Nanoparticles for Oil Well Drilling Fluids
and Cement

By
Muhammad Awais Ashfaq Alvi

Thesis submitted in fulfillment of
the requirements for the degree of

PHILOSOPHIAE DOCTOR
(PhD)

University of
Stavanger

Faculty of Science and Technology
Department of Energy and Petroleum Engineering

2024



University of Stavanger
N-4036 Stavanger
NORWAY

WWW.U1S.1n0

(©2024 Muhammad Awais Ashfaq Alvi
ISBN: 978-82-8439-210-3

ISSN: 1890-1387

PhD: Thesis UiS No. 738


www.uis.no

This dissertation is dedicated to my family who

instilled in me the virtues of perseverance and

commitment and relentlessly encouraged me to
strive for excellence.

il






Acknowledgments

I would like to extent my appreciation to my supervisor Mesfin
Belayneh for giving me an opportunity to work on this project. I
would like to thank him for his continuous support, suggestions,
and valuable feedback throughout the PhD work. His support with
experimental work enabled me to generate a great amount of data. I
would like to thank my co-supervisors Kjell Kare Fjelde and Sulalit
Bandyopadhyay for facilitating the progress of the thesis. Their
mentorship and insightful feedback have been instrumental in shaping
the direction and quality of this work.

I would like to express my gratitude to Arild Saasen and Mahmoud
Khalifeh who generously shared their time, knowledge, and experience
for this work. Their insights and suggestions have greatly contributed
to the refinement and improvement of this thesis. My special thanks
to lab technicians and engineers working at the department of Energy
and Petroleum engineering, especially Caroline Ruud, Mona Minde
(Head of the Department, Department of Mechanical and Structural
Engineering and Materials Science), Kim Andre Nesse Vorland, Inger
Johanne Munthe-Kaas Olsen and Jorunn Hamre Vralstad.

I would like to thank my friends and PhD colleagues for their support,
encouragement, and stimulating discussions. Their presence has
provided a sense of camaraderie and made this academic endeavor a
more enjoyable experience.

I would like to extend my heartfelt appreciation to my parents and
wife for their encouragement, unconditional love, motivation, and
understanding throughout this journey. Their unwavering support
and belief in my abilities have been a constant source of motivation.
Special thanks to my wife, Javeria Habib, for motivating me to finish
this thesis and tolerating my demanding work schedule. Finally,
to my son, Awliya Ahmed who accompanied me during the thesis
writing sessions to make sure that I let him write a few lines in the
thesis.






Summary

Drilling fluids and oil well cement are essential elements of the drilling
process and well construction. Drilling fluids play a crucial role
in the drilling process, ensuring the safety and efficiency of well
construction. Continuous monitoring and adjustment of drilling
fluids are required to optimize the drilling process and solve potential
problems. The job of drilling fluids is to perform several important
functions, such as carrying cutting from the bottom of the hole
to the surface, providing cooling and lubrication to the drill bit,
maintaining hydrostatic pressure to prevent the inflow of formation
fluids, stabilizing the wellbore, and creating filter cake on the wellbore
wall to control fluid loss. To perform these functions, the properties of
drilling fluids, such as viscosity, density, yield stress, gel strength, and
filtration, are important. The typical formulation of drilling fluids is
based on water and oil. Typically, drilling fluids contain additives
such as clay minerals, weighting agents, polymers, and various
other additives. Factors such as well conditions, environmental
considerations, and formation characteristics dictate the selection
of appropriate drilling fluids. Conventional water-based and oil-
based drilling fluids encounter certain challenges, such as fluid loss,
formation damage, stuck pipe, differential sticking, or even wellbore
collapse. Maintaining proper wellbore stability requires appropriate
drilling fluid formulation.

Oil well cementing involves the placement of cement slurry into the
annular space between the wellbore wall and casing to achieve zonal
isolation, well integrity, and structural support. Conventional oil
well cement can encounter various issues that can impact the well
integrity, short-term and long-term performance. These include fluid
loss, improper placement and setting, strength development, and
formation of micro annuli, among others. Addressing these issues
requires the use of specialized additives and advanced formulations
tailored for specific well conditions. In addition to the above
shortcoming, conventional oil well cement contributes to significant
CO, emissions. Therefore, researchers are looking into possible
alternative materials. Geopolymer is one of the alternatives to

vil



conventional cement. It is a cementitious material typically produced
by combining aluminosilicate sources with the hardener solution.
While geopolymer can offer several advantages, it has shortcomings
that need to be addressed, such as workability, low tensile strength,
long-term durability & performance, and limited industry adoptions.

Nanoparticles (NPs) have gained immense attention for their potential
application in drilling fluids, oil well cement, and geopolymer. The
emergence of NPs is due to their ability to improve the performance
of these materials. Notably, NPs are extensively researched as a
multifunctional additive in these materials. However, to maximize the
benefits and ensure safe and effective application in these materials,
the optimal selection of NPs, dosage, and compatibility with
other additives present in these materials still needs consideration.
Therefore, the current work focuses on applying various NPs in these
materials. This thesis is based on four publications and unpublished
work.

The first section of this work deals with the application of different
NPs (with respect to shape, size, surface charge, and surface
functionality) on water-based drilling fluids (Papers I, IV, and
unpublished work). The work investigated the performance of NPs
based on iron oxide nanoparticles (IONPs), carbon nanotubes, and
silica NPs on bentonite and potassium chloride (KCI) water-based
drilling fluids. The results indicate that NPs can influence the
properties of water-based drilling fluids. For instance, IONPs and
nanotubes presence in the bentonite drilling fluids increases the gel
strength and yield stress of the fluid. However, surface modification
of IONPs with silica and polymer controls the gel-forming ability
of the fluid and reduces gel strength. Moreover, silica NPs reduce
bentonite drilling fluid’s gel strength and yield stress. In addition,
all types of NPs in the bentonite drilling fluids promote the shear
thinning behavior by reducing the excessive gel formation at low
shear rates. Adding NPs to the bentonite drilling fluids significantly
reduces the friction values, and low concentration of IONPs and
nanotubes in the drilling fluids show better performance than high
concentration. Surface modified silica NPs however provide a higher
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reduction in friction values. Fluid loss results suggest that NPs
provide better reduction for bentonite-based fluids; NPs filled the
pores in the filter cake and control the fluid flow. Microscale analysis
of filter cake confirmed this behavior. In case of KCI drilling fluids,
adding IONPs and nanotubes reduces the gel strength values of the
fluid. While surface modification of IONPs with Si and silica NPs
improves the gel strength of KCI fluids. Moreover, the yield stress
of KCl fluids increased by adding silica NPs. Furthermore, NPs in
KCI drilling fluids reduce friction values. While in case of KCl-based
fluids, there was no significant reduction in fluid loss owing to the
non-uniform distribution of NPs. Also, NPs adsorbed in the cake
structure without filling the pores.

The second section includes the impact of hydrophobic IONPs on oil-
based drilling fluids (Paper IT). This work investigates the ability of
IONPs to influence yield stress, HPHT fluid loss, mechanical friction,
and barite sagging. The results suggested that NPs can increase the
yield stress of oil-based drilling fluids at high temperature. Moreover,
barite sagging, mechanical friction, and fluid loss were reduced by
adding NPs to the drilling fluids. Also, drilling fluids with NPs
produced a thin filter cake owing to the reduced permeability of the
filter cake.

The third part of the thesis (paper III and unpublished work) focuses
on applying aluminum oxide and carbon nanotubes to the fluid
state and mechanical properties of cement and geopolymer materials.
Additionally, the impact of NPs on the morphology and mineralogy of
materials is tested. NPs in the cement and geopolymer slurry increase
the viscosity of the slurries, as NPs control the segregation of materials
by providing better cohesion. Fluid loss results for cement show that
NPs delay the gelation of cement at high pressure and temperature
and increase the fluid loss values. While for geopolymer, nanotubes
show a significant reduction in fluid loss. NPs delays the pumpability
of cement and geopolymer slurries at high temperature and pressure.
Furthermore, NPs increase the compressive strength of cement and
geopolymer, especially after 28 days. While only nanotubes provide
improvement in the tensile strength of cement. In case of geopolymer,
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NPs improve the tensile strength significantly until 7 days. However,
after 28 days, only nanotubes show improvement in tensile strength.
Microstructure and mineralogy analysis reveal that NPs are present
throughout the structure of cement and geopolymer.



Abbreviations and Symbols

A = Pre-exponential factor
C; = Concentration of solute at the interface of crystal-
solution

C* = Equilibrium solubility

C = Concentration of solute in supersaturated solution
fsm = Volume fraction of solids in drilling fluids

fse —  Volume fraction of solids in filter cake
Rome = Filter cake height

k = Consistency factor

kg — Boltzmann constant
Kme = Permeability of filter cake

kq — Coeflicient of mass transfer based on diffusion
k, — Rate constant in case of surface reaction

n = Flow factor

Ny = Low shear curvature exponent
Nps = High shear curvature exponent

S = Supersaturation

T = Temperature

Vi = Cumulative volume

) = Factor represents the reduction in surface energy
v = Interfacial tension

0 = Shear rate

Vs = Surplus shear rate

[y = Viscosity of filtrate

Lhe = (Casson plastic viscosity

A = Wavelength

v = Molecular volume

p = Density

O — Uniaxial stress

o — Tensile stress

T = Shear stress

Ts = Surplus shear stress

Ty = Yield stress

Te = Casson yield stress
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1 Introduction

1.1 Water-Based Drilling Fluids

The primary stage to approach an oil and gas reservoir is to perform
a drilling operation. Drilling is the process of connecting the surface
with the reservoir to extract the hydrocarbons. Therefore, to enhance
productivity, it is essential to put more emphasis on this operation.
Drilling fluids are an integral part of the drilling operation of oil and
gas reservoirs. The drilling fluids can be defined as a material that
helps drilling tools to create a borehole. Water’s use as drilling fluid
dates back to the Zhou dynasty (1122-250 B.C.). During this period,
wells were drilled to get access to water, gas, and brines, where
water was employed as drilling fluid to lift the cutting and soften the
rock surface [1]. Through the years, with the oil and gas industry’s
development, drilling fluids also developed as advanced materials
composed of various additives to perform different functions. Drilling
fluids are circulated from the surface using a drill pipe to perform
functions like cleaning the bottom of the well & carrying cutting
from the bottom of the well to the surface, cooling & lubricating
of drill bit, maintaining wellbore stability, controlling the inflow of
fluids from the wellbore (permeable rocks), and formation of thin
filter cake with low permeability so the pores and holes which are
present in the formation can be sealed [2-5]. In addition to these
functions, the drilling fluids should not damage the formation as well
as they should be environmentally friendly and non-hazardous to the
drilling personnel [5].

Generally, drilling fluids are classified as water-based, oil-based,
synthetic, and gas or pneumatic-based fluids [6]. Water and oil-based
are the most common drilling fluids, where water is the continuous
phase of water-based fluids with solid particles suspended in water
to form a colloidal suspension. While oil is the continuous phase in
oil-based fluids with suspended solid particles, and brine or water is
added to form an emulsion [1]. Solids such as organic colloids and clays
are added to provide the required filtration and viscous properties to
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the water-based drilling fluids. Moreover, minerals such as barite are
added when required to raise the density of the fluid. Also, lubricating
agents and salts are added to the fluid for various purposes [1]. Since
drilling fluids perform various tasks during drilling operations, proper
design of drilling fluids is crucial to perform these functions effectively.
However, conventional water-based drilling fluids are not able to
perform these functions in an efficient way which leads to problems
like formation damage owing to the interaction of water-based drilling
fluids and rock. Moreover, high fluid loss from drilling fluids into
the formation can increase the pressure, ultimately impacting the
wellbore’s strength. Also, water-based fluid can react with shale
formations and cause shale swelling. Solid-induced drill string stuck
can occur due to the drilling fluid’s ineffective cutting holding capacity.
In addition, the formation of a thick filter cake can cause differential
sticking issues |7-10]. These problems can be more severe as the
temperature and pressure increase during the drilling process for high-
pressure/high-temperature (HPHT) wells due to polymer degradation
and flocculation of bentonites [10, 11|. Significant financial losses
are associated with these problems, and in the worst case, these
can lead to the shutdown of the well. The drilling fluid’s viscous,
filtration, and frictional properties are critical to minimize these
problems. These properties depend on the chemical additives type,
concentration, shape, and size used to formulate the drilling fluids.
Therefore, continuous laboratory-scale experiments must characterize
and test suitable parameters. Moreover, oil-based drilling fluids can
deal with these complex situations. However, the use of oil-based
drilling fluids is sometimes limited due to environmental regulations
[12]. Furthermore, since no blowout prevelOlnter (BOP) is present
in the top-hole section of the well, water-based fluids are used for
drilling these sections. Several strategies are employed to mitigate
the issue with conventional water-based drilling fluids, such as using
polymeric additives to minimize fluid loss and using KCl and silicate-
based drilling fluids to control shale swelling [10, 13]. However, these
microparticles and bigger-sized additives are not very promising in
enhancing the drilling fluid’s performance. Therefore, the petroleum
industry is now searching for a small, multifunctional, stable under
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extreme conditions, biologically degradable as well as environmentally
sound option to formulate drilling fluids that are efficient and will
perform satisfactorily during a drilling operation [14].

1.2 QOil-Based Drilling Fluids

As previously mentioned, water-based drilling fluids are ineffective in
the case of reactive shale and at HPHT conditions. [15]. Moreover,
owing to low friction values, better geomechanical and thermal
stability oil-based drilling fluids are preferred in extended-reach
wells and directional drilling [16-18]. However, the oil-based drilling
fluids experience stability issues in HPHT wells, such as barite
sagging problems. Similar to water-based drilling fluids, barite is
also used as a weighting material in oil-based fluids due to its low
environmental impact, cost, and high specific gravity [19]. However,
the settling of barite particles at HPHT conditions can cause serious
problems. For instance, the proper control of well pressure can be
challenging due to variations in the drilling fluids density, especially
the presence of light clear fluid in the vertical parts of the well [20].
Furthermore, these settled particles can lower the penetration rate
by increasing the chances of drill string sticking. Barite sagging
can occur both under dynamic and static conditions. Zamora and
Bell. (2004) |21] suggested that close monitoring of the rheological
parameters of drilling fluids can minimize this phenomenon. Moreover,
rheological parameters are dependent on the stability of water in
oil emulsion formed by oil-based drilling fluids. Therefore, the long-
term stability of water in oil emulsion is crucial at high temperature.
The harsh conditions of deep water and depleted reservoirs can
further complicate the drilling process due to operating in a small
pressure window [22|. It is critical to optimize operational parameters
and drilling fluids properties to reach the target well depth under
these circumstances. Choosing suitable drilling fluids with optimum
densities for the different well sections is essential. To maintain
pressure control and ensure operational success, the proper drilling
fluid design for each section is vital. Since well hydraulics impact
parameters such as pump pressure, wellbore cleaning, and equivalent
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circulation density (ECD), it is critical to optimize the well hydraulics
by fine-tuning the viscous properties of the drilling fluids. Moreover,
to act as a primary barrier element, the drilling fluids should have
stable density under extreme downhole conditions.

One of the techniques to enlarge the operational pressure margin
is wellbore strengthening. The interaction of particles in the
drilling fluids and surrounding rock defines the success of the
wellbore strengthening technique. The type, concentration, and size
distribution of particles in the drilling fluids are crucial to achieve
wellbore strength [18, 23]. Operational examples employ wellbore
strengthening to support or possibly increase the fracture gradient
[24] as well as to show the importance of particle size, concentration,
and type in lowering fluid losses [18]|. Various wellbore strengthening
techniques are available, combining two or more techniques typically
shows the best performance. Jacob et al. (2014) provided the
overview and benefits of different wellbore strengthening techniques
[25]. One of the studies suggests the application of NPs to attain
wellbore strengthening [26]. Lowering the fluid loss from oil-based
drilling fluids to the formation is critical in achieving wellbore strength.
It is vital to control fluid and mud losses to the permeable formation
by formulating optimum drilling fluids. Filter cake formed by drilling
fluids is also crucial as thick cake can cause differential sticking and
excessive fluid loss to the formation, which can lead to formation
damage [27]. To control this flow of fluids, the filter cake formed by
the oil-based drilling fluids should be thin and impermeable [28-31].
Chemical additives and particles used in drilling fluids will define the
filter cake formed by the fluid [28|. Therefore, it is vital to formulate
a drilling fluid that can form an effective filter cake. The thickness,
particle size distribution, permeability, and structure of filter cake are
vital to optimize the drilling fluids formulation [22]. Different studies
use various additives to mitigate the barite sagging problem [32-35].
However, these additives impact the rheological parameters of drilling
fluids [36]. Moreover, various additives are suggested to resolve the
fluid loss issue [1, 29, 37]. However, there is still a requirement to add
suitable additives to drilling fluids that can solve the barite sagging
and fluid loss issue. The additive should not significantly impact the
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rheological parameters to avoid operational issues such as staying
within pressure margins and excessive frictional pressure losses.

1.3 Oil Well Cement and Geopolymer

Oil well cement is one of the crucial well barrier elements used
during well construction, completion, and plug & abandonment
(P&A) phases. Oil well cementing involves the placement of cement
around the casing, and the primary function of well cementing is
to seal annular spacing between casing-casing or casing-formation,
providing structural integrity and preventing formation fluid from
leaking to the surface [38]|. Improper zonal isolation can create leak
paths, as shown in Figure 1.1 (modified from [39, 40]).

b
5 | Impermeable

Long-term integrity

N Non-Shrinking

Ductile, non-brittle

Resistance to
different substance

| Wetting to ensure
H bonding

Figure 1.1: Well barrier envelopes (blue as primary and red as
secondary) and NORSOK D-010 cement requirement.
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Possible leak paths from the well could be through cement due to the
permeability of cement. Low permeability and porosity of cement
are crucial as the cement behind the casing sustains the pressure of
formation fluids. Moreover, downhole stresses (e.g., thermal shocks,
tectonic stresses, post-cement operations) can create cracks in the
cement structure. Furthermore, leak paths can form in the micro
annuli at the interface of casing-cement or cement-formation due
to shrinkage of cement and/or improper wetting to ensure bonding
between casing and cement. The brittleness of cement can also
contribute to the formation of leak paths. A successful cementing
operation can be achieved by adequately designing the cement slurry
and following general guidelines and requirements relevant to well
integrity. NORSOK D-010 (2013) |39] defines well integrity as ‘“the
application of a technical, operational, and organizational solution
to minimaze the risk of an undesired leak during the lifetime of the
well”.

Studies have reported the well integrity issues in different parts of
the world. Vignes and Aadngy (2010) [41] based on data obtained
from seven operators reported the integrity status of the Norwegian
Continental Shelf (NCS) wells. As shown in Figure 1.2, their
investigation indicated that out of the 75 wells (i.e., 48 production
and 27 injection wells), casing and cement integrity issues recorded
11% of well integrity issues each [41|. The Petroleum Safety Authority
PSA in Norway performed a survey on 1995 wells from 13 operators
and reported that 30% of the wells have well integrity issues [42]. In
addition, a recent report published by PSA shows that from 2011 to
2020, around 1292 wells were abandoned temporarily. The data from
these wells show that the number of wells without any major well
integrity issues reduced from 62% to 45% [43]. Various abandoned
wells in Alberta, Canada, have been assessed by Watson and Bachu
(2009) |44] with respect to leakage potential. This work shows that
one of the reasons for leaks from the wells is improper zonal isolation.

As indicated in Figure 1.1, depending on the completion and well
design, qualified cement can be considered either as a well barrier
element in the primary or secondary barrier envelope. Also, NORSOK
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Figure 1.2: Categories of well barrier element failures in the
Norwegian sector of the North Sea.

D-010 (2013) |39] defines the well integrity and sets criteria for barrier
material used for zonal isolation or P&A. The standards state that the
barrier material should be impermeable, able to withstand mechanical
loads/impact, and non-shrinking. In addition, the candidate material
shall resist downhole chemicals and ensure bonding with steel and
formation. Since there are failure mechanisms associated with the
Portland cement such as the formation of cracks due to changes in
temperature and pressure regimes, volume changes causing possible
micro annuli, and low ductility of cement, i.e., brittleness [45]. Also,
poor cementing practices can result in channels through cement, for
example, at high temperature, the cement sets too fast, causing
channelling in the cement structure [46]. Furthermore, tectonic
stresses [45, 47, 48] are circumstances that intensify the risk of
material failure. Moreover, cement slurry in high-temperature wells
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contributes to high fluid loss and strength loss phenomenon commonly
called strength retrogression. Due to the above shortcomings with
Portland cement, researchers are trying to look for supplementary
materials as well as to improve the properties of cement. Several
factors contribute towards to the strength of cement such as curing
conditions and time [49, 50|, additives used to form cement slurry
[51, 52] and environmental conditions [53]. Additives are added to the
cement slurry to influence its properties. For example, accelerators
and retarders are added to reduce and increase the thickening time
of cement slurry respectively. Moreover, additives are added to alter
mechanical strength, such as compressive & tensile strength, fluid
loss, density, and cement viscosity. In addition, additives are used
to produce lightweight, expansive, corrosion-resistant, and stable
against hydrogen sulphide cement [54]. Even though smart polymers,
self-healing, and fiber materials are available owing to technological
advancement, the challenge of attaining longer-term zonal isolation
in severe oil well conditions still exists.

To mitigate the risk of well barrier failure, researchers and operators
suggested to replace the Portland cement with alternative materials
[45, 48, 55-57|. Moreover, a significant amount of C'O emissions is
associated with cement production. As an example, the production
of one ton of Portland cement can emit between 650-1100 kg of
COy [58, 59]. It has been documented that the manufacturing of
Portland cement contributes to 5-8% of global C'O, emissions |60, 61].
The scientific community suggests several strategies to solve C'O,
emissions from the production of Portland cement. One important
strategy is partially replacing cement with fly ash or slag. However,
this affects the short-term mechanical properties and does not deliver
a radical COs reduction. In addition, several alternative materials,
such as bismuth-based materials [62], resins, creeping formation, and
geopolymer, have been proposed or used as an alternative to Portland
cement [45, 63, 64]. Geopolymers have been used in the construction
industry and suggested as a supplementary material to cement
for well construction [64-67]. Geopolymers belong to inorganic
polymers that are made of a long chain of aluminosilicate materials
formed by the process of geopolymerization. Geopolymerization
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is the term introduced by Joseph Davidovits in 1978 |68, 69]. In
this process, reactive alumina, and silica-based materials, known as
precursors, act as source material. The source material is mixed with a
hardener, an alkali silicate solution, to activate the geopolymerization
process. Mechanisms such as dissolution, nucleation, orientation,
and polycondensation are associated with the geopolymerization
reaction [70, 71]. The tetrahedrons SiO, and AlO, are bonded
alternately by sharing the oxygen ions as Si-O-Al-O to form the
geopolymer structure with 3-D network gel [71, 72|. Various precursor
materials such as kaolinite, metakaolin, feldspar, and solid wastes
like rice husk, fly ash, blast furnace slag, and several others can
produce geopolymer. The source material’s properties define the
geopolymer’s strength and stability. Some of these properties may
include but are not limited to fineness, particle size distribution,
chemical composition, and reactive content of the geopolymeric
precursors [73]. Moreover, the concentration of soluble silicate, water
content, and pH level of the hardener are also important factors
[70]. Researchers studied the advantages and existing limitations
of geopolymers compared to conventional cement. Some of the
advantages include lower permeability |74-76], durability in corrosive
environments |76, 77|, higher structural flexibility 78|, lower chemical
shrinkage [57, 65, 75, 79|, and lower C'Oy emission during production
[74]. However, current shortcomings limit the use of geopolymer for
well construction. These include problems related to controlling the
pumpability of geopolymer slurry at elevated temperature for an
acceptable time [65], and lower tensile strength compared to Portland
cement. Moreover, geopolymer technology has yet to be tested in
the field and is not qualified for use in the field.

The application of nanotechnology in the oil and gas industry is
under research and development phases. Research results indicated
the potential application of nanotechnology in different fields of the
oil and gas industry [80]. Intensive research at the laboratory scale
is required before application in the field scale. The application of
NPs in the oil and gas industry is focused on application in drilling
fluids and oil well cement [81]|. This indicates significant potential
for using the NPs in these areas and should be explored further to
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fill the gaps and find optimum solutions for the existing problems.
Nanotechnology is the science that addresses the process that occurs
at molecular and atomic levels. It concerns the design, synthesis,
and characterization of nanostructures by regulating the size and
shape at the nanoscale. NPs can be defined in terms of diameter as
the particles that have at least one dimension in the range from 1
to 100 nanometres [82]. NPs have gained immense attention from
researchers in recent years due to their size-dependent properties and
high surface area to volume ratio which finds applications in different
fields like catalysis, oil & gas industry, drug delivery, imaging and
so on. Magnetic, thermal, and electrical properties of these NPs
also vary from the bulk properties due to the transition to the nano
regime [83-85].

1.4 Scope and Objective

Although extensive research is done on applying NPs in drilling fluids
and oil well cement, more studies are needed that test different NPs
(concerning sizes, shapes, surface charges, and functionalities) in
similar drilling fluids formulations. In addition, most of the research
in the literature is focused on the addition of NPs in bentonite-based
drilling fluids. This work also studied the impact of NPs on the
KCl-based drilling fluids. Further studies on the application of NPs
in oil-based drilling fluid do not elaborate on the nature of tested
NPs. Moreover, testing barrier materials with NPs using relevant
testing conditions and characterization techniques also needs further
work. In addition, testing of NPs in alternative materials such as
geopolymer needs further investigation. Also, most of the existing
research work reported the addition of higher concentrations of NPs
in the oil well drilling fluids and cement, while in this work, a very
low amount of NPs was added. Adding a low concentration of NPs is
beneficial because of the cost and handling of NPs on a larger scale.

The scope and objective of this thesis work is an experimental
investigation of the impact of the commercial and in-house synthesized
NPs in oil well fluid materials. The objectives of this work are
summarized as follows,
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To investigate the effect of in-house prepared and commercial
NPs on the properties such as viscous, filtration, and mechanical
friction of conventional bentonite and KCl-based drilling fluids
formulated in the laboratory. In addition, the microstructure
analysis of filter cake is studied (Paper I, Paper IV).

To investigate the impact of hydrophobic iron oxide
nanoparticles (IONPs) on the viscous, fluid loss, barite
sagging, thermal stability, and mechanical friction properties
of conventional oil-based drilling fluids (Paper II).

To investigate the impact of commercial NPs on the fluid state
properties such as viscous, fluid loss, and pumpability of G-
class cement and geopolymer. Moreover, the potential of NPs
to improve the mechanical and elastic properties of barrier
materials is investigated. Finally, the influence of NPs on the
mineralogy and microstructure of cement and geopolymer is
investigated (Paper III).

This work comprehensively investigates different NPs with
respect to size, shape, surface charge, and functionality. This
work provides the platform for using a small concentration of
NPs in drilling fluids, oil well cement, and emerging barrier
material such as geopolymer.

The research questions addressed are,

Can the NPs (with different sizes, shapes, surface charges,
and functionalities) alter the rheological parameters of drilling

fluids?

Can NPs reduce the mechanical friction of conventional water-
based drilling fluid?

Can NPs reduce the fluid loss of conventional water-based
drilling fluid?

Can NPs alter the filter cake microstructure produced after the
fluid loss test?

To assess how changing the nature of NPs will impact the

11
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performance of oil-based drilling fluids?

- Can hydrophobic NPs provide more stability to oil-based drilling
fluid at high temperature?

- Can NPs significantly reduce mechanical friction and fluid loss
of oil-based drilling fluids?

- How can NPs impact the rheological parameters of cement and
geopolymer?

- How can NPs impact the pumpability of cement and geopolymer
slurries?

- Are NPs improving the strength of cement and geopolymer?

- How can NPs impact the microstructure and mineralogy of
cement and geopolymer?

1.5 Contribution of the Dissertation

The PhD thesis contributed to the improvement of oil well drilling
fluids and cement materials. The results from this work can be used
to improve the formulation of drilling fluids and cement slurries for
practical field applications. Moreover, the performance of alternative
barrier materials, such as geopolymer, can be improved with the
NPs. The results from this work improve the existing knowledge in
applying NPs in drilling fluids and oil well cement.

12
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1.6 Thesis Outline

The thesis is divided into eight chapters,

Chapter 2 presents an extensive literature review on the application
of NPs in drilling fluids, cement, and geopolymer.

Chapter 3 looks into the theory of NPs synthesis and methods for
iron oxide NPs (IONPs) synthesis. Also, it provides a brief overview

of silica (Si0y) NPs, Aluminium oxide (AlyO3) carbon nanotubes
(CNTs), and surface modification of NPs.

Chapter 4 covers the description of the synthesis procedure of NPs
and surface modification of NPs. It presents the in-house made and
commercial NPs used in the thesis. Also, the chapter provides details
of drilling fluids, cement, and geopolymer formulation. In addition,
it discusses the characterization techniques used in this study. In the
end, results for in-house produced and commercial NPs are discussed.

Chapter 5 discussed the main results of the application of NPs in
water-based drilling fluids.

Chapter 6 covers the application of IONPs in oil-based drilling
fluids.

Chapter 7 presents the findings from the study done on the
application of multi-walled carbon nanotubes (MWCNTSs) and
Aluminium oxide (Al;O3) NPs in cement and geopolymer. The
last chapter lists the main conclusions from this work.

Published articles (Paper I, Paper II, Paper III, and Paper IV)
are the basis of this thesis’s main body and are attached at the end.
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2 Literature Review

This chapter presents the literature review on the application of NPs
in drilling fluids, cement, and geopolymer.

2.1 Application of NPs in Water-Based
Drilling Fluids

Extensive research has been done on applying NPs in water-based
drilling fluids. Few studies report reviews on the application of NPs
in drilling fluids [86-88|. Researchers reported the ability of NPs to
influence the rheological parameters at low pressure/low temperature
(LPLT) and HPHT of drilling fluids [89-94]|, minimize friction [93, 95—
97|, lower the fluid loss & thickness of cake formed after fluid loss
[89, 96, 98, 99|, improvement in heat transfer & thermal conductivities
[99-101], prevent shale swelling and strengthen the wellbore [102—
105]. Various NPs have been tested in water-based drilling fluids;
however, this work will focus on the application of IONPs, Si0O, NPs,
and MWCN'Ts in water-based drilling fluids.

IONPs find extensive application in various fields due to their
biocompatibility, low toxicity, and ease of synthesis [106, 107]. In the
oil and gas industry IONPs find application due to their ability to
improve the performance of the drilling fluids and oil well cement.
The magnetic properties of these NPs provide additional advantages
of their separation from drilling fluids. The possibility of separating
NPs from drilling fluids to reuse them can be significant concerning
the economy as well as the safety and environmental benefits of
drilling operations. IONPs have been added to water-based drilling
fluids as a multifunctional additive to improve performance. For
instance, IONPs improved the gel-forming ability of clay particles as
they increased the viscosity of bentonite-based fluids. Furthermore,
NPs lower fluid loss at LPLT conditions, where the low concentration
of NPs in the system performs better than the high concentration
[108]. The ability of IONPs to increase the shear stress values of
drilling fluids is reported by Barry et al. (2015) [109]. Moreover, a
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lower concentration of 0.5wt.% in the drilling fluids reduces the fluid
loss by 27% and 23.4% for NPs with the size of 3nm and 30nm NPs,
respectively. Vryzas et al. (2016) [110, 111] research the possibility of
improvement in filtration and rheological parameters of Na-bentonite
drilling fluids with novel magnetite NPs. The results indicate
that NPs can increase yield stress and apparent viscosity of fluids.
Furthermore, 0.5 wt.% NPs at HPHT provide a 40% reduction in fluid
loss. Moreover, studies done by Mahmoud et al. (2018) [112, 113]
show that IONPs enhance the gel formation and yield strength of
drilling fluids. Further, NPs produced filter cake with better packing
characteristics, reducing fluid loss. Including IONPs in drilling
fluids in the presence and absence of salt improves the filtration
and rheological characteristics. However, better performance was
shown by NPs in the absence of salt [114]. Drilling fluids having
commercial IONPs and Si0y NPs were investigated by Mahmoud
et al. (2016, 2017) |22, 87| to control formation damage at HPHT.
Different concentrations of NPs were tested in this study with a 7
wt.% suspension of Ca-bentonite as a base fluid. Findings from this
work illustrate that adding IONPs to the drilling fluids impacted yield
point and plastic viscosity. On the other hand, the addition of silica
NPs reduces the yield point at elevated temperatures. Furthermore,
the aging test at 177 °C and 16 hrs shows that SiOy NPs have better
rheological stability than IONPs. Filtration experiments at HPHT,
i.e., 300 psi and 121 °C, confirm that NPs contributed to the 42.7%
reduction in the filtrate volume. Additionally, filter cake thickness is
increased by 17.32% compared to the base fluid. The addition of 0.5
wt.% NPs to drilling fluids provide the best performance.

