a water bath for 12 h at 80 °C, fil-
tered, and dried at 100 °C for 12 h. Details of the protocol are reported in a previous 
study [22].

12.2.2.2  Synthesis of MgO Nanoparticles

MgO nanoparticles were synthesized by the sol-gel technique. The protocol in 
detail is described in previous work [29]. First, a mixture of 0.2 M of magnesium 
nitrate and 0.5 M of sodium hydroxide in an aqueous solution was done. The sodium 
hydroxide was added dropwise to the MgNO3·6H2O solution until a pH of 12.5 is 
obtained. The mixture is continuously stirred until a white precipitate is observed. 
At this point, the mixture is filtered and washed with methanol several times. The 
remaining solution is centrifugated for 30 min at 4500 rpm and dried at room tem-
perature. Finally, nanoparticles are calcinated at 300 °C for 2 h.

12.2.2.3  Characterization of Nanoparticles

The hydrodynamic size of the nanoparticles was determined through dynamic light 
scattering (DLS) measurements using a nanoplus-3 (Micromeritics, Norcross, GA, 
USA). The same equipment was used to obtain the point of zero charge (pHpzc) of 
the synthesized and commercial nanoparticles in 20 cm3 of deionized water at dif-
ferent pH (from 2 to 10). The surface area (SBET) of the nanoparticles was estimated 
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following the Brunauer-Emmett-Teller (BET) method by nitrogen adsorption/
desorption at −196  °C in a Gemini VII 2390 from Micromeritics (GA, United 
States).

12.2.2.4  Nanofluid Preparation

A commercial fluid (CF) named B200 was employed as a carrier fluid for nanopar-
ticle suspension. The properties for the aqueous phase such as density, conductivity, 
surface tension, and pH were 1.16 g·mL−1, 83.24 μS·cm−1, 27.2 mN·m−1, and 5.52, 
respectively. CF also was characterized by FTIR to determine chemical composi-
tion following protocols described in previous works [16, 22, 30]. The nanofluids 
were prepared by adding 50 mg∙L−1 of nanoparticles to the carrier fluid based on the 
static results and based on a previous study [22]. The solution is stirred during 2 h 
at 300 rpm and then sonicated by 1 h to achieve complete distribution of the nanopar-
ticles in the aqueous fluid for being used in the core flooding test. In this order, the 
nanofluid is composed of Ca-DTPMP nanoparticles and the EDTA-based carrier 
fluid, without free DTPMP. The stability of the prepared nanofluid was evaluated 
though zeta potential measurements and ultraviolet-visible technique using a wave-
length of 400 nm, following the protocols described in a previous work [16].

12.2.2.5  Batch Experiments for Inhibition of CaCO3 Scaling

The inorganic scale precipitation/inhibition experiments were performed using syn-
thetic supersaturated calcium carbonate solutions in 100  cm3 glass vessels at 
54.4  °C.  Following the protocol described in previous work [25], 50  cm3 of 
CaCl2·2H2O (0.08  M) were added to the container, then the required amount of 
nanoparticles was added, and the mixture was subjected to an ultrasound bath for 
40 min to guarantee a complete dispersion of the particles in the brine. Subsequently, 
50  cm3 of a NaHCO3 solution (0.08  M) were added, and the aliquot was taken 
immediately for the first measurement. The inhibition capacity of CaCO3 was 
obtained by measuring Ca2+ in solution in the previous mixture. The latter was mea-
sured indirectly using an EDTA titration (0.01 M). All experiments were carried out 
for 140 min. At the end of the titration, the samples were left for 8 h at 54.4 °C, and 
a final aliquot was taken. pH was adjusted to 10 for scaling evaluation and was 
monitored during the test. Equation 12.1 was used to calculate the inhibition effi-
ciency (%Inh) of nanofluids:

 
%Inh a b

c b

=
−
−

×
C C

C C
100

 (12.1)
where Ca, Cb, and Cc are the concentration of Ca2+ in the treated sample after 

precipitation, in the blank after precipitation (system without nanoparticles), and in 
blank before precipitation, respectively. Additionally, the size of the CaCO3 crystals 
formed in the presence and absence of the nanofluid was evaluated by DLS. Batch 
experiments were carried out for different nanoparticles. Then, the nanoparticle 
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with the best yield was selected for nanofluid formulation using the commercial 
carrier fluid.

12.2.2.6  Core Flooding Tests

To evaluate the efficiency of the nanofluid for inhibiting and remediating CaCO3 
scaling at high pH, core flooding experiments were developed. A Colombian sand-
stone core of a hydrocarbon was employed, and its petrophysical properties are 
shown in Table 12.1. The sandstone core is composed of 99.0% in a mass fraction 
of quartz and 1.0% in a mass fraction of a mixture of clays, including kaolinite, 
chlorite, and illite. The evaluation of the nanofluid in the inhibition and remediation 
of the formation damage caused by mineral scales was carried out mainly in three 
stages: (i) evaluation of the base permeabilities, (ii) damage inhibition, and (iii) 
damage remediation.

Initially, 10 pore volumes (PV) of reservoir brine composed by 2.0% in mass 
fraction of KCl were injected at a fixed flow rate of 0.3 cm3∙min−1 for measuring the 
absolute permeability of the system. Then, 10 PV of oil are injected, and the effec-
tive oil permeability is measured at residual water saturation (Swr). Subsequently, 
10 PV of the reservoir brine is injected again, and the effective permeability to water 
at residual oil (Sor) is determined. For the inhibition experiment, 3 PV of the 
Ca-DTPMP-based nanofluid are injected and left for a soaking time of 8 h. Next, the 
damage is generated by the injection of incompatible brines. Oil and brine are 
injected again to obtain Ko, Kw, Kro, and Krw. Then, if the inhibition is effective, 
the durability of the treatment is evaluated by injecting 10 PV of two problematic 
brines, composed of 0.08 M of NaHCO3 solution (B1) and 0.08 M of CaCl2·2H2O 
solution (B2) two more times and evaluating Kro, Krw, and Kw with the injection of 
10 PV of crude oil and 10 PV of KCl-based brine. The experimental conditions 
were kept constant during each perdurability test.

In the next stage, remediation damage efficiency is evaluated. At this point, the 
damage is generated from the injection of 10 PV of B1 and B2 brines. The mixture 
of these incompatible brines provides the CaCO3 scale formation. Subsequently, the 
reduction in Kro, Krw, and Kw is quantified by saturating the medium with crude oil 
and 2% in mass fraction of KCl synthetic brine. At this point, the injection of 3 PV 
of the nanofluid is performed. The system is then soaked for 8 h. The effect will be 
evaluated by changing the permeabilities of the system by injecting oil and syn-
thetic brine.

Table 12.1 Properties of porous media employed for the core flooding experiments

Property Value

Length 7.05 cm
Diameter 3.80 cm
Porosity 16%
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After the removal and quantification stage of the damage remediation, the 
encrusting brines B1 and B2 are injected again to try to induce damage by calcium 
carbonate scales to evaluate the effectiveness of a single treatment injection for 
removing the mineral scale formation damage. In this sense, the inorganic scale 
precipitation is induced, and the pressure differential is recorded during the injec-
tion of each one of the fluids, reservoir brine, and crude oil.

The core flooding tests were done at 54.4 °C (130 °F) and confining and pore 
pressures of 1800 and 300 psi, respectively. Figure 12.1 shows a representative dia-
gram of the experimental setup used, consisting of three displacement cylinders 
(Max Servicios S.A.S., Colombia) that contain the synthetic brains, nanofluid and 
crude oil, positive displacement pumps (DB Robinson Group, Edmonton, AB, 
Canada), an electric hydraulic pump (Enercap, Actuant Corporation, WI, USA), a 
core holder along with the sand pack, manometers (Rosemount, Emerson, MO, 
USA), and valves (Swagelok, OH, USA).

12.3  Results

12.3.1  Carrier Fluid and Nanoparticles Characterization

Figure 12.2 shows the FTIR spectra obtained. Results show a predominant band 
between 3450 and 3500 cm−1 assigned to N–H stretching or free –OH groups. The 
IR bands located between 769 and 1100 cm−1 are related to N–H stretching or over-
lapping to C–C groups. Also, the band at 1641 cm−1 is due to the stretching vibra-
tions of C=O bonds. Hence, the results confirm that the CF is EDTA based.

Table 12.2 shows the mean hydrodynamic diameter of the nanoparticles. For 
commercial fumed silica (SiO2) nanoparticles, aluminum oxide (Al2O3), and ceria 

Fig. 12.1 Experimental setup for the displacement test. Legend: (1) oven (framed in dotted blue 
line), (2) the positive displacement pump, (3) displacement cylinders, (4) filters, (5) electric 
hydraulic pump, (6) the core holder, (7) the pressure multiplier, (8) the backpressure system, (9) 
valve, (10) manometer, (11) pressure transducer, and (12) the graduated cylinder

12 Evaluation from Laboratory to Field Trial of Nanofluids for CaCO3 Scale…



414

(CeO2), a hydrodynamic diameter median of 11, 35 and 22 nm, respectively, was 
obtained. In the case of the synthesized magnesium oxides (MgO) and Ca-DTPMP 
nanoparticles, the mean hydrodynamic diameters are 80 and 66 nm, respectively. 
Besides, the surface area increases in the order Ca-DTPMP < CeO2 < MgO < Al2O
3 < SiO2. It is important to mention that the nanoparticles are nonporous. These 
results are according to the report in the literature [15, 22, 29]. As for the pHpzc val-
ues, above pH = 7, Al2O3, CeO2, MgO, and Ca-DTPMP nanoparticles acquire a 
positive surface charge, and SiO2-nanoparticles acquire a negative charge [31]. In 
the presence of the carrier fluid, for the pH of scaling evaluation close to 10, 
nanoparticles Ca-DTPMP, Al2O3, CeO2, MgO, and SiO2 acquire a Zeta potential 
value around −60 mV, −30 mV, −5 mV, − 8 mV, and 14 mV, respectively. Therefore, 
it is expected that Ca-DTPMP nanoparticles are more dispersed in the carrier fluid 
than the other systems, leading to high stability during the injection process.

Fig. 12.2 FTIR spectra of carrier fluid

Table 12.2 Mean particle size (d50), BET surface area (SBET), and point of zero charge (pHpzc) of 
nanoparticles

Nanoparticle d50 (nm) SBET pHpzc

Ca-DTPMP 66.0 46.0 9.0
SiO2 11.0 382.0 3.0
Al2O3 35.0 277.0 9.0
CeO2 22.0 64.0 7.5
MgO 80.0 230.0 11.0
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12.3.2  Selection of Nanoparticle by Batch Experiments 
for CaCO3 Scaling Inhibition

Table 12.3 summarizes the inhibition efficiency for CaCO3 precipitation of the dif-
ferent nanoparticles after 2 and 8 h. As a first instance, the efficiencies are greater 
during the first 2 h, and a considerable decrease is observed after 8 h. This behavior 
can be explained since nanoparticles get attached to the active growth sites of cal-
cium carbonate, changing the pattern of growth and slowing down the crystal for-
mation process. After 8  h, a decrease in the efficiency of each nanoparticle is 
observed. These substantial differences can be mainly associated with the fact that 
during the first 2 h of the experiment, the growth of inorganic scale crystals occurs. 
At this point, the nanoparticles, through different interactions, are adsorbed on the 
crystals, changing the growth pattern and slowing down the crystal formation pro-
cess [22, 23]. However, a balance in crystal growth has not yet been achieved; 
hence, there is desorption of the calcium carbonate crystal inhibitor, allowing it to 
grow easier. This implies that an adsorption/desorption equilibrium occurs for a 
higher time. Probably, for 8 h, the system gets the equilibrium, and it was corrobo-
rated by Ca2+ ion concentration, which remains constant after 140 min.

As for the nanoparticle chemical nature effect, the inhibition efficiency increases 
in the order MgO < CeO2 < Al2O3 < SiO2 < Ca-DTPMP for both times. In general, 
the presence of nanoparticulated materials inhibits the precipitation of Ca2+ ions. 
Following the theory of the electric double layer, positively charged ions on the 
surface of the nanoparticle attract the most negatively charged (CO3

2−

), which will 
form a layer around the surface. This agrees with our previous results [22]. These 
ions can interact with Mg2+, Ce3+, and Al3+ ions present in MgO, CeO2, and Al2O3 
nanoparticle surface, respectively. This, in turn, CO3

2−

 will attract the most posi-
tively charged ions (Ca2+), formatting an outer layer rich in cations around the car-
bonate ion layer. The presence of dipole moments in the solution could promote 
multiple layer formation within the double layer and thus aid in arranging the ions 
in a favorable pattern for crystallization [32].

Moreover, due to the threshold inhibitor mechanism, the Ca-DTPMP nanoparti-
cles control and prevent the growth of CaCO3 scales to a higher degree than the rest 

Table 12.3 Inhibition efficiencies for CaCO3 precipitation at 54.4 °C using 50 mg∙L−1 of different 
nanoparticles

Nanoparticle
Inhibition efficiency
2 h 8 h

Ca-DTPMP 63.0 25.0
SiO2 57.1 20.2
Al2O3 55.0 18.3
CeO2 54.3 18.2
MgO 48.3 17.4
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of nanoparticles, mainly by the interactions with the functional groups P–OH and 
P–O–Ca on the crystal structure. The nano-Ca-DTPMP allows retaining the Ca2+ 
concentrations in the bulk solutions [22]. These results are in agreement with the 
report by [22], where it was demonstrated that the CaCO3 crystals obtained by using 
of Ca-DTPMP nanoparticles as an inhibitor present softer textures, amorphous 
structures, less amount of adherents, and, therefore, less restriction to be transported 
through the porous media and production lines.

12.3.3  Nanofluid Selection by Batch Experiments 
for Inhibition of CaCO3 Scaling

In this section, the Ca-DTPMP/CF ratio was evaluated by varying the concentration 
of the nanoparticles in the carrier fluid. The concentrations evaluated were 50, 250, 
1000, and 2000 mg∙L−1, obtaining Ca-DTPMP/CF ratio of 10, 50, 200, and 400, 
respectively.

Both the inhibitor (Ca-DTPMP nanoparticles-aqueous solution) and the carrier 
fluid were evaluated in the absence of nanoparticles, at a fixed Ca-DTPMP/CF ratio. 
Efficiencies less than 15% were obtained at 2  h, due to the chelating effect of 
EDTA. As CF is composed by EDTA, good performance can be obtained under a 
correct stoichiometric ratio, where the scaling process can be inhibited by chelating/
sequestering the scaling cation. Table 12.4 shows the efficiencies of calcium car-
bonate precipitation inhibition, obtained with the Ca-DTPMP-based nanofluid, for 
different Ca-DTPMP/CF ratios and the effect of CF without nanofluids. In this test, 
the mixture of the calcium chloride and sodium bicarbonate brines was carried out 
to promote the calcium carbonate precipitate, and the addition of the nanofluid was 
done to inhibit this precipitation. The efficiencies were determined through the con-
centration of calcium in the solution for the periods of 2 and 8 h, based on a blank 
sample, which consisted of the brine mixture, without adding treatment for inhibi-
tion. From Table 12.4 it is observed that the carrier fluid has the lowest inhibition 
efficiency. However, the inhibition efficiency achieved is due to the chemical nature 
of the phosphonate-based fluid. These chemical inhibitors require a low number of 

Table 12.4 Inhibition efficiencies for CaCO3 precipitation at 54.4  °C at different Ca-DTPMP/
CF ratios

Ca-DTPMP/CF ratio
Inhibition efficiency
2 h 8 h

CF without nanoparticles 35.0 13.0
10 100.0 87.0
50 87.0 80.0
200 78.0 48.0
400 60.0 38.0
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growth inhibitory molecules to prevent the growth of mineral scales, blocking 
nucleation, through interaction with crystal nucleation sites, and avoiding contact 
between ions. Phosphonates act under a chelation effect either by inhibition of 
nucleation or retardation of crystal growth. Besides, the inhibition efficiencies 
obtained with nanofluids are higher than those obtained by evaluating only nanopar-
ticles. The interaction of the nanoparticles with the synthesis fluid allows having a 
system where the nanoparticles are adsorbed on the active growth sites of calcium 
carbonate, delaying their growth [13, 23]. The carrier fluid helps to dissolve the 
precipitate because the action of the nanoparticles on the crystal makes it softer, 
more unstable, and less adherent, so that the amount of precipitate generated 
decreases considerably, as well as the difference between the efficiencies of the two 
periods evaluated, achieving a more efficient treatment in the inhibition of CaCO3 
precipitation due to its chemical nature. Moreover, the acidic character of the CF 
may lead to the dissolution of CaCO3 crystals, and hence higher inhibition effi-
ciency is obtained.

In addition, according to the zeta potential at scaling evaluation conditions, low 
agglomeration of the Ca-DTPMP nanoparticles is achieved due to its high disper-
sion, leading to higher coverage of the CaCO3 crystals. Furthermore, the analysis 
ensured the low agglomeration of nanoparticles since no significant change in light 
absorption was detected.

The highest inhibition efficiency at 2 and 8 h was obtained with the nanofluid 
prepared with a Ca-DTPMP/CF ratio of 10. This is due to the negative charge that 
the nanoparticles acquire in the CF for the working pH, added to the colloidal stabil-
ity of the system for low Ca-DTPMP/CF reactions. For a ratio of 10, the nanopar-
ticles are more dispersed in the nanofluid, with a zeta potential value of −22. Less 
agglomeration allows a greater coverage of the CaCO3 crystals and therefore a 
greater inhibition efficiency. The systems with ratios of 200 and 500, despite having 
a higher content of the scale inhibitor, their Z potential values for the working pH, 
are around −10. Despite being negatively charged, their tendency to agglomerate is 
much greater, and therefore their efficiency decreases. It can be concluded that 
nanoparticles have a synergistic effect with the carrier fluid, improving or adding 
inhibition mechanisms according to their stability. The formation of soluble com-
plexes was not observed, as it is common in the presence of ferrous oxides [33, 34].

12.3.4  Core Flooding Test

12.3.4.1  Inhibition of CaCO3 Scaling

Figure 12.3a, b shows the relative permeability and oil recovery curves for nanopar-
ticles and carrier fluid, independently evaluated. According to the results, the injec-
tion of the nanoparticles and the carrier fluid generate a reduction in the residual oil 
saturation, obtaining better results for the Ca-DTPMP nanoparticles than for the 
carrier fluid. In addition, the slopes of both curves change slightly compared to the 
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baseline, keeping the Kro slope greater than Krw. Similarly, the curves move to the 
right, to a greater degree for nanoparticles, showing their ability to keep the system 
highly wettable to water. On the other hand, panel b of the same Fig. 12.3b shows 
that the amount of recovered oil is greater for the Ca-DTPMP nanoparticles than for 
the carrier fluid. However, both show high efficiencies due to the chelating effect of 
the CF and the ability of the nanoparticles to prevent the growth of CaCO3 crystals.