Si0y NPs find application in the oil and gas industry, such as
enhanced oil recovery, drilling fluids, and oil well cement, due to
their unique properties such as biocompatibility, ease of surface
modification, and large surface area [115, 116|. Numerous researchers
have tested Si0Oy NPs as an additive in drilling fluids. SiOy NPs can
alter drilling fluid’s rheological, lubrication, and filtration parameters
[7]. In addition, SiOy NPs are used to prevent water intrusion
into formation by several studies as NPs physically block the pore
entry [117-121]. Riley et al. (2012a) [122] and Cai et al. (2012)
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[118] demonstrate that SiOy NPs in drilling fluids can modify the
rheological parameters of water-based drilling fluids at 80 °C. The
addition of SiOy NPs reduces the yield point and increases the
plastic viscosity due to the increase in solid contents of drilling fluids.
While studies show that 0.5 wt.% SiOy NPs increase the yield point
and plastic viscosity under low pressure and temperature conditions
[91, 123]. Another work shows the ability of SiOy NPs to reduce
the plastic viscosity of water-based drilling fluids [105]. Studies show
contradictory results for silica NPs when it comes to reduction in
fluid loss. Nowara et al. (2021) [124] show that SiOy NPs in the fresh
water-based drilling fluids at 0.05wt.% and 0.01wt.% concentration
decrease the fluid loss by 8.2% and 6.9%, respectively. Moreover, in
case of salt water, 0.05wt.% NPs provide 11.2%, and 0.01wt.% show
a 12.5% decrease in fluid loss. However, Viryzas et al. (2015) [125]
shows an increase in fluid loss values for 0.5-1wt.% SiO, NPs, while
Cheraghian et al. (2018) [126] show that 0.01g SiOy NPs in drilling
fluids decrease the fluid loss. Another investigation by Ragab and
Noah (2014) |127] demonstrates that 20-30wt.% SiO2 NPs reduce
fluid loss by 30% compared to the base fluid. Rheological properties
and fluid loss of the drilling fluids containing conventional drilling
fluids like bentonite, polymer, and KCIl were enhanced by adding
Si09 NPs. This nano-based formulation also contributed towards the
formation of well-textured and thin mud cake. Cost analysis of this
system proved the economic benefit of the nano-based drilling fluids.
Salih et al. (2016)[128] identified that the optimum concentration for
Si0y NPs should lie between 0.1-0.3wt.% to get better performance
and drilling fluids properties. Moreover, these findings hinted at the
effectiveness of Si0; NPs -based drilling fluids to minimize drilling
& production issues. Javeri et al. (2011) [129] pointed out the
effectiveness of Si0O, NPs in controlling the formation damage by
reducing mud cake thickness up to 34%. An investigation by Kang
et al. (2016) [102] shows that SiOs NPs increase the plastic viscosity
and yield point but reduce the API fluid loss. Medhi et al. (2020)
[130] show the ability of silica NPs to reduce the fluid loss of drilling
fluids by 31%. Moreover, studies also show the ability of silica NPs to
reduce the coefficient of friction. For instance, Mohamed et al. (2020)
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[131] added SiO, NPs in water-based drilling fluids and achieved a
25% reduction in friction.

Investigations done on the application of MWCNTs in drilling fluids
show that nanotubes can modify the rheological parameters [132-134],
provide stability at HPHT conditions [135-139|, impact shale-related
parameters of drilling fluids |26, 140-142|. Ismail et al. (2017) [136]
show the impact of MWCNT on the properties of synthetic drilling
fluids. The nanotubes increase gel strength, yield point, and plastic
viscosity of drilling fluids. Also, nanotubes showed a slight reduction
in fluid loss at high temperature. Furthermore, Passade-Boupat et al.
(2013) [143] reported the high-temperature stability of drilling fluids
with CNTs. Work done by Abbas et al. (2022) [144] shows the ability
of MWCNTs to improve the yield point, plastic viscosity, and gel
strength of water-based drilling fluids at 25-150 °C due to the high
surface area to volume ratio of nanotubes. Sedaghatzadeh et al. (2012)
[145] shows that MWCNTs improve the hole-cleaning capacity of
water-based drilling fluids by enhancing the plastic viscosity and yield
point. Also, nanotube forms uniform mud cake and decrease spurt
loss. Furthermore, Sedaghatzadeh et al. (2016) and Fazelabdolabadi
et al. (2015) |100, 146] show that carbon nanotubes improve the
quality of cake formed after fluid loss test and rheological parameters
respectively of drilling fluids. Amanullah and Ziad Al-Abdullatif
(2014) |147] and Amanullah and Al-Tahini (2009) [82] reported that
MWCNTs could promote the gelling capacity and increase the water-
based drilling fluid’s viscosity. Besides, nanotubes also produce thin
mud cake by reducing fluid loss. Ozkan. (2018) [148] added 0.1wt.%
nanotubes in water-based drilling fluids and improved the plastic &
apparent viscosity and yield point. Also, nanotubes in drilling fluids
reduce fluid loss by 7% compared to the base fluid. A combination
of MWCNTs and SiO; NPs was used as an additive for drilling
fluids by Ismail et al. (2016) [149]. A comparative study of the
additives with the base fluid shows increased rheological properties
like plastic viscosity and yield point of drilling fluids. The best results
in fluid loss reduction were achieved by the low concentration of NPs
combination (Si0y+MWCNTSs), which is 0.00285wt.%. Furthermore,
MWCNTs and Si05 NPs reduce the coefficient of friction by 44%
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and 38%, respectively. Another investigation by Ismail et al. (2018)
[150] shows that adding graphene and MWCNTs in water-based
drilling fluids improves the rheological parameters, reduces fluid loss,
and prevents shale swelling. In addition, MWCNTs improve the
lubricating properties of drilling fluids and demonstrate a 38-59%
decrease in friction values [150]. The capability of MWCNTs to
alter the yield stress, viscosity, and other rheological parameters is
also reported by other studies [151-153]. Moreover, Samsuri, A, &
Hamzah, A (2011) [152] shows that MWCNTs form a thin, tight
mud cake that contributes to low fluid loss values. Kazemi-Beydokhti
et al. (2018) [132] show that a high concentration of nanotubes,
ie.,, 1.1wt.% in the drilling fluids, increases the fluid loss as the
nanotube could not plug the pores in the cake structure and just
deposited on the cake. The electrostatic interaction of the nanotube
with clay increases the cohesive force and viscosity of the system.
Studies show the ability of MWCNTs to reduce the coefficient of
friction. There is a reduction of friction by 30% and 50% for 0.02wt.%
and 0.38wt.% MWCNTS, respectively, in xanthan gum (XG)/KCl
water-based drilling fluids [154].

Since the surface charge directly impacts the colloidal stability of
NPs, the surface energy of NPs dictates the dissolution, aggregation,
and bioaccumulation [155]. The ability of NPs to provide more
reactive sites is due to their high surface area-to-volume ratio. This
provides NPs ample opportunity to interact with various polymers
and produce nanocomposites. Application of nanocomposites based
on polymers in drilling fluids instils high thermal stability at HPHT
conditions [14, 156|. Jia et al. (2022) |157] studied the impact of
silica-based composite on the rheological parameters of drilling fluids
and reported a reduction in plastic viscosity and an increase in yield
point. Moreover, silica-based nanocomposite reduces fluid loss by 22%
and improves viscosity, as indicated by Oseh et al. (2019) |158]. Mao
et al. (2015) |14] show that the addition of silica-based nanocomposite
to drilling fluids provides better filtration, pore-plugging capability,
rheology, and lubricity. In another study, Mao et al. (2015) [159]
produced a composite that is based on the hydrophobic polymer
and Si0y NPs. This composite having core-shell construction is
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fabricated by sol-gel and inverse micro-emulsion polymerizations.
Findings from this study depict that this nanocomposite with 0.5
wt.% concentration when added to water-based drilling fluids, reduces
the fluid losses by 69% at HPHT conditions. A fluid system based on
nanocomposite can provide borehole stability and reservoir protection,
as pointed out by the authors. Sun et al. (2020) [160] study the
influence of surface-modified Si0, NPs on water-based drilling fluids.
The polymer presence on the surface of NPs reduces the fluid loss by
97.01% due to polymer adsorption on the clay surface and network
structure formation. This structure provides efficient plugging of
pores in the filter cake. Furthermore, Bia et al. (2020) [161] and
[162] investigate SiOq-based composite’s performance on water-based
drilling fluids. The interaction of sulfonic acid groups on SiOy NPs
and edges of the clay minimizes the water passage and stabilizes the
wellbore, and reduces the fluid loss. Heydarzadeh Darzi et al. (2022)
[163] show that functional groups on MWCNTS promote their bonding
with the bentonite particles as nanotubes improve the yield point
and plastic viscosity values. While nanotubes do not impact fluid
loss values, adding MWCNTs functionalized with carboxyl groups
to 4% bentonite-based drilling fluids reduces the settling of barite at
high temperatures and salt concentrations. Also, it decreases fluid
loss by 30.2% [164]. Including MWCNTs with polyethylene glycol in
water-based drilling fluids reduces the fluid loss and permeability of
filter cake. Furthermore, yield stress, gel strength, and viscosity of
drilling fluids increased with the addition of nanotubes [133]. Another
study shows the impact of MWCNTs on the properties of water-based
drilling fluids. The NPs provide additional sites for bonding with
functional groups and improving plastic viscosity. Moreover, the
electrostatic forces between nanotubes and drilling fluids additives
increase the gel strength and yield point. The ability of the nanotube
to minimize the permeability of filter cake reduces the fluid loss at high
temperatures owing to the effective dispersion of MWCN'Ts in drilling
fluids[165]. Ma et al. (2020) [137| tested functionalized MWCNTSs to
assess their thermal stability and salt tolerance. The higher stability
and zeta potential of nanotubes kept them stable in a high salt
solution. Electrostatic and steric repulsion due to the negative charge
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on nanotubes promotes their stability at high temperatures in salt-
based systems. Abduo et al. (2016) [166] introduced hydrophilic
groups on the surface of MWCNTs and tested them in water and
oil-based drilling fluids. The functionalized nanotubes improve the
thermal stability of fluids up to 260 °C. One study shows increased
viscosity of water-based drilling fluids by adding MWCN'Ts. However,
combining polyethylene glycol (PEG) with MWCNTs reduces the
plastic viscosity and yield point. This shows the presence of polymer
with NPs can alter the viscosity of drilling fluids [167, 168|. Kazemi-
Beydokhti and Hajiabadi (2018) |133] added MWCNTSs functionalized
with carboxyl groups and polyethylene glycol to drilling fluids to
improve the distribution and stability of nanotubes in the fluid.
Results show that 0.06wt.% nanotubes decrease the fluid loss and
permeability of mud cake of drilling fluids. There was increase in
gel strength, plastic viscosity, and yield stress with the addition of
nanotubes in drilling fluids due to hydrogen bond formation between
PEG and clay particles.

2.2 Application of NPs in Oil-Based
Drilling Fluids

Studies have shown that small-sized materials can contribute to
controlling gas hydrate formation [169], barite sag [36], and stabilizing
the shale-based formations as well as improving wellbore stability
[26, 102, 170-172|. The research is done to highlight the impact of
NPs on oil-based drilling fluids. For example, Agarwal et al. (2011)
[36] investigated the impact of SiOs and clay NPs on invert emulsion
drilling fluids. This work shows the potential of clay NPs and a hybrid
of clay and silica NPs in altering the viscosity of the invert emulsion
drilling muds. Moreover, the work done by Anoop et al. (2014) [173]
showed that the addition of 2.0 vol% of 20nm SiOy NPs to oil-based
drilling fluids increased the viscosity at ambient conditions. Also,
NPs kept the rheological parameters of the drilling fluids stable under
HPHT conditions. Nasser et al. (2016) [151] reported an increase in
oil-based fluid viscosity with graphite NPs under LPLT conditions.
The ability of NPs to keep the rheological parameters stable and to
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control the barite settling of drilling fluids at HPHT is also shown by
Wagle et al. (2015) [174]. NPs also control the fluid loss of oil-based
drilling fluids. Adding MWCN'Ts and graphene NPs to oil-based fluid
reduces the HPHT fluid loss [175]. Furthermore, Zang et al. (2015)
[171] investigated the ability of NPs to produce thin filter cake with

low fluid loss. The study reported improved performance by adding
2 wt.% NPs in drilling fluids.

The effect of IONPs has been studied in oil-based drilling fluids.
For instance, work performed by Contreras et al. (2014, 2016)
[31, 176] confirms the potential of iron hydroxide NPs in improving
the filtration properties of the drilling fluids. In these investigations,
calcium and iron NPs with various concentrations and suitable lost
circulation material (LCM) were tested. The study concluded that at
LPLT and HPHT conditions, the performance of iron-based fluids in
reducing the filtrate volume was better than the calcium NPs-based
fluids. Iron oxide NPs can provide wellbore strengthening at HPHT
conditions. The studies done by Contreras et al. (2014, 2016) also
indicate the importance of drilling fluids filtration properties to attain
wellbore strengthening at HPHT conditions [26, 172, 176]. Results
from work done by Zakaria et al. (2012) [177] showed that iron-based
NPs in drilling fluids reduce the filtrate volume by 70% under LPLT
conditions.

2.3 Application of NPs in Oil Well Cement

NPs, as an additive in the cement slurry, can fine-tune the properties
of cement. The exceptional properties of NPs grab the attention of
the cement industry. A variety of NPs such as Si0y, IONPs, copper
oxide, titanium dioxide, AlyO3, and CNTs are incorporated into the
cement slurry to alter the properties such as tensile & compressive
strength [178], thickening time of slurry [179], fluid loss, viscosity,
[178], flexural strength [180, 181], and permeability [182|. Moreover,
NPs have shown an impact on the durability, control shrinkage, and
corrosion resistance of cement [183]. NPs have been added to the oil
well cement by many researchers to influence the properties of cement
[48, 179, 183-187|. NPs facilitate the construction of a crystalline
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structure that imparts flexibility and controls the micro-cracking
in the cement structure [188|. The high surface area of NPs in
the cement promotes the formation of C-S-H gel by providing a
large surface area for nucleation reaction. The additional C-S-H gel
improves the porosity and permeability of cement. Ample C-S-H gel
in a cement matrix instead of Ca(OH), crystals provides a denser
structure [189]. Several studies show the impact of SiOy NPs on
the properties of cement [179, 190-195|. A small amount of SiOy
NPs in the cement improves the porosity, permeability, setting time,
rheological, and mechanical properties. Moreover, silica NPs also
improve the fluid loss from the cement slurry. Adding up upto 1%
silica NPs to the cement improves the yield stress from 22.6 Pa to
36.5 Pa [196]. Clay NPs in the cement slurry modify the temperature
resistance and rheology. Murtaza et al. (2019) [197| show that the
plastic viscosity of cement slurry increases by 73% with the clay
NPs, while the yield point is reduced by adding NPs. Moreover, 1%
inclusion of clay NPs in cement improves the compressive strength by
15% compared to 2% and 3% inclusion which only provide 5% and
11% increments, respectively. Another study shows the improvement
in permeability and porosity of cement with the addition of clay NPs
[198]. In addition, clay NPs also improve the compressive and tensile
strength of cement [199]. Jafariesfad et al. (2016) [200] reported
the impact of magnesium oxide (MgO) NPs on the short and long-
term bulk shrinkage of cement. The study shows that MgO NPs can
control the bulk shrinkage of cement. Moreover, Li et al. (2021) [201]
added zinc oxide NPs to the cement slurry and delayed the setting
time of the slurry as well as controlled the shrinkage of cement.

Many studies reported the application of AlyO3 NPs in cement [202-
204] [205-208|. Al3O5 depicts high strength, chemical stability, and
corrosion resistance, enabling its use as a building and refractory
material. The application of Al,O3 NPs in construction provided
contradictory observations. Some studies conclude that the addition
of NPs has a significant effect on strength improvement [205, 208-210],
while other stated no or slight effect of NPs on strength [203, 207, 211].
Moreover, Vipulanandan et al. (2018) [212] show that the reaction of
alumina NPs with hydroxide in the slurry significantly enhances the
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compressive strength. Also, Deshpande and Patil (2017) [213] report
the significant improvement in the compressive strength of cement
with the addition of alumina NPs. It was suggested that the lack of
optimum concentration and uniform dispersion of NPs in the cement
contributed to this contradicted behaviour [202, 207, 209, 214].

The presence of AlsO3 NPs in the cement reduces the portlandite
content and forms mono-carbonate and mono-sulphate. The
additional AFm phases increased in strength at later stages by
decreasing the porosity and production of refined pore structure.
The Al,O3 NPs slow dissolution in the highly alkaline cement slurry
and provide strength improvement at later stages [215]. AlO3 NPs
in the cement increase compressive strength due to the formation
of excessive C-S-H gel at the initial phase of the hydration reaction
that also produces dense cement microstructure [216]. Muzenski
et al. (2019) show a 30% increase in the compressive strength of
cement with a 0.25% addition of Al,Os nanofibers in cement-based
material [217]. Mohseni et al. (2015) |218] studies the impact of
Al;O3 NPs on the properties of cement. Adding Al,O3 NPs reduces
the fluid loss of class G cement at high temperature. The strength
retrogression of cement at high temperature is reduced by adding silica
and alumina NPs; as reported by Senff et al. (2010) [219]. Therefore,
NPs show a substantial increase in the strength of cement [219].
Alumina nanofiber was also tested in cement to enhance its properties.
Alumina nanofibers in cement allow effective bond formation with
cement hydrates. This facilitates the homogeneous spacing at the
nanoscale that controls the crack growth by physically interrupting
the propagation [220]. The alumina nanofibers act as a bridge
embedded in the structure of C-S-H gel and provide reinforcement
against stresses [217]. The nanofibers improve the compressive
strength and tensile strength of class H cement. The effective
dispersion of admixture in cement is essential to improve functional
and structural properties. The efficient dispersion of nanofiber is
significant, as ineffective dispersion leads to agglomeration. A high
concentration of alumina nanofibers negatively impacts cement’s
compressive strength, micropores, and permeability. The possible
reason is that the coagulation and flocculation of NPs impact C-S-H
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formation and strength of cement [221]. It is reported in the study
that the optimum concentration of ANF in cement is 0.1% BWOC
[222]. The incorporation of Alumina nanofibers in cement not only
improves durability but also enhances elasticity.

NPs based on carbon contributed to the improvement in cement
properties owing to their unique mechanical, electrical, thermal, and
chemical properties [223-225|. Plenty of research is done where
nanofibers and nanotubes are added to the cement composites [226—
229]. The interest in nanotubes and nanofibers is due to their
outstanding Young’s modulus and tensile strength [230]. CNTs
provide better strength and create a denser microstructure by
acting as a filler in the cement. Moreover, El-Gamal et al. (2017)
[223] reported the improvement of microstructure and mechanical
properties of cement sheath by nanotubes. Santra et al. (2012) [178|
suggest that to get effective reinforcement of CNTs in the cement
slurry, several factors are essential such as the size and aspect ratio
of CN'Ts, the functionality of CNTs, and the dispersion of CNTs in
cement. A study by Liu et al. (2019) |231] states that early-stage
cement strength fracture toughness is affected by MWCNTs in the
cement matrix. Moreover, nanotubes, due to their filling mechanism,
reduce the pore size and enhance the hydration rate. This results
in better control of crack growth occurring at the nanoscale and
improved mechanical strength [232]. Studies have suggested that
the concentration of nanotubes in the cement slurry will dictate
its performance. For example, one of the studies suggested that
the optimum concentration should be 0.25% by weight of cement
(BWOC) [233], while another indicates that 0.1% BWOC provides
better performance [234].

Studies have shown an increase in the compressive strength of cement
(construction) with the addition of 0.045 to 0.15% carbon nanotubes
[235, 236]. Moreover, the study shows the ability of 0.1% carbon
nanofibers to increase the compressive strength and crystallinity of
concrete specimens. Moreover, carbon fibres also reduce the thermal
deformation of concrete [237|. Li et al. (2005, 2007) 238, 239|
showed the improvement in flexural and compressive strength of
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cement with the addition of functionalized and not functionalized
MWCNTs. Various studies show that low concentration (0.02-0.1wt.%
) of MWCNTs in the cement improves the flexural strength and
Young’s modules by 8-40% and 15-55%, respectively [240-242]. Lu
et al. (2019) [232] shows that 0.05wt.% MWCNT in oil well cement
enhances the compressive and flexural strength after 28 days by
37.50% and 45.79%. Also, nanotubes reduce the modulus of elasticity
by 19.07%. The presence of MWCNT in cement improves the
hydration process and provides strength and toughness by crack
bridging and network filling. The work done by Paula et al. (201/)
[185] shows that CNTs do not have a significant impact on the
rheological properties of oil well cement owing to the presence of
dispersant in the slurry. The CNTs in this work were directly grown
on the cement using chemical vapor deposition. However, there was
only a slight improvement in tensile strength, and no impact on the
compressive strength of cement was observed in this work. Khan et
al. (2016) |186] shows the impact of 0.1, 0.25, and 0.5% functionalize
MWCNTs on the properties of class G cement. The results show
an improvement in the compressive strength of cement with the
addition of 0.5% nanotubes. While Ultrasonic Cement Analyser
(UCA) results show the highest strength increase in the case of 0.1%
nanotube, microstructure analysis shows the ability of nanotubes to
act as a filler in the cement structure and decreases the porosity of the
structure. Santra et al. (2012) [178| demonstrate the impact of silica,
alumina, and CN'Ts on the properties of oil well cement. The cement
slurries with CNTs show acceptable flowability and pumpability.
However, the nanotubes without surfactant did not increase the
mechanical properties of cement. While the addition of surfactant to
disperse nanotubes improves both tensile and compressive strengths.
Furthermore, silica NPs accelerate strength development. In contrast,
alumina NPs slightly impact strength development due to the
adsorption of water molecules on NPs that lowers the amount of water
in the slurry and increases the portlandite precipitation. The addition
of carbon nanotubes in the oil well cement under HPHT improves the
compressive strength and reduces the thickening time and fluid loss
[243]. The impact of carbon nanotubes on the properties of oil well
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cement was studied by Ghajari et al. (2014) [244]. The study shows
that 1wt.% of CNTs in the cement matrix increases the yield point
and plastic viscosity. In addition, nanotubes reduced fluid loss by 70%
and increased compressive strength by 73.8%. In comparison, a high
level of CN'Ts in the cement matrix decreases compressive strength
due to improper dispersion of CNTs in cement [244]. Application of
0.1 wt.% MWCNT-OH in the high-performance concrete resulted in
an increase in flexural and compressive strength as well as impact
resistance [245]. However, studies also show decreased flexural and
compressive strength with functionalized MWCNT (246, 247|. There
is a possibility of interaction between OH groups on the nanotube
surface and the C-S-H cement product [248|. The functional groups
present on the surface of nanotubes accelerate cement hydration.
There is a considerable increase in the compressive strength of cement
composites with the addition of a small amount of functionalized
nanotubes [248|. Performance CNTs in cement is affected by poor
dispersion of nanotubes in the cement matrix [249-251|. The presence
of functional groups on the surface of nanotubes also facilitates
their better dispersion in cement [251, 252|. However, some studies
also pointed out the incompatibility of surfactant used to disperse
nanotubes with the cementitious material during the hydration stage
[253|. Also, some studies show disagreement over the strength
improvement with CNTs [254, 255].

Since the agglomeration of NPs contributed to weaker zones in the
cement, it is essential to ensure the dispersion of NPs in a suitable
solvent to avoid the sticking of NPs [256]. Uniform dispersion of NPs
in the cement slurry is crucial in achieving better performance. As
the agglomeration of NPs contributed to the decrease in compressive
strength due to the production of voids in the cement matrix [257,
258|, surfactants are used to create stable dispersions of nanotubes.
Studies have reported the addition of surfactants such as sodium
dodecyl sulfate (SDS) and triton x-100 to disperse the nanotubes
[259]. The surfactant creates electrostatic repulsion and weakens the
van der Waals forces between nanotubes to form stable dispersions
in water [232]. However, the hydration reaction of cement can be
negatively impacted due to the presence of surfactant. Surfactants
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in the cement paste can delay or cease the hydration process and
ultimately impact the hardening of cement [260]. Studies observe
that surfactant in the cement can produce air bubbles in the mixture,
reducing the cement’s compressive strength [261, 262|. Furthermore,
lower concentration of NPs has a better performance compared to
the use of large amounts, which ultimately may lead to non-reacted
NPs in cement-based materials [192, 263-266]. Various studies stated
that small amounts of carbon nanotubes in cement, i.e., 0.02-0.0025%
contributed to an increase in the mechanical strength of cement-based
materials [230, 262, 267]. At the same time, high silica concentration
in class G cement decreases the compressive strength of cement [268].
Moreover, a high amount of MWCNTs in cement paste negatively
impacts cement properties [262].

2.4 Application of NPs in Geopolymer

NPs also show the ability to influence various properties of geopolymer.
Investigations are done by many researchers to study the impact of
NPs on the workability of geopolymer [269-272|, microstructure [270],
[273], density and porosity [273-275], and chemical shrinkage [276].
Additionally, studies show the impact of NPs on the mechanical
properties of geopolymers [270, 273, 277|. However, few studies
address the effect of NPs on the properties of geopolymers for oil
well cementing [278, 279]. Al,O3 plays a crucial role in geopolymer
technology. The addition of Al,Os; decreases the Si/Al ratio
and improves the flexibility of geopolymer with a higher degree
of resistivity to corrosive chemicals [280]. In addition, Aly,O3
can produce lightweight and sound-isolating geopolymer material
[281, 282|. Furthermore, the hydroxyl group plays a role in the
geopolymerization reaction. Therefore, the use of NPs functionalized
with OH- groups involves the NPs in geopolymer reactions to further
enhance the properties of geopolymers. Therefore, in this work,
MWCNTs functionalized with a hydroxyl group and AlsO3 NPs have
been added to rock-based geopolymer to improve its performance.
Research work has been done on the impact of Al,O3 NPs and
MWCNTs on different geopolymer systems. For instance, Guo et
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al. (2014) [263] have added 7-Al,O3 to fly-ash based geopolymer.
The results from Fourier-transform infrared spectroscopy (FT-IR)
and scanning Electron Microscopy (SEM) analysis show that AlyOs
NPs produced a material structure with a narrow pore distribution
as NPs modified the pore structure of the geopolymer. Moreover,
2.0 wt.% of Al,O3 NPs in fly ash-based geopolymer improved the
compressive strength from 50 MPa to 56.8 MPa for neat geopolymer
after 28 days. Another study done by Chindaprasirt et al. (2012)
[283| depicts that adding AlsO3 NPs to high calcium fly-ash based
geopolymer lowers the setting time of the slurry. Phoo-Ngernkham
et al. (2014) [270] showed that high calcium fly ash geopolymer
based on Al,O3 NPs produces a denser structure as NPs improve the
geopolymer microstructure. Additionally, improved elastic modulus,
compressive, and flexural strength of the geopolymer paste with NPs
was reported.

Owing to the exceptional mechanical properties of nanotubes,
MWCNTs have also been used in geopolymers to improve mechanical
properties (i.e., compressive and tensile strengths as well as Young
modulus). Saafi et al. (2013) [284] introduced MWCNTs to a low
calcium fly ash-based geopolymer. MWCN'Ts having a concentration
of 1 wt.% by weight of the geopolymer improved flexural strength
and young modulus of the geopolymer. A lower concentration of
the MWCNTs in the geopolymer matrix gave better results due
to sufficient dispersion of the nanotubes in the slurry, as reported
by Saafi et al. (2013) [284]. In addition, the influence of carbon
nanotubes on the modulus of elasticity and compressive strength
of fly ash-based geopolymer has been reported by Rovnanik et
al. (2016) [285|. According to Rovnanik et al. (2016) [285|, low
concentration (0.15 wt.%) of MWCNTS in the mix design provides
the best result for modulus of elasticity and compressive strength of
the geopolymer. Published results by Abbasi et al. (2016) [286] show
that carbon nanotubes in metakaolin-based geopolymers improve
their strength. They concluded that adding 0.5% nanotubes had
increased the geopolymer’s flexural and compressive strength by 28%
and 32%, respectively. Moreover, SEM analysis confirmed the ability
of nanotubes to bridge the microcracks in the geopolymer structure
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owing to the bonding of MWCNTs with the geopolymer.

Similar to cement, the agglomeration of NPs may have a negative
impact on the properties of geopolymer or other cement-based
materials. Therefore, achieving sufficient dispersion of NPs in the
geopolymer slurry is vital to achieving uniform distribution of NPs
in the geopolymer structure. In addition, it is crucial to add a low
concentration of NPs in the mix design.
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3 Nanoparticles Synthesis

This chapter presents the theory of NPs synthesis and methods to
synthesize IONPs, and an overview of Si0O, NPs, Al,O3 NPs, and
the CNTs. In the end, a background of NPs surface modification is
provided.

Desired end-product and functionality dictate the synthesis approach
used to fabricate NPs. There are numerous methods to fabricate
NPs, and they can be broadly classified into two processes that are
top-down and bottom-up [287].

As shown in Figure 3.1 (modified from [288|), large particles are
crushed into small pieces through mechanical processes such as ball
milling during the top-down method.

Bulk Precursor
p— ]
T

-3 4

Atoms/lons/Molecules nanoparticles

nanoparticles

(a) (b)
Figure 3.1: Top-down and Bottom-up approaches to synthesize
NPs.

On the other hand, the bottom-up approach is the opposite of top-
down. This approach synthesizes NPs from atomic and molecular
levels to large particles involving chemical processes [288]. In the case
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of the top-down method, there is a possibility of waste production
during the fabrication process, and it is difficult to control the particle
size leading to higher particle size distribution. While the bottom-up
approach not only eliminates the wastage of precursor material but
also provides NPs with narrow particle size distribution and gives
better control over particle shape and size [287].

The bottom-up approach usually used to synthesize inorganic NPs
is called crystallization. Crystallization transforms matter from a
high-energy disordered state to a crystal phase with low free energy.
The first crystallization step is nucleation, which represents the
formation of a new phase in the bulk solution. The nucleation can
be homogeneous or heterogeneous. In the case of homogeneous
nucleation, the nuclei start to form in the bulk solution, while
in heterogeneous nucleation, it form on a solid substrate such as
impurities or foreign particles [287|. The driving force for nucleation
is supersaturation, and the supersaturation can be generated in the
solution by employing a process that can increase the concentration
of material of interest above the solubility limit in the solution. An
in-situ chemical reaction can be a way to increase the concentration
of solute in the solution in a controlled manner. Metallic solids
are usually produced by the process of reduction from their salts
which generates supersaturated solutions. The solution is saturated
once the solubility limit is passed, and this state of the system is
called a metastable zone. The crystallization process can occur in
a metastable zone. The rate of formation of nuclei N per unit time
per unit volume can be expressed by the Arrhenius rate equation, as
presented in Eq. 3.1,

——) (3.1)

In Eq. 3.1, AG,,; is the thermodynamic parameter that defines the
minimum energy barrier required to form a stable nucleus in the
solution, and A represents the pre-exponential factor. When spherical
particles undergo homogeneous nucleation, AG.,.; can be presented
as Eq. 3.2,
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In Eq. 3.2, v represents the interfacial energy of the solid-liquid
interface, while molecular volume is represented as v. Using Eq. 3.2,
the final expression for nucleation rate can be generated as Eq. 3.3,

(3.3)
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Eq. 3.3 clearly illustrates that the parameters such as temperature,
interfacial energy, and supersaturation influence the nucleation rate.
The presence of surfaces such as primary particles, dislocations, and
foreign particles made the overall surface energy for the formation
of critical nuclei lower for the heterogeneous nucleation compared
to the homogeneous nucleation. Therefore, the expression for the
overall energy barrier for heterogeneous nucleation includes the factor
¢, which accounts for the reduction in surface energy as indicated in
Eq. 3.4.