Besides, the obtained permeability values are presented after the injection of the 
nanofluid and after the induction of damage by injecting 10 pore volumes of incom-
patible brines. Also, the durability of the treatment was evaluated. It should be noted 
that the injected nanofluid had a soaking time of 8 h. Then, CaCO3 scaling damage 
was produced three times to evaluate the perdurability of the treatment. Each stage 
was referred as perdurability 1 (P1), perdurability 2 (P2), and perdurability 3 (P3). 
Table 12.5 shows the behavior of the oil and water effective permeabilities in the 
damage inhibition phase. For water, during the three injections of B1 and B2, the 
permeability slightly falls from 25 mD to 24 mD, 24 mD, and 19 mD, respectively. 
For the perdurability 3 stage, the system decreases its effectiveness at a low extent. 
The results indicate that the nanofluid has a high ability to maintain effective water 

Fig. 12.3 (a) Relative permeability curves and (b) oil recovery curves for the inhibition of CaCO3 
precipitation using 50 mg∙L−1 of Ca-DTPMP and carrier fluid. Temperature at 54.4 °C (130 °F) 
and confining and pore pressures of 1800 and 300 psi

Table 12.5 Values of oil and water effective permeabilities for the inhibition of CaCO3 precipitation 
using 50 mg∙L−1 of Ca-DTPMP-based nanofluid. Temperature at 54.4 °C (130 °F) and confining 
and pore pressures of 1800 psi and 300 psi

Phase Kw (mD) Ko (mD)

Base 25.0 43.0
Perdurability 1 24.0 42.0
Perdurability 2 24.0 41.5
Perdurability 3 19.0 39.0

R. D. Zabala et al.



419

permeability close to its initial even though several pore volumes were injected. 
Analogous to the effective water permeability data, the oil permeability showed 
similar behavior, with reductions from 43 mD to 42, 41, and 39 mD for the first, 
second, and third evaluation of the permeability, respectively. However, in the third 
evaluation, the Ko only decreased by 10%, showing better results than the Kw reduc-
tion. It is important to mention that the measurements for the base system were 
taken before the flooding of the incompatible brines.

Figure 12.4a shows the base relative permeability curves and the respective 
curves for the three durability evaluations. The base curve indicates a water-wet 
porous medium due to the high value of Kro at residual water saturation, a slightly 
higher slope of the Kro curve compared to that of Krw, and finally, a high value of 
the residual saturation of water concerning that of oil. In each durability evaluation 
phase, both the water and oil relative permeability curves are reduced. Analogous to 
the reduction of the effective permeability curves, the system does not undergo sub-
stantial changes in the first two evaluations of durability. In the third evaluation, the 
Kro and Krw fall sharply, and the residual saturations increase. In the case of perdu-
rability 2, it can be noted that the curves shift to the right, indicating that the system 

Fig. 12.4 (a) Relative permeability curves, (b) oil recovery curves, (c) pressure drop and (d) nor-
malized Ca2 -concentration profiles in effluents for the inhibition of CaCO3 precipitation using 
50 mg∙L−1 of Ca-DTPMP-based nanofluid. Temperature at 54.4 °C (130 °F) and confining and 
pore pressures of 1800 and 300 psi
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is changing to a strong water-wet condition. On the other hand, the residual oil satu-
ration was reduced. Also, the mobility to water is reduced. In the case of perdurabil-
ity 3, there is no significant decrease in residual oil saturation. However, there is a 
higher irreducible water saturation compared to the previous cases, implying an 
increase in water wettability. There is also a decrease in the mobility of water con-
cerning the base. Besides, the oil recovery curves and the behavior of the nanofluid 
as an inhibitor are presented in Fig. 12.4b. The first two perdurability evaluations do 
not undergo major changes, while for the third durability evaluation, the system 
does not inhibit efficiently, and scale deposition occurs, leading to an oil recovery 
reduction of 9%.

Figure 12.4c shows the pressure drop profiles for each stage. For the base curve, 
the pressure drop stabilizes near 10 psi. Then, during the inhibition processes, the 
pressure drops increase by 55%, and the value is maintained until the perdurability 
2 stage. Finally, during perdurability 3, pressure drop increases to approximately 
60 psi, which is in accordance with the oil and water permeabilities. On the other 
hand, Fig. 12.4d shows the profiles for the Ca2+ concentration in the recovered efflu-
ents that were analyzed following the same procedure of batch experiments. Results 
show that during each inhibition stage, there is a correct performance of the nano-
fluids, avoiding the scaling of inorganic scales in porous media. Finally, the pH was 
monitored in the collected water effluents, obtaining insignificant variations.

12.3.4.2  Remediation of CaCO3 Scaling

Remediation of mineral scaling formation damage was evaluated in two main 
stages. Initially, the damage was caused by the deposition of inorganic calcium 
carbonate scales by the injection B1 and B2 in the porous medium. Then, the effec-
tiveness of Ca-DTPMP nanoparticles, CF, and nanofluid was analyzed. Figure 12.5a 

Fig. 12.5 (a) Relative permeability curves and (b) oil recovery curves for the remediation of 
CaCO3 precipitation using 50 mg∙L−1 of Ca-DTPMP and carrier fluid. Temperature at 54.4  °C 
(130 °F) and confining and pore pressures of 1800 psi and 300 psi
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shows relative permeability curves for Ca-DTPMP nanoparticles and CF. In the first 
instance, it is observed that both the CF and the nanoparticles dissipate the Sor after 
the remediation of the formation damage. In addition, the system in both cases 
maintains its preference to be wet by the water, reflected in the displacement of the 
Kr to the right. As for the recovery of the OOIP, shown in Fig.  12.5b, this was 
greater for the nanoparticles than for the CF. Like the inhibition process, both sys-
tems present good results when evaluated individually.

For nanofluid evaluation, the changes in the permeability of both the oil and 
water phase are summarized in Table 12.6. From the results, it is observed that by 
depositing inorganic scales, formation damage of 57% is generated according to the 
reduction of the Kw values. When injecting the nanofluid for permeability restaura-
tion, a Kw above the base water permeability was obtained. This suggests that the 
treatment removes the deposited inorganic scales and improves the flow conditions 
of the system.

Regarding the oil effective permeabilities (Ko), it is observed that after the treat-
ment injection, there is an increase of 13% compared to the base permeability. 
Hence, it can be said that the treatment not only removes mineral scaling formation 
damage but also favors the flow conditions of water and oil in the porous medium.

Figure 12.6 shows the relative permeability curves and the oil recovery curves 
for the systems after damage caused by inorganic scales deposition and after the 
damage removal with the nanofluid. From panel a of Fig. 12.6, it can be identified 
that when damage is generated, the residual saturation of both the water and oil 
increase; therefore, the mobility of both phases is strongly affected. After the treat-
ment injection, the medium becomes more wettable to the water and recovers the 
mobility of oil and water phases; however, it should be noted that the mobility of the 
water remains slightly below to the base, while that of the oil tends to overcome the 
basic mobility conditions.

Figure 12.6b shows the results of the oil recovery curves during the damage 
removal stage. Once the damage caused by scale deposition is generated, only a 
recovery of 37% of the original oil in place is obtained. After treatment injection, a 
recovery 3% higher to the base scenario is achieved. It is validated again that the 
treatment not only removes the damage but also improves the rock and fluid condi-
tions, allowing recovery values to be reached above the base conditions (scenario 
without damage).

Table 12.6 Values of oil and water effective permeabilities for the remediation of CaCO3 
precipitation using 50 mg∙L−1 of Ca-DTPMP-based nanofluid. Temperature at 54.4 °C (130 °F) 
and confining and pore pressures of 1800 psi and 300 psi

Phase Kw (mD) Ko (mD)

Base 28.0 45.0
Damage 16.0 25.0
Nanofluid injection 29.0 61.0
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On the other hand, the pressure drop profiles are presented in Fig. 12.6c. For the 
baseline, the pressure drop is adjusted to 11  psi. The fall is associated with the 
movement of fluids during oil recovery. After damage induction, the values increase 
to 116  psi, and, finally, after the injection of nanofluids, the value stabilizes at 
around 20 psi. Finally, the effluents recovered in both stages were analyzed by Ca2+ 
concentration and are showed in Fig.  12.6d. The results indicate that after the 
removal of formation damage, a negligible concentration of Ca2+ ions is observed in 
the recovered effluents, which corroborates the high efficiency of nanofluids to rem-
edy damage due to mineral scaling. Finally, the pH was monitored in the collected 
water effluents, in which no variation was observed in its value, that is, the high pH 
was maintained during the experiment.

Fig. 12.6 (a) Relative permeability curves, (b) oil recovery curves, (c) pressure drop, and (d) 
normalized Ca2 -concentration profiles in effluents for the remediation of CaCO3 precipitation 
using 50 mg∙L−1 of Ca-DTPMP-based nanofluid. Temperature at 54.4 °C (130 °F) and confining 
and pore pressures of 1800 and 300 psi
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12.3.5  Field Trial

Based on the static and dynamic results on the evaluation of the inhibition of the 
precipitation of inorganic scales, a pilot test was designed in an oil field in Southern 
Colombia. The brine was composed by 13,500 mg∙L−1 of Na+, 185 mg∙L−1 of K+, 
394 mg∙L−1 of Mg++, 7600 mg∙L−1 of Ca++, 390 mg∙L−1 of Sr++, 31 mg∙L−1 of Fe++, 
35,454 mg∙L−1 of Cl−, 80 mg∙L−1 of SO4

−

, and 128 mg∙L−1 of HCO3
−

, indicating 
that the experimental conditions evaluated represented a more drastic scenario for 
the CaCO3 scaling.

The chosen well was completely closed, and its production was zero barrels per 
day due to the conditions obtained after the alkali-surfactant polymer (ASP) flood-
ing process to which it was exposed during years. The results obtained with the 
EOR process were not successful, leading to high pH values in the reservoir water, 
which favored the precipitation of the calcium carbonate in the near-wellbore area. 
The CO2 content, in this case, was negligible, which indicates that the main damage 
mechanism is related to brines incompatibility and high pH values. In this sense, the 
nanofluid with the best results for the remediation and inhibition of the formation 
damage by inorganic scale was injected in the field trial. As the selected well had an 
electric submersible pump (ESP) for artificial lift, the nanofluid was injected through 
the annular and left to soak during 12 h. Figure 12.7 shows the results of the pilot 
test carried out in a field in Southern Colombia. The porosity of this field is between 
15% and 20% with an average permeability of 2500 mD.

The blue shaded box coincides with an ASP stimulation treatment carried out 
between January 2014 and January 2015 that resulted in a complete cessation of 
production attributed to formation damage due to precipitation/deposition of calcite 

Fig. 12.7 Pilot test: Evaluation of the efficiency of the nanofluid in the removal and inhibition of 
damage by precipitation/deposition of mineral scales
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scales for the alteration of the pH of the formation water, which leads to formation 
damage for inorganic scales.

In January 2017, it started with the injection of the nanofluid (green box). The 
implementation was successful showing an increase in oil production of 66 barrels 
per day during the first year of production after a total cessation of approximately 
1 year. After 24 months of monitoring, oil production remains above the baseline. 
This result showed the ability of the nanofluid for remediating and inhibiting cal-
cium carbonate precipitation/deposition formation damage under high pH condi-
tions. It is worth mentioning that this phenomenological approach is based on 
fluid-fluid and fluid-surface interactions that lead to the successful formulation of a 
nanotechnology-based chemical treatment that can remediate and inhibit this for-
mation damage.

The nanoparticle concentration was monitored after the well is open for produc-
tion, as shown in Fig.  12.8. It is observed that, after the job, concentrations of 
nanoparticles lower than 20 mg∙L−1 are obtained, indicating a high interaction with 
the porous medium and leading to high perdurability of the treatment. It is worth 
mentioning that, as an additional benefit of the treatment, the lifting costs were 
reduced. Before nanofluid, the ESP constantly failed due to the CaCO3 scaling and 
the well-needed intervention every 40 days. After the nanofluid injection, the pro-
duction was constant for more than 1 year without the need for well intervention.

Fig. 12.8 Nanoparticles tracking after the stimulation process
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12.4  Conclusion

Static tests at high pH show a 100% inhibition percentage of the damage caused by 
inorganic scales in the presence of the Ca-DTPMP-based nanofluid. The nanofluid 
evaluated can be identified as a double effect inhibitor that acts on the calcite crys-
tals limiting their growth. The synergistic effect between the nanoparticles and the 
transport fluid is evident, which shows an excellent performance both in the elimi-
nation and in the inhibition of the formation damage of mineral scales at high pH 
and reservoir conditions. Dynamic inhibition tests also show the excellent durability 
of the treatment. Finally, the implementation of the technology in the field was suc-
cessful showing an increase in oil production of 66 barrels per day during the first 
year of production. After 24 months of monitoring, oil production remains above 
the baseline. Due to these field results, the technology was implemented in other 
wells in the field and expanded to other fields. The economy of the project is greatly 
improved because in the stimulation/inhibition work strategy, it was reduced from 2 
to 1 stage because the wells are stimulated and inhibited in a single program and not 
in two stages, as is normally done.
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Chapter 13
Removal of Uranium from Flowback 
Water of Hydraulic Fracturing Processes 
in Unconventional Reservoirs Using 
Phosphorus- and Nitrogen-Functionalized 
Activated Carbons

Karol Z. Acosta, Mauricio Holguín, Mónica M. Lozano, 
Francisco Carrasco- Marín, Raúl Ocampo, Agustín F. Pérez-Cadenas, 
Camilo A. Franco, and Farid B. Cortés

13.1  Introduction

Gas unconventional reservoirs are currently considered as viable sources of energy 
for different countries to ensure their requirements and increase the reserves to con-
solidate energy self-sufficiency [1, 2]. Thus, the production of unconventional oil 
and gas has increased continuously. For example, in 2015, the annual production of 
unconventional oil and gas amounted to 30 billion BOPD and 9.273 × 108 Nm3 [3], 
respectively, mainly due to the hydraulic fracturing (HF). Hydraulic fracturing is a 
technique commonly used for the oil and gas exploitation in reservoirs of ultralow 
permeability rocks such as tight, shale, and coal beds. This technique uses water- 
based fluids composed of surfactants, polymer, clay stabilizers, biocide, and sand 
that are injected at high pressures into the formation [4]. This process creates new 
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fractures in the formation, favoring the well productivity due to the increased con-
nectivity of existing pores and fractures, and hence increases the permeability to 
conduct the fluids into the well [5]. Nevertheless, the rock associated to these reser-
voirs has different radioactive elements such as thorium (Th) and uranium (U) [6], 
which are known as naturally occurring radioactive materials (NORM) [7]. 
Terrestrial NORM typically found in geological formations consists of isotopes 
from the uranium-238 decay series, thorium-232 decay series, and potassium-40. In 
many cases it is the decay products of the uranium and thorium decay chain that 
present a larger problem to the environment (e.g., Radon-228). Accordingly, signifi-
cant amounts of produced waters are generated during the exploitation and fractur-
ing processes named production water flowback, which carry with it sand, chemical, 
organic compounds, radioactive elements (depending on the geochemical of the 
formation), among others [4, 7]. The NORM are well-documented contaminants of 
oil and gas wastes [7]. However, to the best of our knowledge, there are no studies 
reported in the scientific literature about NORM removal from the water production 
in HF process in unconventional reservoirs. Some authors report the adsorption of 
uranyl (VI) ions in aqueous solutions by magnetic polyethyleneimine-modified acti-
vated coal [8], NORM adsorption by a batch of insolubilized humic acid [9], bio-
sorption removal of Th(IV) by Aspergillus niger [10], and others that include 
adsorption with other materials like zeolite, two-dimensional MXene material, and 
resins [11, 12]. Therefore, the main objective of this work is to develop activated 
carbons (AC) from olive stones with unique chemical surface characteristics for 
uranium (U) removal. For this proposal, carbon surfaces have been modified by 
doping with different heteroatoms of nitrogen, phosphorus, and phosphorus/nitro-
gen. The adsorption studies have been focused on uranyl acetate aqueous solutions. 
Moreover, the effects of the chemical nature of the adsorbent, adsorbent/adsorbate 
ratio, and salinity were evaluated based on the fluid-surface interactions. Besides, 
the obtained isotherms were fitted with a mathematical model for explaining the 
phenomenological behavior. Finally, a reuse test was designed based on the desorp-
tion/adsorption data for understanding the perdurability of the synthesized materials.

13.2  Materials and Methods

13.2.1  Materials

Olive stones (agro-industrial waste) were selected as raw material for activated car-
bon production. These were crushed and sieved to 1.0–2.0  mm size and subse-
quently dried at 90 °C until constant weight. Phosphoric acid (reagent grade ≥ 80%, 
Sigma-Aldrich, St. Louis, MO, USA) was employed for the chemical activation of 
the raw material before carbonization. Melamine (99%, Sigma Aldrich, St. Louis, 
MO, USA), phosphoric acid, and ammonium phosphate (reagent grade ≥  98%, 
Sigma Aldrich, St. Louis, MO, USA) were used for the functionalization of the 

K. Z. Acosta et al.



431

material surface. Distilled water was used for the washing protocol. On the other 
hand, a uranyl acetate was used as a precursor of the uranyl ion (reagent grade ≥ 98%, 
Sigma Aldrich, St. Louis, MO, USA).

13.2.2  Methods

13.2.2.1  Preparation of Activated Carbons

Activated carbons (ACs) were produced by chemical activation of olive stones with 
the phosphoric acid solution following the process before described by Moreno- 
Castilla et al. [13]. Thus, 100 g of olive stones were mixed with the phosphoric acid 
solution in a mass ratio of 1:2. The mixture was macerated and dried using an IR 
lamp for 20  h. It was then carbonized in a tubular furnace (Heraeus, Hanau, 
Germany) by heating at 10 °C/min up to 840 °C. A soaking time of 2 h under a 
nitrogen flow of 300  cm3/min was used. The material obtained was treated with 
distilled water until pH = 7.

13.2.2.2  Modification of Activated Carbons

After the AC material was dried at 100 °C for 24 h, an incipient impregnation pro-
cess was used for surface modifications [14]. In this sense, an appropriate quantity 
of functionalizing agents such as melamine, phosphoric acid, and ammonium phos-
phate was used to dope the carbon surface with heteroatoms such as N (AC-N), P 
(AC-P), or N and P (AC-NP) in the AC sample, respectively. For this proposal, the 
solutions with the heteroatoms (P, N, and N and P) were prepared based on the solu-
bility limit in water and/or ethanol [15]. Then, these solutions were gradually 
dropped on AC material. After the impregnation, the materials were dried using an 
IR lamp for 20 h, and finally, they were heated at 700 °C under a nitrogen.

13.2.2.3  Characterization of Activated Carbons

Scanning electron microscopy (SEM) analysis was used for studying the morphol-
ogy of the materials using a GEMINI-1530 microscope (Berlin, Germany). Textural 
properties were calculated from sorption isotherms of N2 using a Quadrasorb SI 
instrument (Florida, USA). Previously, the carbons were degassed overnight at 
110 °C. The Brunauer–Emmett–Teller (BET) equation was fitted to isotherms to 
estimate the surface area (SBET), while the Dubinin–Radushkevich (DR) model was 
used to calculate the micropore properties (micropore volume, Vmic, and micropore 
mean size, Lmic) [16]. Mercury porosimetry was developed to obtain the macropore 
volume Vmacro (pore size from 50 to 10,000 nm) and mesopore, Lmeso, and macropore 
width (Lmacro) by using an AutoPore IV 9510 instrument up to a pressure of 
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2000 kg cm−2 (Georgia, USA). Pore size distributions (PSD) were calculated by the 
application of QSDFT to N2 adsorption isotherms and mercury porosimetry results. 
Total pore volume, VT, was calculated from the whole PSD, and mesopore volume, 
Vmeso, was calculated by the integration between 2 and 50 nm. The carbon chemical 
properties were obtained by X-ray photoelectron spectroscopy analysis (XPS) and 
by determining the pHIEP [17].

13.2.2.4  Material Selection

In order to determine the most efficient materials during U removal, adsorption tests 
were carried out according to the method previously reported by Khalili et al. [12]. 
Adsorption assays were carried out in aqueous solutions, in the absence of salts and 
using a ratio of 10:1 adsorbent/adsorbate and 500 mg/L of uranyl in solution. The 
adsorptive couple is contacted during 24 h at 300 rpm later, they are separated by 
centrifugation (4000 rpm), and the residual uranyl content in the supernatant was 
determined by using a spectrofluorometer with λExc.=369 nm, λEmi.=510, Slit exc. = 
10 nm, and Slit emi. = 10 nm (Thermo Scientific, Waltham, MA, USA).