AGcrit,het = gbAGcrit,hom (34)

The factor ¢ depends on the contact angle 6, which measures the
affinity between the two contacting surfaces. A strong bond between
the nuclei and substrate contributes to lower values of #, which means
complete wetting [287].

As soon as stable nuclei is formed in the supersaturated solution, the
nuclei growth starts with the addition of atoms, molecules, or ions on
the crystal surface and the incorporation of these building units in
the lattice sites. Nucleation and growth stages can be separated as a
function of concentration and time, as shown in the LaMer diagram
in Figure 3.2(modified from [289]).

Nucleation starts as the critical concentration is achieved. As the
nuclei start to form, there is a reduction in the supersaturation,
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Figure 3.2: Mechanism of NPs nucleation and growth, illustrated
by Lamer diagram.

as depicted in Figure 3.2. As the supersaturation is reduced to a
critical value, there is no more formation of nuclei. However, there
is a continuous reduction in the supersaturation as growth occurs
until the solution reaches a saturation state, i.e., an equilibrium state
[287]. Several theories explain the crystal growth mechanism. One of
them is diffusion reaction theory which considers the involvement of
two steps for crystal growth. The first step is the diffusion process,
which involves transporting solute molecules from the bulk solution
to the solid surface. In the second step, the arrangement of the solute
molecules into a crystal lattice occurs by the first-order reaction. The
growth process can be diffusion-controlled and reaction-controlled
and can be represented by Eq. 3.5 and Eq. 3.6,

dm

Tk AC -G :
dm o A(C— ¢ (3.6)
" '
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In the equations, m = mass of solid particle deposited in time
t, kg = coefficient of mass transfer based on diffusion, k., = rate
constant in case of surface reaction, A = surface area for the crystal,
C; = concentration of solute at the interface of crystal-solution
C' = concentration of solute in a supersaturated solution and C* =
equilibrium solubility. Crystal growth and nucleation are principal
steps that influence the shape and size of the NPs [287|. As discussed
in the literature study, the IONPs show the potential to improve the
performance of water-based drilling fluids. Therefore, in this work,
the IONPs were synthesized by two methods which will be described
in the next section.

3.1 Co-Precipitation

NPs synthesis using the co-precipitation method is the most widely
used route, owing to the simplicity of the experimental setup as well
as the use of environmentally friendly and cost-effective precursors to
produce the NPs at lab scale [290]. The process of synthesizing NPs
by this method involves the use of precursors like ferric and ferrous
salt in an aqueous solution. The aqueous solution with the ferrous
and ferric ions is mixed with an alkaline solution at a moderate
temperature to produce the NPs, as shown by the chemical reaction
(Eq. 3.7) [291],

Fe*t 4 2P + 8OH™ — FesO4 + 4H,0 (3.7)

Although this method can provide a high yield of NPs and avoid using
organic solvents, the mechanisms underlying the particle formation
still need to be clearly understood, making it challenging to optimize
the synthesis process using the co-precipitation method. The rapid
particle formation during this method gives little time to characterize
the initial precipitates [290]. However, some studies are available that
try to study the growth kinetics by varying the pH and slowing down
the reaction kinetics by employing the weak bases [292, 293]. The
reaction parameters such as pH, temperature, ionic strength, and
type of alkaline solution are vital as they dictate the properties like
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morphology, size, and composition of the NPs. The NPs produced
by this method have broad particle size distribution and are not
very stable. Therefore, NPs are stabilized, and uniform particle size
distribution is achieved using functionalized polymers or surfactants
like polyethylene glycol, dodecylamine [294], and sodium oleate [295].

3.2 Thermal Decomposition

As mentioned above, co-precipitation is a simple process to produce
hydrophilic NPs without the need to use a solvent. However, the
NPs produced from this method have broad size distribution and
variations in different batches with respect to size, shape, and other
physio-chemical properties owing to limited control over the synthesis
process. The thermal decomposition route can be employed to get
better control over the shape and size of the particles and achieve
uniform particle size distribution. Moreover, particles produced
through this method are in the organic phase, i.e., hydrophobic, which
finds application in oil-based drilling fluids. The method is based on
decomposing iron precursors such as oleate and pentacarbonyl in an
organic solvent at high temperature in the presence of a stabilizing
agent [296, 297|. The better control over the size of particles compared
to the prevalent co-precipitation method is due to the temporal
separation of nucleation and growth events that facilitate narrow
particle size distribution [298].

In this work, commercial NPs such as Si0,, Al,O3, and MWCNTs
were also used. The following section will provide a brief overview of
these NPs.

3.3 Silica NPs

Si0, NPs are available in different forms, such as conventional
Si0s NPs (non-porous), mesoporous SiOy NPs, and hollow or
core-shell NPs. Mesoporous Si0; NPs are desired owing to their
functionalization with various materials, tuneable pore size and
volume, and high stability [115, 116]. SiOs NPs can be synthesized
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in different sizes from 10-500nm, with physicochemical properties
and shapes depending on the technique and synthesis parameters.
Stober’s method and microemulsion are the most common methods
for synthesizing silica NPs. Stober’s process involves the hydrolysis
and condensation of silica precursors such as tetraethyl orthosilicate
(TEOS) or sodium silicate solution in the presence of ammonium
hydroxide, water, and alcohol [116]. Modifying the Stober process by
adding surface-active agents like cetyltrimethyl ammonium (CTAB)
and polymers can produce mesoporous SiOy NPs [299]. It is crucial
to enhance the stability of silica NPs, and several strategies can
improve the stability of Si0O; NPs, such as electrostatic stabilization,
the use of surfactants, and the functionalization of NPs. Out of these
strategies, surface functionalization is a promising technique as the
presence of large content of silanol groups on the surface of Si0O; NPs
facilitates the functionalization of NPs with various coupling agents
like (3-marcaptopropyl) trimethoxysilane (MPTMS), 3-(aminopropyl)
triethoxysilane (APTES) [300] and PEG [301]. Grafting silane on
the surface of NPs provides steric stabilization and improves SiOq
NPs stability in water [302]. Moreover, Surface modification with
PEG improves the biocompatibility and colloidal stability of SiOs
NPs [301, 302].

3.4 Aluminium Oxide NPs

Al;O3 NPs, also called alumina, finds application in numerous
disciplines due to their superior properties such as mechanical
strength, wear resistance, non-toxic, heat, and chemical stability [303—
305]. Also, AlyOj3 finds applications to produce composite materials
and surface protective coatings [306]. Owing to the exceptional
harness and toughness of Al,O3 NPs, they are added as a filler to
high-performance materials to enhance their ductility, toughness, and
resistance to scratch [307].

Several techniques, such as sol-gel, ball milling, laser ablation,
precipitation, plasma arc, and hydrothermal, can be utilized to
synthesize Al,O3 NPs [303, 306-308|. The arc discharge is one of the
methods to synthesize Al;O3 NPs in this method, metal precursor
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is vaporized by exposing it to the arc discharge between electrodes.
Afterward, the metallic vapor is condensed by contacting with the
cooling tube and form clusters. The nucleation process starts with
cluster formation, followed by the growth of NPs [309, 310]. The
NPs formed by this method are in the range of 20-60 nm. The small
size of NPs contributes to the agglomeration of the particles due to
high surface energies. The success of NPs for a particular application
depends on effective dispersion in a fluid [310]. This work used stable
dispersion of Al,O3 NPs in water to facilitate the proper mixing and
reaction with cement and geopolymer materials.

3.5 Carbon Nanotubes

The discovery of carbon nanotubes is attributed to Dr. Sumo lijima as
he described in his paper “the new type of carbon structure consisting
of needle-like tubes” where each needle consists of “coaxial tubes of
graphitic sheets, ranging in number from 2 up to about 50”7 [311].
CNTs are allotropes of carbon (walls of carbon nanotubes are made
of Sp2 hybridized carbon atoms), and the two common structures of
CNTs are single-wall carbon nanotubes (SWCNTs) and MWCNTs.
SWCNTs are graphene sheets rolled up into a circular form. The
diameter of SWCNTSs is in the range of 0.4 to 4 nm. In comparison,
MWCNTs are concentric tubes of graphene sheets. The number
of walls or tubes for MWCNTs can be varied from 2 to less than
a hundred. Moreover, MWCN'Ts have diameters in the range of
Inm and seldom increase above 100nm [312|. High-temperature
techniques such as arc discharge and laser ablation were the early
methods to produce carbon nanotubes. However, now comparatively
low-temperature processes such as chemical vapor deposition have
replaced these methods. Nanotubes synthesis by chemical vapor
deposition is based on the decomposition of carbon-based gases in
the presence of a catalyst at temperature around 700 °C to 900 °C.
Gases such as methane, acetylene, and carbon monoxide are used as
carbon sources. In addition, transition metals such as Fe, Co, and
Ni are used as catalysts either in the form of a film or deposited NPs
[312]. CNTs find application in various fields due to their exceptional
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mechanical, electrical, and thermal properties. As mentioned in
the introduction, various studies explored the possibility of using
nanotubes to improve the performance of drilling fluids and oil well
cement. This work used MWCNTs and MWCN'Ts functionalized
with -OH and -COOH groups as additives in water-based drilling
fluids, cement, and geopolymer. Surface modification of nanotubes
aims to improve their stability in the solvent, especially in water, as
unmodified MWNCTs can agglomerate due to Vander Waal forces.
The surface-modified nanotubes can provide better dispersion and
interaction with water-based fluids.

3.6 Surface Modification of NPs

As mentioned in the literature study, NPs are prone to agglomeration
due to their high surface energies originating from a large surface-to-
volume ratio. In order to minimize their high surface energies, NPs
promote aggregate formation. IONPs especially have high chemical
activity, which promotes their oxidation in the air leading to the loss
of dispersibility of NPs. Therefore, surface functionalization of NPs
is beneficial to improve their stability. The surface functionalization
techniques can be either coating or grafting organic molecules,
polymers, surfactants, and inorganic materials such as metal oxides,
metal sulphides, or SiO,. The protecting layers or shells not only
provide the required stability to the particles but also introduce
the functional groups on the surface of NPs to promote further
functionalization steps [313]|. Surface coating or modification can be
either in-situ or post-synthesis [314]. In the case of in-situ technique,
functionalization is done during the synthesis process of NPs, for
example, functionalization of IONPs with dextran [315]. However, the
other technique (post-synthesis) involves the attachment of ligands on
the surface of NPs after their production [316, 317|. There are various
ligands, such as chitosan [318], polyethylene glycol, Na-citrate [319],
and CTAB [320] which can be applied depending on the required
functional groups and final use of particles. In the case of IONPs,
coating with S70, has received much interest due to the better bio-
compatibility, stability, and non-toxicity of SOy NPs. In addition,
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S104 can provide better colloidal stability due to lower Vander Waals
forces as compared to other metal oxides. Furthermore, SiOy can
allow further conjugation of NPs with different functional groups.
Therefore, in this work, the IONPs coated with silica (Fe-Si) were
tested to take advantage of the improved properties of this core-shell
nanocomposite. In addition, the surface of IONPs was coated with
XG polymer to improve their physicochemical properties.
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4 Materials and Methodology

This chapters cover the methodologies used for IONPs synthesis and
surface modifications that were performed on IONPs and commercial
Si0, NPs. It gives an overview of the in-house made and commercial
NPs used in this work. It presents the drilling fluids, cement and
geopolymer formulation. Further, the characterization techniques
used in this work are elaborated. Finally, the results for in-house
prepared and commercial NPs are presented.

4.1 Synthesis of Iron Oxide NPs

As described in the introduction, the co-precipitation method was
used to synthesize hydrophilic IONPs [321]. First, to make 100 mL of
IM NH,OH solution, 15.4 mL of 25% ammonia solution was added
to 84.6 mL of de-ionized water. Separately, in 25 mL of distilled
water, 2.0 g of F'eCls4H50 and 5.4 g of FeCl36 H,O were dissolved.
Afterward, 10 mL of this rusty-colored solution was transferred to a
burette. Then this rusty colored solution was added dropwise into
100 mL of 1 M N H,OH solution under vigorous stirring. For stirring,
a magnetic stirrer was used. A black-colored solution was formed by
adding the iron solution to the ammonia solution. Afterward, with the
completion of the reaction, the black-colored solution was transferred
to conical centrifuge tubes. A strong magnet was placed under the
conical centrifuge tubes to separate the particles magnetically, and
the particles were washed several times with water. To harvest all
the particles, the washing process was repeated. Almost clear fluid
was obtained as NPs were drawn to a strong magnet after the first
cleaning steps of particles with water. However, after several washes
with de-ionized water, the separation of particles became difficult as
less transparent fluid was obtained when a magnet was placed under
the solution. It is crucial to stop the particles washing at this point
to avoid the loss of particles. In the cases of IONPs synthesized by
this method, the term Fe NPs is used throughout the results section.

The synthesis of hydrophobic IONPs is based on the thermal
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decomposition of metal precursors, as explained in Chapter 3. This
method was adapted from the previous work by Bandyopadhyay et al.
(2014) [322]. To produce NPs, Iron pentacarbonyl (Fe(CO))s was
used as a precursor. The required amount of Oleylamine (OAm) and
Octadecene (ODE) was added to the round bottom flask and kept
under an inert atmosphere with continuous stirring for 30 minutes at
120 °C. After 30 minutes, the temperature of the reaction solution
was raised to 180 °C. After reaching 180 °C, a suitable amount of
iron pentacarbonyl was injected into a hot reaction mixture using a
syringe. The temperature was kept stable for 20 minutes to complete
the reaction and formation of NPs. The solution was cooled to 20
°C afterward, and the supernatant was decanted. The IONPs were
washed with the required amount of acetone and hexane to clean the
particles. In the end, a magnet was used to harvest the IONPs, and
the NPs were cleaned twice with acetone. After cleaning, the NPs
were dispersed in a known volume of hexane for further use.

4.2 Coating of Xanthan Gum on Iron
Oxide NPs and Fe-Si NPs

XG polymer was coated on the surface of IONPs by first adding 0.1
g of xanthan gum into 50 mL water to make a polymer solution.
Afterward, 0.2 g of IONPs were added to this polymer solution, and
the resulting mixture was left for shaking for 24 hrs. Afterward, the
resulting solution was used to formulate the drilling fluids. The term
Fe-XG is used for IONPs coated with XG throughout the text. In
addition to Fe-XG, IONPs functionalized with silica (Fe-Si NPs) used
in this work were provided by NTNU.

4.3 Silica NPs and Surface Modification

In this work, three types of SiOy NPs were used. SiOy NPs in powder
form were purchased from Sigma Aldrich (Oslo, Norway). Surface
modification of these Si0Oy NPs was done with silane to incorporate
sodium sulphonate on the surface of NPs. NPs were functionalized
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based on the method described by Weston et al. (2015) [323]. 5 g
of S10y NPs were dispersed in 200 ml toluene by probe sonication.
3 g of (3-Mercaptopropyl) trimethoxysilane 95% was added to this
S105 NPs dispersed in toluene. The solution was placed on stirring
for 12 hrs at a temperature of 35 °C. After 12 hrs of reaction with
silane, the NPs were separated from the solution by centrifugation
and washed several times with the 30/70 (v/v) mixture of de-ionized
water and isopropanol. After washing, NPs were dried for 24 hrs in
a vacuum oven at 120 °C [323]. After that, the SiO; NPs having
immobilized mercaptopropyl groups were oxidized using an aqueous
30% H,0, solution. Here, dried NPs were added to the aqueous 30%
H>0, solution and the resulting solution was stirred with a magnetic
stirrer for 24 hrs [324, 325]. This results in the formation of sulfonic
acid groups on the surface of Si0Oy NPs. NPs were washed with
water several times and dried. After every washing step particles
were centrifuged. After that, the dried NPs were dispersed into 0.1
M NaOH solution and stirred for 24 hrs to convert the sulfonic
acid moieties to sodium sulfonate. After 24 hrs, the particles were
washed with de-ionized water and dried by putting them into the
vacuum oven at around 35 °C for three days [325]. The third type
of Si0O5 NPs was purchased from NYACOL Nano Technologies, Inc.
(Ashland, MA, USA). NYACOL SiO; NPs were received as a 30
wt.% dispersion in de-ionized water, with proprietary coating on the
surface of NPs to provide long-term stability. Term Si NPs is used
for Si0O, in powder form. The surface-modified SiO, NPs is called
Si-C and NPs from NYACOL is called Si-N throughout the text.

4.4 MWCNTs

Three types of MWCNTs were used in this study, MWCNTs,
MWCNTs functionalized with hydroxyl groups (MWCNT-OH), and
MWCNTs functionalized with Carboxylic acids (MWCNT-COOH).
The nanotube dispersions in anionic surfactant were purchased from
US Research NPs; Inc (Houston, TX, USA). The abbreviations
MW for MWCNTs, MW-OH for MWCNT-OH, and MW-COOH for
MWCNT-COOH are used throughout the text.
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4.5 Aluminium Oxide NPs

Al;O3 NPs used in this work were purchased from Alfa Aesar as a
colloidal dispersion in 50% water with dispersant. NPs dispersion
was used in cement and geopolymer formulation without further
modification. These NPs are called AL NPs throughout the text.

4.6 Drilling fluids Formulation

This work prepared two types of drilling fluids, i.e., Bentonite and
KCl-based. In order to achieve comparable viscosity and density
of the fluids, the compositions for both bentonite and KCI fluids
were designed based on previous work [326]. The compositions of the
fluids are shown in Table 4.1 and Table 4.2.

Table 4.1: Composition of bentonite drilling fluids.(Paper I).

Base Fluid +

Material Base Fluid NPs
Water 350 mL 350 mL
Soda ash 4.8 g 4.8 g
Xanthan gum 0.71 g 0.71g
Bentonite 10.04 g 10.04 g
Barite 183 g 183 g
NPs in water - 0.05,0.1,0.2 g

Table 4.2: Composition of KCI drilling fluids (Paper I).

Material Base Fluid Base Fluid +
NPs
Water 350 ml 350 0l
Soda ash 0.75 g 0.75 g
Xanthan gum 15g 15
KCl 24.80 g 5480 g
Barite 175 g 175 g
Iron oxide NPs in water - 0.05,0.1,0.2 g
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The required concentration of NPs was added to both fluids to
formulate fluids with NPs. The mixing of bentonite fluid was done by
mixing soda ash, XG, and bentonite, with a Hamilton Beach mixer
for 5 minutes and an additional 10 minutes mixing to dislodge any
material attached to the walls of the mixing container. This was
followed by mixing barite for 5 minutes and another 10 minutes to
dislodge adhering materials to get the uniform mixing of components.
In the end, NPs (0.0095 wt.% —0.038 wt.% ) were added to the fluid
and mixed for 5 min to disperse NPs in the fluid system. To prepare
Fe-XG NPs-based drilling fluids, Fe-XG was first mixed with water,
and afterward, all components except barite were added and followed
the same mixing procedure with 5 + 10 minutes. After adding barite,
the same procedure of 5 + 10 minutes was followed. In the case of
KCl-based fluids, bentonite is replaced with KCI while the mixing
procedure remains the same.

An oil-based invert emulsion drilling fluid with oil to water ratio
of 90/10 was mixed based on the formulation from MI-SWACO, a
Schlumberger Company. Table 4.3 shows the details of additives and
their percentages used to produce the drilling fluids. All the additives
were mixed with the mixer for 5 minutes, excluding barite, which
was mixed for 25 minutes. The uniform dispersion of NPs in the
drilling fluids was attained by mixing 0.5wt.% and 1.0wt.% of NPs
with fluids for 10-15 minutes.

4.7 Cement and Geopolymer Formulation

The most common and important binding material in oil wells is
Ordinary Portland cement (OPC) [38]. The OPC is produced in a
rotary kiln from a molten mixture of suitable ingredients. When
cement is mixed with water, cement and other additives present in
the cement blend, undergo a chemical reaction with the water, known
as hydration of cement. As a result of hydration, the cement forms
a gel structure and develops compressive strength. The reaction
of minerals present in the clinker and produced phases after the
solidification will dictate the properties of cement. Portland cement
is classified based on mineral phases present in the cement. API
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Table 4.3: Composition of oil-based drilling fluids (Paper II).

Product Name Base Fluid Base fluid +
(wt.% ) NPs (wt.% )
EDC 95/11 28.48 28.48
Onemul 1.43 1.43
Lime 1.43 1.43
Water 3.87 3.87
CaCl2 1.19 1.19
Versatrol M 0.57 0.57
Benton 128 0.4 0.4
Barite 62.62 62.62
IONPs in Hexane - 0.5 and 1.0

standard classified Portland cement into six (class A, B, C, D, G,
and H) different classes based on the operational conditions to which
cement can be exposed [327]. The most commonly used classes in oil
wells are G and H. These classes are available as moderate and high
sulphate resistance, known as MSR and HSR. This work used API
class G cement with HSR produced by Norcem as reference cement.
Table 4.4 shows the composition of cement used in this work.

Table 4.4: Chemical composition of cement.

Chemical composition wt. %
MqgO 2.1
SO; 2.1
C3S 54
C3A 2
CLAF + 2*C5A 15
NCLQO 0.6
I.R 0.2
LOI 1

In this work, the rock-based geopolymer was produced using granite
as a precursor supplied by Velde Pukk AS. Granite is an igneous
rock with the main components of quartz and feldspar. The particle
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size of the granite powder used in this work was below 63 um, and it
was used to produce geopolymer without any additional processing.
However, to normalize the chemical composition of granite, a suitable
amount of blast furnace slag and silica flour was added. Table 4.5
presents the chemical composition of the precursor. Khalifeh et
al. (2016) |328] performed extensive work to develop rock-based
geopolymer. Steel production contributes to the production of a
by-product called ground granulated Blast Furnace Slag (GGBFS).
The GGBFS is added to the precursor mix in a percentage so that the
final calcium content of the mix design is less than 10 wt.%. MEROX,
Sweden, provided the GGBFS with the product name Merit 5000
for this work. In order to fine-tune the Si/K>0 ratio, silica flour
supplied by Halliburton was used.

Table 4.5: Chemical composition of geopolymer (Paper III).

Chemical composition wt. %
S102 65.77
AlyO5 10.04
F@QOg 0.58
CaO 11.98
MgO 6.37
NayO 1.89
KO 1.78
Ti0, 0.91
MnO 0.01
SrO 0.01
BaO 0.01
S2— 0.48
LOI 0.17
Total 99.99

4.7.1 Cement and Geopolymer Slurry Preparation

API class G cement with HSR from Norcem was mixed with water
to achieve 44% BWOC according to API specification using an API
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Waring blender [327]. In this mixing procedure, first solid was mixed
with liquid by applying a rotation rate of 4000 + 250 RPM for
15 seconds, followed by further shearing of slurry at 12000 4+ 250
RPM. The required quantity of NPs was added in a liquid phase and
mixed with the mixer. A similar mixing procedure was followed for
geopolymer. Table 4.6 and Table 4.7 show the slurry mix designs.
First, the pulverized granite rock was mixed with other industrial
wastes to prepare a unique chemical composition. Moreover, the
hardener solution was prepared by mixing deionized water with
potassium silicate solutions. Then, suitable amounts of either AL
NPs or MW-OH were added to the hardener and mixed with a high-
shear rate mixer. Afterward, the hardener and NPs blend was mixed
with the normalized geopolymeric precursors using the commercial
Waring blender. The liquid-to-solid ratio (L./S) of the samples was
0.55. The cement and geopolymer slurries were conditioned with
the atmospheric consistometer to achieve homogeneous slurries. The
sample preparations were conducted according to API RP 10B-2
[329].

Table 4.6: Composition of the AL NPs modified geopolymer (Paper
I11).

Component Weight
Precursor 735
Hardener 324.45

Water 81.9
AL NPs 0.36

Table 4.7: Composition of the MW-OH modified geopolymer (Paper
I1I).

Component Weight
Precursor 735
Hardener 324.45

Water 81.9
MW-OH 0.18
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4.8 Characterization Techniques and Test
Methods

4.8.1 Scanning Transmission Electron Microscopy
(STEM)

STEM is a combination of transmission and scanning electron
microscopy employed to characterize NPs to obtain imaging and
morphology of particles. In transmission electron microscopy, a
high-energy beam of electrons is focused on a thin sample of the
specimen to construct the image. In STEM fine electron probe in a
raster pattern is scanned through the specimen, and several detectors
detect the resulting scattering or transmission of electrons. The
interaction of the electron beam and specimen atoms generates the
serial signal stream. This is correlated with beam position to generate
a virtual image of scanned material [330]. STEM images of IONPs
were acquired using an S-5500 electron microscope operating at 30
kV voltage. NPs solutions were dropped on a Formvar carbon-coated
copper grid to prepare TEM grids (Electron Microscopy Sciences,
Hatfield, Pennsylvania, USA). To limit the aggregation of NPs due
to evaporation at room temperature, it is important to wipe with
Kimberly-Clark wipes immediately.

4.8.2 Scanning Electron Microscopy (SEM)

To get images of NPs and the presence of NPs in the filter cake as well
as the structural makeup of cement and geopolymer samples, SEM
analysis was done with a Supra 35VP electron microscope (Zeiss,
Oberkochen, Germany). The cake specimen after the fluid loss test
was used to analyse drilling fluids, while cement and geopolymer
crushed samples after the UCS test were used for the analysis. It
is crucial to prepare high-quality samples for analysis. Therefore,
samples were coated with palladium to ensure that the surface of
the samples was electronically conductive and there was no build-
up or charging of electrons. In the case of SEM, the beam of
an electron is scanned through the sample, and the interaction
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of the electron beam and atoms in the sample generates different
energy signals. The signals provide information about the sample’s
tomography, composition, and texture. The analysis was performed in
the secondary analysis mode, which is the most common SEM mode.
In this mode, a secondary electron detector detects the interaction
between the surface atoms and the electron beam. In addition to
SEM analysis, energy dispersive X-ray spectroscopy (EDS) was used
to perform the elemental analysis of samples. The characteristic
X-rays are produced when the primary electrons excite the electrons
in the inner shells of sample atoms, and electrons from the outer
shell replace these excited electrons as they move inward. This
produces energy in the form of X-rays, which are detected by silicon
crystals with lithium doping. Since there is a difference in the atomic
structure of elements, the resulting energy and X-ray wavelength
will vary for each element. Hence allowing the quantification and
detection of elements. It is possible to detect X-rays from a single
area or spot. Also, analysis can be done in an automated sequence
enabling scanning of areas to map the presence of elements within a
specific area.

4.8.3 Dynamic Light Scattering (DLS) and Zeta Potential

The principle of dynamic light scattering is based on measuring the
radius of a hypothetical hard sphere that diffuses with a similar
velocity as the particle of interest. The reported hydrodynamic
size from the measurement indicates the size of hydrated particles.
Therefore, the size measured by this technique differs from the dry
size of particles, as the hydrodynamic size considers the associated
water, and particles can behave differently when they are in solution.
The collisions between particles in the suspension promote Brownian
motion. The intensity of light scattered by these particles undergoes
time-based fluctuation due to this random motion. The auto-
correlation functions containing the diffusion coefficient of particles
can be used to measure these time-based fluctuations. The estimation
of the average diffusion coefficient can be made from these auto-
correlations. This diffusion coefficient can be used to calculate the
hydrodynamic sizes using the Stokes-Einstein equation. Therefore,
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DLS from the diffusion behavior of suspended particles in the solution
can provide particle size and particle size distributions by measuring
the time-based fluctuations in the intensity of light scattered [287].

The charged particles in the solution and counter ions surrounding
the charged particles close to the surface make the electrical double
layer. Zeta potential can be defined as the potential at a shear plane,
that is, a meeting point of a diffuse layer and a slipping plane. This
is the distance from the particle surface where motion between the
immobilized layer and mobile fluid starts. Electrophoretic mobilities
of particles are used to calculate the zeta potential by applying the
Helmholtz-Smoluchowski equation. In this study, the Zetasizer Nano-
7S instrument from Malvern was used to measure the sizes and zeta
potential of NPs. All the measurements were performed in aqueous
solutions.

4.8.4  Viscosity

A Couette coaxial cylinder rotational viscometer from OFITE model
900 was used to measure viscosity parameters of drilling fluids at
atmospheric pressure and different temperature, i.e., 22 °C, 50 °C, and
80 °C. Dial readings at different rotational speeds were recorded in
ascending and descending order. In this work, the modified Herschel-
Bulkley model was used as it reasonably estimates the behaviour of
drilling fluids for a wide range of shear rates [331]. Eq. 4.1 presents
the Herschel-Bulkley model,

T:Ty+K("y>n (4.1)

In this equation, 7 is the shear stress, 7 is the shear rate, 7, is yield
stress, while n and k are flow and consistency factors. Recently,
Saasen and Ytrehus. (2020) |331] stated that the Herschel-Bulkley
model might provide an inaccurate estimation of drilling fluids
viscosity as the dependency of consistency index k on the flow
index n limits the comparison of the model for different drilling
fluids. Also, different values of k and n can give similar flow curves.
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Therefore, Saasen and Ytrehus modified the model by rearranging the
parameters. This model with dimensionless shear rate is presented
in Eq. 4.2 as,

T=T1,47, (%)n (4.2)

S

In Eq. 42 7, =7 — 74 at 7y = 5, where 75 and v, are surplus shear
stress and shear rate, respectively, while yield stress 7, was estimated
using the Zamora and Power approach where 7, = 273 — 75. Yield
stress from this approach provides values with reasonable accuracy
for hydraulic calculation. The shear rate of 170.31/s was used as
the surplus shear rate. Moreover, to calculate low shear curvature
exponent (nys) and high shear curvature exponent (ny), shear stress
(7:) at shear rates (v,) of 51.11 1/s and 1022 1/s were selected, and
Eq. 4.3 was used for calculation,

In (M)

Ts
_— (4.3)

ln(ﬁ)

s
In the case of cement and geopolymer, the slurries were conditioned up
to 50 °C in the atmospheric consistometer, and afterward, rheological
behavior was measured using Fann 35 viscometer. After reaching 50
°C, the slurry was conditioned for 20 minutes to attain a uniform
temperature. The Casson model was used to calculate the yield stress
and plastic viscosity. Casson model is a two-parameter model, and it
provided a good fit in the case of measured shear stress and shear
strain values of cement-based materials. The Casson model depicts

more accurate results at both high and low shear rates [332]. The
model is shown in Eq. 4.4 and Eq. 4.5 [38],

n =

T8 =% g™ For T>1 (44

52



Materials and Methodology

v=0 For 7<7, (4.5)

Where,
7 represent shear stress (Pa)
7. is the Casson yield stress (Pa)
pe is the Casson plastic viscosity (Pa.s)

7 is the shear rate (sec™!)

4.8.5 Fluid loss

LPLT 300 API filter press (FANN, Houston, TX 77032, USA)
was used to measure the fluid loss of water-based drilling fluids at
ambient temperature and 0.7 MPa (100 psi). The test was conducted
according to the API standard, API Recommended Practice 13B-
1 [333]. High temperature and high-pressure fluid loss test was
performed to measure the static fluid loss from oil-based drilling
fluids, geopolymer, and cement samples. In the case of geopolymer
and cement slurries, these were conditioned in an atm consistometer
before the measurements. The achieved differential pressure was 5.2
MPa, and the slurries were passed through the 850 pm sieve. In the
case of oil-based drilling fluids, the test was performed at 100 °C and
a pressure of 3.5 MPa. In both cases, the pressure was applied by
using carbon dioxide cartridges. The tests were performed according
to API standards [329, 334].

4.8.6 Mechanical Friction

CSM tribometer was used to measure the coefficient of friction of
water and oil-based drilling fluids. The 13cr Steel ball with a 6mm
diameter and plate surface was used to perform the test. Moreover,
the normal load of 5N was applied for a distance of 10m at a rate
of 3cm/s to conduct the test. All the tests were done at ambient
temperature and atmospheric pressure, with repeated measurements
to report average values.

93



Materials and Methodology

4.8.7 Viscoelasticity

MCR 302 rheometer (Anton Paar) was used to conduct amplitude
sweep tests for water and oil-based drilling fluids with a constant
frequency of 10 rad/s with varying strains of 0.0005% to 1000%. The
test was done to measure the viscoelastic properties of drilling fluids.

4.8.8 Barite Sag Test for Oil-Based Drilling Fluids

To estimate the barite settling under static conditions, aging of the
oil-based drilling fluids at 100 °C for 16 hrs was done. The measured
densities at the top (ptep) and bottom (ppottom) Were used to calculate
the sag factor, as shown in Eq. 4.6 [335],

Phottom
Sagfactor)setic = ———— 4.6
( ) ot Ptop + Phottom ( )

The known volume of drilling fluids was obtained using the syringe,
and the mass of that volume was used to calculate the density using
p = m/v. The viscometer sag test was used to calculate the dynamic
sagging [21]. The sagging shoe was placed at the bottom of a heating
cup in this test. The drilling fluids were mixed for some time at 600
rpm to avoid the settling of particles. After that, for MW, sitiar, 20mL
of drilling fluids sample was obtained. Afterward, 140mL of drilling
fluids was heated at 50 °C. The sagging test was then performed
on the heated drilling fluids at 100 RPMs for 30 minutes. After 30
minutes, 20mL of the sample was taken from the sag shoe and called
MW fina- To calculate the dynamic sag Eq. 4.7 was used,

MWfinal

_ 4.7
2 (MWinitial) ( )

(SagfaCtOT)dynamic =

4.8.9 Temperature and Pressure Conditions for Cement
and Geopolymer Tests

Testing of the cement and geopolymer samples was done at 50 °C
and 70 °C in this work with the ramp-up rate of 1 °C/min. The
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selected pressure for the consistency, uniaxial compressive strength,
and ultrasonic cement analyzer was 14 MPa. Even though oil wells
can experience harsher conditions with respect to temperature and
pressure, the selected conditions can still be a good starting point to
test the application of NPs in cementitious materials under downhole
conditions.

4.8.10 Consistency

Pressurized and atmospheric consistometer recommended by API RP
10B-2 standard [329] were used to check the pumpability and effect
of pressure on the pumpability of the slurries. For atmospheric and
pressurized consistency measurements, OFITE model 60 and 2040,
respectively, were used. The slurries were added to the dedicated
cell for the equipment to perform the test. In the pressurized
consistometer, the selected pressure rate was 1.7MPa/min.

4.8.11 Uniaxial Compressive Strength

The required amount of slurries were mixed and conditioned for 30
minutes in an atmospheric consistometer and transferred to cylindrical
plastic molds. The samples were cured in the autoclave using water
as a curing medium. The autoclave was pressurized to 14 MPa using
an ISCO pump and put into the oven at 70 °C. The cylindrical
molds with a height /length ratio of 2 are recommended for annular
cement integrity simulations. After curing for the required time, the
autoclaves were removed from the oven, and samples were cooled
to ambient temperature. Afterward, plastic molds were removed,
and both sides of cylindrical samples were cut to attain a flat
surface for compressive strength measurement. A Toni Technik-
H mechanical tester linked to TestXpert v7.11 software was used to
measure the unconfined compressive strength of the samples. The
test was conducted at a 35 MPa/min loading rate according to the
API RP 10B-2 standard [329]. The samples were loaded between
parallel plates, and the loading was on the surface of the cylindrical
plugs. The testing procedure is according to NS-EN 196-1 standard
[336, 337|, and the compressive strength is given by Eq. 4.8,
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O, = Z (48)
In the equation, o, is uniaxial stress measured in MPa, F is the
maximum recorded force (N), and A is the contact area of the
specimen (mm?). The slope of the axial stress-strain curve in the
elastic region was used to calculate the modulus of elasticity.

4.8.12 Indirect Tensile Strength Measurement

Compared to steel, rock and cement-like structures show weak tensile
strength. Hence, the indirect method is used to measure the tensile
strength of these materials. Usually, a Brazilian test measures the
indirect tensile strength of cement-based materials. In this work,
the samples were cured using the same procedure as the UCS test,
and cylindrical samples were cut into disk shapes. The tests were
conducted following the procedure described in NS-EN 12390-6:2009
standard [338]. The samples were placed vertically between parallel
curved jaws, and a loading rate of 50 N /s was applied according
to ASTM D3967-16 |339] until the failure. The test was performed
by using Zwick/Z020 mechanical testing machine with TestXpertII
software to record the applied force. The tensile strength was
calculated by using Eq. 4.9 [339],

2F

- (4.9)

O

In Eq. 4.9 o, represents the tensile stress in MPa, F is the maximum
force applied on the sample (N), D is the diameter of the sample
(mm), and L is the length of the specimen (mm). The unit of the
tensile strength is N/mm?.

4.8.13 Sonic Strength Development

The 4265-HT Chandler Ultrasonic Cement Analyser (UCA) was used
to measure the sonic strength of the cement and geopolymer materials
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at 70 °C. The slurries were conditioned in the consistometer and
poured into the UCA cell. The cell is equipped with transducers
at both ends, which enables UCA to compute the transit time of
sonic waves through the sample. In the case of cement samples,
the transit time is converted to compressive strength by applying
a pre-defined algorithm. Since the transit time of waves varies for
different materials, it is required to develop a new algorithm to
estimate the values for new materials. Hence to facilitate geopolymer
customized algorithm feature was used from UCA. The algorithm
was generated using uniaxial compressive strength (UCS) results
at different times and corresponding transit times. A polynomial
equation was generated by plotting measured compressive strength
and transit time and put into the UCA software to calculate the
sonic compressive strength.

4.8.14 X-ray Diffraction (XRD)

XRD is a widely employed technique to study the material structure
and crystallinity at an atomic level. In this technique incident, an X-
ray beam is applied to the sample and elastically scattered in specific
directions. The angle of incident X-ray # produces a reflection pattern
based on Bragg’s law, presented in Eq. 4.10,

2dsin 0 = n\ (4.10)

The reflection pattern is related to the lattice constants or parameters
of crystals. In Eq. 4.10, d is the distance between the atomic planes,
A is the wavelength of incident X-rays, and n is a positive integer. As
the angle of incident X-rays is increased stepwise, the constructive
interference of the X-rays scattered in the atomic planes creates peaks.
The identification of minerals present in the sample is based on the
reflection pattern. The variation in the peak intensities is dependent
on the crystal structure. This work obtained XRD patterns of cement
and geopolymer samples using Bruker D8 Advance Eco diffractometer
(having Cu-Ka radiation source, A = 1.5406 1401, 40kV, and 25mA).
The X-ray patterns were recorded in the 260 range of 5-70° at the
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step of 1°/min.

4.9 Iron Oxide NPs

Figures 4.1 a and b show the STEM image and particle size of Fe NPs
synthesized by the co-precipitation method. The co-precipitation
method does not require high temperature and very long reaction
time and provides high particle yield. However, this method does not
permit precise control over the shape and particle size, resulting in
particles with broad particle size distribution. The average particle
size of the NPs formed by this method was 1142 nm.

a)
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b)
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Figure 4.1: a) STEM image of IONPs produced by co-precipitation
method b) Size distribution of NPs ¢) STEM image of IONPs
produced by thermal decomposition method d) Size distribution
of NPs (Paper I, Paper II).
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The hydrophobic NPs produced by the thermal decomposition method
show spherical morphology, as indicated in Figure 4.1 ¢. The NPs
show narrow size distribution, with most particles in the size range
of 14nm. Figure 4.1 d shows the histogram size distribution for the
particles.

4.10 Commercial and Surface Modified
NPs

Figure 4.2 shows the SEM images of the commercial NPs and
surface-modified NPs. Figures 4.2 a-c) show the MW, MW-OH,
and MW-COOH. To get the stable dispersions of nanotubes in
water, they were dispersed in a non-ionic surfactant with aromatic
groups using ultrasonication and centrifugation. The nanotubes
were manufactured by the CVD method, with outside and inside
diameters of 20-30 nm and 5-10 nm, respectively. Moreover, the
lengths of the tubes are 10-30 pm. In the case of MW-OH, the OH
content is 1.76 wt.%, while for MW-COOH, the COOH content is
1.23 wt.% as provided by the manufacturer. Figure 4.2 d-f presents
the Si0Oy NPs. The Si NPs shown in Figure 4.2 d have a spherical
morphology and porous structure with particle size in the range of
5-20 nm, as provided by the supplier. The surface-modified NPs,
i.e., Si-C shown in Figure 4.2 e, improve the stability of Si NPs.
Moreover, Figure 4.2 f shows Si-N NPs; the size of NPs, provided by
the manufacturer is 27nm. Figure 4.2 g, and i show the SEM image
of IONPs and IONPs coated with XG and silica, respectively. The
surface modification increases the size of NPs. AL NPs are shown
in Figure 4.2 j, the particle size of dry powder, as provided by the
supplier, is around 45nm. As indicated in Figure 4.2 j particles show
spherical morphology.
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200 nm

6
Figure 4.2: SEM images of NPs a) MW b) MW-OH ¢) MW-COOH
d) Si NPs e) Si-C NPs f) Si-N NPs g) Fe NPs h) Fe-XG NPs i) Fe-Si
j) Al NPs (Paper IV).
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The hydrodynamic sizes and surface charges of NPs at 25 °C and 50

°C are given in Table 4.8 and Table 4.9.

Table 4.8: Size and zeta potential of NPs at 25 °C (Paper [, IV).

NPs Size (nm) Zeta(rP;l(;’;)entlal
MWCNT 161.8 = 1.9 —-262+1.0
MWCNT-OH 158.1 £ 1.5 —-30.1 £ 0.5
MWCNT-COOH 174.6 &+ 2.7 —288 £ 04
Si NPs 2173 £11.9 —36.1 £ 2.5
Si-C NPs 395.1 £ 294 —34.9 £ 2.2
Si-N NPs 36.8 £ 0.5 —35.8 £ 1.7
Fe NPs 273.5 £ 5.9 —31.3 £ 0.3
Fe-XG NPs 487.6 £+ 8.6 —-39.2 £ 0.6
Fe-Si NPs 634.7 £102.5 373+t 14
AL NPs 126.33 £+ 5.11 18.70 + 0.53

Table 4.9: Size and zeta potential of NPs at 50 °C (Paper I, IV).

NPs Size (nm) Zeta(rP;l(;’;)entlal
MWCNT 189.8 £+ 8.8 =275 +04
MWCNT-OH 216.2 £ 21.1 —29.3 £ 0.8
MWCNT-COOH 184.1 + 12.7 —-31.3 £ 0.5
Si NPs 676.8 = 123.7 —154 £ 0.7
Si-C NPs 852.3 £ 161.2 —279 £ 1.2
Si-N NPs 46.1 + 2.7 —26.5 £ 0.6
Fe NPs 381.2 +£ 19.6 —20.8 £ 0.2
Fe-XG NPs 673.6 £ 65.5 —34.8 £ 04
Fe-Si NPs 1856.3 £+ 161.2 —24.4+ 04
AL NPs 168.73 + 6.07 4.49 4+ 0.16

Since DLS measured the particle’s hydrodynamic radius, there is a
difference in the sizes measured by SEM (measures the dry radius
of NPs) and DLS. The surface modification increases the size of
NPs in the case of Si-C, Fe-X@G, and Fe-Si. In addition, there is
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an increase in the zeta potential of Fe-XG and Fe-Si, owing to the
better stability of NPs compared to bare NPs. There is an increase
in size and decrease in zeta potential at 50 °C for all the NPs except
MWCNT, indicating the agglomeration of NPs at higher temperature.
However, the surface-modified NPs show better stability even at
higher temperatures (see Table 4.9). AL NPs show positive surface
charge; however, these particles also show a low loss in stability at
high temperature, as indicated in the table. This might impact the
application of these particles at high temperature.
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5 Application of NPs in Water
Based Drilling Fluids.

This chapter discusses the main findings of water-based drilling fluids
with three different types of NPs and surface-modified NPs. The
results in this chapter are based on papers I and IV. Also, unpublished
work is discussed in the chapter.

5.1 Rheological Parameters of Drilling
Fluids with NPs

5.1.1 Shear Stress Measurement

Iron NPs

Figures 5.1 a, b, and ¢ present the effect of Fe, Fe-XG, and Fe-Si
NPs on shear stress values at different shear rates of water-based
bentonite drilling fluids. There is an increase in the shear stress
values at higher temperature for the base fluids, which is more
significant at lower shear rates. This phenomenon is due to the
flocculation of bentonite, owing to the interparticle interaction. The
edge-to-face (EF) and face-to-face (FF) interactions of bentonite
particles caused the agglomeration, ultimately increasing the shear
stress values. Adding 0.0095wt.% Fe NPs cause a further increase
in the shear stress due to the possible interaction of NPs with the
positively charged edges of the bentonite platelets and with the
barium ions present in the fluid system. However, the increased
NPs concentration to 0.019wt.% decreases the shear stress values
due to electrostatic repulsion between NPs and other additives in
the fluid system. Further, an increase in the NPs concentration to
0.038wt.% causes an increase in the shear stress values due to the
agglomeration of NPs. Surface modification of Fe NPs with XG
increases the stability of NPs, which causes the reduction in shear
stress values at a low shear rate.
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Figure 5.1: Impact of Fe, Fe-XG, and Fe-Si NPs on shear stress of
water-based drilling fluids a) Bentonite drilling fluids with 0.0095wt.%

and 0.019wt.% Fe NPs b) Bentonite drilling fluids with 0.038wt.%
Fe and Fe-XG NPs c) Bentonite drilling fluids with 0.0095wt.% and
0.019wt.% Fe-Si NPs d) KCI drilling fluids with 0.0095wt.% and
0.019wt.% Fe NPs e) KCI drilling fluids with 0.038wt.% Fe and Fe-

XG NPs f) KCI drilling fluids with 0.0095wt.% and 0.019wt.% Fe-Si
NPs (Paper I).
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Previous studies also show a similar trend in the case of Fe NPs in
water-bentonite suspension [340|. The addition of NPs to the base
fluid increases the viscosity and shear stress due to an aggregation
of Fe NPs. However, surface modification of NPs minimizes the
aggregation, as shown in this work, where surface modification with
polymer shows a similar trend. Fe-Si NPs lower the shear stress values
of base fluid, where a higher concentration of 0.019wt.% significantly
reduces the values. The presence of silica on the surface of Fe NPs
inhibits the flocculation of bentonite. Silica particles adsorb on the
clay and form a layer on the clay’s surface, preventing water contact
with the clay.

Figures 5.1 d, e, and f show the shear stress values for the KCl-based
fluids with NPs. High salt concentrations make these fluid systems
dispersive, which also causes a decrease in shear stress values at
higher temperature. The addition of Fe NPs to these fluids does
not have a significant impact on the shear stress values. There is
only a slight increase in shear stress values for both 0.0095wt.% and
0.019wt.% NPs at 22 °C and 50 °C. However, at 80 °C NPs do not
alter the shear stress values of the base fluid. Although, the coating
of XG on the NPs surface shows slight improvement, which can be
attributed to the NPs stability due to the polymer’s presence on the
surface. In addition, the polymer interacts better with the potassium
ions in the fluid system. For Fe-Si NPs, there is an increase in shear
stress values for both 0.0095wt.% and 0.019wt.% at 22 °C, 50 °C, and
80 °C. This shows that silica particles interact with the potassium
and XG polymer in the drilling fluids.

S102 NPs

Si0y NPs addition to the bentonite fluids reduces the shear stress
values for all three types of NPs at 22 °C, 50 °C, and 80 °C see
Figures 5.2 a, b and c.
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Figure 5.2: Impact of SiO; NPs on shear stress of water-based
drilling fluids a) Bentonite drilling fluids with 0.0095wt.% and
0.019wt.% Si NPs b) Bentonite drilling fluids with 0.0095wt.% and
0.019wt.% Si-C NPs ¢) Bentonite drilling fluids with 0.0095wt.%
and 0.019wt.% Si-N NPs d) KCI drilling fluids with 0.0095wt.%
and 0.019wt.% Si NPs e) KCI drilling fluids with 0.0095wt.% and
0.019wt.% Si-C NP f) KCI drilling fluids with 0.0095wt.% and

0.019wt.% Si-N NPs.
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Si and Si-C show more reduction as compared to Si-N. This indicates
that surface modification of NPs can provide different functionalities
to the NPs, which ultimately fine-tunes the interaction of NPs with
the fluid system. Moreover, for KCI fluids with silica NPs shows
similar behaviour as shown by Fe-Si NPs, and NPs increase the shear
stress values owing to the better interaction of the XG polymer with
the silane group and sodium sulphonate on the surface of Si and Si-C
NPs, respectively see Figures 5.2 ¢, d and f. Furthermore, Si-N NPs
show less increment compared to the other two NPs.

Nanotubes

Figures 5.3 a, b, and ¢ show the impact of MWCNTs on the shear
stress values of water-based bentonite drilling fluids. There is no
change in shear stress values with the addition of MW at 22 °C.
However, at higher temperature, i.e., at 50 °C and 80 °C, the
nanotubes significantly increase the shear stress values, especially
at 80 °C. The adsorption of nanotubes on the bentonite surface
contributed to this behaviour. This is also confirmed by the SEM
images shown in the section 5.4. MW-OH and MW-COOH show
similar behaviour to MW.

The results for KCI fluids indicate that low concentrations of MW
increase the shear stress values owing to better interaction with
polymer and other additives present in the fluid system, see Figures
5.3 d, e, and f. However, a further increase in the concentration
forms two phases in the fluid system since the fluids show zero
shear stress values at lower shear rates. The high surfactant in the
system contributed towards the settling of barite, which forms two
phases and separates the solid and liquid. However, the addition
of MW-OH and MW-COOH does not form two phases at higher
concentrations owing to functional groups on the surface of nanotubes.
The functional groups provide better stability to the fluids even at
higher temperature.
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Figure 5.3: Impact of MWCNTs on shear stress of water-based
drilling fluids a) Bentonite drilling fluids with MW b) Bentonite
drilling fluids with MW-OH c¢) Bentonite drilling fluids with MW-
COOH d) KCI drilling fluids with MW e) KCl drilling fluids with
MW-OH f) KCI drilling fluids with MW-COOH.
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5.1.2  Gel Strength

Iron NPs

Adding 0.0095wt.% Fe NPs increases the 10 sec and 10 min gel
strength of bentonite fluids, as shown in Figures 5.4 a, b.
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Figure 5.4: Impact of Fe, Fe-XG and Fe-Si NPs on gel strength of
water-based drilling fluids a) 10 sec gel strength of bentonite drilling
fluids b) 10 min gel strength of bentonite drilling fluids ¢) 10 sec gel
strength of KCI drilling fluids d) 10 min gel strength of KCI drilling
fluids (Paper I).

At low concentrations, the NPs attached to the bentonite edges
and contributed to the gel formation. Further, an increase in NPs
concentration to 0.019wt.% reduces the gel strength, and fluid shows
a similar gel strength as base fluid. This shows that increasing the
NPs in the fluid system minimizes the gel formation by deflocculating
the bentonite. However, adding more NPs in the fluid again increases
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the gel strength due to NPs agglomerates attached to the bentonite
and other additives in the drilling fluids. Gel strength results for
Fe-XG also confirm a polymer’s ability to stabilize the NPs and
reduce the gel strength of base fluid. Coating of silica on Fe NPs
increases the 10 min gel strength of the base fluid for 0.0095wt.% NPs.
However, an increase in the NPs concentration to 0.019wt.% shows a
reduction in the gel strength. This again confirms the ability of silica
to disperse the bentonite and control the excessive gel formation.

The results for KCI fluids are shown in Figures 5.4 ¢, d. There is an
increase in base fluid’s 10 s and 10 min gel strength with the addition
of 0.0095wt.% and 0.019wt.% NPs at 22 °C and 50 °C. However, there
is no change in the gel strength of base fluids at higher temperature
due to the reduced stability of NPs at high temperature and the
presence of high salt concentration. Increasing the concentration
to 0.038wt.% also reduces the gel strength. However, surface
modification with silica increases both 10 s and 10 min gel strength at
all temperatures. Silica improves the stability of Fe NPs and creates a
gel structure with other additives present in the fluid. While polymer
coating on Fe NPs, i.e., Fe-XG, slightly improves the gel strength at
80 °C due to better stability of Fe-XG at higher temperature.

S10, NPs

Si and Si-C NPs reduce the 10 s and 10 min gel strength of bentonite
fluids at 22 °C, 50 °C, and 80 °C for both 0.0095wt.% and 0.019wt.%
NPs, see Figures 5.5 a, b. NPs show a more significant reduction
in 10 s gel strength at low temperature. However, bentonite fluids
regain their strength after 10 minutes and at higher temperature
by minimizing the impact of NPs. Still, NPs can decrease the gel
formation at 80 °C for both Si and Si-C NPs. However, Si-N NPs do
not show this trend and increase the 10 min gel strength at 80 °C,
indicating the ability of surface groups on Si-N NPs to facilitate the
gel formation with bentonite.
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Figure 5.5: Impact of SiO; NPs on gel strength of water-based
drilling fluids a) 10 sec gel strength of bentonite drilling fluids b) 10
min gel strength of bentonite drilling fluids ¢) 10 sec gel strength of
KCl drilling fluids d) 10 min gel strength of KCI drilling fluids.

Si0y NPs show an opposite trend in KCI fluids as 0.0095wt.% of
NPs shows improvement in gel strength of base fluid as depicted
in Figures 5.5 ¢, d. All the fluids show a sharp decrease in the
gel strength at 80 °C due to high salt concentration in the system.
Although 0.0095wt.% Si-C and 0.019wt.% Si NPs increase the 10
min gel strength by 20% and 17%, respectively, compared to base
fluid at 80 °C. The presence of silane and sodium sulfonate groups
on the surface of Si and Si-C NPs, respectively, forms a gel structure
with potassium and XG in the fluid. On the contrary 0.019wt.% Si-N
NPs reduce the gel strength of base fluid due to higher electrostatic
repulsion creating phase separation in the fluid.
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Nanotubes

The addition of MW, MW-OH, and MW-COOH improves the gel-
forming ability of bentonite fluids (Figures 5.6 a, b).
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Figure 5.6: Impact of MWCNTSs on gel strength of water-based
drilling fluids a) 10 sec gel strength of bentonite drilling fluids b) 10
min gel strength of bentonite drilling fluids ¢) 10 sec gel strength of
KCl drilling fluids d) 10 min gel strength of KCI drilling fluids.

Nanotube adsorption on the surface of bentonite forms a network
structure that further increases the gel strength. At 80 °C, MW and
MW-OH show more increase in gel strength compared to the MW-
COOH. The large particle size of MW-COOH might have contributed
to a comparatively weaker gel structure. However, the results show
that MWCNTs could further enhance bentonite’s gel strength, which
might be relevant in applications requiring higher gel strength to
hold the cuttings.
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Similar to Bentonite fluids, 0.0095wt.% MW, MW-OH, and MW-
COOH improve the gel strength of KCI fluids, especially at 80 °C.
Further, an increase in the nanotube concentration in the fluids
disrupts the stability of colloidal dispersion by suppressing the electric
double layer, especially in the case of MW phase separation, giving
no values for gel strength see Figures 5.6 ¢, d. At the same time,
MW-OH and MW-COOH show a decrease in gel strength at 22 °C
and 50 °C but keep the drilling fluids suspension stable. In addition,
MW-COOH slightly improves the gel strength of base fluid at 50
°C and 80 °C; this shows that the nature of the functional group
attached to the nanotube’s surface can influence their behaviour in
drilling fluids.

5.1.3 Low and High Shear Curvature Exponents

Iron NPs

As mentioned above, the flocculation of bentonite platelets at high
temperature creates strong gel structures. Therefore, for these types
of fluids increase in shear stress is measured while lowering the shear
rate, specifically for lower shear rates. Hence, there is an increase
in yield stress values, and flow index n becomes greater than unity
showing shear thickening behaviour. This work aims to demonstrate
the impact of NPs; therefore, using these values is still applicable.
Also, the aim was to demonstrate the ability of NPs to facilitate the
shear thinning behaviour of drilling fluids.

The impact of Fe NPs on ;5 and ny,4 (flow index or shear curvature for
low and high shear) values of bentonite fluids are presented in Figures
5.7 a, b. Adding 0.0095wt.% and 0.019wt.% Fe NPs promote the
shear thinning behaviour and reduce the values of n,, with 0.019wt.%
keeping the values lower than 1 at 80 °C. However, increased NPs
concentration in the drilling fluids increases the n;, at 80 °C. Moreover,
0.0095wt.% and 0.038wt.% increase the ny, values of the base fluid
while 0.019wt.% NPs slightly reduce the nys. Similar to Fe NPs,
the addition of 0.019wt.% Fe-Si also reduces the n;, of base fluid,
while Fe-XG increases the value. Moreover, 0.019wt.% of Fe-Si and
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Fe-XG reduces the ny, values of the base fluids at 80 °C. However,
0.0095wt.% and 0.038wt.% NPs in the drilling fluids increase the
nps. Results for Fe NPs show that the optimum concentration to
reduce curvature exponent is 0.019wt.%, while at high concentrations,
agglomeration of NPs increases the n;, and ny,. Silica on the surface
of NPs forms a layer on the bentonite particles and neutralizes the
positive charge of bentonite, reducing n;, and n;.
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Figure 5.7: Impact of Fe, Fe-XG and Fe-Si NPs on n;s and nys of
water-based drilling fluids a) n;s of bentonite drilling fluids b) ny,
of bentonite drilling fluids ¢) n of KCI drilling fluids d) nys of KCI
drilling fluids (Paper IV).

There is a minor effect of Fe NPs on the n;, and n;, values of KCI
drilling fluids, as shown in Figures 5.7 ¢, d. The most significant
impact is shown by 0.038wt.% Fe NPs in the fluid, with an increment
of 19% in ny, value at 80 °C. While Fe-Si also slightly increases the
nys at 50 °C and 80 °C.
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S510, NPs

S105 NPs do not have a significant impact on n;, and ny, values of
bentonite drilling fluids at 22 °C and 50 °C; Figures 5.8 a, b. In
contrast at 80 °C, 0.0095wt.% and 0.019wt.% NPs decrease the n;,
and ny,, of base fluids. The 0.019wt.% of Si-C NPs reduces the n;; by
64%. Similar to Fe-Si NPs, SiO, NPs also control the shear thickening
behaviour of bentonite drilling fluids owing to the neutralization of
positive charge on bentonite platelets by SiOy NPs, inhibiting the
temperature-induced flocculation of drilling fluids.

In the case of KCI drilling fluids NPs show a minor effect on the
nys and nys values of the fluids (Figures 5.8 ¢, d). Again, NPs show
impact at higher temperature by enhancing the n;, for 0.019wt.% Si
and Si-C NPs. Although there is a high amount of KCI salt in the
system, NPs still provide slight increments in n;s and ny values due
to improved colloidal stability at high temperature.
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Figure 5.8: Impact of Si0O, NPs on n;, and ny, of water-based
drilling fluids a,b) n;s and nys of bentonite drilling fluids ¢,d) n;s and
nps of KCI drilling fluids (Paper IV).
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Nanotubes

Like other NPs, nanotubes also impact the bentonite drilling fluids
at 80 °C. 0.019wt.% MW achieved an 84% decrease in n;, while
a lower concentration of 0.0095wt.% of MW-OH and MW-COOH
reduced the n;, values by 38% and 67%, respectively, at 80 °C.
Moreover, 0.0095wt.% MW and MW-OH increase the n;s of base
fluid but increasing the MW concentration in the drilling fluids
reduces the nys values (Figures 5.9 a, b). The nanotubes demonstrate
the ability to keep the n;, values lower than 1 by disrupting the
gel structures of bentonite. The presence of surfactant provides the
uniform dispersion of nanotubes in the drilling fluids, minimizing
bentonite agglomeration.
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Figure 5.9: Impact of MWCNTs on n;, and ny, of water-based
drilling fluids a,b) n;5 and nys of bentonite drilling fluids ¢,d) n;s and
nps of KCI drilling fluids (Paper IV).

As stated previously, the high concentration of nanotubes in the KCl1
drilling fluids forms two phases in the system due to the settling of
drilling fluids additives. Therefore, in the case of 0.019wt.% MW in
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the drilling fluids did not show the shear stress values at lower stress,
see Figures 5.9 ¢, d. However, 0.019wt.% of MW-OH and MW-COOH
kept the dispersions stable, but high nanotube concentrations only
slightly increased n;s values at 80 °C. Results for nanotubes depict
that low concentration provides the desired performance compared
to the high particle loading in the drilling fluids.

5.1.4 Yield and Surplus Stress
Iron NPs

Yield stress results for Fe NPs in the bentonite drilling fluids (Figure
5.10 a) show that 0.0095wt.% and 0.038wt.% Fe NPs increment the
yield stress of base fluid by 13%, while 0.019wt.% do not alter the
yield stress at 80 °C. In addition, Fe-XG slightly decreases the yield
stress at 80 °C. Similarly, 0.019wt.% Fe-Si also reduces the yield stress
but shows a more prominent reduction of 46%. Since 0.0095wt.%
and 0.038wt.% Fe NPs increase yield stress, they reduce the surplus
stress at 80 °C, see Figure 5.10 b. While 0.019wt.% Fe and Fe-Si, as
well as Fe-XG, increases the surplus stress. Higher surplus stress can
be beneficial when low pump pressure is required to start the flow
of drilling fluids, as higher values of surplus stress at specific shear
rates will achieve high flow rates.

The KCl drilling fluids with only a high concentration of Fe NPs, i.e.,
0.038wt.%, increase the yield stress of fluids by 63% at 80 °C; see
Figure 5.10 c. Furthermore, Fe-Si shows an increment in the yield
stress, and 0.019wt.% NPs increase yield stress by 90% and 56% at
50 °C and 80 °C, respectively. While Fe-XG lowers the yield stress
of base fluid at 22 °C, 50 °C, and 80 °C. Surplus stress results show
that only 0.038wt.% Fe NPs reduce the surplus stress by 14% at 80
°C as shown in Figure 5.10 d . High salt concentration in the drilling
fluids minimizes the stability of NPs, at lower concentration. While
excessive agglomeration of Fe NPs may have promoted the increase
in yield stress at 80 °C for 0.038wt.% Fe NPs in the base fluid.
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Figure 5.10: Yield stress and surplus stress of water-based drilling
fluids with Fe, Fe-XG and Fe-Si NPs a) Yield stress of bentonite
drilling fluids b) Surplus stress of bentonite drilling fluids ¢) Yield
stress of KCI drilling fluids d) Surplus stress of KCI drilling fluids
(Paper IV).

S’LOz NPs

Figure 5.11 a, show the yield stress values of bentonite drilling fluids
and fluids with Si0Oy NPs. Si NPs and Si-C show a significant
reduction in yield stress of base fluids at 22 °C, 50 °C, and 80 °C. Si
and Si-C show almost 60% reduction in yield stress at 80 °C. While
Si-N only shows a 31% reduction in yield stress at 80 °C. There is
a substantial increase in surplus stress values of base fluid with the
addition of Si, Si-C, and Si-N NPs, with Si-C showing the highest
increase of 159% as shown in Figure 5.11 b. Yield stress results
indicate that Si0O, NPs can reduce the strong gelling tendency of
base fluids at high temperature by forming weaker structures at
low shear rates, this can avoid potential wellbore instability issues.
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Lower yield stress provides high surplus stress that allows lower pump
pressure to start the flow of drilling fluids.
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Figure 5.11: Yield stress and surplus stress of water-based drilling
fluids with Si, Si-C and Si-N NPs a,b) Yield and surplus stress of
bentonite drilling fluids ¢,d) Yield stress and surplus stress of KCI
drilling fluids (Paper IV).