13.2.2.5  Adsorption Isotherms

Uranyl adsorption isotherms were developed on the materials that turned out to be 
more efficient. For this, a solution containing 1000 mg/L of uranyl acetate (U) in 
deionized water was prepared and subsequently diluted at concentrations between 
10 and 500 mg/L in the different systems (varying the amount of ACs materials and 
varying salinity) at pH 6.3. The residual concentration of U during the adsorption 
was determined by using spectrofluorometer (Thermo Scientific, Waltham, MA, 
USA) to the conditions previously described. The time for reaching the adsorption 
equilibrium was around 4 hours. The amounts adsorbed in units of milligram of 
uranyl per gram mass of materials were estimated according to Eq. (13.1) according 
to the method described by Franco et al. [18]:

 
N

C Ce V

Wads =
−( )0

 (13.1)

Where C0 (mg/L) is the initial uranyl concentration while Ce (mg/L) is the uranyl 
equilibrium concentrations; V (L) is the volume of the uranyl solution, and W (g) is 
the mass of carbons used to essay. The concentration of uranyl residual in the super-
natant was determined by fluorescence as described above.

K. Z. Acosta et al.



433

13.2.2.6  Effect of Adsorbent/Adsorbate Ratio on Adsorption Efficiency 
of Uranyl

For this, different amounts of ACs materials were employed (100 mg per 20 ml of 
uranyl solution (a ratio of 5:1), 200 mg per 20 mL of solution (10:1), and 400 mg 
per 20 ml of solution (20:1)), and the other conditions for the adsorption were main-
tained constant. The isotherms were estimated as explained above.

13.2.2.7  Effect of Salinity on Adsorption Efficiency of Uranyl

For this, three salt concentrations using KCl were prepared (1% w/v, 3% w/v, and 
5% w/v; the salinities were chosen considering the average hardness of the flow-
back water), and the other conditions were maintained constant (adsorbent/adsor-
bate ratio 10:1 and pH 6.3). Then, isotherms were estimated, as explained above.

13.2.2.8  Reuse Process

The desorption test of using basic solutions was carried out in order to evaluate the 
capacity of the material in reuse processes. For this, the composites AC material- 
uranyl were left in a NaOH solution at pH of 12.0. After 24 h, the content of uranyl 
in the medium was monitored by fluorescence using a new calibration curve. 
Subsequently, the materials were used in resorption tests. For this, 200  mg of 
desorbed materials were added to 10 ml of an aqueous solution of uranyl to 500 mg/L 
(pH = 6.3), then the mixture was stirred at 300 rpm during 4 h, and the content of 
uranyl in the solutions was again measured; a total of 30 adsorption-re-adsorption 
cycles were carried out.

13.2.2.9  Solid-Liquid Equilibrium (BET) Model

The BET model has been extensively used to fit sorption isotherm experimental data 
[19]. This model describes mainly the multilayer adsorption phenomena for liquid- 
solid systems [20–23]. The model is presented below:

 

q q
K C

K C K C K C
=

−( ) − +( )max
S E

L E L E S E1 1
 

where q is the amount of uranyl (mg/g) adsorbed at equilibrium, qmax is the maxi-
mum adsorption capacity (mg/g), CE is the equilibrium concentration of uranyl in 
the aqueous phase (mg/L), and KS (L/mg) and KL (L/mg) are the equilibrium con-
stants of adsorption for the first layer and the upper layers, respectively.
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13.3  Results

13.3.1  Material Characterization

AC morphologies were analyzed by SEM; illustrative images are shown in Fig. 13.1. 
AC samples are three-dimensional networks of amorphous particles in a micromet-
ric regime, arranged randomly, and with spaces between the primary particles, 
which define their porosity, which is essential for physisorption phenomena. Other 
studies have described this type of arrangement [24, 25].

The N2 sorption isotherms of AC materials are presented in Fig. 13.2. Carbons 
show type I–IV hybrid isotherms with a H4 hysteresis loop according to UIPAC 
(International Union of Pure and Applied Chemistry) [26], and these results are 
characteristic of microporous-mesoporous hybrid materials with narrow slit-like 
pores. The slight slope at low relative pressures less than 0.1 is evidence of the 
development of the monolayer. After that, the curve is pronounced indicating the 
beginning of the multilayer fission, which corresponds to the filling of mesopores. 
Other studies have revealed the ability of phosphoric acid to increase the micro- and 
mesoporous space, causing the collapse of macropores [25, 27, 28].

The textural properties of materials derived from the isotherms are summarized 
in Table 13.1. All samples (AC materials) were microporous-mesoporous hybrid; 
Vmicro and Vmeso represented, each one, the 40% of VT. Functionalized materials 
exhibited VT slightly lower than the AC sample (control), which is expected, con-
sidering that the heteroatoms block the pore by deposition in the micro- and meso-
porous spaces [27]. However, the modification with phosphoric acid (P) had a dual 
activating consequence, increasing total porous volume.

The pore size distributions (PSD) of the AC materials are shown in Fig. 13.3. The 
results attained by the coupling of nitrogen isotherms and mercury porosimetry con-
firm that carbon materials are microporous–mesoporous materials; Vmacro represents 
less than 20% of VT in all cases. All distributions showed bimodal behaviors; 

5 µm

Fig. 13.1 The 
microstructure of the 
activated carbon without 
functionalization (AC) 
sample obtained by SEM 
analysis
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micropore mean width was centered on L0 (N2) 1.34 ± 0.03 nm, and mesopore mean 
width was centered on d, 2.36 ± 0.28 nm for AC materials, and this region repre-
sents the 80% of total area. These results agree with those reported by Moreno- 
Castilla et al. [13].

In addition to the available porous space, the surface chemistry of the material is 
essential for the stabilization of the adsorptive couple. The chemical compositions 
of the carbons are summarized in Table 13.2. In general, the surface of the materials 
was constituted mainly of C atoms (≈ 80%) and presented residual nitrogen in 
AC-N and AC-NP for the functionalization method and phosphorus atoms either by 
the process of functionalization or activation. The pHIEP becomes an important 
parameter to characterize the chemistry of carbons [29, 30]. It is defined as the pH 
value at which the total charge on the surface of the adsorbent is neutral [30] and 
determines the charge density of materials under different pH. Furthermore, it is 
strongly dependent on the chemical groups that possess the materials on their sur-
faces. The pHIEP for all materials is acidic.

The use of the activating agent (H3PO4) promoted the formation of cross-links 
with phosphoryl groups; these chemical groups are proton-active and generate a 
negatively charged surface with low pHIEP. Comparable results have been found by 

Fig. 13.2 N2-Isotherms at 
−196 °C for , activated 
carbon without 
functionalization (AC); , 
activated carbon 
functionalized with 
melamine (AC-N); , 
activated carbon 
functionalized with 
phosphoric acid (AC-P); 
and , activated carbon 
functionalized with 
ammonium phosphate 
(AC-NP). Adsorption 
(open symbols); desorption 
(closed symbols)

Table 13.1 Textural properties of activated carbon without functionalization (AC), activated 
carbon functionalized with melamine (AC-N), activated carbon functionalized with phosphoric 
acid (AC-P), and activated carbon functionalized with ammonium phosphate (AC-NP)

Sample
SBET Vmicro Lmicro Vmeso Lmeso Vmacro VT

m2/g cm3/g nm cm3/g nm cm3/g cm3/g

AC 1224 0.442 1.33 0.375 2.46 0.145 0.962
AC-N 1169 0.420 1.36 0.404 2.44 0.125 0.951
AC-P 1296 0.450 1.37 0.484 2.38 0.123 1.071
AC-NP 1139 0.409 1.34 0.403 2.18 0.041 0.848
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other researchers [30]. The addition of heteroatoms such as nitrogen, free (N), or 
combined (NP), slightly increased the value of pHIEP. However, for all AC materials, 
the surface chemistry is determined to a greater extent by the activating agent 
(H3PO4) [13, 31, 32]. In brief, the AC-N and AC-NP samples display a higher pHIEP 
value than the other materials for the presence of amino groups on its surface 
(groups positively charged – Lewis bases). In contrast, AC and AC-P materials show 
the lowest value for pHIEP due to the presence of phosphoryl groups, also called acid 
groups or proton-active that gives a negative charge density to the materials and, 
consequently, a lower value of pHIEP [33].

13.3.2  Material Selection

The capacity of activated carbons with different chemical natures to remove uranyl 
was evaluated. Explicitly, the carbons evaluated reached removals of uranyl between 
50% and 100% after 4  h. The adsorption efficiencies are given in the following 
order (97%) AC-N  >  (96%) AC  >  (81%) AC-NP  >  (56%) AC-P for the uranyl 

Fig. 13.3 Pore size distribution for: , activated carbon without functionalization (AC); , acti-
vated carbon functionalized with melamine (AC-N); , activated carbon functionalized with phos-
phoric acid (AC-P); and , activated carbon functionalized with ammonium phosphate (AC-NP). 
Obtained by the application of QSDFT to N2 adsorption isotherms and mercury porosimetry

Table 13.2 Atomic concentration on the surface of activated carbon series. Assessed by XPS 
analysis

Sample
Surface atomic concentrations (%)

pHIEPC1s O1s N1s P2p Heteroatoms (O + P)

AC 85.5 7.7 – 6.7 14.4 2.44
AC-N 84.6 7.6 1.1 6.7 14.3 2.96
AC-P 83.4 7.7 – 8.9 16.6 1.92
AC-NP 82.3 7.7 0.6 7.3 15.0 2.03
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concentration evaluated at temperature of 25 °C and adsorbent/adsorbate ratio of 
10:1. Figure 13.4 shows the correlation between the porous and chemical properties 
of the materials and the ability to remove uranyl ions. According to the results, the 
mesoporous volume and the surface chemistry of the materials, measured through 
the pHIEP and the heteroatoms (HETAM) content, are fundamental during the 
adsorption phenomenon (a high Pearson correlation coefficient (PCC) > 0.80), The 
macro- and microporous properties seem to have no relation with (PCC < 0.50) the 
adsorptive capacity of the materials on the uranyl ions.

In the present study, the correlation between the microporous volume and the 
adsorptive capacity of the materials seems not to be clear. However, the mesoporous 
carbons with the lowest number of heteroatoms (P + O), represented by a higher 
value for pHIEP, were more efficient in the adsorption of uranyl. According to previ-
ous reports, uranyl chemical species at pH 6.3 are solvated with hydroxyl groups 
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Fig. 13.4 Correlation between porous texture and chemical properties of materials and the ability 
to remove uranyl ions (R%)
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associated with water molecules through ion-ion and ion-dipole interactions form-
ing species like UO2(OH)+, (UO2)2(OH)2

2+, and (UO2)3(OH)5+ [34]; when the size 
and shape of a uranyl solvated with a single layer of water molecules are considered, 
as can be seen in Fig. 13.5, the inability of the complex to deposit correctly in the 
micropores (size <2  nm) is highlighted, unlike the narrow mesopores (slightly 
higher than 2 nm) that allow a better spatial accommodation of the hydrated uranyl.

On the other hand, less acidic surfaces, with higher pHIEP, benefited to a greater 
extent the uranyl  – surface interaction. The high  affinity between the adsorptive 
couple, Uranyl – AC, and Uranyl-AC-N, compared to the others materials it is due 
to a lower repulsive force between the highly electronegative zones of the complex 
attributed to the presence of oxygen atoms and the surface of the carbons AC and 
AC-N, less negative (higher pHIEP). Materials such as AC-P and AC-NP are charac-
terized by a more significant number of phosphoryl and phosphate groups (hetero-
atoms (P + O), as can be seen in Table 13.2) that will eventually establish higher 
repulsive interactions with the uranyl group oxygen and decrease the adsorptive 
capacity of acid materials. Therefore, the most promising materials, AC and AC-N, 
were used for the adsorption efficiency tests.

13.3.3  Effect of Adsorbent/Adsorbate Ratio on the Adsorption 
Efficiency of Uranyl

Figure 13.6 shows the experimental isotherms for uranyl adsorption onto AC and 
AC-N materials with the BET model fit at 298 K using different absorbent/adsor-
bate ratios. The adsorption isotherms for all scenarios have type III behavior accord-
ing to the IUPAC classification [26]; in this type of isotherm, the adsorbate has a 
similar affinity for the adsorbent as for itself. The monolayer acts as a free site for 
another molecule to adsorb, and so on [25]; this leads to an uneven coating, with 

Fig. 13.5 Ellipsoid shape and mean size of a hydrated uranyl cation molecule with a single layer 
of water (five molecules) using dynamic
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free zones, other covered with monolayer, and parts covered with multilayer. These 
results agree with the report by other authors [15, 35].

There are no statistical differences between AC and AC-N during the uranyl 
adsorption. Moreover, as can be seen in Fig. 13.6, the isotherms showed a different 
amount of adsorbed according to the ratio adsorbate/adsorbent employed. The 
upper isotherm corresponds to 5:1, the middle isotherm to 10:1, and the lower iso-
therm to 20:1 adsorbent/adsorbate ratio, and the adsorbed amount decreases in the 
order 5:1 ratio > 10:1 ratio > 20:1 ratio in the entire range of equilibrium concentra-
tion (CE). These findings are supported by the values of BET model parameters 
listed in Table 13.3, where qmax decreases as the value of the ratio increases. Besides, 
KL y KS values followed a similar tendency of qmax, indicating that the adsorption 
affinity increases, and the multilayer adsorption greatly affected as the ratio adsor-
bate/adsorbent decreases for the two samples evaluated. As shown in Table 3, the 
BET model described well the experimental results of the adsorption isotherms 
according to the values of R2. Lower KS values related with increased ratio 

Fig. 13.6 Uranium-isotherms at 25 °C and different adsorbent/adsorbate ratio using activated car-
bon without functionalization (AC)  5:1,  10:1,  20:1 and activated carbon functionalized with 
melamine (AC-N)  5:1,  10:1, and  20:1

Table 13.3 Estimated BET model parameters for uranyl adsorption isotherms over activated 
carbon without functionalization (AC) and activated carbon functionalized with melamine (AC-N) 
using different adsorbent/adsorbate ratio

AC AC-N

R
KL

L/mg
Ks

L/mg
qmax

mg/g R2 R
KL

L/mg
Ks

L/mg
qmax

mg/g R2

5:1 0.35 0.14 200.8 0.97 5:1 0.53 0.06 200.58 0.98
10:1 0.18 0.07 58.2 0.99 10:1 0.18 0.05 55.64 0.99
20:1 0.09 0.04 54.9 0.99 20:1 0.15 0.02 51.14 0.99

13 Removal of Uranium from Flowback Water of Hydraulic Fracturing Processes…



440

adsorbate/adsorbent also indicate that adsorption is less stable and the uranyl mol-
ecules may be adsorbed perpendicularly to the carbon surface [22, 35, 36].

In this instance, the results can be attributed to the decrease of the available 
active sites for adsorption by mass units caused by increasing the carbon dosage, 
which consequently influences the interactions between the materials and uranyl. 
This condition improves carbon-carbon interaction and hence the diminution of the 
accessible active sites for adsorption. Therefore, this decreases the possibility of 
uranyl contacting the carbon surface. Similar results were published by Garcia et al. 
[35]. They assessed the adsorption of azo-dye Orange II over iron-benzene- 
tricarboxylate and observed a reduction in the amount adsorbed with the increase of 
the quantity of the adsorbent. Also, some authors like Guzman et al. [15] also found 
similar results when determining that the rise in the concentration of nanoparticles 
decreased the adsorbed amount of asphaltenes of them. In both studies, the results 
are attributed to the particle aggregation of adsorbent as a result of high adsorbent 
mass and the reduction of available porous sites. Finally, is important to remark that 
qmax is mainly determined by the availability of sites on the materials, which 
decreases as amount of material increases.

13.3.4  Effect of Salinity on Adsorption Efficiency of Uranyl

When evaluating the impact of salinity on adsorption efficiency using AC and 
AC-N, 100% removal was evidenced at concentrations of uranyl between 50 and 
1000 mg/L using saline concentrations of 1%, 3%, and 5% w/v, showing a higher 
performance in comparison with the non-saline system (uranyl removals between 
56% and 97%). It appears that the presence of 1–5% w/v of saline concentration is 
enough to promote the total removal of uranyl, even when it is found at levels as 
diverse as 50 mg/L and 1000 mg/L. When AC and AC-N are at higher pHs than their 
pHIEP, negative sites on the material surfaces are favored. Thus, the probability of 
adsorbate-adsorbent encounter is reduced due to the high electronegativity of the 
uranyl molecules. The presence of ions in solution from the salt, especially the cat-
ions (M+), forms a bridge between the adsorptive pair establishing material 
(anion) – salt (cation) – uranyl (- dipole) interactions [37, 38].

13.3.5  Reuse Process of Activated Carbons

Reuse tests are useful to define the half-life time of absorbent materials. In the pres-
ent study, 30 cycles of desorption-re-adsorption of uranyl on AC and AC-N materi-
als were performed. The asequible sites of the carbons were restored by washing 
with 0.1 M NaOH, followed by de-ionized water and the subsequent sorption cycle. 
Thirty adsorption-desorption cycles were completed, and the adsorption power of 
AC and AC-N was found to be closely analogous during the 25th cycles. For the 
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AC-N, there is a decline by 15% in the 30th cycle, which can be due to the degrada-
tion of functionalizing agent. Meanwhile, the AC sample keeps constant during the 
30 cycles evaluated. In addition, the results showed that desorption at basic pH is 
desirable for AC and AC-N recovery. These outcomes indicate that the activated 
carbons have a small affinity, rapidly saturable for some or all NaOH-modified ura-
nyl species including uranyl hydroxide in the monomeric form UO2(OH)2 and in the 
dimeric (UO2)2(OH)4 [34]. At pH 13, the AC and AC-N have a negative surface 
charge, and uranyl also tends to occur as an anionic species, for example, UO2(OH)2 
and (UO2)2(OH)4. This is an electrostatically unfavorable condition for the adsorp-
tion, which also can explain the decrease in the uranium adsorption on AC-N at 
pH 13 after 25 cycles. Currently, there is no knowledge of studies that report on the 
removal of uranyl species in fracturing waters; close research was done by Dutta 
et al. [34]; however, the assays were limited to interpreting the adsorptive phenom-
ena in an aqueous medium; in that case, 93% or 186 mg/g removals of uranyl ions 
in the absence of salts at pH 6.0 were achieved. In comparison, in the present work, 
removals of 100% or 500 mg/g of uranyl ions at pH 6.3 and ranges of salinities 
between 0% and 5% were reached, which is one of the greatest adsorption efficacies 
described so far.

13.4  Conclusion

A new adsorbent made of activated carbon has been developed for fast and efficient 
adsorptive removal of uranyl ions at pH 6.3 as a proposal for water treatment in 
hydraulic fracturing processes. The results advised that the carbons with narrow 
mesoporosity and the highest value of pHIEP were most efficient in the adsorption of 
uranyl, specifically AC and AC-N. The strong affinity is due to a lower repulsive 
force between the adsorptive couple added to the presence of narrow mesoporosity 
that allows the accommodation of hydrated uranyl species. On the other hand, the 
parameters of the BET model showed that the amount adsorbed decreases as the 
adsorbent/adsorbate ratio increases as a consequence of the reduction of available 
active sites for adsorption by mass unit, caused by increasing the carbon dosage and 
the aggregation of the primary particles of the material as previously reported. The 
BET adsorption isotherm suggested a maximum adsorption capacity (removal of 
%100) of 500 mg/g in 4 h, using a 5:1 of adsorbent/adsorbate ration and saline con-
centrations between 0% and 5% w/v which is a result not previously achieved since 
there is no knowledge of the removal of uranyl species from water used in hydraulic 
fracturing processes.