S105 NPs attain higher yield stress for KCI drilling fluids, as indicated
in Figure 5.11 ¢. Around 87% increase in yield stress of base fluid is
achieved by the Si NPs at 80 °C. NPs show a minor impact on the
surplus stress values of the base fluid, see Figure 5.11 d. The ability
of S10Oy NPs to stabilize the KCI drilling fluids at a lower shear rate
enables the increase in yield stress.

Nanotubes

All three types of nanotubes increase the yield stress values of
bentonite drilling fluids, see Figure 5.12 a. At high temperature,
0.0095wt.% MW increases the yield stress of base fluid by 16%.

79



Application of NPs in Water Based Drilling Fluids.

However, 0.0095wt.% MW and MW-OH reduce the surplus stress of
base fluids at 50 °C and 80 °C. While 0.019wt.% MW significantly
increases the surplus stress at 80 °C (Figure 5.12 b). Results for
nanotubes indicate that the adsorption of tubes on bentonite at a
low shear rate enables the high yield stress.
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Figure 5.12: Yield stress and surplus stress of water-based drilling
fluids with MW, MW-OH, MW-COOH a,b) Yield and surplus stress
of bentonite drilling fluids ¢,d) Yield stress and surplus stress of KCI
drilling fluids (Paper IV).

Results for KCI drilling fluids show that 0.0095wt.% MW, MW-OH,
and MW-COOH increase the yield stress of base fluid at 22 °C, 50
°C, and 80 °C. However, increasing the concentration of MW in
KCl drilling fluids provides no yield stress due to phase separation.
Even though the presence of functional groups on MW-OH and MW-
COOH provides yield stress values, there is still a decrease compared
to the base fluid. Nanotubes show a slight impact on surplus stress
values of the base fluid (Figure 5.12 ¢, d).
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5.1.5 Viscoelastic Properties
Iron NPs

Viscoelastic properties of the drilling fluids can give further insight
into the internal gel structure of fluids under dynamic conditions.
Storage modulus can describe the energy stored by a material when
the shear is applied, while loss modulus defines the energy lost by
the material with the application of shear. The following section will
show the impact of NPs on the viscoelastic properties of water-based
drilling fluids.

Yield stress from viscoelastic data can be estimated from the plot
between shear stress and strain rate. The stress at which the deviation
from the linear viscoelastic region (LVE) range occurs is taken as yield
stress. In addition, the point where storage and loss modulus become
equal is called the flow point. The measurements were performed at
22 °C. Fe NPs show an increase in the base fluid’s yield stress and
flow points. For yield stress, 0.0095wt.% Fe NPs show the highest
increase, followed by 0.038wt.% NPs and Fe-XG. However, 0.019wt.%
reduces the base fluid’s yield stress and flow point, as indicated in
Table 5.1.

Table 5.1: Yield stress and flow point (Oscillatory) for bentonite
drilling fluids (Paper I).

Samples Yield Stress Flow Point
(Pa) (Pa)
Base fluid (BF) 4.60 8.46
BF + 0.0095wt.% Fe NPs 5.60 9.30
BF + 0.019wt.% Fe NPs 4.90 9.48
BF + 0.038wt.% Fe NPs 5.20 8.91
BF + 0.0095wt.% Fe-Si NPs 4.80 9.07
BF + 0.019wt.% Fe-Si NPs 3.30 7.74
BF + Fe-XG NPs 5.10 9.38

Table 5.2 shows the values for KCI drilling fluids, the addition of Fe
NPs to the drilling fluids reduced the yield stress and flow point values
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Table 5.2: Yield stress and flow point (Oscillatory) for KCI drilling
fluids (Paper I).

Samples Yield Stress Flow Point
(Pa) (Pa)
Base fluid (BF-1) 2.00 4.90
BF + 0.0095wt.% Fe NPs 2.00 4.63
BF + 0.019wt.% Fe NPs 1.90 4.39
BF + 0.0095wt.% Fe-Si NPs 2.40 4.91
BF + 0.019wt.% Fe-Si NPs 2.40 5.03
Base fluid (BF-2) 1.60 4.30
BF + 0.038wt.% Fe NPs 1.40 3.72
BF + Fe-XG NPs 2.00 4.59

due to the formation of weaker gel structures. In contrast, Fe-XG
shows a slight increment in values owing to the gel-forming ability
of the polymer. Moreover, Fe-Si also demonstrates improvement in
yield stress and flow point.

S510, NPs

Si0, NPs ability to control the gelation of bentonite influences the
yield stress and flow point values of bentonite drilling fluids. All three
types show a similar trend and decrease the values of the base fluid.
An increase in NPs concentration in the fluids further reduces the
values, where Si NPs showed the highest reduction. Although NPs
decrease the yield flow point of base fluids, Si-C and Si-N show less
reduction, especially at high concentrations, due to functional groups
on the surface of NPs enabling gel formation with the bentonite,
as indicated in Table 5.3. KCl drilling fluids with Si0O; NPs show
increased yield stress and flow point values, see Table 5.4. The
addition of 0.019wt.% provides the highest increase, while Si-C and
Si-N demonstrate similar increases in yield stress values.
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Table 5.3: Yield stress and flow point (Oscillatory) for bentonite

drilling fluids.

Samples Yield Stress Flow Point
(Pa) (Pa)
Base fluid (BF) 4.80 8.47
BF + 0.0095wt.% Si NPs 3.00 5.72
BF + 0.0095wt.% Si-C NPs 3.00 6.41
BF + 0.0095wt.% Si-N NPs 4.60 8.36
BF + 0.019wt.% Si NPs 2.10 4.22
BF + 0.019wt.% Si-C NPs 2.30 4.58
BF + 0.019wt.% Si-N NPs 3.90 7.53

Table 5.4: Yield stress and flow point (Oscillatory) for KCI drilling

fluids.

Samples Yield Stress Flow Point

(Pa) (Pa)

Base fluid (BF) 2.10 5.22

BF + 0.0095wt.% Si NPs 2.30 5.11

BF + 0.0095wt.% Si-C NPs 2.50 4.89

BF + 0.0095wt.% Si-N NPs 2.50 5.18

BF + 0.019wt.% Si NPs 2.90 5.71

BF + 0.019wt.% Si-C NPs 2.40 5.00

BF + 0.019wt.% Si-N NPs 2.40 5.04

Nanotubes

Table 5.5 and Table 5.6 show the results for nanotubes. Based on
the previous results, only low concentrations of nanotubes were used
for viscoelastic properties. Nanotubes increase the yield stress and
flow points of the base fluid in the case of both bentonite and KCl
drilling fluids, except for 0.0095wt.% MW-OH in KCI drilling fluids,
which slightly decreases the flow point of the base fluid. MW-COOH
provides slightly more increase in yield stress and flow point values
of KCI drilling fluids owing to better interaction of carboxylic acid

with the additives in the fluid system.
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Table 5.5: Yield stress and flow point (Oscillatory) for bentonite

drilling fluids.

Samples Yield Stress Flow Point
p (Pa) (Pa)
Base fluid (BF) 4.80 8.47
BF + 0.0095wt.% MW 6.00 9.54
BF + 0.0095wt.% MW-OH 6.00 9.62
BF + 0.0095wt.%
MW-COOH 5.70 9.50
Table 5.6: Yield stress and flow point (Oscillatory) for KCI drilling
fluids.
Samples Yield Stress Flow Point
p (Pa) (Pa)
Base fluid (BF) 2.10 5.22
BF + 0.0095wt.% MW 2.70 5.38
BF + 0.0095wt.% MW-OH 2.50 5.06
BF + 0.0095wt.%
MW-COOH 3.00 5.60

5.2 Mechanical Friction

Iron NPs

It is important to keep the torque and drag during the drilling
operation to a minimum level. Therefore, to achieve this, lubrication
provided by the drilling fluid is crucial. The mechanical friction
between the string and hole/casing depends on the fluid which is
present in the well. Improving the lubricating properties of drilling
fluids will permit smooth casing running operation and allow drilling
longer distances.

The presence of bentonite in water-based drilling fluids increases
mechanical friction. NPs addition to these fluids can reduce the
coefficient of friction as depicted in Figures 5.13 a, b. The addition of
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Figure 5.13: Friction values of water-based drilling fluids a, b)
Bentonite-based fluids with NPs ¢, d) KCl-based fluids with NPs
(Paper I).

0.019wt.% Fe and Fe-Si demonstrate the highest decrease in friction.
The possible reason for this behaviour is the ability of NPs to form a
lubricating film around the surface of micro-sized additives present
in the fluid. However, an increase in NPs concentration slightly
increases the friction compared to a lower concentration, owing to
the agglomeration of NPs. Polymer presence on the surface of NPs
also contributed to a slighter decrease in friction of base fluids.

The absence of bentonite in the KCI drilling fluids permits the low
friction values for these fluids, as indicated in Figures 5.13 ¢, d. Even
though KCI drilling fluids show low friction values, NPs can still
further decrease the friction coefficient. In this case, 0.019wt.% Fe
and Fe-Si and Fe-XG NPs showed a significant decrease in friction.
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S102 NPs

Since Si0y NPs reduce the excessive gelation of bentonite drilling
fluids, they show a decrease in friction values of the fluids, especially
at high concentrations, see Figures 5.14 a, b. Surface-modified NPs,
i.e., Si-C and Si-N, show more reduction compared to the Si NPs.
The small size of Si-N NPs enables the NPs to enter the contact zone
between the rough surfaces.
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Figure 5.14: Friction values of water-based drilling fluids with S1O9
NPs a,b) Bentonite drilling fluids with NPs ¢,d) KCI drilling fluids
with NPs.

In the case of KCl drilling fluids, NPs show a similar trend and
decrease the friction of base fluids. Again, the ability of NPs to form
a lubricating film around the additives present in the fluid contributed
to this behaviour. NPs act as a fluid and fill the microscopic spaces
between the rough surfaces in the fluid, see Figures 5.14 ¢, d.
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Nanotubes

MWCNTs are known for their lubricating properties. In bentonite
drilling fluids, nanotubes are physically adsorbed on the bentonite and
other additives in drilling fluids and lower the friction values of the
base fluid. Nanotubes provide a lubricating coating on rough surfaces
and reduce friction, especially at lower concentrations. Uniform and
stable dispersion of nanotubes in surfactant contributed to effective
interaction with the drilling fluids. A high amount of nanotubes
in the fluids may cause slight agglomeration of nanotubes, which
minimizes the lubricating effect (Figures 5.15 a, b). Similar behaviour
is observed for KCl drilling fluids, as shown in Figures 5.15 ¢, d, where
MW shows the highest reduction in friction of the base fluids.
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Figure 5.15: Friction values of water-based drilling fluids with
MWCNTs a,b) Bentonite drilling fluids with nanotubes ¢,d) KCI
drilling fluids with nanotubes.
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5.3 Fluid Loss

Iron NPs

The drilling fluids additive and solid particles that construct the
filter cake are crucial in controlling the fluid loss to the formation.
Proper control of fluid loss to the formation is essential to improve
the quality of drilling fluids. The following section presents the ability
of NPs to control the fluid loss of water-based drilling fluids.
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Figure 5.16: Filtrate volume of water-based drilling fluids after
fluid loss test a,b) Bentonite-based fluids with NPs ¢, d) KCl-based
fluids with NPs (Paper I).

The fluid loss results for the bentonite drilling fluids and fluids
with NPs are shown in Figures 5.16 a, b. Fe NPs with different
concentrations show similar reductions in the fluid loss values. The
lowest percentage of NPs (0.0095wt.% ) in the fluids resulted in the
highest decrease in fluid loss. Polymer coating on Fe NPs; i.e., Fe-XG,
also shows a 16% decrease in fluid loss. The possible reason for a
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reduction in fluid loss is the ability of NPs to fill the micropores in
the filter cake, as confirmed by the SEM analysis. Even though the
Fe-Si NPs reduce the viscosity of the bentonite drilling fluids, they
still demonstrate a decrease in fluid loss owing to the filling of pores
in the filter cake. However, the decrease in fluid loss is less compared
to 0.0095wt.% Fe NPs, which explains that the presence of silica on
Fe NPs creates electrostatic repulsion with bentonite particles.

Figures 5.16 ¢, d shows the impact of NPs on KCI drilling fluids.
Higher concentration of Fe NPs in the fluid shows the most
considerable reduction of 14% compared to other concentrations. This
shows that at room temperature and high pressure, more particles in
the fluid allow better filling of pores in the filter cake that controls
fluid flow. Fe-Si NPs also show a similar decrease in fluid loss,
attributed to the increase in viscosity of the fluids with NPs that
construct more compact filter cake. However, in the case of Fe-XG,

there is an increase in fluid loss due to weaker gel formation of Fe-XG
with KCI drilling fluids.

S102 NPs

S105 NPs in the bentonite drilling fluids show a reduction in the
fluid loss values of the base fluid. Si-N with 0.0095wt.% shows a 14%
reduction in fluid loss values of the drilling fluids (Figures 5.17 a, b).
However, an increase in NPs percentage in the drilling fluids provides

a slighter decrease in fluid loss owing to a decrease in the viscosity of
the fluids.

S109 NPs show a minor reduction in fluid loss values of KCI drilling
fluids see Figures 5.17 ¢, d. This may be due to weak interparticle
interaction of NPs with the additives in the drilling fluids that disrupt
at high pressure. Here again, Si-N provides the highest reduction of
13%, showing the ability of finer particles to fill the pores in the cake
structure.
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Figure 5.17: Fluid loss of water-based drilling fluids a,b) Bentonite
drilling fluids with NPs ¢,d) KCI drilling fluids with NPs.

Nanotubes

Adsorption of nanotubes on bentonite and KCI slightly decreases
fluid loss values of both bentonite and KCl drilling fluids by filling the
micropores in filter cake, see Figures 5.18 a, b. The slight decrease is
due to the non-significant bridging of the gaps in the cake structure
by nanotubes. MW-COOH with 0.0095wt.% in bentonite drilling
fluids reduces the fluid loss by 10%.

However, for KCI drilling fluids, MW-COOH increases the fluid loss,
showing the ability of carboxyl acid groups on the surface of MW-
COOH to create a weaker structure with KCI salt. Even though
MW-COOH improves the gel strength of fluid still, high pressure
disrupts the structure of the filter cake, causing more fluid loss.
Nevertheless, for MW and MW-OH, the fluid loss decreases by 9%
for KCI drilling fluids, which shows the ability of these nanotubes to
maintain the gel strength even under pressure.
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Figure 5.18: Fluid loss of water-based drilling fluids a,b) Bentonite
drilling fluids with nanotubes ¢,d) KCl drilling fluids with nanotubes.

5.4 Microscale Analysis of Filter Cake

Iron NPs

SEM images of filter cake formed after the fluid loss test of bentonite
drilling fluids with and without NPs are shown in Figures 5.19 a-f.
The SEM image with Fe NPs, Figures 5.19 ¢, d confirms the presence
of NPs in the cake as pointed by the arrow. The ability of NPs
to fill the voids in the cake structure is the possible reason for the
reduction of fluid loss. In the case of Fe-XG, as shown in Figure 5.19
e, f, the particles are deposited on the clay platelets. Long chains of
XG provide better sealing ability, and the particles bridge the pore
spaces in the cake structure. However, SEM analysis confirms the
agglomeration of particles even for Fe-XG. This hinders the ability
of NPs to minimize fluid loss further.
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Figure 5.19: SEM images of filter cake of bentonite drilling fluids
a,b) Structure of filter cake for base fluid ¢,d) Structure of filter cake
for Fe NPs e,f) Structure of filter cake for Fe-XG (Paper I).

Fe-Si NPs also adsorbed on the cake structure and facilitate fluid
loss reduction by filling the cake structure’s micropores compared to
base fluid, as presented in Figures 5.20 a-d.
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Figure 5.20: SEM images of filter cake of bentonite drilling fluids
a,b) Structure of filter cake for base fluid ¢,d) Structure of filter cake
for Fe-Si NPs.

Similarly, for KCI drilling fluids, SEM images confirm the presence
of NPs in the cake structure, see Figures 5.21 c-f. Although NPs fill
the voids in the cake structure and are adsorbed on the salt surface,
the cake structure with NPs still has large pores in the structure,
contributing to high fluid loss values. Moreover, for Fe-XG, the
high fluid loss values might be due to the deposition of NPs on a
salt surface that inhibits the ability to block the pores in the cake
structure. Moreover, salt dissociation induces flocculation, and large
agglomerates of Fe-XG formed which created voids in the structure,
as shown in Figures 5.21 e, f.
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Figure 5.21: SEM images of filter cake of KCI drilling fluids a,b)
Structure of filter cake for base fluid ¢,d) Structure of filter cake for
Fe NPs e,f) Structure of filter cake for Fe-XG (Paper I).

Fe-Si NPs could bridge the gaps in the cake structure formed by KCI
drilling fluids, as indicated in Figures 5.22 ¢, d. NPs deposited on
the surface of the cake fill the empty spaces in the cake structure,
lowering the fluid loss values.
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Figure 5.22: SEM images of filter cake of KCI drilling fluids a,b)
Structure of filter cake for base fluid c¢,d) Structure of filter cake for
Fe-Si NPs.

S10, NPs

Figures 5.23 a-h show the SEM images for the filter cake formed by
bentonite drilling fluids and drilling fluids with SiOs NPs. Images for
all three types of Si0Os NPs show that although NPs fill the voids in
the cake structure, there are still pores present in the cake structure.
This inhibits the further reduction in fluid loss. The ability of Si-N
to provide a higher decrease in fluid loss is due to the more compact
structure formed by the NPs, see Figures 5.23 g, h.
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Figure 5.23: SEM images of filter cake of bentonite drilling fluids
a,b) Base fluid ¢,d) Si NPs e,f) Si-C NPs g,h) Si-N NPs.
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Figure 5.24: SEM images of filter cake of KCI drilling fluids a,b)
Structure of filter cake for base fluid ¢,d) Structure of filter cake with
Si NPs fluid e,f) Structure of filter cake with Si-C NPs g,h) Structure
of filter cake with Si-N NPs.
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Furthermore, for KCI drilling fluids, again NPs deposited on the cake
structure, and SEM images confirmed the presence of NPs throughout
the cake structure. However, in the case of Si NPs and Si-C, the
NPs could not construct a compact cake structure, as indicated in
Figures 5.24 c¢-f. In contrast, Si-N NPs form a comparatively compact
structure, and there is a uniform distribution of NPs on the surface
cake, which explains the ability of Si-N NPs to provide a higher
decrease in fluid loss (Figures 5.24 g, h).

Nanotubes

SEM images for bentonite drilling fluids filter cake with nanotubes
confirm the presence of tube structures in the cake; see Figures 5.25
a-h. Nanotubes are deposited on the clay surface present in the cake
structure. However, owing to the large size of the tubes, they cannot
significantly reduce the fluid loss. MW-COOH bridge gap in the
cake structure, which may be a reason for more decrease in fluid loss
compared to other nanotubes.

Nanotubes are present in the cake structure of KCI drilling fluids.
Again, nanotubes deposited on the cake structure and interacted
with the KCI salt without filling the voids in the microstructure,
as presented in Figures 5.26 a~h. Still, the decrease in fluid loss by
MW and MW-OH is due to the bridging of voids in the structure by
nanotubes.
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Figure 5.25: SEM images of filter cake of bentonite drilling fluids
a,b) Base fluid ¢,d) MW e,f) MW-OH g,h) MW-COOH.
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Figure 5.26: SEM images of filter cake of KCI drilling fluids a,b)
Base fluid ¢,d) MW e,f) MW-OH g,h) MW-COOH.
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5.5 Emergy Dispersive X-ray Spectroscopy

Iron NPs

EDS analysis for filter cake formed by bentonite drilling fluid with
Fe NPs shows the high amount of Fe NPs present throughout the
cake structure compared to base fluid, as shown in Figures 5.27
a-f. Figures 5.27 ¢, d show that Fe NPs are uniformly distributed
in the cake structure. However, the Fe-XG NPs are not uniformly
distributed in the cake structure as depicted in Figures 5.27 e, f. This
may be possibly due to the coating of XG on the surface of NPs.

Figure 5.27: EDS analysis of filter cake formed by bentonite drilling
fluids a,b) Base fluid c,d) Base fluid with Fe NPs e,f) Base fluid with
Fe-XG NPs (Paper I).
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Also, the agglomeration of Fe-XG can be a reason for this behaviour.
Surface modification of Fe NPs with silica i.e., Fe-Si NPs provides
better distribution of NPs in the cake structure as presented in
Figures 5.28 ¢, d, as compared to the base fluid.

Figure 5.28: EDS analysis of filter cake formed by bentonite drilling
fluids a,b) Base fluid ¢,d) Base fluid with Fe-Si NPs.

In the case of KCI drilling fluids, although the Fe NPs are present
in the cake structure as the content of Fe is higher for fluids with
NPs, still the NPs are not distributed throughout the cake structure
possibly due to agglomeration of NPs. Hence there is less reduction
in fluid loss. Similar behaviour can be observed for Fe-XG, as shown
in Figures 5.29 c-f.
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Figure 5.29: EDS analysis of filter cake formed by KCI drilling
fluids a,b) Base fluid ¢,d) Base fluid with Fe NPs e,f) Base fluid with
Fe-XG NPs (Paper I).

For Fe-Si NPs, there is a high amount of SiO in the cake structure
with NPs; see Figures 5.30 ¢, d. The presence of Si0O5 in the base
fluid is due to bentonite. The difference between Figures 5.30 b and
d shows the ability of NPs to create a more compact structure by
dispersing throughout the cake structure.
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Figure 5.30: EDS analysis of filter cake formed by KCI drilling
fluids a,b) Base fluid ¢,d) Base fluid with Fe-Si NPs.

S10, NPs

S10y NPs are deposited on the filter cake surface formed by bentonite
drilling fluids, as shown in Figures 5.31 c¢-h. Compared to base
fluid, the Si0O, NPs filled the voids by being uniformly distributed
throughout the cake structure.

In the case of KCl fluids, the results show that NPs are not uniformly
distributed in the cake structure. They are deposited on the salt
surface or other additives in the fluid system, as shown in Figures
5.32 c-h.
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Figure 5.31: EDS analysis of filter cake formed by bentonite drilling
fluids a,b) Base fluid ¢,d) Base fluid with Si NPs e,f) Base fluid with
Si-C NPs g,h) Base fluid with Si-N NPs.
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Figure 5.32: EDS analysis of filter cake formed by KCI drilling
fluids a,b) Base fluid ¢,d) Base fluid with Si NPs e,f) Base fluid with
Si-C NPs g,h) Base fluid with Si-N NPs.
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Nanotubes

Even though nanotubes are distributed throughout the filter cake
structure formed by bentonite and KCI drilling fluids, as indicated
in Figures 5.33 a-h and Figures 5.34 a-h, there are still large voids
in the cake structure. Hence, the nanotubes do not lead to a very
large reduction in the fluid loss values. Moreover, the ability of
nanotubes to trap large amounts of fluid due to their hollow tube
structure, which they released under high pressure contributed to
the low reduction in fluid loss. However, MW-COOH still reduces
the fluid loss for bentonite fluids by 10%. While MW and MW-OH
in the cake structure of KCI drilling fluids bridged the gaps more
effectively, which explains the better reduction in fluid loss values,
see Figures 5.34 c-h.
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Figure 5.33: EDS analysis of filter cake formed by bentonite drilling
fluids a,b) Base fluid ¢,d) Base fluid with MW e,f) Base fluid with
MW-OH g,h) Base fluid with MW-COOH.
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Figure 5.34: EDS analysis of filter cake formed by KCI drilling
fluids a,b) Base fluid ¢,d) Base fluid with MW e,f) Base fluid with
MW-OH g,h) Base fluid with MW-COOH.
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6 Application of IONPs in Oil-
Based Drilling Fluids.

This chapter covers the results from the impact of IONPs on the
rheological parameters, mechanical friction, and fluid loss properties
of oil-based drilling fluids. The results are based on the paper II.

6.1 Rheological Parameters of the Drilling
Fluids

The shear stress of the oil-based drilling fluids with 0.5wt.% and
1wt.% NPs at various shear rates is presented in Figure 6.1.
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Figure 6.1: Effect of temperature and IONPs on shear stress at
different shear rates for oil-based drilling fluids (Paper II).
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The measurements were done at ambient and high temperature under
atmospheric pressure. The results show that NPs do not significantly
impact the shear stress values of the base fluid. Moreover, as shown
in Paper II, the apparent viscosity of drilling fluids decreases with the
shear rate, confirming the shear-thinning behavior of fluids. IONPs
increase the viscosity of drilling fluids at high temperature, especially
at lower shear rate values (Paper II).

6.1.1 Gel Strength

Figures 6.2 a, b show the 10 s and 10 min gel strength of drilling
fluids with and without NPs. Adding 0.5wt.% Fe NPs to the fluid
increase the 10 s gel strength by 6% and 14% at 50 °C and 80 °C,
respectively. Moreover, 10 minutes of gel strength increased by 4.5%
and 14.3% for 0.5wt.% NPs. However, a higher concentration of NPs
destabilizes the system compared to the base fluid. This shows that
the lower concentration of NPs effectively changes the base fluid’s gel
properties. The ability of fine particles to keep the fluids stable at
low shear is the possible reason for improving the gel strength (Paper
I1).
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Figure 6.2: Gel strength a) 10 sec and b) 10 min of drilling fluids
and drilling fluids with 0.5 wt.% IONPs and 1.0 wt.% IONPs at
different temperatures (Paper II).
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6.1.2  Yield and Surplus Stress

Figure 6.3 a shows the Herschel-Bulkley (HB)-Yield stress for the
base Oil-based mud (OBM) and OBM with IONPs. The addition of
NPs to the base fluid decreases the yield stress at 22 °C, as shown in
Figure 6.3. However, at a higher temperature (80 °C), there is an
increase in yield stress values for NPs-based fluids compared to the
base fluid. The increase was significant both for the 0.5 wt.% and
1.0 wt.% concentrations, as shown in Figure 6.3 (Paper II).
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Figure 6.3: Effect of temperature on a) Yield and b) Surplus stress
of oil-based drilling fluids and drilling fluids with IONPs (Paper II).

6.1.3 Low and High Shear Curvature Exponents

1.40 = Base Fluid (BF) a) 1.40 ® Base Fluid (BF)
@ =BF+0.5 wi% NPs e = BF+0.5 Wt% NPs b)
S _ 1201  wBR10wi% NPs 2 1.20 5 BF+1.0 wi% NPs
e [72) =
S 7 vood S < Lo
5 & 5 &
|G, 0.80 Q - 0.80
= £ - =
& ¥ 060 ® L 0.60
28 -
W S 0.40 »nn g 040
z o < 4
S 0.20 + = 0.20
- =

0.00 - 0.00

80 22 80

22 50 50
Temperature (°C) Temperature (°C)

Figure 6.4: a) n;s and b) ny of oil-based drilling fluids and drilling
fluids with IONPs (Paper II).
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Figures 6.4 a and b show that NPs do not significantly affect n;; and
nps respectively. Fluid with 0.5 wt.% NPs shows a minor increase in
nps value at 80 °C compared to the base fluid (Paper II).

6.1.4 DBarite Sagging

Although the reference drilling fluid shows an acceptable sag factor of
0.53 [335], NPs still further reduce the sag factor. Using 0.5wt.% NPs
in the drilling fluids provide more reduction than high concentration,
see Figure 6.5. Barite sagging under dynamic conditions is vital
since drilling fluids will be exposed to dynamic and static conditions.
Since 0.5wt.% concentration provides better performance under static
conditions, only low concentration was used to perform a test under
dynamic conditions. As shown in Figure 6.5, there is a reduction in
sagging under dynamic conditions for fluid with NPs (Paper II).

0.70 m Static
0.65 A

0.60 - Dynamic
0.55 -

Sag Factor

0.50 1
0.45 1
0.40 -
0.35 1
0.30 -
0.25 1
0.20 +
0.15 1
0.10 f
0.05 1
0.00 T T :

Base fluid (BF) BF+0.5 wt% NPs BF+1.0 wt% NPs

Fluid Samples

Figure 6.5: Static and dynamic barite sagging of oil based drilling
fluids and drilling fluids with NPs (Paper II).
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6.2 Friction Measurement

Oil-based drilling fluids show lower mechanical friction values than
water-based drilling fluids [341]. Still, further reduction in friction
values can be beneficial to lower the torque and drag during drilling.
Similar to gel strength and barite sagging results, low concentration
of NPs in drilling fluids provides more reduction in friction values, see
Figure 6.6. The possible reason for the decrease in the coefficient of
friction is due to the formation of a lubricating film by NPs between
the ball and plate surface, as also observed in the case of water-based
fluids. Small-sized NPs act as fluid in the system, minimizing friction
(Paper II).
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Figure 6.6: Impact of NPs on the coefficient of friction of oil-based
drilling fluids (Paper II).

115



Application of IONPs in Qil-Based Drilling Fluids.

6.3 Effect of NPs on the Fluid Loss and
Filter Cake

As mentioned in the introduction, control of fluid loss to the formation
is one of the important parameters to define the quality of drilling
fluids. The properties of filter cake formed by the drilling fluids are
vital to limit fluid loss. Figure 6.7 shows the fluid loss test results
at high temperature and pressure. The filtration and fluid loss rate
is substantially decreasing with the addition of 0.5wt.% Fe NPs in
the drilling fluids. A test was done with 0.5% hexane to confirm the
ability of NPs to reduce fluid loss rather than hexane. Results show
that the significant contribution to decreasing fluid loss is from the
NPs. The addition of NPs to drilling fluids seals the pores in the
structure and reduces fluid loss [342] (Paper II).
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Figure 6.7: Filtrate volume after fluid loss test for oil-based drilling
fluids with IONPs (Paper II).
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Since the properties of filter cake, such as thickness and permeability,
are crucial in limiting fluid loss, calculating these properties can
provide insight into the quality of filter cake. The filter volume is
directly proportional to the square root of time if the effect of the
filter paper resistance factor is negligible [4]. Eq. 6.1 presents the
relation, and it is valid for the high temperature and pressure tests,

v — % (J{m - 1) AVE (6.1)

In the above equation, the permeability of the filter cake and
differential pressure are represented by k,,. and Ap, respectively.
Further, the volume fraction of solids in the filter cake and drilling
fluids are represented by f,. and f,,,, respectively. Here, A is the area
of the filter, pf is the viscosity of the filtrate and t is the time. Since
it was not possible to continuously measure the filter cake thickness
during the test, a relation between the filter cake height and fluid
volume is used instead, i.e., Eq. 6.2. This equation is valid in case of
static filtration [4],

Vi
A(J{ﬁ - 1)

Eq. 6.1 and Eq. 6.2 can be used to estimate the permeability of the
filter cake by using the corresponding cumulative volume (V3),

home = (6.2)

hchfBO

Fme = 091t 357N p

(6.3)

Table 6.1 presents the calculated and measured results. The results
show that 0.5wt.% NPs reduce the cake thickness and permeability
by 55% and 88%, respectively. This ultimately led to a reduction of
70% in fluid loss. These results show that NPs in the drilling fluids
can produce fluid that can perform better under high temperature
and pressure.

117



Application of IONPs in Oil-Based Drilling Fluids.

Table 6.1: Filter cake properties and filter volume (Paper II).

ch th
Samples (%) (%) Vi (%)
Drilling fluids + 0.5wt.% Hexane -15 -6.55 -2
Drilling fluids + 0.5wt.% NPs -87.7 -54.58 -70

A filter cake with high thickness can cause the drill string sticking,
due to an increase in contact between the filter cake and the drill
string [343|. The force required to free the pipe depends on the
coefficient of friction, differential pressure, and contact area of the
pipe in the hole wall. Since NPs lower friction and contact area, this
reduces the drill string sticking problem during drilling operations
[344]. In addition, impermeable filter cake also contributes to lower
fluid losses to the formation in cases where well pressure is close to
the fracture gradient (Paper II).
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7 Application of Nanotubes and AL
NPs in Cement and Geopolymer

This chapter presents the results from paper III and unpublished
work for the application of NPs in cement. The chapter discusses the
impact of NPs on the properties of cement and geopolymer materials.

7.1 Rheological Properties

The rheology of cement is an essential element in the design,
evaluation, and execution of cementing operations. Viscous data
of cementitious materials can predict a material’s flow properties at
different conditions, such as during mixing and pumping. Various
parameters like temperature, pressure, solid content, type of hardener
or fluid, and conditioning duration can influence the viscous properties
of the slurry.
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Figure 7.1: Effect of temperature and NPs on the rheological
behaviour of a) Cement b) Geopolymer (Paper III).

The viscous properties of cement and the impact of NPs are presented
in Figure 7.1 a. Cement slurry shows non-Newtonian behaviour, and
the addition of NPs shows the same trend. NPs addition to cement
slurry, show higher shear stress values, with MW-OH showing the
highest increase. This indicates that NPs addition to cement makes
slurry more viscous due to the high surface area of NPs. In the
case of AL NPs, there is a decrease in shear stress values at high
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temperatures at high shear rates. This behaviour may be due to
the formation of a weaker gel structure that disrupts at higher shear
rates. NPs also increase the apparent viscosity of cement slurry,
and MW-OH depicts the highest increase due to functional groups
providing better interaction with cement slurry.

The rheological properties of the neat geopolymer also show non-
Newtonian (Bingham Plastic) behaviour. The addition of NPs shows
similar trends but with higher shear stress values for the same shear
rate. Hence, NPs also increase the viscosity of geopolymer, as
indicated in Figure 7.1 b. As discussed by Hodne et al. (2001)
[345], adding micro-sized silica particles increased the viscosity of the
cement slurry. A similar trend is observed in this study; adding NPs
to the slurry increases the solid content. Moreover, the high surface
area of NPs makes slurry more cohesive and viscous.

The slurry containing MW-OH shows a change in shear stress values
at high shear rates as the temperature increases from 40 °C to
50 °C. The reason for the behaviour remains unknown. However,
shear rates greater than 250 1/s are not usually experienced in the
field scale, except in the case of the Bottom Hole Assembly [346].
Figures 7.2 a, b show the apparent viscosity of the slurries at different
temperatures. It can be seen that NPs have increased the apparent
viscosity. Moreover, for all slurries, there is a decrease in viscosity
with an increase in shear rate showing shear thinning behaviour.
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Figure 7.2: Apparent viscosity of a) neat cement with NPs and b)
geopolymer modified with AL NPs, and MW-OH (Paper III).
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Table 7.1: Casson Yield stresses and Casson plastic viscosities of
cement (Paper III).

Yield Stress I"lastl.c
Samples (Pa) Viscosity

(Pa-s)
Neat Cement (NC) 30 °C 6.13 0.04
Neat Cement (NC) 40 °C 6.89 0.04
Neat Cement (NC) 50 °C 6.60 0.05
NC+AL NPs 30 °C 6.96 0.05
NC+AL NPs 40 °C 7.61 0.05
NC+AL NPs 50 °C 8.74 0.04
NC+MW-OH 30 °C 7.35 0.05
NC+MW-OH 40 °C 7.55 0.05
NC+MW-0OH 50 °C 8.67 0.06
NC+MW 30 °C 7.29 0.05
NC+MW 40 °C 7.83 0.05
NC+MW 50 °C 8.82 0.05

Table 7.2: Casson Yield stresses and Casson plastic viscosities of
geopolymer (Paper III).

Yield Stress P.’lastl.c
Samples (Pa) Viscosity

(Pa-s)
Neat Geopolymer (GP) 30 °C 0.015 0.23
Neat Geopolymer (GP) 40 °C 0.009 0.21
Neat Geopolymer (GP) 50 °C 0.014 0.17
GP+AL NPs 30 °C 0.36 0.29
GP+AL NPs 40 °C 0.22 0.27
GP+AL NPs 50 °C 0.34 0.23
GP+MW-OH 30 °C 0.25 0.29
GP+MW-OH 40 °C 0.21 0.26
GP+MW-OH 50 °C 0.15 0.24
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Table 7.1 and Table 7.2 show the values for yield stress and
plastic viscosity for neat cement and geopolymer mixed with NPs;,
respectively. Yield stress and plastic viscosity of cement-based
materials are crucial for displacement and the pumpability of the
slurry. Higher yield stress and plastic viscosity values of the cement
and geopolymer mix with NPs thicken the system and control the
segregation of materials by providing better cohesion. This increase
in viscosity does not affect the pumpability of the slurry, as indicated
by the setting time results. However, it can impact pump pressures
and friction in the well, causing more significant downhole pressures
when circulating (Paper III).

7.2 Fluid-Loss Test

The formation in contact with the cement slurry during its placement
acts as a filter that permits fluid flow while retaining the particles
and forming a filter cake. The excessive fluid loss to the formation
can contribute to wellbore control problems, such as maintaining
the hydrostatic pressure due to the loss of liquid phase from the
slurry. The decrease in hydrostatic pressure below the formation
pore pressure can allow the penetration of formation fluids in the
annuli resulting in channels within the cement sheath. In addition,
incomplete hydration of cement can occur due to the loss of the
liquid phase from the slurry, as this liquid phase can contribute to
the solidification reaction. Moreover, high fluid loss can make slurry
more viscous, which can cause more considerable pressure losses and
the requirement of higher pumping pressure during operation. This
high pump pressure can induce fractures in the formation. Therefore,
additives are used in the cement slurry to avoid high fluid losses.

Fluid loss results for neat cement and cement with NPs are shown in
Figure 7.3 a. Since the additives are not present in the cement slurry,
it shows high fluid loss values. Moreover, the addition of NPs even
further increases fluid loss. This might be due to the delay in the
gelation of cement slurry by NPs at high pressure and temperature.
The NPs adsorbed water during the hydration process and released
it at high pressure, increasing fluid loss. An increase in fluid loss for
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nanotubes shows the ability of nanotubes to trap large amounts of
fluid due to hollow tube structure. The results are in accordance with
the pumpability results where NPs contributed to longer pumping
time.
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Figure 7.3: Impact of AL NPs and nanotubes on static fluid loss of
a) cement and b) geopolymeric slurries (Paper III).

There is no hydration reaction involved in the geopolymerization
process and it requires less amount of water. Therefore, lower values of
fluid loss are associated with the geopolymer. However, hardener loss
may result in loss of hydrostatic pressure or incomplete reaction. Our
measurements confirmed the lower fluid loss values with geopolymer
after 30 minutes, as shown in Figure 7.3 b. The mix containing AL
NPs showed an increase in fluid loss values. The possible reason
might be a delay in the hardening of slurry with AL NPs. Moreover,
attachment of MW-OH to the oligomers results in a considerable

decrease in fluid loss values of geopolymer, as shown in Figure 7.3 b
(Paper III).

7.3 Pumpability

It is crucial to know the pumpability and workability of the cement
slurry to estimate the duration for which the slurry is pumpable
before the gelation occurs. Temperature ramp-up rate and bottom-
hole circulating temperature (BHCT) depend on the specific well.
As mentioned before in this work, 50 °C was selected as BHCT. The
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typical upper limit for consistency above which the slurry is not
pumpable is 70 Bearden units of consistency (Bc). Figures 7.4 a-c
shows the consistency at atmospheric and high-pressure results for
neat cement with and without NPs.
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Figure 7.4: a) Effect of AL NPs on setting time of the cement slurry
b) Effect of MW-OH on setting time of the cement slurry c) Effect
of MW on setting time of the cement slurry.

High pressure reduces the pumping time by accelerating the gelation
of cement. All the materials show this trend; however, NPs delay the
gelation at high pressure. This indicates that high pressure influences
the reaction between cement and NPs and delays the hydration of
cement, especially in the case of nanotubes. The retardation effect
of NPs on cement hydration is due to the ability of NPs to hinder
water contact with cement [347-349]. Also, in the case of nanotubes,
chemical retardation is caused by the surface groups on NPs such as
OH due to electrostatic interaction with Ca-+, causing complexation
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of Ca+. [348-350]. However, at atmospheric pressure, NPs slightly
reduce the setting time owing to the ability of NPs to accelerate the
reaction rate.

It is crucial to control the setting time of geopolymer slurry for its
application in an oil field. Borax-based retarders are suggested to
prolong the geopolymer setting; however, they decrease the material’s
mechanical strength. NPs can be used to increase the pumpability of
the geopolymer slurries by acting as a retarder. Figures 7.5 a, b show
that adding NPs significantly increases the available pumping time
of the geopolymers. A possible scenario for this phenomenon could
be that the NPs act as a shield between the aluminosilicate precursor
and hardener and decrease the dissolution rate of alumina-silicates
[351]. NPs delay the gelation step and prolong the setting of the
geopolymer slurry. Also, the addition of NPs to the geopolymer
slurry promotes the electrostatic repulsion between similar charges
in the slurry system. Furthermore, as the NPs are dispersed in
surfactants, they might act as retarders and delay the setting time
of the geopolymer slurries. The inclusion of the NPs prolonged the
pumping time to 3 hours; see Figures 7.5 a and b. This work shows
that pressure does not have a significant impact on pumping time,
which is in accordance with a previous investigation done by Khalifeh
et al. (2019a) |352] on neat geopolymers (Paper III).
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7.4 Mechanical Properties
7.4.1 Uniaxial Compressive Strength (UCS)

The unconfined compressive strength tests were performed after the
specimens aged 12hr, 24hr, 3, 7, and 28 days. For each curing
time, three specimens were crushed, and the average strength values
were reported to represent the unconfined compressive strength.
Even though the cement and geopolymer specimens were cured
in autoclaves, the mechanical destructive tests were conducted at
ambient conditions. Figure 7.6 a, presents the compressive strength
data for the neat cement and cement with NPs. The inclusion of NPs
in the cement does not significantly impact the strength of cement
until 3 days, except for MW. This confirms the ability of NPs to delay
the gelation of cement. This confirms the ability of NPs to delay
the gelation of cement. However, after 28 days, the cement shows
strength retrogression, but NPs incorporation in the matrix provides
thermal stability. NPs in the cement create strong structures by
eliminating weak zones within the cement structure. Nanotubes show
better compressive strength than other samples; owing to the high
mechanical strength of tubes, MW shows the highest strength after
28 days.
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Figure 7.6: Unconfined compressive strength for a) Neat cement
with AL NPs and nanotubes b) Neat geopolymer with AL NPs and
MW-OH (Paper III).

The addition of MW-OH and AL NPs to the geopolymer contributed
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to an increase in compressive strength, as indicated in Figure 7.6
b. The integration of NPs in the material structure facilitates this
behaviour. Owing to the fineness of NPs, the chemical reactivity
increases and ultimately produces structures with higher strength
and durability. Moreover, NPs in the geopolymeric slurry might
provide additional nucleation sites for the aluminosilicate reaction,
creating a denser, more homogeneous geopolymer paste. Furthermore,
the increase in compressive strength is due to the elimination of
weaker zones and narrow pore distribution within the geopolymer
matrices. In the case of MW-OH, the presence of hydroxyl groups
on the surface of the MW generated additional OH- groups in the
slurry by reacting with a geopolymer or forming a hydrogen bond.
The interaction between MW-OH and geopolymer incorporates the
MW throughout the geopolymer structure, as confirmed by the
microstructure analysis. It can ultimately construct nanotubes
reinforced geopolymer with higher mechanical properties such as
compressive strength. Li et al. (2013) [353] have shown similar
behaviour. This work shows that creating a hydrogen bond between
geopolymer and N-Carboxymethyl chitosan by adding carboxymethyl
chitosan into fly ash-based geopolymer enhances the mechanical
properties (Paper III).

7.4.2 Modulus of Elasticity

Young’s modulus (E) of cement and formation rock determines the
tensile strength requirements of oil well cement [354, 355]. The
failure of cement sheath integrity depends on the downhole stress
induced by changes in pressure and temperature throughout the
well life-cycle [356]. Moreover, the flexibility of cement material is
vital and required in several cases to control the damage, as higher
tensile and compressive strengths of the material may not provide the
optimum solution [354]. The piston displacement measurements from
the uniaxial compressive strength test were employed to calculate
Young’s modulus by using the slope of the stress-strain curve in
its linear range, owing to the limitations of using a tri-axial cell.
Still, the relative elasticities remain comparable even though the
real elasticity is higher than the estimated values. Incorporating
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nanotubes in the cement structure decreases Young’s modulus after
1 day, while AL NPs show similar values to cement, as indicated in
Figure 7.7 a. Moreover, after 7 days, there is a minor improvement in
Young’s modulus of cement with AL NPs, while for both nanotubes,
values still decrease. After 28 days, there is an increase in Young’s
modulus of cement with NPs compared to the neat cement, owing to
the decrease in compressive strength of cement.
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Figure 7.7: Estimated Young’s modulus values a) Neat cement with
NPs b) Neat geopolymer with NPs (Paper III).

NPs inclusion to the geopolymer does not significantly increase
Young’s modulus values, as depicted in Figure 7.7 b. However, owing
to an increase in unconfined compressive strength for geopolymer
with NPs, there is a minor increase in Young’s modulus values
after 28 days. Low Young’s modulus values with higher tensile and
compressive strength benefit oil well-cementing applications. The
natural flexibility of the nanotube structure and functionalization
with —OH groups instil more flexibility in the geopolymer structure.
The higher unconfined compressive strength attained by geopolymer
with AL NPs in the first 3 days is translated into an increase in the
Young modulus values. Figure 7.6 b shows that the AL NPs-based
geopolymer system attained most of its strength in 3 days, and after
that, there is a slow increase in the strength (Paper IIT).
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7.4.3 Compressive Strength to Young Modulus Ratios

The flexibility and compressive strengths are both crucial to define
the mechanical properties of cementitious materials. The higher
flexibility of the material minimizes the requirement of high strength
as it can deal with external stress more effectively compared to
the material with slightly better strength but lower flexibility. The
ratio of compressive strength and Young’s modulus (UCS/YM) is
a qualitative parameter that can define the material’s performance
under a compression load, as high ratios indicate better performance.
The presence of NPs in the cement structure improves the ratio after
1 day. However, after 7 days, only nanotubes slightly improved the
ratio as there is an increase in Young’s modulus for the AL NPs-based
cement. After 28 days, MW incorporation in the cement structure
provides the highest ratio increase due to the high compressive
strength and comparatively low Young’s modulus of the MW-based
cement see Figure 7.8 a.

The higher compressive strength and lower Young’s modulus of
geopolymer incorporated with NPs provided higher values for the
ratio of unconfined compressive strength to Young’s modulus. Even
though there is a decrease in the value after 28 days due to increased
compressive strength and Young’s modulus, the ratio was still slightly
better in the case of NPs-based geopolymer systems, as presented in
Figure 7.8 b (Paper III).
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Figure 7.8: Ratio of unconfined compressive strength to Young’s
modulus a) Cement samples b) Geopolymer samples (Paper III).
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7.4.4 Tensile Strength (TS)

The tensile strength of barrier materials is crucial. Low values can
contribute to loss of zonal isolation and damage the cement integrity
as cement sheath can suffer radial loads that cause tangential and
radial cracks. There is a decrease in the tensile strength of cement
with NPs after 7 days; see Figure 7.9 a, This again shows that
NPs delay the hydration and gelation of cement, which ultimately
influences the strength development of cement. However, after 28
days, there is a decrease in the tensile strength of the cement. Even
though cement suffers from loss in tensile strength, MW-OH and
MW provide better strength owing to the stability of nanotubes
at high temperatures. In contrast, AL NPs still show low tensile
strength indicating that the concentration of NPs in the slurry may
not be enough to work as a filler and avoid strength loss at high
temperatures.
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Figure 7.9: Indirect tensile strength a) Neat cement with NPs b)
Neat geopolymer with NPs (Paper III).

In order to use geopolymer as an alternative material for well
cementing applications, it is vital to increase the tensile strength
due to their lower tensile strength. This work shows that NPs can
be a promising candidate to enhance the tensile strength of the
neat geopolymer. MW-OH and AL NPs have shown significant
improvement in the tensile strength of geopolymer after 7 days; see
Figure 7.9 b. There was a 123% increase in tensile strength with the
MW-OH additive, while the AL NPs led to a 68% improvement after 7
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days. Modification of geopolymer with NPs provides greater stability
to geopolymer against tensile failures. However, the results for
longer curing time show no significant increase in the tensile strength
compared to neat geopolymer. In fact, after 28 days, samples with
nano-additives showed a decrease in tensile strength values compared
to 7 days. Still, for MW-OH, after 28 days, tensile strength values
were better than for the neat geopolymer, as shown in Figure 7.9 b.
The possible reason for this phenomenon might be the use of a new
batch of materials for 28 days tensile strength test (Paper III).

7.4.5 Tensile Strength to Young’s Modulus Ratios

As mentioned above, the required tensile strength for cement depends
on Young’s modulus of adjacent formation and should be lower. If
this is not the case, there is a possibility of the formation of radial
cracks and debonding of cement from its interface with the formation.
Therefore, a lower Young’s modulus of material can maintain zonal
isolation even though the value for tensile strength is low. Again, a
ratio of tensile strength to Young’s modulus (T'S/YM) defines the
performance of different materials under load. It is beneficial to have
a high strength to Young’s modulus ratio to minimize mechanical
damage to the cement sheath [357]. NPs addition to the cement does
not significantly affect the ratio; only MW slightly improves the ratio
after 28 days, as shown in Figure 7.10 a.
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Figure 7.10: Ratio of average tensile strength to Young’s modulus
of a) Cement samples b) Geopolymer (Paper III).
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This substantial increase in tensile strength to Young’s modulus ratio
for geopolymer samples with NPs, especially in the case of MW-OH
after 7 days, could be attributed to the high tensile strength and
relatively lower Young’s modulus. However, the increase was not
substantial for NP-based samples after 28 days compared to the
neat geopolymer. Geopolymer with AL NPs, shows a slight decrease
in ratio, while for MW-OH, the ratio still showed improvement, as
indicated in Figure 7.10 b (Paper III).

7.5 Sonic Strength

The ultrasonic cement analyser measures the strength of barrier
material by measuring the transit time of sonic waves through
the material at high temperature and pressure. The chemistry
and structure of the material under investigation can affect wave
transmission and transit time. The instrument’s software uses an
algorithm based on an experimental database and converts the transit
time to the compressive strength of cement. Since the algorithm
uses the data from previous experiments, it reasonably estimates the
compressive strength of neat cement. However, a new algorithm is
required to estimate the compressive strength in the case of alternative
barrier materials. This thesis used compressive strength data from
UCS and plotted against corresponding transit time to generate
empirical correlation. Figures 7.11 a-d presents the sonic strength
and transit time of cement and cement modified with NPs. Results
show that all the materials achieved strength after 1 day. Adding
MW and MW-OH slightly improves the strength of the cement, which
is as per the compressive strength results. However, the difference
in UCS and UCA compressive strength values is due to the use of a
predefined algorithm for cement-based materials.

The sonic strength results for geopolymer modified with NPs indicate
that the maximum strength was developed on the first day see Figures
7.12 a, b. The results also show that in static conditions, i.e., for
UCA, the geopolymers set faster than in the dynamic situation, as
shown in consistency results (compare Figure 7.5 and Figure 7.12).
The possible reason is the gelation delay due to continuous slurry
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Figure 7.11: a) Sonic Strength development of cement b) Modified
with AL NPs ¢) Modified with MW-OH ¢) Modified with MW.
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Figure 7.12: Sonic Strength development of a) Geopolymer modified
with AL NPs b) Modified with MW-OH (Paper III).

mixing. The temperature increase at the start to 70 °C contributed
to high transit time values due to a reduction in the viscosity of
the slurries, as also indicated in Figure 7.1 and Figure 7.2 [358].
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Moreover, a study done by Liu. (2017) |66] shows that additives
added to the mix design can influence the transit time. Therefore,
in this work, NPs addition to the geopolymer influences the transit
time (Paper III).

7.6 X-ray Diffraction

The X-ray diffraction technique provides insight into the
crystallography and phases formed by the materials. XRD analysis
also provides information about the possible phase changes due to
the addition of additives in cement-based materials. The crushed
specimens from 7 days UCS test were further grinded to form a
powder to perform the analysis. XRD analysis for cement-based
samples is represented in Figure 7.13.
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Figure 7.13: XRD pattern for the neat cement and cement with
AL NPs and nanotubes.

Neat cement and cement modified with NPs show similar peaks. The
main phases present in the cement structure are portlandite, calcium
silicate hydrate, and a small amount of ettringite and brownmillerite.
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Even though the addition of NPs shows similar peaks, there is a
decrease in the intensity of peaks for portlandite. This shows that
NPs convert the calcium hydroxide to form calcium silicate gels,
especially in the case of MW nanotubes. This improves the strength
of the cement structure, as confirmed by compressive strength results,
see Figure 7.13.

XRD analysis for geopolymer showed that the main phases in
the structure are quartz (Si0O;), microcline (K (AlSi30s)), albite
Na(AlSi30g), oligoclase ((Ca, Na)(Al,Si),0s), clinoptilolite-
Na ((NCL, K, OCL)Q_3AZ3(AZ, Si)25i1303612H20 and illite
(Ko.65Al2.0[Alo.65513.35010| (OH)2) as presented in Figure 7.14.
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Figure 7.14: XRD pattern for the neat geopolymer and geopolymer
with AL NPs and MWCNT-OH indicating additional peaks and peak
shifts for geopolymer with NPs (Paper III).

Similar phases are also present in the NPs-based geopolymer
structures. Moreover, X-ray analysis shows that the presence of NPs
in the geopolymer slurries contributed to the formation of additional
phases due to the ability of NPs to take part in the reaction. The
stable NPs dispersions might be the reason for the effective reaction
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between NPs and other additives to produce geopolymer slurries.
Furthermore, functional groups on the MW-OH promote the reaction
with oligomers and produce additional phases (Paper III).

7.7 Microstructure Analysis

The SEM analysis was done on the samples from one week UCS
test. Figure 7.15 shows the image of the neat cement. The hydration
reaction of Portland cement forms calcium hydroxide and calcium
silica hydrates (C-S-H) gels.

Figure 7.15: SEM images of the neat cement a) Overview of the
structure b, c¢) Internal structure.

The honeycomb C-S-H and hexagonal plates of portlandite are present
in the cement structure after seven days, as shown in Figures 7.15
a-c. In addition, needle-shaped structures indicate the presence of
ettringite. Big pores are present in the structure of neat cement,
which shows the absence of dense structures. In the case of AL NPs,
a similar structure is formed. However, the NPs in the structure act
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as a filler and take part in the hydration reaction, see Figures 7.16

Figure 7.16: SEM images of cement with AL NPs a) Overview of
the structure b) Internal structure showing AL NPs and cement c)
AL NPs presence in the structure of cement.

In addition, SEM images confirm the presence of MW and MW-OH
in the cement structure. The nanotubes can bridge the gaps in
the cement structure that contributed to the improved compressive
strength, as shown in Figures 7.17 a-c and Figures 7.18 a-c.
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Figure 7.17: SEM images of cement with MW-OH a) Overview of
the structure b) Internal structure showing MW-OH and geopolymer
¢) MW-OH presence in the structure of geopolymer.
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Figure 7.18: SEM images of cement with MW a) Overview of the
structure b) Internal structure showing MW and cement ¢) MW
presence in the structure of cement.

Microstructure analysis also confirms the contribution of NPs
in the geopolymerization process. Geopolymers with AL NPs
produced dense and compact microstructure with better interlocking
morphology than neat geopolymers, see Figures 7.19 a-c and Figures
7.20 a~c. Owing to the low Si/Al ratio, the geopolymer with AL
NPs formed a highly ordered structure, as indicated in Figure 7.20.
Yong et al. (2007) [359] also reported similar behaviour of ordered
structure with the higher chemical interaction with a decrease in
Si/Al. The compact and homogeneous structure with the addition of
NPs is due to their ability to fill the gaps in the geopolymer structure,
as reported by other studies [360, 361]. The filling effect and strong
bond formation contribute to the higher strength of the geopolymer,
as confirmed by the results for compressive strength.
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Figure 7.19: SEM images of the neat geopolymer a) Overview of
the structure b, ¢) Internal structure (Paper III).
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Figure 7.20: SEM images of geopolymer with AL NPs a) Overview
of the structure b) Internal structure showing AL NPs and geopolymer
¢) AL NPs presence in the structure of geopolymer (Paper III).

Similarly, for MW-OH-based geopolymer, the uniform distribution of
nanotubes throughout the geopolymer structure produced compact
structures, as presented in Figures 7.21 a-c. MW-OH creates bonds
with the products formed during the geopolymerization reaction, as
shown in Figures 7.21 b, c. In addition, nanotubes can bridge the
microcracks in the structure of the geopolymer. As mentioned above,
the samples used for SEM analysis are from the UCS test. Therefore,
there are cracks present in the structure (Paper IIT).
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Figure 7.21: SEM images of Geopolymer with MW-OH a)
Overview of the structure b) Internal structure showing MW-OH

and geopolymer ¢) MW-OH presence in the structure of geopolymer
(Paper III).
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8.1 Conclusions

This experimental work has investigated how different types of NPs
can change the properties of drilling fluids, cement, and geopolymers.
Both commercial and in-house prepared NPs have been applied.
Different characterization techniques and tests were used to quantify
the particle’s effect on modifying fluid and material properties. Below,
the main findings for water-based drilling fluids, oil-based drilling
fluids, cement, and geopolymers are summarised.

Water-Based Drilling Fluids,
Bentonite Drilling Fluids:

e Results suggest that the addition of IONPs (Fe, Fe-XG and Fe-
Si), SiO, (Si, Si-C, and Si-N), and MWCNTs (MW, MW-OH,
MW-COOH) NPs in the bentonite drilling fluids can modify
the rheological parameters of the fluid.

e Fe NPs and MWCNTs increase bentonite drilling fluid’s gel
strength and yield stress. In comparison, surface modification
of Fe NPs with polymer (Fe-XG) and silica (Fe-Si) reduces the
gel strength. Moreover, SiOy NPs also reduce the gel-forming
ability of bentonite fluids. Addition of 0.019wt.% Si NPs reduce
the gel strength by 8%. In addition, Si, Si-C, and Si-N reduce
the yield stress by 62%, 63%, and 31%, respectively. This
indicates that surface modification can fine-tune the properties
based on the functional groups on the surface of NPs.

e Furthermore, adding NPs to the bentonite drilling fluids
promotes the shear thinning behaviour by controlling the
excessive gel formation of bentonite fluid at low shear rates.

e The gel strength and yield stress increase by Fe NPs and
MWCOCNTs can enhance the suspension and cutting carrying
capacity of drilling fluids, hence improving the transport

143



Conclusions and future work

of cuttings. However, excessively high values can lead to
problems such as increased pumping pressure, difficulties in
fluid circulation, and poor hole cleaning. As shown in this work,
surface modification of NPs with polymer or silica and the use
of 5105 NPs can resolve this issue.

e NPs addition to bentonite drilling fluids reduces the mechanical
friction values. 0.019wt.% of Fe NPs and 0.0095wt.% MWCNTs
in the drilling fluids provide the highest reduction of 43% and
36%, respectively. While, in the case of Si0Oy NPs, surface
modified, i.e., Si-N, shows a 39% reduction in friction values.
Reduced mechanical friction will lead to reduced torque and
drag which again can make it possible to make longer wells and
avoid exceeding the operational limits of drilling equipment.

e Fluid loss results suggest that NPs provide reduction for
bentonite-based fluids. NPs filled the pores in the filter cake
and controlled the fluid flow, as confirmed by the microscale
analysis of the filter cake. 0.0095wt.% Fe NPs show the highest
decrease of 20%. While, for MWCNTs, MW-COOH reduces the
fluid loss by 10%, and Si-N shows a 14% reduction in fluid loss
in the case of Si0, NPs. Several advantages, such as wellbore
stability, reduced formation damage, improved hole cleaning,
cost saving, and environmental benefits, are associated with
reduced fluid loss.

KC1 Drilling Fluids:

e In KCl-based drilling fluids, adding a small concentration of Fe
NPs does not significantly impact the gel strength values of the
fluid. However, 0.038wt.% Fe NPs reduce the gel strength at
high temperature. In contrast, surface modification of Fe with
silica (Fe-Si) provides a 22% increase in the gel strength of fluid
at 80 °C. Moreover, 0.0095wt Si-C also shows an increase in
gel strength. Also, 0.0095wt.% MW shows the most increase in
gel strength in the case of MWCNTs. Yield stress results show
that 0.038wt.% Fe NPs and 0.019wt.% Fe-Si NPs in drilling
fluids increase the yield stress. Also, Si, Si-C, and Si-N NPs
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increase the yield stress of the KCI fluid. The results show the
potential of NPs to improve the cutting carrying capacity of
KCI drilling fluids.

e All types of NPs significantly reduce the mechanical friction
values of KCI drilling fluids. Again, low friction values of
drilling fluids can reduce the torque and drag which can make
it possible to reach longer in the well and avoid exceeding
operational limits of drilling.

e In the case of KCl-based fluid, there was no significant reduction
in fluid loss owing to the non-uniform distribution of NPs. Also,
NPs adsorbed in the cake structure without filling the pores.
0.038wt.% Fe NPs showed the most significant decrease. Also,
0.0095wt.% Fe-Si shows a 10% decrease, and for SiOy NPs,
Si-N reduces the fluid loss by 13%. In the case of MWCNTs,
MW, and MW-OH reduces the fluid loss by 9%.

Oil-Based Drilling Fluids,

The results from this work suggested that IONPs can improve the
stability of oil-based drilling fluids at high temperature by keeping
the emulsion stable.

e Hydrophobic IONPs are designed to be stable at high
temperature, without significant degradation, ensuring their
effectiveness in drilling fluids.

e At higher temperatures, 0.5wt.% NPs increase the gel strength
of oil-based drilling fluids by 14%. Since elevated temperature
can cause gel strength to decrease, which impacts the ability
of fluid to suspend solids and maintain stability, NPs act as
a bridging agent between colloidal solids in the drilling fluids.
They can create a network within the fluid, enhancing the
gel-like structure.

e Moreover, 0.5wt.% IONPs in drilling fluids improve the yield
stress at high temperature by 55%. The stable dispersion of
NPs in the drilling fluids contributed to this increase.
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e The higher gel strength and yield stress improve a fluid’s
resistance to the settling and sagging of barite particles.
Therefore, NPs improve barite particle suspension and prevent
segregation and settling. IONPs reduced the sag factor both
under static and dynamic conditions. For dynamic conditions,
the NPs reduced the barite sagging tendency of the base fluid
to the safe sag factor limit of 0.53.

e IONPs exhibit lubricating properties and reduce the mechanical
friction of oil-based drilling fluids by 39% for 0.5wt.%
concentration in the fluid. This lubricating effect of NPs can
help minimize torque and drag.

e The oil-based drilling fluid’s fluid loss has also been reduced by
70% with NPs. Additionally, a thin filter cake was formed by
the IONPs-based drilling fluids. Reduced filter cake thickness
and filtrate volume are associated with the reduced permeability
of the filter cake. Reducing fluid loss is vital for maintaining
wellbore stability, and preventing formation damage.

e Moreover, results from this study also indicate that a low
concentration of NPs provides better performance. Therefore,
using a low concentration of NPs is recommended to achieve a
uniform distribution of NPs in the drilling fluids.

Cement and Geopolymer,

e NPs increase the viscosity of the cement and geopolymer slurries,
which can impact the displacement of the slurries; however,
NPs increase the pumping time of slurries at high pressure.
Especially in the case of geopolymer, the pumping time increases
significantly.

e Adding NPs to the cement increases the fluid loss, and
the increase is more significant in the case of nanotubes.
High fluid loss can cause several issues, such as formation
damage, potential channelling in cement sheath, and incomplete
hydration. In the case of geopolymer, MW-OH decreased the
fluid loss. However, AL NPs increase fluid loss compared to
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neat geopolymer.

Compressive strength results show that AL NPs;, MW-OH, and
MW increase neat cement’s strength after 28 days by 11%,
34%, and 49%, respectively. For geopolymer, both AL NPs
and MW-OH increased the compressive strength of the neat
geopolymer by 39% and 43%, respectively, after 28 days.