The sustainability of AC and AC-N has been demonstrated by showing the regen-
eration and reusability for 30 cycles. It is essential to highlight that the water used 
in hydraulic fracturing processes reports salinities and pHs in the ranges selected for 
the current investigation so that it can be concluded that AC and AC-N materials 
have tremendous potential for efficient uranium de-contamination of these waters. 
In future work, slight variations in pH could be considered on the removal capacity 
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of the investigated materials. Finally, it is presumed that the majority of NORM is 
found in anionic form, product of the combined action between the salts of the for-
mation and the pH; therefore it would be correct to predict that the developed mate-
rials will be effective for the removal of other radioactive such as thorium and 
potassium.
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Chapter 14
Nanoparticles for Cleaning up Oil Sands 
Process-Affected Water

Afif Hethnawi, Adle Mosleh, and Nashaat N. Nassar

14.1  Introduction

With industrial development, energy demand from conventional and renewable 
energy sources increases and becomes crucial concern [1]. Renewable sources of 
energy, despite their general awareness, are contributed only about 19.1 % of the 
global energy demand in 2013 [2]. Up to date, this trend has been growing steadily 
[3]. Thus, fossil fuel obtained by conventional crude oil stands out to remain the 
predominant energy source worldwide for the upcoming decades [4]. This demand, 
as reported by the International Energy Agency (IEA), is expected to rise from 84.7 
million barrel/day in 2008 to 105 barrel/day in 2030 [5, 6]. However, the conven-
tional reserves of oil are depleting [6, 7]. Thus, more efforts are needed to shift the 
oil production from conventional to the development of nonconventional resources, 
including oil sands [6]. The conventional oil reserves are more economically feasi-
ble to recover and process compared with that for the unconventional oil reserves [4, 
7, 8]. Canada, for instance, is ranked as third globally (along with Saudi Arabia and 
Venezuela) in terms of domestic oil reserves [9]. The reserves in northern Alberta, 
Canada, are estimated to contain more than 1.7 trillion barrels of bitumen, as a larg-
est oil deposits in the world [3]. For that reason, oil industry is considered and an 
energy intensive industry and a major consumer for the fresh water. This led such 
industry to be subjected to strict environment regulations, and hence, the oil indus-
try is considering improving the efficiency and reducing the environment footprint 
of current oil recovery, storage, and pipeline transportation methods.. In terms of 
recovery, the deposited oil or bitumen, depending on how deep the oil sands reserves, 
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is essentially recovered by employment of two main methods: open-pit mining or in 
situ extraction methods that are schematically shown in Fig. 14.1.

Less than 20 % of Alberta’s bitumen reserves are close to the surface to be mined 
(less than 50 m) [3]. Anything deeper cannot be economically mined because huge 
amount of waste material needs to be removed before accessing to the bitumen-rich 
oil sands [9]. For about 80 % of Alberta’s oil sands (deeper than 50 m), in situ ther-
mal method can be used with substantial consumption of energy and water [9].

Unlike surface mining, in situ technology offers the benefit of removing the bitu-
men from the ground while leaving the sand in place [9]. Typically, an average of 
0.4 barrels of fresh water is needed to recover each barrel of bitumen by SAGD 
process, while oil sands surface mining process uses three to four barrels of high- 
quality water for each barrel of oil produced [10, 11]. In Alberta, most of the high- 
quality water (around 90%) used for mining operations is typically recycled from 
the production process, while the rest is withdrawn from the Athabasca river [10, 

Fig. 14.1 Schematic representation for the extraction of bitumen from oil sand through (a) steam- 
assisted gravity drainage (SAGD) and (b)open-pit surface mining processes. Copyright permission 
was obtained from Vista Projects (https://www.vistaprojects.com/)
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11]. The most well-known in situ process is SAGD which is currently considered as 
the most widely practiced one for bitumen extraction from oil sands in Alberta, 
Canada, due to its lower cost and higher efficiency. In Alberta alone, 80% (or 135 
billion barrels) of the oil sands are located in these underground deposits and would 
be difficult to access without applying SAGD process [12]. In principle, SAGD 
process requires drilling of two horizontal wells [13–15]. The upper well is utilized 
to inject the heated steam inside the oil well deposit [13–15]. This steam builds up 
heat, which delivers its latent heat to the adjacent area, reducing the viscosity of the 
bitumen and subsequently mobilizing it [13–15]. Thus, the mobilized bitumen, 
along with the condensate steam, is drained downward by gravity to the second 
horizontal well, from which it pumps to the surface [13–15]. The recovered bitumen 
on the surface is separated via subsequent cooling units, generating huge amounts 
of wastewater in the form of produced water (PW). Then, the bitumen is transferred 
to surface-upgrading facilities in order to convert the low-quality oil to synthetic 
crude oil. The PW, on the other hand, is transferred to sequential de-oiling and treat-
ment train to improve the water quality to be reused for boiler feedwater (BFW) in 
a once-through steam generator (OTSG) that produces steam from a high-quality 
water [9, 12, 16]. Constrains on water quality are produced by once-through steam 
generator (OTSG). OTSG is specifically developed heat recovery steam generator 
for thermal recovery applications [17]. In OTSG design, a single pass of water 
through the generator coil and no separator drum are available, generating 80 % 
quality steam with water-to-steam ratio of 1:4 [3]. PW is generally characterized by 
having high concentrations (from 1000 to 10,000 mg/L) of brine, silica, alkalines, 
and total dissolved solids (TDS) [18–20]. Exceeding the “threshold requirement 
concentrations” is undesirable for the reuse of PW as boiler feedwater (in oil field 
steam generator), unless it can be effectively treated through selective water treat-
ment technologies [21]. Thus, the generated SAGD produced water must meet the 
strict requirements in the employed boiler for steam generation [17, 22–25]; other-
wise, boiler drum and tubes can be damaged or corroded.

On the other hand, open-pit mining, like traditional mineral mining operations, is 
largely employed where oil sands reserves are closer to the surface [26]. Practically, 
large shovels scoop the oil sand into trucks which then move it to crushers where the 
large clumps of earth are processed [26, 27]. Then, the crushed oil is mixed with 
warm water, oil sand lumps and rocks, air, and caustics, forming slurry mixture that 
mainly composed of about sand with minimal composition of bitumen [26, 27]. After 
that, the slurry mixture undergoes to a simple water-based gravity separation process 
to extract the bitumen fraction [26–28]. In the gravity separation vessel, flotation 
cells are used to liberate the bitumen deposited in the sand grains by injecting free air 
bubbles to slurry mixture, generating a froth product that is formed on the top of the 
vessel [26–28]. This froth composes of about 60% by weight bitumen, 30% water, 
and 10% solids [26–28]. The unrecyclable effluent is  discharged to tailing ponds 
[26–28]. The bitumen froth is further treated with organic solvents to remove water 
and residual solids from the bitumen, before sending it to upgrading plants [26–28]. 
The bottom product is mostly composed of solids and water in the form of tailings 
and is pumped to tailing ponds. In those tailing ponds, the mixture, based on the sand 
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particle size and compositions, is separated into two main layers: a layer of coarse 
solids with characteristic size greater than 44μm and other layer enriched with 
smaller fine solid particles [29]. The heavier layer tends to be settled down at high 
rate and precipitate quickly to be used to construct contaminant dikes, while the other 
layer remains at the top of the pond as fluid fine tailings [26–29]. From the fluid fine 
tailings, great portion of fine sand particles and clay stay suspended and eventually 
form a mud-like slurry (30–45% solids by weight) called mature fine tailings (MFT) 
[26–29]. Around 86% of the volume of MFT contains water that cannot be easily 
recycled, because of the presence of stable sand particles (very fine, negatively 
charged clays that cannot be separated from water by gravity); these sand particles 
form a vastly disproportional amount of slurries that constantly repel each other, 
inhibiting Brownian agglomeration and making it difficult for settling to take place 
[26–29]. To address this challenging issue, tremendous efforts, with varying levels of 
success and feasibility, have been proposed to speed up the settling rate of the fine 
particles in MFT and maximize the water recovery rate [29].

With respect to storage and transportation of the recovered oil, pipelines are a 
critical part of Canada’s oil transportation infrastructure [30, 31]. Pipeline transport 
is the safest and most efficient way to move large volumes of oil from development 
areas to refineries, petrochemical plants, and even to homes or businesses [30, 31]. 
Although pipelines are convenient and appear to be better options compared to 
other means of transportations, there are issues to be concerned like crude oil spills. 
For instance, the TransCanada pipeline that transports oil to the US Midwest has 
experienced 14 spills, with the latest spill at North Dakota pipeline pumping station 
in May 2011[30, 31]. A campaigner with Greenpeace Canada considers this as an 
act of aggression toward plants, wildlife, and people who live in the path of pipe-
lines. In fact, these oil spills, without an effective removal method, showed adverse 
impacts to ecosystems and the long-term effects of environmental pollution that 
calls for an urgent need to develop a wide range of materials for cleaning up oil from 
oil-impacted areas [32].

In conclusion, bitumen recovery operations (i.e., open-pit mining or SAGD) and 
oil pipelines generate a considerable amount of oil sands process-affected water 
(OSPW) and oil spills. These OSPWs, without any treatment, can cause low bitu-
men recovery, fouling, corrosion, and scaling problems at the extraction and trans-
portation facilities. As a result, a series of OSPW treatments is necessary before 
recycling or environmental release of this water. Therefore, oil sands companies in 
Canada are eagerly seeking novel technologies in order to modify the technologies 
they currently implement for recycling the generated OSPW.  In this regard, this 
chapter aims to provide an overview about the main conventional treatment tech-
nologies applied in treating SAGD produced water, mature fine tailings (MFT), and 
oil spills. Thus, the chapter critically highlights and deeply describes the conven-
tional treatment technologies along with their suggested modification methods and 
some emerging techniques that have been recently reported from fundamentals to 
process optimization and eventually the parameters that affect the process effi-
ciency. The chapter comprehensively describes tailoring designs of some eco-
friendly nanoparticles developed by Nassar’s group at the University of Calgary to 
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be effectively combined or integrated with the many physical and/or chemical pro-
cesses utilized for remediation of OSPW.

14.2  Treatment of SAGD Produced Water

During the SAGD operations, the strict water quality requirements for steam gen-
eration can be met by reducing the levels of suspended and dissolved organic mat-
ters, hardness, and silica [33]. For example, the level of TOC, which reflects soluble, 
emulsified, and suspended organics, in produced water varies from 100 to 700 ppm 
[21, 24, 33]. Also, silica levels can reach up to 400 ppm. These levels should be 
maintained below 50 ppm TOC and 30 ppm silica in the feedwater to OTSG [21, 24, 
33]. Thus, sequential primary, secondary, and tertiary stages are conventionally 
applied. In the primary stage, the oil content is reduced from 2000 to 500 ppm from 
the PW by applying three-phase separators followed by skimming [15]. These sepa-
rator units maintain high retention times (i.e., 3h), which allows for oil/water sepa-
ration. In the primary stage, the suspended solid presented in the PW is removed by 
induced gas flotation (IGF) process that uses air or, low density gas, typically meth-
ane [15]. However, introducing gasses in IGF in some occasions cannot effectively 
remove the suspended solid and requires high retention times [15]. Therefore, ionic 
polyacrylamide is added to flocculate the suspended solids in the IGF, which are 
able to destabilize the suspended solids via surface neutralization and facilitate floc 
formation by interparticle bridging mechanism[15]. The outlet from IGF is fed to a 
sand filter, which contributes to lowering the suspended solid concentration between 
30 and 40 ppm. The tertiary stage consists of chemical treatment train that is aimed 
at reducing the residual concentrations of silica, TOC, and total hardness from the 
PW to meet water specification for the OTSG [15, 21, 24, 33]. The chemical treat-
ment train combines three successive processes of warm lime softening unit (WLS), 
followed by walnut shell filtration (WSF), and weak acid cationic exchanging 
unites (WAC).

14.2.1  Warm Lime Softening (WLS) Unit

In the WLS, the hardness (calcium and magnesium ions) and total alkalinity are 
removed by adding chemicals like lime  (Ca(OH)2), soda ash (Na2CO3), and caustic 
soda (NaOH). As a result, the concentrations of silica and hardness are diminished 
to values less than 50 mg/L and 50 mg/L as CaCO3 at high temperature (65−85 °C), 
respectively [15, 21, 24, 33]. Fundamentally, the silica, under the aqueous condi-
tions, exists in crystalline or amorphous forms [34]. There are various forms of 
crystalline silica, but the most abundant one is quartz, having a very low solubility 
in water, around 6 mg/L (as SiO2) at 25 °C [34]. However, amorphous silica is more 
soluble in water with maximum solubility of 100–140 mg/L (as SiO2) at 25 °C [34]. 
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The amorphous silica can be essentially classified as dissolved, colloidal, and par-
ticulate silica [34]. Dissolved silica includes various silica species: monomers (Q0), 
dimers (Q1), trimers (Q2), and polymeric silicic acid (Q3) as shown in Fig. 14.2 [34]. 
As reported previously, the silica species are in transition among each other accord-
ing to the medium pH and the presence of other ions [34–36]. With polymerization 
of silicic acid by condensation, a three-dimensional gel network of insoluble or 
colloidal silica (amorphous silica) is generated [34–36]. Hence, the presence of 
diverse forms of silica is considered to be “anomalous,” indicating that the stability 
in terms of pH does not follow a certain trend [35, 36]. Hence, the formed silica at 
various medium pH can be presented on two domain states of silica: colloidal 
domain, which is insoluble and amorphous (polymerization), and mono-clear sili-
cate. At medium’s pH above 9 (pH of SAGD produced water), the concentration of 
mono-clear domain silica and other species is dominant in an aqueous condition 
[34–36].

The removal of hardness and silica in WLS is carried out by introducing lime 
(Ca(OH)2), soda ash (Na2CO3), magnesium oxide (MgO), and sodium hydroxide 
(NaOH) to the generated PW, in which the soluble calcium and magnesium hard-
ness convert to insoluble calcium carbonate and magnesium hydroxide that contrib-
ute in simultaneous precipitation of silica [15, 17, 21, 24, 33]. Firstly, the removal 
of carbonate hardness by lime is accomplished by one of the following reactions 
[15, 17, 21, 24, 33]:

 
Ca HCO Ca OH CaCO H O3 2 2 3 22 2( ) + ( ) ⇒ ↓ +

 
(14.1)

 
Mg HCO Ca OH CaCO MgCO H O3 2 2 3 3 22( ) + ( ) ⇒ ↓ + +

 
(14.2)

 
MgCO Ca OH CaCO Mg OH3 2 3 2

+ ( ) ⇒ ↓ + ( ) ↓
 

(14.3)

 
Ca HCO NaOH Ca CaCO H O Na3 2

2
3 22 2 2 2( ) + + ⇒ ↓ + ++ +

 
(14.4)

Mono-clear silica species  

pH>9 pH<9

Amorphous  silica species  

Fig. 14.2 Model of silica species and their polymerization path into amorphous structure under 
aqueous conditions. Color code: O: red; Si: light gray
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Also, the removal of calcium non-carbonate hardness by soda ash is carried out 
by [15, 17, 21, 24, 33]:

 CaSO Na CO CaCO Na SO4 2 3 3 2 4+ ⇒ ↓ +  (14.5)

 CaCl Na CO CaCO NaCl2 2 3 3 2+ ⇒ ↓ +  (14.6)

On the other hand, the removal of magnesium non-carbonate hardness by lime 
and soda ash can be done by one of the following chemical reactions [15, 17, 21, 
24, 33]:

 
MgCl Ca OH Mg OH CaCl2 2 2 2+ ( ) ⇒ ( ) ↓ +

 
(14.7)

 CaCl Na CO CaCO NaCl2 2 3 3 2+ ⇒ ↓ +  (14.8)

 
MgSO Ca OH Mg OH CaSO4 2 2 4+ ( ) ⇒ ( ) ↓ +

 
(14.9)

 CaSO Na CO CaCO Na SO4 2 3 3 2 4+ ⇒ ↓ +  (14.10)

With lime softening process, the silica presented in the PW can be significantly 
reduced via forming precipitated metal ions, such that the silica removal by magne-
sium oxide can be carried out in the same softening unit simultaneously with the 
removal of hardness from the PW by lime and soda ash [15, 17, 21, 24, 33]. Thus, 
the purpose of MgO addition is to interact with silica and precipitate silica com-
pounds from the produced water. However, the mechanism at which the silica is 
removed by MgO has not been fully described [37–40]. Several studies based on 
physiochemical processes have investigated the removal of silica with the use of 
many metal oxide compounds [37–40]. Table 14.1 lists some attempts that have 
been reported to study the removal of silica by using different metal oxides/hydrox-
ides from synthetic PW. The table includes the process involved in removing of 
silica in each study, materials used, summary of the main results, and references 
[37–40].

All the tabulated studies showed effective removal of silica through precipitation 
along with adsorption mechanisms using diverse metal oxides/hydroxides. It can be 
also noticed that the presence of MgO results in highly efficient silica removal, 
especially at high temperature (i.e., WLS conditions) [37–40]. In fact, using MgO 
after hydration at WLS conditions has shown faster and more efficient removal of 
silica. However, the MgO without sufficient hydration, which occurs in a separate 
slurry mixing tank, may exist in non-slaked form after reaching to the WLS unit, 
which contributes in attaining unpredictable performance in the real application. In 
fact, existence of non-slaked MgO at WLS conditions resulted in obtaining high 
removal of silica, compared with the slaked form, due to adsorption of silica on the 
surface of the formed Mg(OH)2 [40]. Unfortunately, introducing great amount of 
magnesium compounds increases the conductivity in the treated waters, which can 
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Table 14.1 Most recent studies that have reported the removal of silica from synthetic produced 
water with the use of different metal oxides/hydroxides [37–41]

Process Material and methods Main results References

Coagulation/
precipitation

Metal hydroxide (ferry, 
aluminum, and calcium)

The content of 35 mg/L SiO2 in 
synthetic PW can be completely 
removed by aluminum compounds 
at ambient conditions.

[37]

Aluminum compound as catalyzer 
reacts with colloid silica in the form 
of pure amorphism.
The soluble silica can be adsorbed by 
ferric hydroxide, which enhances the 
speed of colloid silica coagulation 
and settling at ambient conditions.
The concentration of soluble silica in 
treated wastewater is reduced to 3–5 
mg/L when ferric coagulant is added.

Coagulation/
flocculation

Combination of magnesium 
compound, sodium 
hydroxide precipitation, 
and zinc  
sulfate

The silica was removed at room 
conditions through magnesium 
compound, pH regulator, and zinc 
sulfate.

[38]

The concentration of silica 
(calculated with SiO2) was reduced 
to less than 50 mg/L in the optimal 
condition: 500–600 mg/L of NaOH, 
700–800 mg/L of MgCl2·6H2O, and 
100–150 mg/L of zinc sulfate.
The removal efficiency of silica by 
zinc sulfate was higher than that by 
general coagulants such as aluminum 
and ferric salts.
High temperature (70–90EC) and 
long settle time (> 1.0 h) in a mixing 
jar were advantageous to the silica 
removal.

Electroco 
agulation 
(EC)/
adsorption

EC by corrode Fe0 or  
Al0 anodes to release Fe(II)  
(or Al(III)) ions into the 
solution

Formation of Fe(II) or Al(III) 
allowed to react with solutes in the 
solution to form Fe-containing (or 
Al-containing) precipitates that can 
adsorb a wide variety of 
contaminants.

[39]

In Fe0-EC, the precipitation of FeS 
minerals resulted in a rapid removal 
of sulfide and adsorption of silica 
onto FeS.
In Al0-EC, silica was removed via 
adsorption onto aluminum 
hydroxides, compared with sulfide 
that was poorly removed.

(continued)
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be avoided by applying sparingly soluble magnesium compounds, such as 
(MgO,Mg(OH)2 and (MgCO3)4·Mg(OH)2·5H2O)) that might be considered as prom-
ising alternative [41]. As a matter of fact, significant reduction in the conductivity 
was obtained by applying the sparingly soluble magnesium compounds, with low 
removal efficiency of silica (i.e., 40 %) at pH 10.5, dosages of 250 mg/L, and at 
ambient temperature (∼20 °C) [41]. The same study showed that the removal effi-
ciency of silica was then improved up to 80% by pre-acidifying the sparingly mag-
nesium compounds with concentrated sulfuric acid, which is not industrially 
favorable [41].

Table 14.1 (continued)

Process Material and methods Main results References

Adsorption/
precipitation

Slaked and non-slaked  
MgO

Silica removal by slaked and 
non-slaked MgO has been 
investigated at different pH values 
(8.0−11.3) with different dosages 
(100−1000 ppm) and contact time 
(15−120 min) at WLS operating 
temperatures (65−85 °C).

[40]

Silica removal takes place through 
two possible competing mechanisms: 
adsorption on the formed Mg(OH)2 
or precipitation by forming 
magnesium silicate precipitates.
Slaked MgO achieves lower silica 
removal percentage than non-slaked 
MgO at WLS conditions because 
MgO slaking makes silica adsorption 
on the formed Mg(OH)2 more 
predominant.

Adsorption/
precipitation

Sparingly soluble  
magnesium compounds 
(MgO,Mg(OH)2 and 
(MgCO3)4·Mg(OH)2·5H2O)

The use of three sparingly soluble 
magnesium compounds (MgO, 
Mg(OH)2 
and(MgCO3)4·Mg(OH)2·5H2O) has 
been investigated at three pHs (10.5, 
11.0, and 11.5) and five dosages 
(250–1500 mg/L) at ambient 
temperature (∼20 °C).

[41]

The results showed that only 40% 
silica removal was obtained.
To increase silica removal, the 
slurries of sparingly soluble 
compounds were pre-acidified with 
concentrated sulfuric acid and tested 
at the same conditions. In this case, 
high removal rates were obtained 
(80–86%) at high pH (11.5), even at 
ambient temperature.
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From the listed studies in Table 14.1, it can be also noticed that all the suggested 
metal oxides/hydroxides applied to remove silica from organic-free synthetic pro-
duced water under conditions mimicking the WLS operations [37–41]. These results 
cannot be representative for the real performance of MgO in removing of silica from 
the authentic water, likely due to the influence of organic species. In addition, using 
massive amounts of lime, ash, and metal oxides/hydroxides for simultaneous 
removal of hardness and silica is costly ineffective, such that WLS contributes in 
80% of the operation cost and 30% of the capital investment of the tertiary treatment 
train for the PW generated from SAGD process. In fact, introducing lime, ash, and 
slaked and non-slaked magnesium might enhance the concentration of divalent ions 
(i.e., Ca+2 and Mg+2), which increase the need for another unit to be eliminated (i.e., 
WAC). Installation of WAC unit adds extra operational and capital costs for the 
whole chemical treatment process [17].

14.2.2  Walnut Shell Filter (WSF) Unit

In WSF, a deep bed-filter media, commonly termed walnut shell filters, are tradi-
tionally utilized due to their oil and solid filtration performance combined with ease 
of backwashing. WSF is applied to reduce the free oil content in SAGD produced 
water below 50 mg/L [17]. Practically, the walnut shell filter media, compared with 
other minerals and polymers, have several unique characteristics (e.g., hard, light-
weight, chemically inert, nontoxic, and biodegradable) [42–45]. These characteris-
tics, in addition to its high affinity to uptake many mineral oils and heavy metals, 
have motivated many industries to use them as effective filtration media or even 
active sorbents [42–45]. However, the walnut shell particles (WS-VR) have amor-
phous and compact structure due to high contents of cellulose and hemicellulose 
inert layers. Presence of such inert layer on the WS-VR, without surface modifica-
tion, does not allow for enhancing the surface activity, thereby creating active sor-
bent that is able to capture many contaminants [42–45]. Table 14.2 displays some 
recent studies that have focused on removing several dissolved heavy metals and 
organic pollutants with the use of surface-modified walnut shell particles [46–50]. 
As noticed, all the tabulated works focused on producing active sorbents from the 
walnut shell particles after surface modification, through activation at high tempera-
ture or/and with the use of strong acid/bases or/and different agents. Also, the modi-
fied walnut shell particles were used to treat heavy metals, pharmaceuticals, and 
toxic organic molecules only in batch adsorption experiments, without continuous 
investigation inside fixed bed column that operates under various hydrodynamic 
conditions [46–50].
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14.2.3  Weak Acid Cationic Exchange (WAC) Unit

In WAC, alkalization of water is carried out by using WAC resins (i.e., carboxylic 
type acids), in order to remove the divalent ions of Ca2+ and Mg2+ generated from 
WLS unit [17]. The WAC resins are spherical beads of a network of cross-linked 
polymers [34]. The cross-linked polymers are composed of functional groups with 
fixed co-ions that are negative charge located on each functional group along with 
the polymer matrix [34]. These co-ions are pre-saturated with cations that are 
mobile and free to move on the pores of the polymer matrix [34]. With adding these 
resins to the PW phase, the cations tend to diffuse in the bulk phase at high rate, 
yielding negatively charged resins [34]. Consequently, the counterions presented in 
the wastewater solution can migrate into the negatively charged resin phase and 
replace the cations stoichiometrically till attaining the equilibrium [34]. At equilib-
rium, the concentration differences of the ions are balanced that maintain the elec-
troneutrality between the bulk solution and resin phase [34]. The WAC resins are 
generally described by formula of R-COOH that are able to remove the alkalinity 
from the carbonate hardness by the following equation [17]:

 
2 2 23 2 2 2 2RCOOH Ca HCO RCOO Ca CO H O+ ( ) ⇒ ( ) + +

 
(14.11)

 
2 2 23 2 2 2 2RCOOH Mg HCO RCOO Mg CO H O+ ( ) ⇒ ( ) + +

 
(14.12)

Also, the removal of divalent ions by WAC resin can be done as follows [17]:

 
2 22

2
RCOOH M RCOO Ca H+ ⇒ ( ) ++ +

 
(14.13)

 H HCO H O CO+ −+ ⇒ +3 2 2  (14.14)

 2 3
2

2 2H CO H O CO+ −+ ⇒ +  (14.15)

The carboxylate resins require alkaline species in the water to react with the 
more tightly bound hydrogen ions[17]. Thus, the resins are able to remove Ca, Mg, 
and heavy metals (i.e., Pb) from sulfates after conversion to sodium resins as shown 
below [17, 34]:

 RCOOH NaOH RCOONa H O+ ⇒ + 2  (14.16)

 
2 4 2 2 4RCOONa CaSO RCOO Ca Na SO+ ⇒ ( ) +

 
(14.17)

 
2 4 2 2 4RCOONa MgSO RCOO Mg Na SO+ ⇒ ( ) +

 
(14.18)

 
2 4 2 2 4RCOONa PbSO RCOO Pb Na SO+ ⇒ ( ) +

 
(14.19)
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Considering the previous reaction sets, WAC resins exhibit marked degree of 
volume expansion after conversion from hydrogen to sodium form, which is consid-
ered as one of their major disadvantages [17, 34]. Their permeance is also sensitive 
to the medium’s pH, such that the apparent capacity increases to the maximum at 
pH higher than 11 (above pKa) [17, 34]. Applying organic resins in cationic 
exchanger significantly contributes in increasing the total dissolved solids, causing 
numerous operational problems like fouling of pipelines and equipment and clog-
ging of injection wells [17, 34].

Table 14.2 Most recent studies that have reported the using of surface modified walnut shell 
filter particles to treat several types of heavy metals, pharmaceuticals, and toxic organic 
molecules [46–50]

Number Title Methods References

1 Removal of Cr(VI) from 
aqueous solutions by modified 
walnut shells

The nutshell particle surfaces were 
only treated by acids at high 
temperature (>200 oC).

[46]

The modified nutshell particles were 
used to remove the chromium.

2 Selective removal of cesium 
from aqueous solutions with 
nickel (II) hexacyanoferrate (III) 
functionalized agricultural 
residue–walnut shell

The nutshell surface modification was 
chemically done by NiCl2 and the 
treatment of K3[Fe(CN)6]·3H2O.

[47]

The modified nutshell was used to 
remove cesium ion (Cs+) from aqueous 
solutions.

3 Adsorption of naphthalene from 
aqueous solution onto fatty acid 
modified walnut shells

The surface of the nutshell was 
modified by fatty acid.
The removal was tested for 
naphthalene.

4 Highly synergistic effects on 
ammonium removal by the 
co-system of Pseudomonas 
stutzeri XL-2 and modified 
walnut shell biochar

The walnut shell particles were 
modified by pyrolysis at 300 C and 
impregnated by 1.0 M NaOH. Then the 
material was washed, dried at 60 °C, 
pyrolyzed at 450 °C, and impregnated 
by 0.5 M MgCl2 for 4 h.

[48]

The modified material was used as 
sorbent for ammonia.

5 Adsorption of lead ion from 
aqueous solution by modified 
walnut shell: kinetics and 
thermodynamics

The walnut shell particles were treated 
by acid and maleic anhydride to be 
used as adsorbent for lead.

[49]

The modified walnut shell particles 
were used to remove lead from water.

6 Characterization of metal 
oxide-modified walnut-shell-
activated carbon and its 
application for phosphine 
adsorption: equilibrium, 
regeneration, and mechanism 
studies

The walnut shell particles were first 
activated at elevated temperature. Then 
they were modified by metal oxide.

[50]

The modified nutshell particles were 
used to remove phosphine (PH3) from 
water.
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Hence, replacement of the current scheme with a process which can separate 
almost all silica and reject more than 90% of the dissolved organic matters will 
considerably reduce the capital and operating costs due to the reduction of size and 
number of steam generators. Accordingly, many authors have made considerable 
efforts to come up with emerging technologies in order to modify or replace the 
current treatment train with more effective and economical solutions [17, 34].

14.2.4  Emerging Techniques for SAGD Produced 
Water Treatment

In the last decade, many studies have reported some emerging techniques for treat-
ment of SAGD produced water that depends on either chemical or membrane filtra-
tion processes (Table 14.3) [51–56]. As shown from Table 14.3, most of the recent 
studies focused on fabrication of effective and inherently fouling-resistant mem-
branes with better performance than some commonly used membranes (i.e., ceramic 
membranes) that showed some serious challenges [52–56]. These challenges have 
led the researchers to develop various fouling remediation techniques to break up 
surface deposits, backflushing with permeate and the use of many different chemi-
cal cleaning agents [52–56] . These modified membranes showed great potential in 
treating SAGD produced water, under well-controlled temperatures and pH [52–56].

Basically, the surface of the commercial ceramic membranes is highly hydropho-
bic because of the charged hydroxyl groups that occupy the selective layer [52–56]. 
Thus, the predominant surface charge of a ceramic membrane is pH-dependent 
given the isoelectric point of the selective layer’s constituent metal oxide [52–56]. 
In many cases, controlling the pH of the feed solution so that the membrane surface 
charge leads to the electrostatic repulsion of charged foulants is an adequate method 
of fouling alleviation [52–56]. However, bituminous foulants like asphaltenes pos-
sess amphoteric functional groups, meaning that they can exhibit both positive and 
negative surface charges at any given feed pH [52–56]. To mitigate the interaction 
between amphoteric bitumen and the hydroxyl groups, the membrane surface can 
be chemically modified by a highly hydrophilic polymer (i.e., charge-neutral poly-
ethylene oxide (PEO) functional silanes) in a way that reduces its electrostatic 
charge. On the other hand, implementing single-layer cellulose-based membranes 
toward thin-film composite (TFC) polyamide (PA)-based membranes showed supe-
rior permeation properties with better flux and selectivity, compared with commer-
cially available membranes of TFC [52–56].

Implementing these surface modifications for the membranes provided success-
ful forming of hydrophilic layers on the membrane surface that subsequently 
improves membrane flux and mitigated any irreversible effects [52–56]. However, 
the application of these modified membranes requires well-tuned and strict environ-
ment (i.e., temperature and pH), such that high pH and temperatures resulted in 
better separation performance, which enlarge the operational costs. Additionally, 
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the synthesis methodologies followed in fabrication or surface modifying these 
membranes are not simple and need too many steps, which had significant environ-
mental and cost downsides [52–56]. On the other hand, using combined electroco-
agulation and chemical coagulation technique (study number 1) resulted in great 
performance in removing of silica and TOC [52]. However, attaining successful 
removal of silica and TOC required changing the medium pH and temperature, 
which is not industrially recommended. The table also includes another integrated 
technique that has been lately done for effective removal of TOC from SAGD pro-
duced water samples through sequential oxy-cracking, nano-adsorption, and steam 
gasification processes, which schematically described in Fig. 14.2 [57].

14.2.4.1  Nanoparticle as an Emerging Technique for Treatment of SAGD 
Produced Water

An Integrated Oxy-Cracking, Nano-Adsorption, and Steam Gasification 
Processes for Treatment of SAGD Produced Water

The oxy-cracking process (e.g., a combination of consecutive oxidation and crack-
ing reactions) has been developed as a modification to the Zimpro process for 
sewage- sludge oxidation and as an alternative and efficient approach for converting 
residual feedstocks into value-added products [59, 60]. Ashtari et al. (2016) first 
employed the oxy-cracking process for converting n-C7 asphaltenes into light 
hydrocarbons, thus making them more accessible to subsequent hydrocracking 
reactions [60]. Recently our research group has utilized the oxy-cracking process 
for converting residual feedstock like petroleum coke into various commodity prod-
ucts [61]. We also advanced the process selectivity and conversion by introducing 
the copper silicate catalysts[62]. The oxy-cracking reaction mechanism was inspired 
by the generalized lumped kinetics model for wet air oxidation, which assumes that 
not all the organic compounds present in wastewater are directly oxidized to CO2 
and H2O, and instead, the rest of the hydrocarbons are converted to intermediate 
products which might be further oxidized [63]. However, during the oxy-cracking 
reaction, in an alkaline aqueous medium, regardless of the type of feedstock, it was 
stated that the reaction conversion was insignificantly influenced by oxygen pres-
sure beyond 5.2 MPa [64]. Hence, working at this pressure range (3.4–5.2 MPa) and 
temperature (150–250°C) keeps the water under subcritical conditions. At subcriti-
cal conditions, the dielectric constant of water dramatically changes with the tem-
perature, and thus the reaction media changes from ionic to radical reaction. For 
instance, the solid petroleum coke, under well-monitored oxidation and alkaline 
conditions, can be oxy-cracked to light organic compounds (i.e., carboxylic, naph-
thenic acids, and their corresponding organic compounds) [64]. In contrast to the 
oxidation reaction, the oxy-cracking reaction is able to convert the insoluble hydro-
carbon to a more soluble form at moderate temperatures and pressure [64]. 
Enhancing the solubility of the organic species can reduce the selectivity of the 
oxidation reaction toward formation of carbon dioxide. Thus, involving the 
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oxy- cracking reaction into one process can create an eco-friendly and green tech-
nology. In treatment of SAGD produced water, as tabulated, the oxy-cracking tech-
nique has been employed for converting the existent inactive organic pollutants into 
active ones through oxygen incorporation with minimal emission of CO2 [57, 65]. 
After that, the oxy-cracked organics from SAGD effluents were adsorbed onto 
silica- embedded NiO extrudates inside a packed-bed column that operated under 
various operational conditions (i.e., flow rate, inlet concentration, and bed height) 
[65]. Finally, the catalytic steam gasification reaction has been performed on the 
adsorbed species to produce syngas from the adsorbed oxy-cracked organic matter 
and to regenerate the extrudates to use them sustainably for further cycles of 
adsorption- gasification processes. The results have shown that this combined tech-
nique has been successfully implemented in reducing the high concentration levels 
of TOC from SAGD produced water samples to acceptable levels. In fact, the oxy-
cracking reaction kinetics obeyed the lumped kinetic model involving two basic 
reactions [57]. The first reaction implied a deep oxidation process at which the 
organic species were completely oxidized to CO2 and H2O, while the second reac-
tion involved a partial oxidation reaction with formation of oxy-cracked intermedi-
ates solubilized in the liquid phase [57]. Additionally, the in-house prepared 
SiO2-NiO extrudates showed high adsorption affinity and TOC removal efficiency 
for the oxy-cracked hydrocarbons at low feed flow rate, low initial concentration, 
and high bed depth, then, great tendency for regeneration via gasification-adsorp-
tion processes. The photographs of the vials shown in Fig. 14 are for the virgin 
SAGD produced water (dark color), oxy-cracked SAGD produced water (yellowish 
color), and oxy-cracked SAGD produced water after adsorption in the packed-bed 
column (colorless). As seen by naked eye, a high degree of treatment was obtained 
for SAGD produced water, which can be indicated by converting their color from 
blackish to almost colorless. Thus, the treatment method performed well in remov-
ing the total organic carbon and silica from SAGD wastewater. This can be consid-
ered as a proof of concept for integrating oxy-cracking, adsorption, and catalytic 
steam gasification for cleaning up OSPW. Indeed, this approach is considered the 
first of its kind in the field of sustainable wastewater treatment. Even so, this com-
bined technique was not fully efficient in removing silica and TOC simultaneously. 
Besides, applying this technique involved harsh conditions (i.e., high temperature, 
pressure, and pH), in order to optimize the solubility and selectivity of the oxy-
cracked product, which could add extra operational costs and hamper the applica-
tion at large scale. Indeed, weak monitoring of the oxy-cracking reaction allows to 
form undesirable by-products.

TOC Removal by Nanoparticles Embedded into the Diatomite at Industrial 
Level Field Test Rotary Drum Filter Tests

From Table 14.3, an industrial level field tests in a rotary drum filter (RDF) are 
included, which are commercially used to remove plenty of suspended and dis-
solved contaminants generated from different industrial effluents [58]. Figure 14.4 
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represents a schematic representation for the RDF, which mainly contains a drum 
rotating in a tub that accumulates the influent water. Before running the RDF, the 
drum is pre-coated with a filter aid material of diatomite [58]. The influent water is 
typically injected to the tub below the drum, which rotates through the influent 
water. Then a vacuum is applied that allows the wastewater to be sucked onto the 
drum’s pre-coated surface, leading to the adherence of the suspended solid pollut-
ants to the filter while it is rotating. The vacuum sucks the liquid portion through the 
filter media to the internal part of the drum, resulting in a filtrated liquid that is 
pumped away. Solids on the other hand adhere to the pre-coated surface. The drum 
then automatically passes a knife through the adhered solid and part of diatomite, 
revealing a fresh surface media. The RDF can work effectively in removing many 

Fig. 14.3 A schematic representation of the proposed configurations for SAGD produced water 
using the oxy-cracking process. The vial images represent the SAGD wastewater before and after 
treatment by oxy-cracking at temperature 200 oC and pressure 3.4 MPa and after 2 h adsorbed in 
the packed-bed column [66]. Permission related to the material excerpted were obtained from 
Elsevier, and further permission should be directed to Elsevier
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suspended pollutants. However, it has low efficiency in removing the dissolved 
TOC. Thus, the filter aid material was modified with anchoring low mass fraction 
(i.e., < 5 wt.%) of iron oxide nanoparticles, which were in-house prepared by copre-
cipitation method. As shown from the table, increasing the concentration of nanopar-
ticles from 0.5 to 2 wt.% allowed to create capturing site that can effectively enhance 
the adsorption of the TOC molecules, which led to increasing the breakthrough time 
and TOC removal efficiency. Furthermore, it was also obtained that with increasing 
the feed flow rate, the breakpoint time and the adsorbed TOC molecules decreased 
[58]. The reason behind this is that when the flow rate increased, the residence time 
of TOC molecules was not enough for adsorption equilibrium to be reached at that 
flow rate, and the adsorption zone quickly saturates the precoated layer. Therefore, 
the contact time of TOC is very short at a high flow rate [58]. That subsequently 
reduced the TOC removal efficiency. On the other hand, when the feed flow rate is 
low, the TOC had more time to contact the sorption sites of adsorbent that led to 
achieving a higher removal of TOC molecules [67]. However, increasing the con-
centration of the nanoparticles embedded in the diatomite and the feed flow rate led 
to attaining channeling effect on the pre-coated filter aid layers. This channeling 
affect resulted from accumulation of more TOC molecules that tend to block the 
porous media and enhancing the pressure drop. Hence, it is highly recommended to 
operate under well-controlled operational parameters to avoid the pressure drop 
limitations that might occur due to embedding of nanoparticles.