NPs show a slight increase in Young’s modulus values of cement
after 28 days, while geopolymer with NPs does not show a
significant increase in Young’s modulus values compared to the
neat geopolymer after 28 days.

After 28 days, only MW showed an increase in the ratio of UCS
and YM of neat cement compared to other NPs. Adding AL
NPs and MW-OH to geopolymer slightly increases the UCS
and YM ratio after 28 days.

Tensile strength results show that nanotubes (MW-OH and
MW) increase neat cement’s tensile strength by 13% and 19%,
respectively, after 28 days. For geopolymer, both AL NPs
and MW-OH-based mixtures showed improvement after 7 days.
However, after 28 days, the increase is not very significant in
the case of AL NPs, while the MW-OH-based mixture still
showed improvement compared to the neat geopolymer.

NPs addition to the cement does not show any improvement
in the TS to YM ratio after 28 days. Only MW shows a slight
increase of 8%. The incorporation of NPs produced a more
flexible geopolymer structure until 7 days, with a significant
increase in the TS to YM ratio compared to neat geopolymer.
However, after 28 days, the TS to YM ratio for AL NPs slightly
decreases compared to neat geopolymer, while the MW-OH
ratio is improved compared to neat geopolymer.

UCA results confirm that maximum strength development
occurs at the early stages of curing for cement and geopolymer
systems with NPs.

The XRD analysis confirmed the formation of new phases for
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geopolymers with NPs, which indicated the chemical reaction
of NPs with geopolymers. While for cement with NPs, there
was a change in the intensity of peaks due to phase conversions.

e SEM analysis confirmed the presence of AL NPs;, MW-OH, and
MW in the cement structure. For geopolymer, there is the
formation of dense and compact microstructure with the NPs.

e This study indicates that NPs can produce cement and
geopolymer material with improved mechanical strength and
flexibility for a short curing period. However, NPs might lose
these properties for more extended curing periods and should
be investigated in future studies. Also, it is critical to reduce
the fluid loss for cement slurries and should be investigated
further.

The main findings of this research work are:

e Increasing gel strength and yield stress with NPs can improve
the drilling fluid’s ability to suspend cuttings, support the
wellbore, and provide effective hole cleaning.

e The excessive gel formation of bentonite-based drilling fluids
can be avoided by choosing the proper NPs or by altering
the functionality of NPs. This can avoid potential wellbore
instability problems such as poor hole cleaning and high
pumping pressure.

e NPs facilitate shear thinning behavior in drilling fluids. Shear
thinning allows the efficient low of fluid through the drill bit
and drill string, facilitating effective pumping. This helps to
avoid the cutting settling in the wellbore, minimizing the risk
of a stuck pipe.

e NPs improve the lubricating properties of drilling fluids, which
can improve drilling efficiency, prevent stuck pipe incidents,
extend tool life, and enhance wellbore stability.

e The ability of NPs to reduce the fluid loss of drilling fluid can
provide several advantages during drilling operations, such as
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wellbore stability, reduced formation damage, improved hole
cleaning, cost savings, and environmental benefits.

e NPs control barite settling and can solve fluid density control,
hole cleaning, and wellbore stability issues. Moreover, reducing
barite sagging can provide better pumpability of the drilling
fluid.

e Increasing the compressive strength of cement and geopolymer
with NPs can offer a more robust and durable sheath around
the casing. This can enhance the integrity of the wellbore,
minimizing the risk of casing failure and leaks.

e Anincrease in YM of cement with NPs indicates greater stiffness
and resistance to deformation.

e Cement and geopolymer with NPs are less prone to deformation
until compressive loads as NPs increase the UCS to YM ratio.

e NPs can improve the ability of cement and geopolymer to
withstand axial loads or stretching forces without undergoing
deformation and breaking by improving tensile strength.

e Due to the improved TS to YM ratio, cement, and geopolymer
with NPs are less prone to brittle failure under tensile stresses.

8.2 Future Work

The potential future work on the application of drilling fluids and
cement can be,

- Laboratory and field scale testing of NPs in commercial water-
based drilling fluids to assess their suitability for large-scale
application.

- Cost analysis of adding NPs to the drilling fluids to assess the
cost-saving potential of adding NPs to the drilling fluids.

- Health, safety, and environmental considerations should be
considered when working with NPs in drilling fluids.

149



Conclusions and future work

Microscale analysis of filter cake formed by the oil-based drilling
fluids with NPs.

Long-term assessment of mechanical properties of cement and
geopolymer with NPs.

Contamination of cement and geopolymer with drilling fluid
and studying the impact on NPs in preserving the properties
of cement and geopolymer.

Since the viscosity of cement slurry can impact the quality
of the cement sheath formed around the casing. Moreover, it
can impact cement bonding with the casing and the wellbore.
The impact of NPs on the viscosity of cement and geopolymer
should be investigated further.

This work shows that NPs can contribute to increased fluid loss
of cement. Therefore, future studies should consider minimizing
the fluid loss from cement by testing different NPs.

The impact of NPs on the bonding of cement with the casing
and formation needs further investigation.
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Abstract: In recent years, several studies have indicated the impact of nanoparticles (NPs) on various
properties (such as viscosity and fluid loss) of conventional drilling fluids. Our previous study
with commercial iron oxide NPs indicated the potential of using NPs to improve the properties
of a laboratory bentonite-based drilling fluid without barite. In the present work, iron oxide NPs
have been synthesized using the co-precipitation method. The effect of these hydrophilic NPs
has been evaluated in bentonite and KCl-based drilling fluids. Rheological properties at different
temperatures, viscoelastic properties, lubricity, and filtrate loss were measured to study the effect of
NPs on the base fluid. Also, elemental analysis of the filtrate and microscale analysis of the filter
cake was performed. Results for bentonite-based fluid showed that 0.019 wt% (0.1 g) of NPs reduced
the coefficient of friction by 47%, and 0.0095 wt% (0.05 g) of NPs reduced the fluid loss by 20%.
Moreover, for KCl-based fluids, 0.019 wt% (0.1 g) of additive reduced the coefficient of friction by
45%, while higher concentration of 0.038 wt% (0.2 g) of NPs shows 14% reduction in the filtrate loss.
Microscale analysis shows that presence of NPs in the cake structure produces a more compact and
less porous structure. This study indicates that very small concentration of NPs can provide better
performance for the drilling fluids. Additionally, results from this work indicate the ability of NPs to
fine-tune the properties of drilling fluids.

Keywords: drilling fluids; nanoparticles; iron oxide; KCI; bentonite drilling fluids

1. Introduction

Drilling is the process of connecting the surface to the reservoir. In a rotary drilling operation,
drilling fluids play an important role in maintaining well pressure, bringing cuttings to surface,
and lubricating and cooling drill bits as well as the wellbore [1,2]. Proper selection of the drilling fluid
is one of the key elements for the success of drilling operation. The selection of drilling fluid is usually
based on its performance, cost and environmental impact [2].

Due to the interactions between the drilling fluid and the rock, a poorly designed drilling fluid
may cause formation damage. The consequences are a negative impact on the log reading and damage
to the pore space of the reservoir rock, that reduces its productivity. Increase in fluid loss into the
formation will increase the near bore pressure, which as a result will weaken the strength of the
wellbore. Moreover, drilling with non-inhibitive water-based drilling fluids will result in shale swelling.
If the drilling fluid is poor at holding particles in suspension, cuttings will be accumulated in the
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wellbore and result in solid-induced drill string stuck. Also, the thick mud cake may cause differential
sticking problems [3,4].

Therefore, in general, drilling fluid design is one of the most important aspects to consider during
the well construction and completion phases. The drilling fluid parameters under consideration,
among others, are the rheological properties to control the hydraulics (well pressure and hole cleaning),
lubricity to control the high torque and drag issues, mud cake properties to control fluid loss and
to increase well strength [5,6]. The properties of drilling fluids are determined by the types and the
concentration of the chemical additives used in their formulations. The right parameters must be
characterized experimentally, and several formulation iterations may be required until the desired
properties are achieved.

Typically, water- and oil-based drilling fluids, also known as water-based mud (WBM) and
oil-based mud (OBM)), are used in oil and gas wells [7]. In terms of lubricity and formation damage
control, OBM is better than WBM [8]. The application of OBM is limited in environmentally sensitive
areas, and hence, only drilling with water-based fluids is allowed. Moreover, WBM is used to drill
the top-hole section where there is no blowout preventer (BOP) in place and drilling fluids can be
discharged to the seabed. However, WBM still requires further improvement to provide better lubricity,
shale inhibition, and formation damage control.

In recent years, several researchers have reported the impact of nanoparticles (NPs) on
the properties of water-based drilling fluids. Studies indicate that the addition of NPs can
alter the rheological parameters of drilling fluids under low pressure/low temperature (LPLT)
and high pressure/high temperature (HPHT) conditions [9-15], reduce filtrate loss and filter
cake thickness [9,16-20], reduce friction [13,15,16,21,22], improve thermal conductivity and heat
transfer properties [17,20,23,24] and shale inhibition and wellbore strengthening [25-28]. Iron-based
NPs have been added to water-based drilling fluids in several studies. For instance, Jung et al. [29]
showed that the addition of iron oxide NPs to a bentonite-based fluid increases the viscosity of the
fluid. This study indicated that the NPs interacted with the bentonite and promoted the gelation of the
clay particles. In addition, a low concentration of NPs reduces the LPLT fluid loss values of the fluid,
however increasing the concentration of NPs results in lesser reduction in fluid loss. Barry et al. [30]
also investigated the effect of iron oxide on bentonite drilling fluids and observed higher values of
shear stress with the addition of NPs compared to the base fluid. Addition of iron oxide particles at a
concentration of 0.5 wt% and with sizes of 3 nm and 30 nm to the bentonite suspension reduced the
fluid loss by 27% and 23.4%, respectively. Drilling fluids containing commercial iron oxide were also
investigated by Mahmoud et al. [31]. Different concentrations of NPs were tested in this study with,
a suspension of Ca-bentonite having 7 wt% concentration as a base fluid. The findings from this work
illustrated that yield point and plastic viscosity were changed by the addition of iron oxide NPs to
the drilling fluid. In order to enhance the filtration and rheological properties of Na-bentonite-based
drilling fluids, Vryzas et al. [32,33] explored some novel iron oxide NPs. These studies illustrated that
the apparent viscosity and yield stress become progressively susceptible to the temperature. Anincrease
in apparent viscosity and yield stress was observed at a higher temperature. Moreover, 0.5 wt% of iron
oxide NPs reduced the filtrate loss by 40% compared to the base fluid at high pressure and temperature.
Recently, Mahmoud et al. [34,35] added iron oxide to a calcium bentonite-based drilling fluid. Addition
of 0.5 wt% NPs to the base fluid decreased the fluid loss and produced a filter cake with better packing
characteristics under static and dynamic conditions. In addition, the NPs increased the yield strength
and gel-forming ability of the drilling fluid.

Our previous study showed the effect of commercial iron oxide NPs on a bentonite/polymer
system in the presence of KCl salt [36]. Results from this study showed that NPs can reduce the
friction of the drilling fluid. However, barite was not present in the fluid system. Therefore, in this
study, the effects of NPs have been studied on a drilling fluid with barite. Further, most of the studies
mentioned above focused on bentonite-based fluids, and not many studies available that studied the
effect of NPs on KCl-based drilling fluids. Thus, KCl-based fluids without any bentonite were also
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prepared as they are effective for shale-based formations. The potassium in KCI inhibits shale swelling
by cation exchange with the calcium present in the shale and by reducing the hydration tendency of
the shale [37]. Hence, this study focused on both KCl- and bentonite-based drilling fluid with barite.

2. Materials and Methods

Iron (II) chloride tetrahydrate (FeCly-4H,0) (Arcos Organics, Thermofisher Scientific,
(Oslo, Norway), Iron (III) chloride hexahydrate (FeCl;3-6H,0) and ammonia solution (NH4OH, 25%)
were purchased from Sigma Aldrich (Oslo, Norway) and KCl salt was purchased from VWR Chemicals
(Oslo, Norway). Bentonite, barite, xanthan gum and soda ash were provided by a drilling fluid service
company. De-ionized water was used for al sample preparations.

2.1. Synthesis of Iron Oxide NPs

NPs were synthesized by conventional co-precipitation of Fe ions in an alkaline environment [38].
First, 84.6 mL of de-ionized water was weighed in a beaker, and to this de-ionized water, 15.4 mL
of 25% ammonia solution was added to make 100 mL of 1 M NH4OH solution. Separately, 2.0 g of
FeCl,-4H,0 and 5.4 g of FeCl3-6H,O was dissolved in 25 mL distilled water in a volumetric flask.
Afterward, 10 mL of this rusty coloured solution was transferred to a burette. The solution was then
added dropwise into 100 mL of 1 M NH4OH solution under vigorous stirring. A magnetic stirrer
was used. The addition of the iron solution to the ammonia solution resulted in a black coloured
solution. After the reaction was completed, the black coloured solution was transferred to centrifuge
tubes. A strong magnet was placed under the centrifuge tubes to separate the particles magnetically,
and the particles were washed several times with water. The process was repeated to harvest all the
particles. Some NPs might stick to the magnetic stirrer. Therefore, it is essential to wash it several
times to recover as many particles as possible. Almost clear fluid was obtained as NPs were drawn to a
strong magnet after the first cleaning steps of particles with water. However, after several washes with
de-ionized water, the particle’s separation becomes difficult as less transparent fluid was obtained
when a magnet was placed under the solution. It is crucial to stop washing after it gets difficult to
avoid the loss of particles.

2.2. Coating of Xanthan Gum on Iron Oxide NPs (Fe-XG)

To coat xanthan gum polymer on iron oxide NPs, a 0.1 g of xanthan gum was added into 50 mL
water to make a polymer solution. Afterward, 0.2 g of iron oxide NPs were added to this polymer
solution, and the resulting mixture was left for shaking for 24 h. After 24 h, the resulting solution was
used to formulate drilling fluid. The term Fe-XG is used for iron oxide NPs coated with xanthan gum
throughout the text.

2.3. Formulation of Drilling Fluid

Two types of water-based fluids were formulated, a bentonite-based fluid and a KCl-based fluid.
The fluid compositions were selected to produce fluids having comparable viscosity and density [39].
Tables 1 and 2 show the recipes used for both fluids. First base fluids were formulated, and to these
fluids, different concentrations of NPs were added to see the effect of NPs on base fluids. In order to
prepare bentonite fluid, all chemicals, excluding barite, were mixed with a Hamilton Beach mixer for
5 min followed by additional 5 min mixing to dislodge any material attached to the mixing container’s
side. Afterward, barite was added and mixed for 5 min and additional 5 min to dislodge adhering
materials to attain the uniform mixing of components. To the base fluid, different concentrations of
NPs (0.05-0.2 g) were added and again mixed for 5 min to disperse NPs in drilling fluid. To prepare
Fe-XG NPs-based drilling fluid, Fe-XG was first mixed with water, and afterward, all components
except barite were added and followed the same mixing procedure with 5 + 5 min. After adding
barite, the same procedure of 5 + 5 min was followed. The main difference between the two fluids
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is the addition of NPs. For iron oxide NPs without xanthan gum, the NPs were added in the end,
while Fe-XG were added at the start, followed by other components.

Table 1. Composition of bentonite-based fluid.

Material Base Fluid Base Fluid + NPs
Water 350 mL 350 mL
Soda ash 48¢g 48¢g
Xanthan gum 0.71¢g 0.71¢g
Bentonite 10.04 g 10.04 g
Barite 183 g 183 g
Iron oxide NPs in water - 0.05,0.1,02¢

Table 2. Composition of KCl-based fluid.

Material Base Fluid Base Fluid + NPs
Water 350 mL 350 mL
Soda ash 075¢g 0.75¢g
Xanthan gum 15¢g 15¢g
KCl1 2480 ¢g 2480 ¢g
Barite 175g 175g
Iron oxide NPs in water - 0.05,0.1,02g

A similar procedure was followed to mix KCl-based fluids without and with NPs.

2.4. Drilling Fluid and NPs Characterization

Various characterization techniques were used to characterize NPs and drilling fluids with and
without NPs. Details of the techniques are provided below.
2.4.1. Scanning Transmission Electron Microscopy (STEM)

A 5-5500 STEM instrument (Hitachi, Krefeld, Germany) with a 30 kV accelerating voltage was
used to obtain the STEM images of iron oxide NPs. Several drops of NPs solution were dropped on a
Formvar carbon-coated copper grid to prepare TEM grids. It is crucial to wipe with Kimberly-Clark
wipes after dropping the NPs solution to prevent further aggregation of NPs.

2.4.2. Microscale and Elemental Analysis

A Supra 35VP model scanning electron microscope (SEM, Zeiss, Oberkochen, Germany) was used
to gain insights into the structural make-up and the presence of NPs in the mud cake from the fluid
loss test. Additionally, images of the iron oxide NPs and Fe-XG were attained. Moreover, to quantify
the percentage of different elements present in the structure and mapping, the elemental analysis was
done with energy dispersive X-ray spectroscopy (EDS).

2.4.3. Dynamic Light Scattering (DLS) and Zeta Potential Measurements

A Zetasizer Nano-ZS instrument (Malvern, Worcestershire, UK) was used to measure the sizes
and zeta potential of NPs. All the measurements were performed in aqueous solutions.

2.4.4. Viscosity

Viscosity parameters were measured using a model 900 viscometer (FANN, Houston, TX 77032,
USA). Measurements were performed at 22 °C, 50 °C and 80 °C, and atmospheric pressure.
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2.4.5. Mechanical Friction Measurement

The coefficient of friction was measured by using a CSM Tribometer (Anton Paar GmbH, Graz,
Austria). The tests were conducted on a steel ball-plate surface filled with drilling fluid. The 13cr steel
ball with a diameter of 6 mm was used. For all the tests normal load of 5 N was used that covered a
10 m distance with the rate of 3 cm/s. Measurements were performed at atmospheric pressure and
room temperature. Repeat measurements were conducted to report the average value.

2.4.6. Fluid Loss Measurement

An American Petroleum Institute (API) filter press (FANN, Houston, TX 77032, USA) was used
to measure the fluid loss at room temperature and 100 psi pressure. Filter paper with a diameter of
2.5 inches was used for the test. API standard, API Recommended Practice 13B-1 [40], was followed to
perform the test.

2.4.7. Inductively Coupled Optical Atomic Emission Spectrometry (ICP-OES)

To measure the concentration of different ions, present in the filtrate obtained from the fluid loss
test. ICP-OES analysis was performed before the analysis fluids were passed through a 0.2 um syringe
filter and diluted with 5% nitric acid.

2.4.8. Viscoelastic Measurement

Viscoelastic properties of the fluids were measured using a MCR 302 rheometer (Anton Paar
GmbH, Graz, Austria). Amplitude sweep with a constant angular frequency of 10 rad/s and varying
strain from 0.0005% to 1000% was performed.

3. Results and Discussion

3.1. Size Distribution of Iron Oxide and Fe-XG NPs

Figure 1a,b show the STEM and SEM images, respectively, of the NPs formed. It can be seen that
particles have spherical morphology. Figure 2 show the size distribution of iron oxide NPs measured using
STEM images. It can be seen in the figure that due to the absence of a stabilizing agent, particles formed
have broad size distribution [41]. The average size of NPs formed by this method is 11 + 2 nm.

—_—
100 nm

7 8 9 10 11 12 13 14 15 16 17
Size (nm)

Figure 2. Size distribution of iron oxide NPs measured from STEM images.
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Figure 3 shows the SEM images of Fe-XG, and it can be seen that the polymer is coated on the
iron oxide NPs. Coating NPs with the polymer increases the particle size compared to the uncoated
particles, as shown in Table 3.

Figure 3. SEM images of Iron oxide NPs coated with xanthan gum (Fe-XG).

Table 3. Surface charges and sizes of NPs.

Material Size (nm) Zeta Potential (mV)
Iron oxide NPs at 25 °C 273.5+5.95 -31.3+0.27
Fe-XG NPs at 25 °C 487.60 + 8.55 —39.23 £ 0.59
Iron oxide NPs at 50 °C 381.17 + 19.58 -20.17 £ 0.23
Fe-XG NPs at 50 °C 673.57 + 65.45 —34.37 £ 0.42

3.2. Hydrodynamic Size and Surface Charge of NPs

Table 3 shows the hydrodynamic size and surface charge of the iron oxide NPs and Fe-XG
NPs. As shown in table, there is increase in size of NPs after coating of xanthan gum on their
surface. Also, results show an increase in the size and decrease in zeta potential at higher temperatures.
This indicates that NPs form aggregates at higher temperatures. Higher zeta potential values for Fe-XG
indicate that polymer coating provides stability to the NPs and hinders the agglomeration and settling
of NPs.

3.3. Rheological Parameters of the Drilling Fluids

3.3.1. Bentonite-Based Fluids

Shear stress values at different shear rates of bentonite-based drilling fluids are presented in
Figure 4a—d. For base fluids and fluids with NPs, the shear stress values increase at high temperatures
(i.e., 80 °C), especially at low shear rates. This is due to the inter-particle interaction of bentonite,
which caused the flocculation of bentonite particles [42,43]. The clay particles agglomerate due to
the face-to-face (FF) and edge-to-face (EF) associations [43,44]. A lower concentration (0.05 g) of NPs
further increases the shear stress, as indicated in Figure 4a. A possible reason might be attachment
of these NPs to edges of the clay platelets and with positively charged barium ions present in the
drilling fluid. However, an increase in the NPs concentration (0.1 g) might cause repulsion between
the negatively charged NPs and other negatively charged additives in the fluid system, which lowers
the fluid’s viscosity compared to the 0.05 g NPs as shown in Figure 4b.

Additionally, increasing the NPs concentration to 0.2 g might have caused agglomeration of NPs,
which significantly increases the shear stress values, as indicated in Figure 4c. Although, coating of
0.2 g NPs with xanthan gum (Fe-XG) has decreased the shear stress values at a low shear rate,
which indicates that polymer coating might have minimized the agglomeration of NPs and negatively
charged polymer cause electrostatic repulsion between the negatively charged ions in the fluid system.
Increase in zeta potential also indicates the stability of NPs with the polymer coating, see Table 3.
In addition, there might be adsorption of polymer chains on the surface of bentonite prevented the
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aggregation of bentonite at higher temperature [45]. Vryzas et al. [46] showed a similar behavior for
the iron oxide NPs in the water-bentonite suspension. This study shows that bentonite forms a gel
structure and aggregates at high temperature, due to the FF association of the platelets. Addition of
NPs to these suspensions further increases the viscosity and yield stress due to aggregation of magnetic
NPs owing to the high surface energies of the particles. However, the coating of NPs with citric acid
minimizes the aggregation of NPs; our study shows a similar behavior with the coating of polymer
on the NPs. Moreover, a decrease in the zeta potential of NPs at 50 °C, as indicated in the Table 3,
also shows that high temperature reduces the stability of NPs, which causes the aggregation of the
particles, especially at high concentration.
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Figure 4. Iron oxide NPs effect on shear stress values of bentonite-based fluids at different shear rates
and temperatures: (a) 0.05 g; (b) 0.1; (c) 0.2 g; (d) Fe-XG.

There is a decrease in apparent viscosity values with an increase in the shear rate for all the fluids,
indicating the drilling fluid’s shear-thinning behavior. Gel strength values (10 s and 10 min) are shown
in Figure 5a,b for bentonite drilling fluids. A lower concentration of NPs (0.05 g) caused more increase
in the base fluid’s gel strength values than the 0.1 g NPs, especially for 10 min gel strength. This shows
that NPs might get attached to the bentonite edges at low concentrations without causing the repulsion
between the bentonite particles. However, increasing the NPs concentration, causing the deflocculation
of the bentonite, precisely at 80 °C. At 80 °C, most of gel strength was attained after 10 s for all the
fluids since gel strength did not change much when compared with gel strength measured at 10 min.

Gel strength with a higher concentration of NPs (0.2 g) and Fe-XG is also shown in Figure 5a,b.
Increasing the NPs concentration raises the gel strength after 10 s and 10 min due to the agglomeration
of NPs. However, coating the NPs surface with the xanthan gum again decreases the gel strength
compared to 0.2 g NPs. This shows that the polymer surface on the NPs controls the agglomeration
of NPs, and adsorption of polymer on bentonite prevents the gel formation, especially at 80 °C.
Gel strength results for the bentonite-based fluid show high gel strength values that could efficiently
hold the cutting and provide effective hole cleaning.
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Figure 5. Gel strength of bentonite-based fluids: (a) 10 s gel strength; (b) 10 min gel strength.
3.3.2. KCL-Based Fluids

Figure 6a-d show the shear stress values at varying shear rates for the KCl-based fluids.
High concentration of salt present in the fluids decreases the shear stress values at high temperature,
as indicated in the figures. The high concentration of KCl salt makes the fluid system dispersive due to
the suppression of the electric double layer.
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Figure 6. Iron oxide NPs effect on shear stress values of KCl-based fluids at different shear rates and
temperatures: (a) 0.05 g; (b) 0.1; () 0.2 g; (d) Fe-XG.

Moreover, the addition of 0.05 g of NPs to the fluid system slightly increases the shear stress
values at 22 °C and 50 °C, for instance increasing the shear stress values from 2.83 pa to 3.16 pa at
22 °C and 1.97 pa to 2.19 pa at 50 °C for a shear rate of 5.11 1/s. Similarly, for 0.1 g, there is a slight
increase in shear stress values at 22 °C and 50 °C, as shown in Figure 6b. In case of 0.2 g, there is an
increase in shear stress values at 22 °C. However, at 50 °C, addition of 0.2 g NPs lowers the shear stress
value. For Fe-XG, there is not much change in the shear stress values as compared to the base fluid at
22°Cand 50 °C.

At 80 °C, uncoated NPs (0.05, 0.1, 0.2) do not have a significant effect on the shear stress values, in
fact there is decrease in shear stress values especially at low shear rate. These results show that at high
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temperature, NPs become unstable; this is also supported by the zeta potential measurements shown
in Table 3. Polymer coating on the particles increases the shear stress at a higher shear rate for 80 °C
compared to the uncoated and base fluid system that shows the improved stability of NPs with the
polymer coating. Apparent viscosity in the case of KCl fluids also shows a decrease in values with an
increase in the shear rate for all fluids.

Addition of NPs to the KCl drilling fluid slightly increases gel strength at 22 °C and 50 °C for both
10 s and 10 min, as shown in Figure 7a,b. However, at a higher temperature, NPs do not change the gel
strength of base fluid. A decrease in zeta potential values of NPs indicates that at high-temperature
NPs are agglomerated, which minimizes the interaction between NPs and KCl salt. Moreover, a high
concentration of KCI present in the system forms weaker gel structures [47]. Additionally, Increasing
the concentration and polymer coating decreases the gel strength compared to a base fluid at 22 °C,
as shown in Figure 7. Fe-XG shows a minor increase in the gel strength at 80 °C, which might be due
to the system’s stability at higher temperatures due to polymer presence compared to the bare NPs.

o a mBase Fluid BF)  _ 500 = Base Fluid (BF)
& 480 =BF+005gNPs | £ 450 mBF+0.05g NPs
o 40 #BF + 0.1 g NPs = 400 uBF+0.1gNPs
$ im0 =BF +02 g NPs B 350 ®BF+02gNPs
= BF + Fe-XG NP: BF + Fe-XG NPs
= 0 ® S S 300
= 25 = 250
= o
g 20 %0200
£ 15 £ 150
@ @
= 10 2 10
[CEY S os0

0.00 0.00

22
Tempemlure (9] Temperamre (K9]

Figure 7. Gel strength values for KCl-based fluids: (a) Effect of temperature and NPs on 10 sec gel
strength; (b) Effect of temperature and NPs on 10 min gel strength.

3.4. Viscoelasticity

Drilling fluids possess elastic and viscous properties [48,49]. Viscoelastic properties of the drilling
fluids can provide further information about the drilling fluid’s internal gel structure under dynamic
loading. Storage and loss modules describe the energy stored and lost by the material when the shear
is applied, respectively. Viscoelastic behavior of drilling fluids is presented in the next section for both
types of fluid.

3.4.1. Bentonite-Based Fluids

Yield stress represents the stress where the deviation from the LVE region occurs and can be
estimated from the shear stress and strain/time plot. Deviation of shear stress from linearity is taken
as yield stress [50,51]. Flow points represent the point where storage and loss modules are equal.
Table 4 shows the yield stress and flow point values for bentonite fluids. Figure 8a,b shows the storage
and loss modulus for bentonite-based fluid and fluids with NPs.

Table 4. Yield stress and flow point for bentonite-based fluids.

Samples Yield Stress (Pa) Flow Point (Pa)
Base fluid (BF) 4.6 8.5
BF + 0.05 g NPs 5.6 9.3
BF + 0.1 g NPs 49 95
BF +0.2 g NPs 52 89
BF + Fe-XG NPs 5.1 9.4
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Figure 8. Storage and loss modulus for bentonite-based fluids: (a) Base fluid with low concentration of
NPs; (b) Base fluid with high concentration of NPs and Fe-XG.

It can be seen that NPs slightly increases the yield stress values, especially for low
concentration. However, increasing the concentration does not significantly alter the yield stress
values. Moreover, in case of lower concentration NPs and Fe-XG, there is a slight delay in the flow
point. This indicates that NPs provide structural strength to the fluid. However, raising the NPs
concentration to 0.2 g slightly decreases the flow point compared to the low concentration.

3.4.2. KCL-Based Fluids

For KCl-based fluids, there is not much difference between the base fluids and fluids having NPs,
as shown in Table 5 and Figure 9a,b. NPs addition decreases the flow point values compared to the base
fluid in case of uncoated NPs. This shows that NPs addition slightly weakens the gel characteristics
of KCl-based fluid. However, for Fe-XG, there is a slight increase in flow point, which shows the
polymer’s ability to improve the gel characteristics.

Table 5. Yield stress and flow point for KCl-based fluids.

Samples Yield Stress (Pa) Flow Point (Pa)
Base fluid (BF-1) 2.0 49
BF-1 + 0.05 g NPs 2.0 4.6
BF-1+0.1 g NPs 1.9 4.4
Base fluid (BF-2) 1.6 4.3
BF-2 + 0.2 g NPs 1.4 3.7
BF-2 + Fe-XG NPs 2.0 4.6

a) b)

| == G'Base Fhuid (BF) =G Base Fluid (BF )

Storage (G') and Loss (G'") Moduli
Storage (G') and Loss (G'') Moduli
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Figure 9. Storage and loss modulus for KCL-based fluid: (a) Base fluid with low concentration of NPs
(b) Base fluid with high concentration of NPs and Fe-XG.
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3.5. Mechanical Friction

Reducing the drilling fluid’s mechanical friction is crucial to keep the torque and drag to a
minimum during the drilling operation. Since minimizing the friction will allow drilling longer
distances also, it makes the casing running operation smooth.

3.5.1. Bentonite-Based Fluids

Water-based drilling fluids with bentonite usually show higher values for mechanical friction.
Therefore, it is beneficial to increase the lubricity of these fluids. As shown in Figure 10a, NPs have
reduced the coefficient of friction of base fluids. NPs with 0.1 g concentration shows the most reduction
in friction values. However, a higher concentration of NPs increases friction. The possible reason
might be the agglomeration of NPs at higher concentrations.

o0 a) = Coefficient of friction 26 0350 D) e coetmctentotiiction 0

0400 ~e~9% Change 28 0300 ~e-9% Change -
g 30 a a4
£ 0250 32 £ 0250 -
= DY
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) 8a |- “0
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0.000 50 0000 =0

Blsel’lmd BE+0455 EF+01g BE:02g EFITeXC BaseFlid BF+0.05g BF+01g BF+02g BF+FeXG
®F) NPs NPs NPs NPs
Fluid Samples Fluid Samples

Figure 10. Friction values of: (a) Bentonite-based fluids with NPs; (b) KCl-based fluids with NPs.