Iron Hydroxide Nanoparticles Anchored on the Walnut Shell Filtration Media 
for Simultaneous Removal of Silica and TOC from SAGD Produced Water

As explained before, effectiveness of the walnut shell filter toward removal of many 
pollutants can be also enhanced via following some surface modification methods 
similar to those listed in Table 14.2. However, none of these studies have been con-
tinuously implemented via the column tests or to improve the depth filtration of the 
WSF unit toward removing of silica and TOC simultaneously [51]. In Table 14.3, 
study number 8 describes an innovative technique used to improve the removal of 
silica and TOC by anchoring low mass percentages of iron hydroxide nanoparticles 
on the walnut shell filtration. Presence of these nanoparticles enhanced the surface 
activity of the walnut shell filter particles, which create the potential to capture both 
silica and TOC [51]. The anchorage of iron hydroxide nanoparticles can be done 
chemically by two main steps: acid activation and formation of iron hydroxide 
nanoparticles under moderate hydrolysis conditions (e.g., temperature, hydrolysis 
time, and concentration of nanoparticle precursor). The purpose of the first step is 
permitting to generate open macropores and cavities that contribute in rendering 
diffusion sites that tend to accommodate the nanoparticles [51]. In the second step, 
iron hydroxide agglomerates in nanoscale are formed from thermal hydrolysis of 
ferric ions that originate from dissociation of ferric salt. Under aqueous conditions, 
the dissociative ferric ions are coordinately bonded with water molecules in the 
nature of aqueous complexes [68]. These complexes progressively go through 
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arrays of hydrolytic reactions as described in Fig. 14.5. During the hydrolytic reac-
tions, deprotonation of the complexes is carried out yielding groups of soluble 
mono-clear and non-soluble species. Then, the generated species are able to be 
anchored on the hydroxylated filtration particles by:

 1- Forming oxygenated bridges: The hydroxylated and acid treated particles inter-
acted with one of the mono-clear species by forming oxygenated bridges through 
a nucleophilic substitution mechanism [69].

 2- Bidentate adsorption: The hydroxylated species are adsorbed on the precipitate 
species of iron hydroxide by bidentate adsorption mechanism [68].

It can be concluded from the table that the filter aid particles due to the presence 
of iron hydroxide nanomaterials outperform in remediation of TOC and silica mol-
ecules in comparison with that achieved by applying the non-modified nutshell filter 
particles in the batch and column sorption tests [51]. The TFD calculations based on 
the theoretical adsorption energies have also proven that silica and TOC molecules 
adsorb more strongly to the surface of nanoparticle-functionalized walnut shell 
compared with the bare walnut shell [70–82]. Under continuous operations, the 
WS-NPs resulted in improved breakthrough behavior in the absence of any pressure 
drop limitations.

This clearly proves that applying the anchored walnut shell particles with 
nanoparticles can potentially form a high-quality water with low levels of both silica 
(<30mg/L) and TOC (<50mg/), meeting the strict requirements in the employed 
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boiler for steam generation. According to that, altering the non-modified walnut 
shell particles (WS-VR) with our modified once (WS-NPs) in the WSF should pro-
vide a replacement for the conventional treatment train, in which the conventional 
WLS, WSF, and WAC can be substituted with one single unit. Interestingly, to eval-
uate the regeneration option, three consecutive regeneration studies were success-
fully done on the spent column following direct backwashing and blade stirring 
methods. Evidence to date suggests that WS-NPs is a stable sorption/filtration 
medium, in that relatively small amount of iron hydroxide nanoparticles that have 
low tendency to be lost over time during treatment, regeneration, and backwashing 
steps. However, additional long-term testing is required to confirm these finding and 
to quantify the effective lifetime of the media.

14.3  Enhancing Settling and Dewatering of Mature Fine 
Tailings (MFT)

Various treatment processes, with varying levels of success and feasibility, have 
been used to speed up the settling rate of the fine particles in MFT and maximize the 
water recovery rate for reuse in the industry [83–86]. These treatment methods can 
be classified as natural, biological, physical/mechanical, and chemical techniques 
[25, 87]. With natural processes, the solid contents in the MFT are increased up to 
45% by freeze-thaw technology, such that the tailings are allowed to be frozen dur-
ing the wintertime and then thawed in the summer [25, 87]. At sub-zero tempera-
tures, ice crystals are continuously growing to form segregated reticulated ice 
fine-grained structure, which converts the dispersed MFT slurry layers to more face- 
to- face compact layers [25, 87]. With thawing, the MFT compact layers tend to 
agglomerate into irregular four-sided polygons, causing a significant reduction in 
the moisture content. Additionally, some researchers have suggested the use of con-
centrated sulfuric acid before the freeze-thaw cycle  for more reduction in the mois-
ture contents [25, 87]. Implementing freeze-thaw technology, as a natural process, 
is labor intensive and time-consuming process [25, 87]. In biological process, on the 
other hand, active species are planted and grown up on a high-water content area by 
photosynthesis [83–86]. Afterward, the natural plants tend to consume the water by 
the respiration processes through the leaves and roots, which leads to dewatering of 
the tailings. However, creating the suitable environments for the plants is not pos-
sible all the time [83–86]. In fact, this method highly depends on the local climate 
conditions, and plants cannot grow in high saline and sodic environments. In the 
case of the physical/mechanical processes (i.e., filtration and centrifuge treatment), 
the most traditional one is filtration, which has low environmental impacts. 
Furthermore, centrifuging of the MFT requires a small storage area to generate tail-
ings with 60% solid contents [83–86]. Filtration and centrifugation, however, are 
costly physical separation methods. Thus, the chemical treatment has remained as 
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the most adapted technology to enhance the flocculation and consolidation of 
MFT. Commercially, traditional consolidated tailings (CT) followed by paste tailing 
processes are consequently practiced to enhance the consolidation and water recov-
ery rates of the MFTs [83–86].

14.3.1  Composite Tailing (CT) Treatment

In CT, massive quantities of coagulant aids such as gypsum, lime, acids, and acid-
lime combinations are extensively  introduced to generate unstable and non-segre-
gating deposits with less water contents [88–90]. Both lime and gypsum are the 
mostly applied coagulant aids in CT due to their great tendency in forming residual 
calcium ions. These ions strongly eliminates the organic layer presented on surfaces 
of the stable MFT clay particles [88–90]. This subsequently enhances the aggrega-
tion of the clay particles in the form of non-segregating tailing slurry [88–90]. 
However, the recovered water due to the presence of high residual concentrations of 
calcium and sulfate might negatively impact the oil recovery process and the envi-
ronment [88–90]. In fact, the presence of residual amounts of calcium ions has a 
deleterious effect on the bitumen recovery process and imparts hardness to water 
[88–90]. While rich water with high amount of sulfate ions often undergoes anaero-
bic reduction, releasing harmful gasses such as H2S, which is highly toxic to the 
environment and living organisms [88–90]. Here in Alberta, some local companies 
developed the CT by injecting Ca(OH)2 together with CO2 into the freshly produced 
tailings, which precipitate the dissolved Ca(OH)2 as CaCO3, which can be removed 
by a further thickening process. Such modification allows to form crystals of CaCO3 
that tend to uptake the fine particles presented in the MFT as sediments.

14.3.2  Paste Tailing Processes

Paste tailing is defined as tailings that have been significantly dewatered using poly-
meric flocculants to a point where they do not have a critical flow velocity when 
pumped, do not segregate as they deposit, and produce minimal (if any) [88–90]. 
Thus, the paste tailing process relies heavily on the flocculation performance of the 
applied commercial flocculants, such as the polyacrylamide-based polymeric floc-
culants (PAM)-based polymeric flocculants, to enhance the water solid separation in 
the MFTs [84–86, 91–94]. In the presence of polymeric flocculants, the destabilized 
particles presented in the MFT are flocculated into two main stages, namely, periki-
netic (microscale) and orthokinetic (macroscale) flocculation [34]. The perikinetic 
flocculation occurred after destabilizing the molecules on the wastewater solution 
randomly or immediately during their Brownian motion via thermal agitation. This 
stage of flocculation can produce flocs that have poor or strong settling 
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characteristics [34]. Orthokinetic flocs, on the other hand, generate developed par-
ticles that can be promoted by mechanical agitation. The mechanical agitation (by 
Jar test) induces a velocity gradient in the liquid, improving the contact between the 
particles. The previously mentioned stages have a significant value in optimizing 
the flocculation/consolidation period upon selecting the proper conditions [34].

Unfortunately, PAM-induced floccules are loosely packed and settled slowly, 
since they are not able to reasonably flocculate the fine tailing particles [84–86, 
91–94]. More precisely, the backbone of PAM contains amide groups, which con-
tribute in generating strongly bonded gel-like polymeric networks that retain large 
volumes of water, with poorly consolidating sediments [91–93]. To alleviate these 
issues, many studies focused their efforts on structurally modifying the PAM to 
dewater MFT more effectively than the commercial PAM. These structurally modi-
fied PAM can potentially destabilize the solid particles presented in the MFTs by 
several mechanism as explained in the next section.

14.3.3  Destabilization Mechanisms

Fundamentally, stability of the solid particles presented in the MFTs is governed by 
the intermolecular force between the clay particles, electrical double layer among 
the charged particles, which is observed by the DLVO theory [34].

In the MFT colloidal suspension, counterions in addition to negatively charged 
clay particles are presented. The clay particles due to their negative charges tend to 
have intrinsic electrical repulsion force, which is responsible for existing of steric 
stabilization [34]. In principle, major fraction from the counterions tends to migrate 
and electrostatically neutralize the negatively charged clay particles [34], while 
minor fractions from the counterions diffuse away from the clay surface. Hence, an 
equilibrium distribution is established from both competing actions, in which the 
concentration of the counterions is gradually reduced with increasing the distance 
from the clay surface. The ionic distribution of the diffused counterions is referred 
as Gouy layer [34]. According to Gouy definition, two layers (double layer) can be 
presented in the clay suspension. The first layer is made from the positively charged 
counterions next to the clay surface “diffusion zone,” and the second layer is formed 
from the negatively charged clay surface itself. The thickness of the diffusion layer 
(κ−1) in Å can be calculated in by using the following expression [34]:
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the permissibility relative to vacuum ((ε for water is 78.54), εo is the permissibility 

in vacuum (8.85× 10 12 2− C

J m.
), k is Boltzmann constant (1.38×10−23J/K), and T is the 

absolute temperature (K). Thickness of the formed double layer is strongly influ-
enced by the physical properties of suspension, such as the temperature, bulk fluid 
concentration, and counterionic valence. For instance, at high ionic concentration 
and valance of counterions, counterions are diffused away from the Gouy’s layer, 
resulting in double layer reduction [34]. However, Gouy’s definition has limitations 
in accurately presenting the characteristic of the formed electrical double layer [34] 
. In fact, the ionic size and interaction between the clay surface, counterions, and 
medium are not accounted. Alternatively, Stern’s theory came up with more practi-
cal model, such that it showed that the distance of the closest approach of a counter-
ion to the charged surface is limited by the size of these ions [34]. Nevertheless, 
both Gouy’s and Stern’s theories cannot explain the stability of the solid particles 
presented in the tailings based on clay surface charged properties, interactions, and 
the balance between the repulsion and interaction forces in the suspension [34]. For 
better achieving of this, DLVO theory preciously describes the stability of the col-
loidal suspension by quantitatively consideration of (1) agglomeration and aggrega-
tion of the clay particles, (2) the force between charged particle interaction in the 
aqueous medium, and (3) the balance between the attractive van der Waals (vdW) 
force and the repulsive force caused by the overlap of electrical double layers sur-
rounding the clay particles. In details, with using DLVO theory [65] (Derjaguin, 
Landua, Verwery, and Overbeek), the stability mechanism of the colloids can be 
quantitatively explained in terms of energy barrier. This energy barrier represents 
the difference between the repulsion and the attraction energy as presented in 
Fig. 14.6. The figure includes two possible cases with respect to the forces of repul-
sion. In the first case (Fig.  14.6a), the repulsion force is extended far in the 
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Fig. 14.6 Graphical representation of the stability mechanism according to DLVO theory with (a) 
and (b)without energy barrier. The graphical representation was drawn based on the concept avail-
able in reference [34]
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suspension, while in the second case (Fig. 14.6b), it was considerably decreased. In 
each figure, the net total energy is presented by the solid line [65].

For the first case, the net energy curve contains significant repulsion force that 
must be overcame when the particles are grouped together by van der Waals attrac-
tion, such that exceeding the energy barrier (the area under the solid line) by ruptur-
ing the net force that holds the particles far away from each other, which allows 
them to get attracted by van der Waals force [65]. In the second case, energy barrier 
exists to overcome, and the colloidal particles can be easily and rapidly flocculated 
by micro-flocculation. In the flocculation/consolidation process, the determination 
of the stability mechanism depends on the selected flocculant, its dosage,  water/
wastewater system solution, and mixing tools. Most importantly, the use of afford-
able and appropriate flocculant, depending on their action in destabilizing the col-
loidal particles, is consider the driving force for using flocculation/consolidation 
method in simultaneous removal of various polluting substances. Therefore, the use 
of vast categories of additives has been repeatedly reported, which fall into either 
hydrolyzing metal coagulants or polymeric flocculants [65].

Changing the ionic strength around the colloidal particles has significant effect 
on the stability mechanism. Double-layer compression, for instance, requires a 
reduction in the double layer around the colloidal particles, which causes changing 
on the ionic strength induced from addition of indifferent electrolyte, resulting in 
destabilizing of colloids under unstable conditions [65]. Consequently, colloids get 
close to each other with the presence of thin electric double layers. To more reduc-
tion of double layer, salts of counterion can be added, exceeding double layer repul-
sion that leads to coagulation of particles. However, this mechanism is industrially 
infeasible because it involves providing massive amounts of salts to achieve a prac-
tical destabilization of the particles [65]. Therefore, double-layer compression using 
salts was replaced by a destabilizing method of charge neutralization. Charge neu-
tralization is often carried out by adsorbing the hydrolyzed metals or polymeric 
species on the clay surface [65].

Furthermore, high dosage of charge-neutralizing coagulants may lead to fast 
aggregation of the solids presenting on the colloidal suspension [65]. Interparticle 
bridging [65], other mechanism, can be achieved by chemical bonding or physical 
attachment of water-soluble polymer to the particle surface. In this mechanism, very 
small part of the polymer can adhere to the particle surface, while the bulk groups of 
the polymer chain cannot. These chains extend toward the solution, helping in adher-
ence of the neighbor particles, forming bridged particles [65]. Then, the bridged 
particles during mixing are able to interact effectively with each other to form and 
develop flocs that are destabilized as a next step to induce aggregation and settling of 
large agglomerates. With the use of various cationic PAM-based copolymer, charge 
neutralization and interparticle bridging are considered as the most popular mecha-
nisms responsible for enhancing the settling and dewatering of MFT. The aforemen-
tioned cationic PAM-based copolymers have been synthesized by bonding organic or 
inorganic agents to the PAM chain by grafting or copolymerization, in order to create 
organic-inorganic hydride flocculant, thermosensitive polymeric flocculants, and 
cationic copolymers with hydrophobic moieties [84–86, 91–94].
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14.3.4  Flocculation Behavior with Inorganic-Organic 
PAM- Based Hybrid Copolymers

The enhancement of the flocculation efficiency of many polymeric flocculants was 
traditionally achieved by mixing them with inorganic microparticles [95–98]. 
However, controlling the dispersion of the microparticles in the presence of organic 
flocculants limited their applications [95–98]. To avoid such technical issue, many 
reviewers proposed combining inorganic agents (i.e., hydroxides of aluminum, cal-
cium, magnesium, and iron) to the organic structure of PAM allowing to form 
inorganic- organic hydride copolymeric flocculants (Table 14.4) [95–98]. The stud-
ies listed in Table 14.4 show great potential of the organic-inorganic hybrid floccu-
lants, in comparison with the commercial PAM, toward enhancing settling and 
consolidation of solid particles presented in MFT (study number 1) and kaolinite 
suspensions (studies number 2–4), via bridging and charge neutralization mecha-
nisms [95]. Al-PAM, for instance, allowed to densify and destabilize the diluted 
MFT suspension through two stage processes: flocculation/sedimentation and filtra-
tion to reduce the dewatering time, indicating that the presence of positively charged 
Al(OH)3 particles created strong affinity between aluminum and oxygen was 
responsible for Al-O linkage, which led to the adsorption of Al(OH)3 on the silica 
surface [95]. Although applying both stages showed shortening in the filtration time 
of the diluted MFT sample (10–30 wt.% solid) from 25 min to 10, such process 
required high dosages of Al-PAM and generates a filtration cake with high moisture 
content (>23wt.%) [95]. The formed cake will require another separation process to 
recover the trapped moisture, adding extra cost for the process. The other studies 
reported the synthesis of other hybrid flocculants that depend on complex free- 
radical polymerization that is carried out under well-controlled temperature and 
drying conditions. The flocculation/consolidation performance of these inorganic- 
organic flocculants has been only investigated with kaolinite suspension not a real 
MFT. In fact, the optimal operating condition with the use of kaolinite suspension 
was reported between pH 2 and 2.5, which cannot be achieved with the real MFT 
suspension that has pH value around 9.

14.3.5  Flocculation Behavior 
with Stimuli-Responsive Polymers

In the last 10 years, using of stimuli-responsive polymeric flocculants to accelerate 
settling and consolidation rates has gained great attention by some authors. The 
stimuli-responsive polymers are defined as polymers that are able to change their 
conformation and solubility under certain conditions (i.e., temperature, pH, electro-
magnetic field, and ionic strength) [91, 99]. Among them, thermo-responsive poly-
mers have been extensively utilized as flocculants for faster solid-liquid separation. 
Poly(N-isopropylacrylamide) (PolyNIPAm) has been reported as the most 
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commonly applied thermosensitive polymeric flocculant [91, 99]. This polymer can 
be adsorbed on the surface of the clay particles by hydrogen bonding at temperature 
below the lower critical solution temperature (LCST) that is about 32 °C [91, 99]. 
With enhancing temperature above the LCST, significant phase transition can occur, 
at which the coil size is reduced by one third of the original size, leading to convert 
the polymer from hydrophilic to hydrophobic [91, 99]. The hydrophobic interaction 
is essentially controlled by the isopropyl groups that tend to be limited with forma-
tion of intra-chain interactions below the LCST [91, 99]. Thus, primary aggregation 
step is carried out by heating the wastewater thermosensitive polymer suspension 
above LCST, and once the big flocs are formed, the sediments are cooled down by 
secondary consolidation step, so the polymer becomes hydrophilic again and 
detaches from the particles; thus, the small particles can fill the gap between flocs to 
further enhance the consolidation [91, 99]. However, the thermosensitive polymer 
of PolyNIPAm is non-ionic and cannot neutralize the negatively charged clay par-
ticles, which limits its application in flocculation of fine clay particles. Thus, many 
researchers have done many attempts on introducing cationic groups with hydro-
phobic moiety to polyNIPAm in order to achieve higher flocculation ability [91, 99]. 
Table 14.5 displays some recent studies focused on applying diverse thermosensi-
tive copolymers that are synthesized by copolymerization of N-isopropylacrylamide 
(NIPAm) with some hydrophobic moieties such as 2-aminoethyl methacrylamide 
hydrochloride (AEMA), 5-methacrylamido-1,2-benzoboroxole (MAAmBo), 
2-aminoethyl methacrylamide hydrochloride, and poly(acrylamidest- 
diallyldimethylammonium chloride) (poly(AAm-st-DADMAC)), to create thermo-
sensitive copolymers that are able to effectively flocculate and consolidate the fine 
solid in kaolinite suspension [91, 99]. As shown, significant enhancement in settling 
and dewatering has been achieved by flocculating the MFT and kaolinite suspen-
sions with application of these thermosensitive copolymers in comparison with 
commercial anionic PAM. However, using thermosensitive polymers for large-scale 
application as flocculant for MFT has some downsides, related to the energy needed 
to heat up the slurry above the LCST and utilizing excess dosage of polymers to 
ensure good coverage of particle surfaces to induce aggregation above LCST 
[91, 99].

14.3.6  Flocculation Behavior with Hydrophobically Modified 
Polymeric Flocculants

Copolymerization of acrylamide (AC) with other hydrophobic monomers such as 
polypropylene oxide (PPO), hyperbranched functional polyethylene (HBfPE), and 
diallyl dimethylammonium (DADMAC) is one of the most commonly used 
approaches to enhance the dewaterability of the MFT aggregates (Table 14.6) [83, 
92, 100]. In all the cases displayed in Table 14.6, the copolymer composition and 
average molecular weight were the most important factors affecting the settling and 
dewatering performance of MFT [83, 92, 100].
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Copolymerizing different average molecular weights of AC and PPO (poly(AAm)-
g-PPO) significantly influenced the flocculation of the MFT [83, 92, 100]. At low 
solid content MFT (2 wt.% solids), the flocculation performance of poly(AAm)-g-
PPO was not similar to the anionic polyacrylamide (A-PAM) as indicated from the 
obtained values of ISR and CST [83, 92, 100]. In fact, the used dosages for the copo-
lymer were much lower than that for the commercial PAM (optimum performance 
achieved at about 2000 ppm for A-PAM versus 10 000 ppm for poly(AAm)-gPPO) 
[83, 92, 100]. The reason behind this referred to the large average molecular weight 
of the A-PAM (around 17 million Daltons) compared with that of poly(AAm)-
gPPO). It has been also obtained that the addition of calcium prior to flocculation 
with A-poly(AAm) may help in reducing the PAM dosage, since it increased the 
degree of pre-aggregation of the suspended solids [83, 92, 100].

At high solid content MFT (20 wt.%), on the other hand, the authors observed 
that poly(AAm)-g-PPO gave much better dewatering than A-PAM at their respec-
tive optimum dosages, as indicated by about ten times difference in the CST values 
measured after flocculation [83, 92, 100]. The authors have claimed that the reason 
for this was due to the presence of more hydrophobic segments in the in poly(AAm)-
g-PPO in comparison with A-PAM, not to the molecular weight difference [92]. To 
verify this, the author compared the flocculation performance of equal molecular 
weights of neutral PAM (N-PAM) and poly(AAm)-g-PPO, and the results have 
proven that the copolymer could still dewater MFT much better than the neutral 
poly(AAm) (CST of about 40 s versus CST of about 400 s) [92]. Likewise, floccu-
lating low solid contents MFT (5 wt.% solid) with A-PAM led to much higher ISR 
compared to that of hyperbranched functional polyethylene (HBfPE) flocculants, 
but the HBfPE outperformed when it was flocculated with 20 wt.% solids [92]. 
These results were attributed to the extremely larger molecular weight of the A-PAM 
(100 times higher than HBfPE) [100]. The authors have hypothesized that the high 
molecular weight plays limited role in flocculation performance when the distance 
between the solid particles presented in the MFT are shorter at high solid content 
[100]. These results are not in agreement with that obtained by using poly(acrylamide- 
codiallyldimethylammonium chloride) poly(AAm-co-DADMAC). In fact, the aver-
age molecular weight does not play a considerable role (within the relatively wide 
range examined from 90 to 1450 kg mol−1[83], it is conceivable that it will become 
a factor for much lower molecular weights) in determining the performance of the 
copolymer based on the CST and SRF analyses [83]. The authors showed that the 
cationic copolymeric composition statistically influenced the settling and dewater-
ability performance, such that the flocculation and dewatering performance was 
better in the presence of more cationic segments, suggesting that charge neutraliza-
tion is the dominant mechanism in dewatering MFT [83]. It has been also reported 
from the same study that addition of more AC to the system of AAm-co- DADMAC 
enhanced the rate polymerization. However, presence of more AC lowered the 
dewatering performance of the copolymer. Therefore, presence of low mass fraction 
of AC might save some polymer for dewatering MFTs but sacrifices kinetics of the 
polymerization reaction, and polymerizations at lower rates are, in general, eco-
nomically less favorable than at higher rates.
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According to that, the flocculation/consolidation performance is highly influ-
enced by the molecular weight of the hydrophobically modified polymeric floccu-
lant, such that better dewatering performance can be achieved by the polymeric 
flocculants grafted with more segments of hydrophobic agents (i.e., high molecular 
weight) for the MFT samples with high solid contents. However, in industrial appli-
cations when dealing with thick MFTs (i.e., 30 wt. % solids), there should be a 
desired range of polymer molecular weights.

14.3.7  Emerging Techniques for Treatment of Tailings

In addition to their high stability, MFTs might contain plenty of toxic and nonbio-
degradable organic compounds that cannot be discharged to the environment such 
as naphthenic acids (NAs) [65, 101]. Thus, some emerging technologies have been 
recently proposed to remove the highly toxic NA compounds and enhance the set-
tling and dewaterability of the MFTs. Nafie et al. (2017), for instance, have reported 
using β-Cyclodextrin-grafted nanopyroxene as eco-friendly platform for selective 
removal of NAs [101]. Nafie et al. (2018) also have suggested using oxy-cracking 
technique to destabilize the solid particles presented in the MFTs in order to enhance 
their flocculation consolidation behavior without applying any polymeric floccu-
lants [65].

14.3.7.1  Oxy-Cracking Technique for Settling and Dewaterability of Oil 
Sands Mature Fine Tailings (MFT)

With employment of the oxy-cracking technique, the solid particles presented in the 
MFTs can be destabilized without adding polymeric flocculants by simultaneous 
oxidation and cracking reactions at which the residual bitumen presented on the 
MFT particles are cracked and solubilized in the liquid phase. This subsequently 
allowed for agglomeration and fast settling of the solid particles presented in the 
MFT, as schematically described in Fig.  14.7. The oxy-cracking procedure was 
experimentally done by placing well-mixed MFT sample inside one Parr reactor 
along with a strong basic material (i.e., KOH), which acts as a solubilizing agent 
[65]. The strong alkaline material is added to the mixture to ensure that the oxy- 
cracked products are completely solubilized in the aqueous phases and not con-
verted to CO2. After that, the Parr reactor was tightly closed, allowing to the 
oxy-cracking reaction to carry out under the flow of oxygen at temperature range of 
423–498 K and pressure of 1000 psi over time ranging from 0.25 to 2h [65]. After 
completion of the reaction, the reactor is opened to release the excess of oxygen and 
undesirable product (i.e., CO2) [65]. Then, the oxy-cracked product was directly 
transferred to a graduated cylinder to record the initial settling rates (ISRs) and 
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capillary suction times (CSTs) at different time interval [65]. The mechanism at 
which the oxy-cracking reaction was carried out for of the stable particle existed in 
MFT can be described by using a complex model [65]. In such model, the hydrocar-
bon species presented on MFT fine particles were initially decomposed in the pres-
ence of the free ·OH radicals into a variety of oxygenated intermediates, which tend 
to be cracked into different group of organic compounds, such as carboxylic and 
phenolic acids. Some of those intermediates were further oxidized to form carbon-
ate or emitted as CO2 in the gas phase [65]. Thus, the oxy-cracking reaction is able 
to break down these hydrocarbons and increase their solubility in the water phase, 
and thereby they detach from the fine solids. The fine solids will then agglomerate 
and settle faster [65]. The results showed that the mudline was diminished by 65% 
over 24 h for all the MFT samples after oxy-cracking in comparison with the non- 
oxy- cracked MFT. On the other hand, the consolidation (CSTs) tests arose fast and 
easy dewatering for the oxy-cracked MFT samples [65]. Furthermore, it has been 
obtained that both the temperature and residence time had no significant effect on 
settling rate. According to the CST measurements, it was also found that oxy-
cracked MFT sample at 423 K, compared with the other samples, was easier to 
dewatered [65]. Although the oxy-cracking technique is an effective process for 
enhanced particle settling in oil sands tailings, it is not practical for massive quantity 
of MFT and non-economically feasible. In fact, oxy-cracking of great quantity of 
MFT requires larger size Parr reactor or running the reaction for longer time, which 
elevates the capital and operational costs. In addition, weak monitoring of the oxy- 
cracking reaction might cause releasing of extra amount of CO2 that is harmful to 
the environment.

Fig. 14.7 Schematic representation for oxy-cracking of the diluted sample of MFT and testing its 
initial settling rate (ISR), supernatant turbidity, and capillary suction time (CST)
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14.3.7.2  Using β-Cyclodextrin-Grafted Nanopyroxene for Naphthenic 
Acids (NAs) Removal

In the removal of NAs, β-cyclodextrin-grafted nanopyroxene has been used, com-
bining the multifunctionality of B-cyclodextrins (BDN) and superficial ion exchange 
property of the nanopyroxene [102]. β-Cyclodextrin consists of hydrocarbon chains 
branched with large numbers of primary and secondary hydroxyl groups, creating 
lipophilic cavities [102]. Due to their biocompatibility and high affinity toward 
adsorbing several macromolecules, β-cyclodextrin has been commonly used to for 
wastewater treatment fields [102]. Thus, successful grafting of β-cyclodextrin on 
the surface of nanopyroxene allowed to create a novel adsorbent with excellent 
characteristics, which have a strong ability to capture complex organic pollutants, 
such as NAs. However, the nanopyroxene, without primarily functionalizing it with 
a dual affinity agent, cannot be grafted by the β-cyclodextrin [101, 103]. Thus, the 
nanoparticle surface was firstly coated with an organic-inorganic hybrid bridge of 
3-glycidyloxypropyl trimethoxysilane (TG3), as shown in Fig.  14.8. In fact, the 
TG3, in the presence of toluene, is covalently bonded to the surface of the nanopy-
roxene by creating methoxy oxygenated sites [101, 103]. As a second step, the 
hydroxyls on the surface of BDN are activated by dissolving the dried monomer in 
an organic solvent of N,N-dimethylformamide (DMF) in the presence of a basic 
catalyst of sodium hydride, and then the mixture is dried, and its slurry product is 
added to a reflux system [102]. The slurry product in addition to the previously 
prepared solution of nanoparticles is mixed together for two hours at high tempera-
ture (i.e., 423 K). Such conditions allow for opening the epoxy ring for the 

Fig. 14.8 CPK representation for the (a)10  nm of nanopyroxene (PNPs), (b) side view of 
β-cyclodextrin (BCN) molecule, (c) 45 o perspective view presenting the primary coating PNPs 
with 3-glycidyloxypropyl tri-methoxy-silane (TG3), and (d) side view for the grafted nanoparti-
cles of PNPs with BCN (PNPs-BCN) interacted with two hydrolyzed TG3 molecules. Red atoms 
represent oxygen, gray atoms represent carbon, white atoms represent hydrogen, and yellow atoms 
represent silicon [101]. Permissions related to the material excerpted were obtained from the 
American Chemical Society (ACS) and further permission should be directed to ACS
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interaction by nucleophilic substitution with the activated O- from the hydroxyls 
presented on the monomer [102]. The cavities presented on the structure BDN 
allows the accommodation of large and complex organic molecules such as naph-
thenic acids via adsorption [101]. These cavities are generated due to the distribu-
tion of the oriented units of the glucose molecules that is in the form of circular 
cones on the structure of BDN [101]. These trapping cones on the BDN are com-
posed of seven methyl alcohol groups that are held together in a unique structure by 
intermolecular forces other than those of full covenant bonds (host-guest interac-
tion) [102]. The results have shown successful adsorption of NAs on the grafted 
nanoparticles after performing batch adsorption test for synthetic wastewater con-
taining NAs. Nevertheless, these types of grafted nanoparticles are not easy to pre-
pare and required following complex procedure which depends on sever conditions.

14.4  Oil Spill Removal

The oil spills, without an effective removal method, showed adverse impacts to 
ecosystems and the long-term effects of environmental pollution that calls for an 
urgent need to develop a wide range of materials for cleaning up oil from oil- 
impacted areas [104, 105]. Additionally, the oil spills generate oil-water emulsions 
with produced water, hampering their treatment and disposal processes through 
physical separation, chemical processes, or biological degradation [104, 106]. Thus, 
a wide range of materials for oil spill removal has been successfully implemented 
including dispersants, absorbents, solidifiers, booms, and skimmers [105–108]. 
Recently, many scientists argue that applying most of these materials for oil reme-
diation can be toxic—some at least as toxic as dishwashing liquid—and could be 
more harmful to the environment than the oil itself [104]. Also, there is potential for 
dispersants to bioaccumulate in seafood. Alternatively, many less harmful porous 
absorbents with some attractive characteristics (i.e., hydrophobicity or oleophilicity 
and high uptake capacity) have been used due to their high performance toward 
removal of the oil spill at high capacity and the possibility of recovery from the oil 
spill site [108]. Adding these porous sorbents facilitates a change from liquid to 
semisolid phase, and once this change is achieved, the removal of the oil, by removal 
of the absorbent structure, then becomes much easier. Also, many porous materials 
can, in some cases, be regenerated [109]. However, these materials have limited 
recyclability, due to the need for an effective oil/water separation process after each 
sorption step. The sorbed oil also requires mechanical handling, filtration, or high- 
rate centrifugation procedures that cannot be obtained under continuous operations. 
Traditionally, the oil/water separation occurred following standards like ASTM 
F716 and ASTM F726 [110]. These standards have shown inaccurate gravimetric 
measurements for the removed oil. Accordingly, applying these standards is inap-
propriate in describing the phenomena responsible for oil spill removal [111]. 
Recently, nanoparticle technology appeared to provide a practical and interesting 
alternative. As sorbents, nanoparticles have some unique properties, such as large 
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specific surface area per unit volume, high and fast equilibrium uptake, and great 
dispersibility for in situ treatment [112]. These properties have attracted many 
researchers to study their potential in the removal of oil spills via magnetite nanopar-
ticles. Magnetite nanoparticles are economically favorable and easy to use as adsor-
bents in large-scale application. Also, they allow easy separation and recovery by 
applying an external magnetic field [8]. For the purpose of magnetic separation, 
magnetic nanoparticles can be synthesized into two forms: direct sorbent or in form 
of nanocomposite feature. Direct sorbent is formed when the magnetic nanomate-
rial occupies the whole structure of every single part of the nanoparticle [113]. 
Nanocomposite structure, on the other hand, is obtained when the magnetite is pre-
sented in nanoscale within the structure of the material to provide the desired func-
tion for the nanoparticles [103, 109].

14.4.1  Modified ASTM Protocol for Oil 
Removal Quantification

Under well-controlled conditions, the modified protocol for ASTM standard for oil 
spill absorption performance can be employed as shown in Fig. 4.9. The protocol 
allows for gravimetric evaluation of oil spills, which interact with the magnetic 
nanoparticles, without the employment of filtration or any other physical separation. 
Before testing the oil removal performance, a noncontact experiment should be ini-
tially performed to eliminate the real effect of the particle dispersion and their 
response toward the magnetic separation. During the experiment, a pre-weighted oil 
spill is simulated into a 500-mL beaker filled with deionized water at room tempera-
ture (Fig. 14.9a). After that, a certain amount of magnetic nanomaterial is added and 
distributed evenly on the oil under magnetic stirring for 2 min. Then, magnetic sepa-
ration is used to withdraw the oil spill by placing a magnet 2 mm away from the 
water surface. Oil spill uptake is estimated by calculating the difference between the 
weight of simulated and magnetically separated oil spills (Fig. 14.9b-d). If there 
was a significant effect on self-magnetism of the particles, it should be subtracted 
from the uptaken oil spill.

14.4.2  Magnetic Oil Sorbent-based Nanoparticles

Due to the lack of stability, the naked iron oxide nanoparticles are either easily oxi-
dized in air or tend to aggregate under aqueous conditions, which limits their appli-
cation in remediation of oil spills. Thus, protection or functionalization procedures 
during or after the synthesis have recently been performed to apply the iron oxide 
nanoparticles more wisely [114–120]. These methods include coating or function-
alization with organic or inorganic chemical agents, embedding the iron oxide 
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nanoparticles in polymer composites, and combining the iron oxide nanoparticles 
with activated carbon by physical and chemical methods [114–120]. Table  14.7 
illustrates the most recent magnetic sorbents used for oil removal in addition to their 
functional materials, synthesis method, application, and their maximum oil uptake 
[114–120]. The table presents many magnetic oil sorbents that have been synthe-
sized by combining the magnetic sorbents with organic compounds, macromole-
cules, biomolecules, polymers, inorganic materials, and activated carbon. These 
magnetic oil sorbents are characterized by having some favorable properties, includ-
ing high sorption uptake, high hydrophobicity, high unsinkable properties to contact 
with oil (low density are easier to collect after sorption), ferromagnetism, and reus-
ability [114–120]. The table shows that the magnetic structure of these magnetic 
sorbents mainly consists of iron oxide, which can be directly added in forms of 
powder or synthesized by several methods [114–120]. As shown from the table, the 
iron oxide has been directly added to the hydrothermally treated melamine di-borate 
(M2B) to obtain magnetic hexagonal boron nitride [119]. On the other hand, the iron 
oxide can be synthesized by co- precipitation method, thermal decomposition, 
hydrothermal synthesis, and microemulsion. In co-precipitation, a chemical reac-
tion is carried out between Fe3+ and Fe2+ salts in a highly basic solution and the 
absence of oxygen [68, 114–120]. For surface functionalization or coating, the 

Fig. 14.9 Oil sorption test using a magnet, modification to ASTM F726-12. Photographs taken by 
the first author of this chapter
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coprecipitation method has been developed by adding functional materials or sur-
face-active agents in the reaction media to reduce the aggregation and oxidation of 
naked iron oxide nanoparticles [114–120]. It has been reported that the size, shape, 
structure, and magnetic properties of iron oxide nanoparticles could be affected by 
the conditions of preparation, such as the type of Fe3+ or Fe2+ salt, the Fe3+/Fe2+ ratio, 
the pH value, the reaction temperature, and the ionic strength of the media [121]. 
One disadvantage of the method is that during both the synthesis and purification 
process, the pH value has to remain high, which adversely affects the formation of 
uniform and monodispersed nanoparticles. Instead, high- quality monodispersed 
magnetic iron oxide nanoparticles can be formed by thermal decomposition method. 
In such method, the raw materials used frequently are organometallic compounds 
primarily including Fe(cup)3 (cup  =  N- nitrosophenylhydroxylamine), Fe(acac)3 
(acac = acetylacetonate), or Fe(CO)5 in an organic solution phase containing stabi-
lizing surfactants under relatively high temperatures (200–300  °C) [68]. 
Unfortunately, the iron oxide generated by this method have a narrow size distribu-
tion and are highly monodispersed while only dissolvable in nonpolar solvents. 
With hydrothermal method, on the other hand, a chemical reaction occurred in 
aqueous solution containing iron salts under hydrothermal conditions, namely, a 
high-temperature aqueous solution (130–250  °C) and high vapor pressure 
(0.3–4 MPa) [68]. Through a hydrothermal process, the iron-based precursors could 
influence the size and shape of the magnetic products, and an appropriate hydrother-
mal temperature could cause an increase in the saturation magnetization.

Microemulsion, other synthesis process, is a thermodynamically stable method 
that generate magnetic sorbents from two immiscible phases in form water-in-oil 
micro-emulsion in the presence of surfactant [68]. The generated microemulsion 
consists of aqueous droplets stabilized by surfactant molecules in continuous phase 
[68]. The droplets, then, exist as reaction media to monitor the shape and size distri-
bution of particles prepared by precipitating iron salts. Compared with the previ-
ously mentioned methods, many authors have proven that the formed nanoparticles 
by microemulsion method had a smaller size and higher saturation magnetization 
[68]. However, it is not simple and requires extra efforts for separating the nanopar-
ticles and controlling their synthesis conditions. As shown in the table, the tabulated 
magnetic sorbents showed great potential in removing different types of synthetic 
and crude oils, especially the magnetic carbon nanotubes (study number 5), that 
outperformed with maximum uptake of 56g gasoline/g [118]. Nevertheless, these 
magnetic carbon nanotubes showed high bio-persistence. Hence, short- or long- 
term exposure of them might lead to harmful effect to the living organisms and 
human being (i.e., induced sustained inflammation, lung cancer, and gene damage 
in the lung). From the studies listed in the table, it is also worth to note that none 
from the first five studies have clearly described the mechanism at which the oil has 
been removed with the use of magnetic sorbents [114–120]. In most of the cases, it 
is not clear whether the removal of oil was due to surface effect (adsorption) or 
capillary effect (pore filling) of crude oil molecules on a hydrophobic magnetic 
sorbent, especially after surface modification [119]. Accordingly, sorption as gen-
eral term is used to encompassing both “adsorption” and “absorption” phenomena, 
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such that both phenomena normally have been used interchangeably [119]. The last 
two studies, in contrary, had better observation for the mechanism involved in 
removing of oil by testing the magnetic sorbent in the removal of other dyes with 
opposite charges as model molecules, such that methylene blue (MB) and amaranth 
acid red (AR) [119]. By attaining the adsorptive removal isotherms from both model 
molecules, the involved mechanism in removal of the crude oil has been identi-
fied [119].

14.5  Conclusion

This book chapter examined the sources, characteristics, and water quality con-
strains for oil sands process affect water (OSPW) generated during the extraction or 
transportation of the bitumen and the different methods available for their treatment 
and disposal. Accordingly, this chapter comprehensively discusses the conventional 
physical/chemical treatment methods for the OSPW generated during oil extraction 
processes such as steam-assisted gravity drainage (SAGD) and surface mining. The 
chapter also provided an overview about the materials and methods that are tradi-
tionally utilized to remove the oil spills produced during oil transportation. In treat-
ment of SAGD produced water, we critically reviewed the primary, secondary, 
tertiary, and emerging treatment technologies used to reduce the high concentration 
levels of silica, total organic carbon, and total hardness. We deeply reviewed some 
classical technologies implemented to enhance settling and consolidation of oil 
sand tailings, such as freeze-thawing, centrifugation, consolidated tailings (CT), 
and paste technologies (i.e., polymeric flocculation). Furthermore, we highlighted 
the advantaged and challenges of some recent magnetic sorbents used for oil spill 
remediation. As a result, we conclude that:

 1- In the chemical treatment of SAGD produced water, introducing lime, ash, and 
slaked and non-slaked magnesium might enhance the concentration of divalent 
ions (i.e., Ca+2 and Mg+2), which increases the need for another unit to be elimi-
nated (i.e., WAC). This unfortunately adds additional disadvantages and extra 
operational and capital costs for the whole chemical treatment process. In the 
walnut shell filter unit, surface modification can be done for the filter aid mate-
rial to enhance the removal efficiency of silica and TOC.

 2- For enhancing settling and consolidation of fine tailings, the conventional tech-
nologies such as filtration and centrifugation are costly material or/and energy 
intensive physical separation methods. Thus, the chemical treatment has 
remained as the most adapted technology to enhance the flocculation and con-
solidation of MFT. Nevertheless, the chemical treatment requires adding of mas-
sive amount of coagulant aid (i.e., gypsum) and high molecular weight of 
polymeric flocculants (i.e., polyacrylamide-based copolymers).

 3- Traditional remediation methods for the oil spills are either energy or material 
intensive. Additionally, many international scientists argue that most of the 
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applied materials for oil remediation can be toxic and could be more harmful to 
the environment than the oil itself. Many researchers have alternatively used 
magnetic sorbents that showed better performance and less environmen-
tal impact.

 4- A family of eco-friendly nanoparticles, as part of emerging techniques, devel-
oped by Nassar’s group at the University of Calgary has been effectively com-
bined or integrated with the many physical and /or chemical processes utilized 
for remediation of OSPW.
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Chapter 15
Challenges and Uncertainties of Using 
Nanoparticles in Oil and Gas Applications

Farad Sagala, Afif Hethnawi, and Nashaat N. Nassar

15.1  Introduction

In recent years, nanoparticle application in the field of oil and gas has attained 
momentous attention, and several researchers are continuing to report tremendous 
promising results [1–4]. Nanotechnology can be defined as a field of applied sci-
ences that focuses on the design, manipulation, detection, and employing of nano- 
sized materials, structures, components, devices, and systems at the nanoscale. 
There are several inimitable properties that nanoparticles possess that make them 
suitable for oil and gas application. Based on their small sizes, nanoparticles can be 
transported into a porous medium that could not be accessed by the larger particles. 
Moreover, based on their large surface-area-to-volume ratio, at the nanoscale, 
nanoparticles can be modified to contain specific interfacial, magnetic, or chemical 
properties to perform certain functions [5–7]. Utilization of nanoparticle technology 
can accelerate the production of oil and gas by providing a platform that makes their 
separation in the reservoir more acquiescent in the coming years [8, 9]. Nanomaterials 
have a great potential to introduce tremendous and revolutionary changes in various 
areas of oil and gas such as drilling, exploration, production, imaging, tight 
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reservoirs, and EOR [10–13]. For example, using nanoparticle can help to improve 
the stability and rheological properties of drilling fluids hence providing safe drill-
ing in unstable zones by increasing the rate of penetration, reduce the drilling costs, 
and lessen the environmental footprints. Additionally, using properly designed 
nanoparticles in imaging can facilitate the creation of naturally occurring fractures 
in tight reservoirs [13]. This is due to their sizes and high surface-area-to-volume 
ratio, as well as their high mobility in the porous medium, enhanced heat and mass 
transfer that makes them appropriate for harsh-reservoir conditions [9, 14]. 
Nanoparticles can also be synergized with other conventional materials such as 
alkaline, surfactants, polymers, and recently low salinity water flooding [15–17] to 
recover trapped oil from the reservoir. Various types of nanoparticles such as metals 
and metal oxides have currently been proven to recover additional oil after water 
flooding, through several mechanisms such as alteration of wettability, IFT reduc-
tion, disjoining pressure, viscosity reduction and improvement of mobility ratio, 
inhibition of wax and asphaltene deposition, etc. [11, 14, 18]. Furthermore, different 
parameters such as nanoparticle concentration, size, temperature, wettability, injec-
tion sequence, rock permeability, and salinity have been evidenced to affect the 
nanofluid flooding performance in nano-EOR [19, 20]. Notwithstanding the sub-
stantially increasing interests of nanoparticle applications in the oil and gas indus-
try, however, there still exist some challenges that limit their full adoption to field 
scale. The focus of this chapter, therefore, is to address some of the current chal-
lenges limiting nanoparticle application for field scale. Also, some concerns, envi-
ronment impacts, and uncertainties of using nanoparticle in oil and gas are explored.

15.2  Challenges of Nanoparticles in Oil 
Recovery Applications

Despite the increasing research in the application of nanomaterials in the oil and gas 
industry, there are still some challenges limiting nanoparticles to laboratory scale. 
These will be discussed in this chapter. Figure 15.1 shows an overview of com-
mon impediments of nanofluids application in the oil and gas industry.

15.2.1  Cost of the Materials and Synthesis Pathways

Cost of the materials involved in synthesizing nanoparticles tends to limit their scal-
ability for further pilot and field applications. When scaling-up, technical and eco-
nomic problems always arise; thus, only a fraction of the laboratory nanomaterials 
can be saved. Also, currently most of the used nanomaterials require harsh condi-
tions to be synthesized. For example, silica nanoparticles that are commonly used in 
EOR require calcination and freeze-drying under nitrogen during the synthesis pro-
cess [21, 22]. This makes the material costly, impacting the scalability of the 
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material for field applications. There is therefore a need to formulate clear and sim-
ple synthesis protocols that offer pathways for scalability at low costs. Also, the 
proposed nanomaterials must be better somehow than the existing conventional 
methods used in EOR or at least provide better advantages than the competitor or 
introduce a new necessity or technique. It needs to be a process not covered by any 
previously developed materials, most importantly at low cost while minimizing the 
risks. Besides, most of the researchers that have been successful in developing these 
new promising nanomaterials lack industrial patterners, have no business plans, and 
lack scale-up expertise which limits the application process. It is important to note 
that not all newly developed and promising materials end up being scaled up and 
commercialized. Successful scale-up and commercialization of developed materials 
are always associated with their ability to deliver a huge benefit to a company, cor-
poration, or government. Early detection of industrial partners is of key importance 
for the development of material for commercial scale. Lastly, cost analysis of 
nanoparticles to back up the experimental findings is further needed. The analysis 
of costs involved should be based on the crude oil prices in the world markets and 
compared with the cost of the conventional EOR agents commonly used, such as 
surfactants, polymers, alkaline, or a combination. This will guarantee the economic 
viability of nanoparticles as EOR alternatives now or later.

15.2.2  Stability and Control over the Particle Size

Among the serious technical challenges that affect the applicability of nanoparticles 
in EOR is the preparation of a homogeneous suspension of nanofluids. Nanoparticles 
tend to agglomerate resulting in the formation of clusters, due to molecular 

Fig. 15.1 Summary of common challenges of nanofluids application in the oil and gas industry
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interactions, between the forces such as van der Waals forces [23]. An illustration of 
the nanoparticle before and after agglomeration is shown in Fig. 15.2. Nanoparticle 
agglomeration increases as filler fraction increases, due to the closeness of the par-
ticles and higher van der Waals forces of attraction or weaker electrostatic repulsive 
forces. This may generate other problems such as viscosity increments. 
Agglomeration of nanoparticles results in a reduction of the effective surface area- 
to- volume ratio, which impacts the overall performance of the nanofluids [24]. 
Normally, due to harsh reservoir conditions such as salinity and temperature, 
nanoparticles tend to aggregate and form clusters due to the force imbalance 
between the attractive and repulsive forces [25, 26]. This greatly affects their perfor-
mance in such harsh environments. Therefore, future findings need to focus more on 
discovering proper functionalities in the form of silanes, polymers, or surfactants 
that can provide stable nanofluids. A typical example of modifying agents that can 
be used in nanoparticle stability is depicted in Fig. 15.3. However, the modifying 
agent attached to the surface of the nanoparticles in the process of stabilizing them 
should not change the particle morphology and topology which may alter their per-
formance. Additionally, the selected stabilizing agent for the nanoparticles should 

Fig. 15.2 Nanoparticles in suspension

Fig. 15.3 (a) Nanoparticle surface modified with various silanol groups and (b) nanofluid before 
and after the surface modification. Permissions related to the material excerpted were obtained 
from the American Chemical Society (ACS) and further permission should be directed to ACS 
Energy Fuels 2019, 33(2), 877–890 
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ease their propagation through a reservoir under harsh conditions of temperature 
and salinity. A proper stabilizing agent should be able to stabilize the nanoparticle 
in both static and dynamic conditions. Furthermore, the attached functional groups 
should also minimize the adsorption of nanoparticles on the rock surface. The long- 
term chemical stability of functional groups along with low production cost is 
another challenge which should be considered.

15.2.3  Screening Criteria for Reservoir

As research in the application of nanomaterials in oil and gas continues to emerge, 
methods of screening relevant to nanoparticle application in EOR need to be estab-
lished, similar to the conventional EOR methods such as alkaline flooding, surfac-
tant flooding, polymer flooding, etc. that have various screening criteria before their 
application. Initial findings based on the charge composition of the nanoparticles 
recommend negatively charged nanomaterials for sandstone reservoirs and posi-
tively charged materials for carbonates rocks. However, other parameters such as oil 
properties, rock properties, reservoir temperature, etc. need to be screened before 
using nanoparticles. Also, other properties of the nanomaterials such as the nanopar-
ticle hydrophilicity or hydrophobicity may affect their performance during EOR.

15.2.4  Regeneration and Recovery of the Nanoparticles

Nanoparticles that can be recycled offer better options for applications. Some 
nanoparticles offer easy regeneration pathways compared to others. Weiwei et al. 
[27] reported that boron nitride can be reused easily by washing, burning, or heating 
in air because the material is resistant to oxidation. The authors concluded that the 
withstanding routes of such materials can enhance their great potential in various 
applications. However, there some other proposed regeneration techniques for other 
nanomaterials that can be used to recover the materials such as backwashing by 
adjusting the pH. Therefore, before their application, the proposed nanomaterials 
require some regeneration protocol that may offer prolonged use to minimize 
the costs.

15.2.5  Transportation and Deposition

Deposition of the nanoparticle can be defined as the process of particles at nanoscale 
attaching to the solid surfaces in the form of aggregates or deposits. These coatings 
are deposited on the surface as a monolayer or a multilayer depending on the 
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deposition method. However, nanoparticles are usually difficult to deposit due to 
their physical properties such as size and particle morphology. Several mechanisms 
for improving oil recovery during nano-EOR have been proposed. However, the 
interactions between NPs and rock surfaces require further investigation. Figure 15.4 
shows the deposition tread of nanoparticles as they propagate inside the porous 
medium. As nanoparticles propagate in the porous medium, they tend to adsorb on 
the rock surface depending on their ionic interaction and the rock surface [28]. 
Retention of nanoparticles in the porous medium can also be caused by the increase 
in ionic strength and grain size of the nanoparticles [29]. This may result in pore 
blockage and impairment of rock properties such as porosity and permeability [14]. 
However, there is a lack of experimental and numerical studies that perfectly 
describes the NP behavior in the porous medium. The existing models are mainly 
limited to the physical interactions of NPs, and chemical interactions have not yet 
been considered. Also, a synergistic effect of using a mixture of more than one type 
of nanoparticle has not been reported with the existing models. Better performance 
may be obtained from such combinations. Several parameters impact the transporta-
tion and deposition of nanoparticles in the porous medium, such as nanoparticle 
size, flow rate, formation type, petrophysical properties such as porosity and perme-
ability, nanoparticle concentration used during the injection, injection sequence, 
etc. Optimization of these aforementioned parameters is paramount to control and 
limit the nanoparticle deposition.

Fig. 15.4 Nanoparticle deposition (Obtained from Ref. [30]. Permissions related to the material 
excerpted were obtained from Elsevier and further permission should be directed to Elsevier)
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15.3  Concerns and Uncertainties of Using Nanotechnology 
in Oil and Gas

Similar to any new technology, nanotechnology is expected to introduce both 
advantages in terms of applications and hazards or implications for human society 
and the ecosystem. The unique properties of nanomaterials have given rise to many 
amazing potential applications such as the generation of energy and storage, medi-
cal applications, speeding up chemical reactions, and now oil and gas-related activi-
ties. For any new technology that comes along, we have to consider how we can use 
the technology responsibly for society’s benefit while minimizing the health-related 
hazards that the new technology may poses.

Although nanotechnology contributes tremendously to technological advance-
ment in many applications and is attracting attention for possible applications in 
medicine, health, agriculture, and energy industries, there are still some unresolved 
critical uncertainties [32]. It has been conceptualized as an environmentally friendly 
technique over the last decade, and many indirect and direct applications of nano-
materials are being used in the marketplace. However, there is minimal data on the 
nanometric effect of nanoparticles on human health and the environment due to 
limited field applications [32]. Some primary findings reported no health-related 
issues and concerns of nanomaterials [33]. For instance, the UK Royal Society 
(London, UK) and the Royal Academy of Engineering (London, UK) released a 
report which concluded that nanomaterials in several applications pose no new 
health risks [34]. However, the associated benefits of nanoparticles from the envi-
ronmental perspective are combined with challenges that may be difficult to predict. 
Also, there is little information about the disposal, manufacturing, reactivation 
usage, regeneration, disposal, and any associated risk in the exposure to nanomate-
rials [35]. Karin et al. [36] demonstrated that plastic nanoparticles have an effect on 
the survival of aquatic zooplankton and can penetrate the blood-to-brain barrier in 
fish and cause behavioral disorders; however, more finding while using other 
nanoparticles requires investigations. Nanomaterials based on their dimensions, 
shapes, and surface energy may match with some of the biological body molecules 
such as proteins or nucleic acids. Hence, when they come in contact with the fluids 
of the body, they can be absorbed easily. These adsorbed materials may spread to 
the target sites such as the heart, liver, or blood cells and cause damage [37]. 
However, studies have shown that remediation management and control of nanoma-
terials can reduce their environmental and health hazards [37]. Less exposure to 
nanomaterials and using respirators has been suggested as a possible measure of 
preventing nanoparticle inhalation that may result in respiratory irritation and dam-
age to body organs [33]. For example, titanium, nickel, CNTs, cobalt, and polysty-
rene have been postulated as examples of nanoparticles responsible for respiratory 
toxicity compared to quartz nanomaterials [37]. There is a need to examine ethically 
related issues and create test protocols and procedures that will guarantee safe 

15 Challenges and Uncertainties of Using Nanoparticles in Oil and Gas Applications



504

handling of nanomaterials for EOR laboratory, pilot, and field applications. 
Currently, several agencies have started health access and environmental safety 
inspection of nanoparticles and have developed precautions. For example, in the 
United States, agencies such as National Toxicology Program (NTP), National 
Center for Environmental Research of the Environmental Protection Agency (EPA), 
National Institute of Occupational Safety and Health (NIOSH), National Institute of 
Environmental Health have all been commissioned for application and risk assess-
ment of nanomaterials [33, 38]. Oil and gas industries need to consider the findings 
from various researchers, institutes, and other industries that use nanotechnology. 
This will facilitate rapid understanding of occupational safety and environmental 
and health implications of using nanotechnology.

In summary, as a recommendation to nanoparticle users, less exposure to nano-
materials and using respirators has been suggested as a way of diminishing nanopar-
ticle inhalation that may result in respiratory irritation and damage to other body 
organs [33].

15.4  Conclusion

Nanoparticles have promising potential for oil and gas applications owing to their 
unique behavior and exceptional properties that differ from their bulk counterparts, 
but the employment of nanoparticle technology in the oil and gas industry is also 
limited by several challenges which affect their field applications. Various fascinat-
ing properties exhibited by different nanoparticles have been reported by many 
researchers. EOR has received much consideration, but many researchers have 
recently initiated studies in other areas of research related to oil and gas application 
such as exploration, drilling, production, refinery, etc. The application of these 
materials is very promising as evidenced by the trend in the published literature in 
recent years. However, field applications are still limited due to lack of consensus of 
the reported findings regarding the mechanism of NANO-EOR possibly due to 
human artifacts. Furthermore, nanoparticles are currently expensive, as a result of 
inefficient synthesis pathways. However, mass production of nanomaterials can 
help to reduce the overall cost enabling the applicability of nanomaterials for vari-
ous applications. Furthermore, it would be helpful for scientists and engineers in the 
oil field to conjoin with other researchers in academia and other industries where 
nanotechnology has made a substantial breakthrough. Since nanotechnology has 
made a significant impact in various industrial sectors, it is plausible that solutions 
in the oil field can be found. This integration can yield successful outcomes for oil 
and gas applications. Nevertheless, through an integrated partnership between oil 
companies and academic institutions, piloting nanotechnology and performing field 
trials can conceivably offer inexpensive and quick solutions before their full imple-
mentation to the industry. Also, efforts should be made to find cheaper sources of 
nanoparticles since their applicability to the oil field requires large quantities. Lastly, 
priority should be given to investigating the safe applicability and recovery 
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opportunities of nanoparticles in the oil and gas field to give nominal effect on 
HSE. In the absence of government regulations, the establishment of industry best 
practices will be highly useful.
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