3.5.2. KCl-Based Fluids

Since KCl-based fluids do not have bentonite present in them, they show low mechanical friction
values compared to bentonite-based fluids, as indicated in Figure 10b. NPs also decrease the coefficient
of friction in case of these fluid systems. In this case, also, 0.1 g NPs showed the most reduction in
friction values. However, all the other concentrations of NPs still provide a significant reduction in
friction. These results for both water-based fluids show that NPs can provide lubricating properties to
the drilling fluids. NPs form a lubricating film around the micro-sized material’s harsh surfaces and
behave like a fluid in the system.

3.6. Effect of NPs on the Fluid Loss

Since the quality of drilling fluid is dependent on its performance with respect to controlling the
filtrate loss to the formation, it is crucial to minimize the fluid loss. The additives and solid particles
that form the filter cake are vital in controlling the fluid loss.

3.6.1. Bentonite-Based Fluids

Figure 11a shows the fluid loss results for the bentonite-based fluids with and without NPs.
As shown in the figure, NPs have reduced the fluid loss for the base fluids. NPs with 0.05 g, 0.1 g and
0.2 g concentration reduced the fluid loss by 20%, 13% and 19% respectively. NPs coated with xanthan
gum reduces fluid loss by 16%. The results indicate that NPs with different concentrations show a
similar reduction in fluid loss, with low concentration showing the most reduction. This might be due to
the even distribution of NPs on filter cake and the fluid’s stability under pressure. However, 0.2 g NPs
show almost the same amount of reduction due to filling the micropores in the filter cake by the NPs.
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Figure 11. Filtrate volume after fluid loss test for: (a) Bentonite-based fluids with NPs; (b) KCl-based
fluids with NPs.

3.6.2. KCL-Based Fluids

For the KCl fluids, a higher concentration (0.2 g) of NPs showed the highest reduction of 14%
in fluid loss. Fluids with 0.05 g and 0.1 g concentration NPs reduce fluid loss by 7%, as shown in
Figure 11b. However, NPs coated with xanthan gum increases fluid loss. This might be due to the
large size of the particles are not able to fill the pores compared to the uncoated particles. It can be seen
that KCI based fluid showed higher values for fluid loss due to the absence of bentonite in the system.
Moreover, lower apparent viscosity of the KCl-based fluids than the bentonite fluids also contributed
to higher values of fluid loss.

3.7. Microscale Analysis of the Filter Cake

3.7.1. Bentonite-Based Fluids

SEM images for the cake formed by bentonite-based fluid are shown in the Figure 12. It can be
seen in Figure 12a,b that the cake formed by the base fluid is not compact and there are voids in the
cake structure. Addition of NPs results in a less porous and compact structure formation for the base
fluid (see Figure 12¢,d for iron oxide NPs and Figure 12e,f for Fe-XG NPs). Other studies also report
similar results with bentonite-based drilling fluids [30,35,52].

The possible reason for the reduction in fluid loss is the filling of voids in the cake structure by the
NPs, as indicated in Figures 13 and 14. However, as indicated in figures for both bare NPs and Fe-XG
that there is an agglomeration of NPs, which might hinder the further reduction in the fluid loss due to
less particle packing. EDS spectrum of the area pointed by the arrow shows higher concentration of Fe,
indicating the presence of iron oxide NPs in the cake.
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Figure 12. SEM images of filter cake of Bentonite-based fluids: (a,b) Filter cake for base fluids; (c,d) Filter
cake for base fluids with Iron oxide NPs; (e,f) Filter cake for base fluids with Fe-XG NPs.

Figure 13. Presence of NPs in the mud cake for bentonite fluids with iron oxide NPs (EDS spectrum
shows the analysis done on the area indicated by the arrow).

Figure 14. Presence of NPs in the mud cake for bentonite fluids with Fe-XG NPs (EDS spectrum shows
the analysis done on the area pointed by the arrow).
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3.7.2. KCl-Based Fluids

Figure 15a—f show the SEM images for the KCl-based fluid and base fluids with NPs. NPs can
produce a less porous structure by filling the voids in the structure of mud cake. However, as indicated
in figures, voids are still present in the cake structure, where they are responsible for higher fluid
loss values.

Figure 15. SEM images of filter cake KCl-based fluids: (a,b) Filter cake for base fluids; (c,d) Filter cake
for base fluids with Iron oxide NPs; (e,f) Filter cake for base fluids with Fe-XG NPs.

In case of the sample with iron oxide NPs, closer observation of the mud cake structure indicates
that for bare NPs, there is a filling of the voids between the micro-sized particles by the NPs as shown
in Figure 16. Also, NPs interacted with the salt surface leading to a compact structure compared
to microparticles.

Figure 16. Presence of NPs in the mud cake for KCl fluids with Iron oxide NPs (EDS spectrum shows
the analysis done on the area pointed by the arrow).
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However, for Fe-XG, the higher values for the fluid loss might be due to NPs got adsorbed on
the salt surface and not being able to fill the voids in the cake’s structure. Also, large size of the
particles did not create compact cake structure, as shown in Figure 17. Moreover, dissociation of salt
induces flocculation by reducing the polymer interaction with the other additives and creating voids
in the structure.

Figure 17. Presence of NPs in the mud cake for KCl fluids with Fe-XG NPs (EDS spectrum shows the
analysis done on the area pointed by the arrow).

3.8. EDS Analysis

3.8.1. Bentonite-Based Fluids

The main elements present in the filter cake for the bentonite-based system are sodium, oxygen,
barium, sulphur and silicon. Small amounts of magnesium, calcium, aluminum, and strontium
are present in the cake formed after the fluid loss test. Figures 18a—c and 19a—c show the presence
of iron in the cake structures formed by bentonite-based fluids and KCl-based fluids, respectively.
Figure 18b indicates that the iron oxide NPs are distributed in the cake structure, and the iron (Fe)
amount also increases compared to the base fluid. However, in case of Fe-XG NPs, as seen in Figure 18c,
there is no uniform distribution of NPs. This indicates that the Fe-XG particles remain dispersed in the
fluid without contributing to cake formation. Fe content is also lowered in this case compared to the
samples with uncoated NPs due to xanthan gum’s coating on the surface of the particles.

3.8.2. KCl-Based Fluids

In case of KCl fluids, there is a higher concentration of potassium and chlorine present in the cake
structure. Moreover, a lower amount of sodium is present due to the absence of bentonite.

Similarly, in the case of KCl fluids, the iron oxide NPs contributed to cake formation as Fe content
increase in case of samples with NPs, see Figure 19b. However, NPs filled few voids in the structure,
creating a less compact structure leading to lower fluid loss reduction.

Additionally, mapping results indicate that for Fe-XG, NPs were not uniformly distributed in the
cake structure. Also, NPs do not fill the voids in the cake structure, which leads to an increase in the
fluid loss values, as shown in Figure 19c.
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Figure 18. Elemental analysis of filter cake for bentonite-based fluids: (a) Base fluid; (b) Base fluid with
NPs; (c) Base fluid with Fe-XG NPs.

Figure 19. Elemental analysis of filter cake for KCl-based fluids: (a) Base fluid; (b) Base fluid with NPs;
(c) Base fluid with Fe-XG NPs.
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3.9. Elemental Analysis of Filtrate

Element analysis results are shown in Tables 6 and 7. In case of low concentrations of NPs, there
was no iron detected in the filtrate. However, increasing the concentration shows that iron was present
in the filtrate. This shows that most of NPs are deposited on a cake or stayed in the drilling fluid at a
lower concentration. Even at higher concentrations, there is small amount of iron particles present in
the filtrate. Most of the particles stayed on the cake and in the drilling fluid. A high concentration of
sodium was detected in the bentonite-based fluids. In comparison, KCl-based fluids showed a higher
concentration of potassium cations present in the filtrate. Most of the barite stayed in the cake as low
barium and sulfate concentrations were detected, as shown in the tables.

Table 6. Elements from the filtrate loss for bentonite-based fluids.

Elements Base Fluid Base Fluid + 0.05 g NPs  Base Fluid + 0.2 g NPs Base Fluid + Fe-XG
B‘?‘(ﬁ;‘i) 031 027 027 0.30
Cia(lfri‘;/nﬁ) 07 1o o o

Cu o) 7 o o °°

e Iégg/L) nd. nd. 0.09 <0.06
Mgy 22 ! * -
Ns;o(d;ugr/r\L ) 5906 5579 5460 5370

5 (mglL) >6 >0 4'5 >

S (mgD) 09 - ° ”

Table 7. Elements from the filtrate loss for KCl-based fluids.

Elements Base Fluid Base Fluid + 0.05 g NPs  Base Fluid + 0.2 g NPs Base Fluid + Fe-XG
B‘za(i;ugr;}:) 1.8 12 14 16
C(;a(lfri‘;/“i) <3 <3 21 37
CS‘EE’;‘L) 19 15 15 14
Fe KE;JL) nd. nd. <03 <03
P]?t(":f‘z/‘g‘ 36,144 35,564 33,400 32,700
I\f/[aggz‘;;‘i“; 4 4 4 32
Nsa"z;‘g/“m 894 826 820 850
Slstl‘nf;‘i) <3 <3 24 26
SS‘:‘(’:;;L“)‘ 9.3 8.6 83 83
A[i‘i"(?n"g/lir)n <5 <5 <5 <5

216



Appendiz - Paper I

Energies 2020, 13, 6718 18 of 21

3.10. Magnetic Recovery

Magnetic recovery of the NPs from the drilling fluids was done by using a strong magnet. It can be
seen that NPs can be recovered from the fluid system. These recovered particles were analyzed using
SEM, as shown in Figures 20 and 21 for bentonite and KCl-based fluids, respectively. As seen from the
figures, NPs interacted with the other components of the drilling fluids. For both bentonite and KCl
fluids high concentration of barium indicated that NPs interacted with the barium. A small amount
of sodium and magnesium was also present in bentonite-based fluids indicating the interaction of
particles with bentonite. Moreover, the EDS spectrum shows small amounts of potassium and chlorine
for the KCl-based fluids.

W0 w0 W w0 mo

Figure 21. SEM image and EDS spectrum of recovered particles for KCl-based fluid.
4. Conclusions

In this experimental study, iron oxide NPs and Fe-XG NPs effect on two types of water-based
drilling fluids (bentonite-based fluids and KCl-based fluids) was studied. The main findings of the
study are summarized below:

> Results indicate that NPs can modify the rheological parameters of bentonite-based fluids.
NPs increases the viscosity and gel strength of the bentonite-based fluids owing to the
agglomeration of magnetic NPs.

> A polymer coating on the NPs slightly reduces the gel strength values at high temperature for
bentonite-based fluids.

> Small concentration of NPs was sufficient to reduce the coefficient of friction and fluid loss values
of the bentonite-based fluids. NPs with 0.019 wt% (0.1 g) and 0.0095 wt% (0.05 g) reduces the
coefficient of friction and fluid loss by 47% and 20%, respectively.

> Fe-XG NPs also reduces the coefficient of friction by 29%, while fluid loss values were reduced by
16% for bentonite-based fluids.

> Filter cake analysis shows that NPs filled the spaces in the structure of the cake and uniform
distribution of particles kept the fluid loss values to a minimum compared to the base fluid.

> Inaddition, elemental analysis shows the even distribution of the NPs throughout the structure
of the filter cake.

> In the case of KCl-based fluids, the addition of NPs has a slight impact on rheological parameters
owing to the lesser stability of the fluid system due to presence of high salt concentration.
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> In case of coefficient of friction and fluid loss, NPs do provide improvements. Addition of
0.038 (0.2 g) wt%, and 0.019 wt% (0.1 g) of NPs reduces fluid loss and friction by 14% and 45%,
respectively. However, Fe-XG NPs increase the fluid loss value by 11%.

> Microscale analysis of the cake shows that NPs do interact with the salt and reduce the cake’s
permeability by forming compact structures.

> Fe-XG NPs increases the fluid loss values due to an increase in size and adsorption of polymer on
the salt surface, creating voids in the cake structure.

> This work also shows that magnetic recovery of NPs also provides further information regarding
the interaction of NPs with other additives in the drilling fluid system.

> This study shows that low concentration of NPs is sufficient to improve the properties of drilling
fluids. Also, NPs can reduce the fluid loss values and friction values of KCl-based fluids without
affecting the rheological parameters.
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ARTICLE INFO ABSTRACT

Keywords: Recently the focus of the oil and gas industry is to find the alternative material for well barrier applications.

Well cementing Geopolymers are among the suggested materials, which could be used in the future to solve the well integrity

;'5011(’0;3'“‘;' issues rooted by the properties of Portland cement. Previous study with rock-based geopolymer indicates the
ock-base:

potential of geopolymer to be used as a barrier material. However, there are still some shortcomings of geo-
polymer material, which need to be improved to make it a possible option for well cementing applications. This
study aims to improve the properties of the geopolymer. Al,03 and multi walled carbon nanotubes functionalized
with hydroxyl group (MWCNT-OH) nanomaterials were used to study their effect on rheological, filtration loss,
and mechanical properties of the geopolymer. Moreover, the effect of nanomaterials on the setting time and
microstructure of the geopolymer has been studied. Results obtained from this work indicate that, nanomaterials-
based geopolymers have better mechanical properties and setting time compared to the neat geopolymer.
Addition of nanomaterials produced a more ductile structure with higher compressive and tensile strengths.

Nanoparticles

Microstructure and element analysis confirmed the formation of a more compact and dense structure with the
presence of MWCNT-OH and Al,O3 throughout the structure of the geopolymer.

1. Introduction

In hydrocarbon wells, cement is one of the important well barrier
elements used during well construction, completion, and Plug and
Abandonment (P&A) phases. When well productivity is not economical,
or the well experience uncontrolled leakage, the fate of the well is to be
permanently plugged and abandoned. The primary function of well
cementing is to seal annular spacing between casing-casing or casing-
formation, hinder formation-casing communication, providing struc-
tural integrity, and preventing formation fluid from leaking to the sur-
face (Nelson and Guillot, 2006). Fig. 1 presents possible leak scenarios
that occurred due to improper zonal isolation. Possible leak paths from
the well could be: through cement due to permeability of cement,
through cracks caused by downhole stresses (e.g. thermal shocks, tec-
tonic stresses, post-cement operations) and brittleness of cement, in the
microannuli at the interface of casing-cement or cement-formation
caused due to shrinkage of cement and/or insufficient wetting to
ensure bonding between casing and cement. Properly designed slurry, as
well as good cementing practices, are the key factors for successful
cementing operation. For any civil engineering works, it is important to

* Corresponding author. University of Stavanger, 4036 Stavanger, Norway.
E-mail address: muhammad.a.alvi@uis.no (M.A.A. Alvi).
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follow recommended practices and standards. NORSOK D-10 (2013)
defines well integrity as “the application of a technical, operational, and
organizational solution to the risk of an undesired leak during the
lifetime of the well.

Well integrity issues are reported in several parts of the world. For
instance, Vignes and Aadngy (2010) have audited the integrity status of
the Norwegian Continental Shelf (NCS) wells based on the information
obtained from seven operators. As shown in Fig. 2, their investigation
indicated that out of the 75 wells (i.e., 48 production and 27 injection
wells), casing and cement integrity issues recorded 11% of well integrity
issues each. A recent survey performed by the Petroleum Safety Au-
thority (PSA) Norway on 1995 wells from 13 operators shows that 30 %
of the wells have well integrity issues (Norway, 2019).

Moreover, Watson and Bachu (2009) have statistically assessed the
leakage potential of several abandoned wells in Alberta, Canada. This
study indicates that improper zonal isolation is one of the causes of leak
to the environment.

Depending on the well design and completion, qualified cement can
be counted either as a well barrier element in the primary or secondary
barrier envelope (see Fig. 1). Although cement has been the prime
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Fig. 1. Well barrier envelopes (blue as primary and red as secondary) and
NORSOK D-10 cement requirement (Belayneh and Aadngy, 2015; Norsok,
2013). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 2. Categories of well barrier element failures in the Norwegian sector of
the North Sea (Vignes and Aadngy, 2010).

material used for zonal isolation and P&A, the enacted mechanical and
long-term durability requirements by different authorities make the use
of alternative barrier materials important. NORSOK D-10 (2013) re-
minds that any barrier material used for zonal isolation or P&A shall be
impermeable, able to withstand mechanical loads/impact, and non-
shrinking. In addition, the candidate material shall resist downhole
chemicals and ensure bonding with steel and formation. Obtained re-
sults by different researchers and dialogue with operators suggest that
the use of alternative material to Portland cement might be necessary to
reduce the risk of well barrier failure (Teodoriu et al., 2013; Jafariesfad

Journal of Petroleum Science and Engineering 191 (2020) 107128

etal., 2017a; Kiran et al., 2017; Salehi et al., 2017; Vréalstad et al., 2018).

The primary failure mechanisms associated with the Portland
cement are addressed as, but not limited to, changes of temperature and
pressure regimes that cause cement cracks, brittleness (low ductility) of
cement, volume changes causing possible microannuli (Vralstad et al.,
2018). Furthermore, poor cementing practices can result in channels
through cement (Shenold and Teodoriu, 2016) and tectonic stresses
(Lavrov and Torsater, n.d; Jafariesfad et al., 2017a; Vralstad et al.,
2018) are circumstances that intensify the risk of material failure.
However, due to the above shortcomings with the Portland cement,
researchers are trying to look for supplementary materials. Several
alternative materials such as bismuth-based materials (Carragher and
Fulks, 2018), resins, creeping formation, and geopolymer have been
proposed or used as an alternative to Portland cement (Khalifeh et al.,
2013, 2014; Vralstad et al., 2018).

Geopolymers have been used in the construction industry and sug-
gested as a supplementary material to cement for well construction
(Khalifeh et al., 2014, 2018; Liu et al., 2017; Salehi et al., 2019). Geo-
polymers are inorganic polymers made of a long chain of aluminosilicate
materials formed by the process of geopolymerization. Geo-
polymerization is the term introduced by Joseph Davidovits in 1978
(Davidovits, 1982, 1991). In this process, reactive alumina and
silica-based materials, known as precursors, act as source material. The
source material is mixed with a hardener, which is an alkali silicate
solution to activate the geopolymerization process. Three different
mechanisms (dissolution, orientation and polycondensation) are
involved during the geopolymerization process (Duxson et al., 2007;
Davidovits, 2005). A variety of precursor materials based on natural
minerals such as feldspar, metakaolin, kaolinite, and solid wastes like fly
ash, blast furnace slag, rice husk, and several others can be used to
produce geopolymers. The geopolymer structure has a 3-D network gel
consisting of Si04 and AlO4 tetrahedrons that are bonded alternately by
sharing the oxygen ions as Si-O-Al-O (Davidovits, 2005; Komnitsas,
2011). The stability and strength of the geopolymer depend on the
properties of the source material. Some of these properties may include,
but not limited to, fineness, particle size distribution, chemical compo-
sition and reactive content of the geopolymeric precursors (Singh et al.,
2015). Moreover, the concentration of soluble silicate, water content,
and pH level of the hardener are also important factors (Duxson et al.,
2007).

Different researchers studied the advantages and current limitations
of geopolymers compared to conventional cement. Some of the advan-
tages include durability at corrosive environments (Nasvi et al., 2014;
Khalifeh et al., 2017), lower permeability (Gao et al., 2013; Salehi et al.,
2016; Nasvi et al., 2014), higher structural flexibility (Khalifeh et al.,
2015), lower chemical shrinkage (Salehi et al., 2016, 2017; Paiva et al.,
2018; Khalifeh et al., 2018) and lower CO2 emission during production
(Gao et al., 2013). However, there are current limitations that limit the
application of geopolymer for well construction. These include lower
tensile strength compared to Portland cement and issues related to
controlling the pumpability of geopolymer slurry at elevated tempera-
ture for a reasonable time (Khalifeh et al., 2018). Another main barrier is
that technology has not been field tested and, therefore, not yet qualified
for use.

1.1. Nanomaterials in cement and geopolymer

In recent years, research results have shown that nanomaterials
(1-100 nm) can significantly improve the properties of conventional
drilling fluid, oil well cement, and enhanced oil recovery processes.
Nanomaterials have shown great potential to solve engineering prob-
lems related to the oil and gas industry. Due to a very small size and high
surface area to volume ratio, nanomaterials have the ability to create
smart materials with improved rheological and mechanical properties.
For instance, the application of nanoparticles in cement has shown
improved properties such as increase in compressive strength (Li et al.,
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2004; Meng et al., 2012; Safi et al., 2018), flexural strength (Li et al.,
2004; Safi et al., 2018), tensile strength (Jalal et al., 2012) and reduced
permeability (Ozyildirim and Zegetosky, 2010). Researchers working in
the areas of well cementing have also introduced nanomaterials to their
mix designs to achieve better properties of the cement material (Ershadi
et al., 2013; Pang et al., 2014; de Paula et al., 2014; Khan et al., 2016;
Murtaza et al., 2016; Jafariesfad et al., 2017b; Li et al., 2017).

Moreover, the application of nanoparticles in geopolymer has shown
impacts on different properties. Many studies are available which show
the impact of nanoparticles on workability (Hassaan et al., 2015;
Phoo-ngernkham et al., 2014; Rodriguez et al., 2013; Gao et al., 2014),
microstructure (Assaedi et al., 2016; Phoo-ngernkham et al., 2014),
chemical shrinkage (Yang et al., 2015) and density and porosity (Deb
et al., 2016; Assaedi et al., 2015, 2016). Additionally, the effect of
nanoparticles on the mechanical properties of geopolymers has been
studied by some authors (Assaedi et al., 2016; Phoo-ngernkham et al.,
2014; Naskar and Chakraborty, 2016). However, very few studies are
available to address the effect of nanoparticles on the properties of
geopolymers for oil well cementing (Ridha and Yerikania, 2015; Khali-
feh et al., 2019a,b).

In geopolymer technology, the presence of aluminium oxide plays an
important role. By decreasing the ratio of Si/Al, the final geopolymer
material can be more flexible with a higher degree of resistivity to
corrosive chemicals (Provis and Van Deventer, 2009). In addition, the
use of aluminium for producing lightweight and sound-isolating geo-
polymers have been studied by some researchers (Hajimohammadi
et al., 2017; Leiva et al., 2019). We also know that the hydroxyl group
plays a role in the geopolymerization reaction. Therefore, the use of
nanoparticles functionalized with OH™ involves the nanoparticles in
geopolymer reactions to further enhance the properties of geopolymers.

In this study, MWCNT functionalized with a hydroxyl group
(MWCNT-OH), and Al;03 nanoparticles (AL-0450) have been used to
study their effect on the properties of rock-based geopolymer. The
impact of Al;03 nanoparticles and MWCNT on different geopolymer
systems have been previously studied. For instance, Guo et al. (2014)
have added y-Al,O3 to fly-ash based geopolymer. This study shows that
Al,03 nanoparticles have modified the pore structure of the geopolymer
and produced a material structure with a narrow pore distribution based
on the FT-IR spectrum and SEM analysis. Also, nanoparticles improved
the compressive strength of the fly ash-based geopolymer, 2.0 wt% of
Al,03 nanomaterials increase the strength from 50 MPa to 56.8 MPa for
neat geopolymer after 28 days. Another study shows that the addition of
Al,03 nanoparticles to high calcium fly-ash based geopolymer decrease
the setting time of the slurry (Chindaprasirt et al., 2012). Phoo-n-
gernkham et al. (2014) showed that the microstructure of the AlyO3
based high calcium fly ash geopolymer was improved, with the forma-
tion of denser structure. Additionally, nanoparticles improved elastic
modulus, compressive, and flexural strength of the geopolymer paste.

MWCNTSs have also been used in geopolymers to improve mechanical
properties (i.e. compressive and tensile strengths as well as Young
modulus) because of the superior mechanical properties of carbon
nanotubes. Saafi et al. (2013) introduced MWCNT to a low calcium fly
ash-based geopolymer. The addition of MWCNT having a concentration
of up to 1 wt% by weight of the geopolymer improved flexural strength
and Young modulus of the geopolymer. However, Saafi et al. (2013)
reported that a lower concentration of the MWCNT in the geopolymer
matrix gave better results due to sufficient dispersion of the nanotubes in
the slurry. The effect of carbon nanotubes on the compressive strength
and modulus of elasticity of fly ash-based geopolymer has been reported
by Rovnanik et al. (2016). According to Rovnanik et al. (2016), the best
result for compressive strength and modulus of elasticity of the geo-
polymer obtained when low concentration (0.15 wt%) of MWCNT was
used in the mix. Published results by Abbasi et al. (2016) show that
carbon nanotubes improve the strength of metakaolin-based geo-
polymers. According to them, an addition of 0.5% nanotubes had
increased compressive strength by 32% and flexural strength by 28% of

Journal of Petroleum Science and Engineering 191 (2020) 107128

the geopolymer. Moreover, SEM analysis confirmed the bonding of
MWCNT with the geopolymer, as nanotubes bridged the microcracks in
the structure of the geopolymer.

One important criterion to be considered in the selection of nano-
particles is to obtain sufficient dispersion. Agglomeration of nano-
materials may lead to a negative impact on the properties of geopolymer
or other cement-based materials. Furthermore, lower concentration of
nanomaterials has a better performance compared to the use of large
amounts, which ultimately may lead to non-reacted nanoparticles in the
cement-based materials (Guo et al,, 2014; Riahi and Nazari, 2012;
Sumesh et al., 2017; Khater and Abd El Gawaad, 2016).

In this paper, the intent is to study the effects of the AL-0450 and
MWNCT-OH nanoparticles on rheological properties, static fluid loss,
pumping time, and mechanical properties of a neat rock-based geo-
polymer (GP). The mechanical, elastic, and physical properties are used
to quantify and analyze the quality of cementitious material. In an oil
and gas well, cement can experience compressive and tensile loads.
Hence, in this paper, the elastic properties of geopolymers are charac-
terized through the uniaxial and Brazilian (indirect tensile) tests.
Additionally, the microstructure of the geopolymers containing the
nanoparticles was examined.

2. Experimental procedures
2.1. Materials

Granite is an intrusive igneous rock, and its main constituents are
quartz and alkali feldspars. Granite was used as geopolymer precursor,
in this work, to produce rock-based geopolymer. Velde Pukk AS pro-
vided powdered granite, and it was used without any further processing.
The particle size of powder granite was below 63 pm. To achieve the
required chemical composition of geopolymeric precursors, the chemi-
cal composition of granite was normalized by introducing silica flour
and ground granulated blast furnace slag. The chemical composition of
the geopolymeric precursor is presented in Table 1. The development of
the rock-based geopolymer and its reaction is extensively presented in
work done by Khalifeh et al. (2016).

Ground Granulated Blast Furnace Slag (GGBFS) is an industrial by-
product of the steel industry. The GGBFS has calcium and magnesium
content, but the precursor mix is designed so that the final calcium
content is less than 10 wt%. The GGBFS used in this study was supplied
by MEROX, Sweden, with the product name Merit 5000.

Silica flour is natural quartz sand, and it was supplied by Halliburton.
It was introduced to the mix design to adjust the Si/K0 ratio.

In this research work, a potassium silicate solution was used as a
hardener, which had a modulus number (SiO2/K20) of 2.30. Deionized
water was used to adjust the water content of the binder. The chosen
nanoparticles were introduced to the binder prior to the addition of
precursor.

To this liquid phase, suitable amounts of AL-0450 and MWCNT-OH
were added. Nanomaterials in the liquid phase (aqueous) were used in
this study. As nanomaterials are dispersions in the water phase, liquid to
solid ratio of the geopolymer slurry was adjusted according to the liquid
content of the nanomaterials.

2.1.1. Nanomaterials

MWCNT-OH used in this study were purchased from US Research
Nanomaterials, Inc. Functionalization of MWCNT is done to improve
their properties such as better dispersion, interfacial bonding strength,
better flexibility as well as better surface activity. Hydroxyl function-
alized nanotubes were used in this study to achieve possible reaction
with the geopolymer. In addition, a non-ionic surfactant containing ar-
omatic groups without having Alkylphenol Ethoxylates (APEO) is used
to disperse MWCNT in water. Ultra-sonication and centrifugation were
used to disperse the tubes and to form a stable dispersion of MWCNT in
water. Properties of MWCNT-OH are presented in Table 2.
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Table 1
Chemical composition of the geopolymeric precursor.
Chemical composition SiO, Al,05 Fe,03 CaO MgO K0 TiOy MnO SrO BaO S2- LOI Total
Wt. % 65.77 10.04 0.58 11.98 6.37 1.78 0.91 0.01 0.01 0.01 0.48 0.17 99.99
AL-0450 was purchased from the Alfa Aesar. AL-0450 is a colloidal
dispersion in 50% Hy0 with dispersant, see Table 3 for properties of AL- :able 3 £ AL-0450
0450. Fig. 3 shows SEM images of the nanomaterials used in this study. roperties of Al- -
Properties Values
X . Purity 50% in water, colloidal dispersion
2.2. Test methods and preparation of test specimens Formula Al,O5
Form 45 nm APS for dry powder
2.2.1. Characterization and test methods Formula Weight 10196
Temperature and Pressure Conditions — For this study, the temperature SR‘:::E::: dox :1%27- 6480 m/g
was chosen to be 50 °C and 70 °C. The ramp-up rate of 1 °C/min was Color White

selected for both cases. Additionally, curing pressure used for pressur-
ized consistency, uniaxial compressive strength, as well as ultrasonic
cement analyser was 14 MPa. This was done to mimic the possible
downhole temperature and pressure conditions in a well.

Shear Stress Measurement — Fann viscometer was employed to mea-
sure the rheological behaviour of the geopolymeric slurries. Atmo-
spheric consistometer was used to do the conditioning of the geopolymer
slurry at 50 °C. After reaching 50 °C, the slurry was conditioned for 20
min to achieve uniform temperature.

Consistency — In order to map pumpability and effect of pressure on
the pumpability of the slurries, atmospheric consistometer and pres-
surized consistometer recommended by API RP 10B-2 standard (API,
2013) were employed.

Static Fluid Loss — To measure the fluid loss of the slurries; first the
slurries were conditioned in the atmospheric consistometer at 50 °C
(BHCT). Then, high temperature and high pressure (HTHP) fluid loss cell
was used to measure the drained fluid. The achieved differential pres-
sure was 5.2 MPa. As the slurry was already conditioned at 50 °C, the
ambient temperature was used during the measurement, and all the
slurries were passed through the 850 pm sieve. The pressure was applied
by using carbon dioxide cartridges.

Uniaxial Compressive Strength — To measure the unconfined
compressive strength of the samples, a Toni Technik-H mechanical tester
was used. A loading rate of 27.6 MPa/min was selected according to the
API RP 10B-2 standard (API, 2013). All the samples were cured in an
autoclave at 14 MPa and 70 °C. Samples were cured in plastic cylinders
having dimensions of 100 mm length and 52 mm diameter. After curing
for the required time, samples were removed from the plastic molds and
were cut from both ends to achieve flat surfaces before measuring the
compressive strength. The specimen is loaded between parallel plates,
and the loading is on the surface of the cylindrical geopolymer plug. The
testing procedure is according to NS-EN 196-1 standard (Norway, 2005;
ASTM, 2013), and the compressive strength is given by:

F

o= ©)
Table 2
Properties of MWCNT-OH

Properties Values

Purity >95 wt% (carbon nanotubes)

>97 wt% (carbon content)

Content of -OH 1.76 wt%

Outside diameter 20-30 nm

Inside diameter 5-10 nm

Length 10-30 pm

Specific surface area (SSA) >110 m%/g

Color Black

Electrical conductivity >100 s/em

Tap density 0.28 g/em®

True density ~2.1 g/em®

Fig. 3. SEM images of AL-0450 NPs showing the distribution of nanoparticles
(a and b), SEM images of MWCNT-OH showing the nanotubes (¢ and d).

Where F is maximum recorded compressive load (kN) and R is radius of
the specimen (mm).

Indirect Tensile Strength Measurement — Brazilian tests were conducted
by employing Zwick/Z020 mechanical testing machine. TestXpertIl
software was used to record the applied force on the sample. The loading
rate of 50 N/s, which is equivalent to 0.05 MPa/s was selected according
to the ASTM D3967-16 (Standard, n.d.). Unlike steel materials, rock and
cement like structures exhibit weak tensile strength. Hence, the indirect
test method is used to determine the tensile strength of such materials.
The Brazilian tensile tests were conducted according to the procedure
described in NS-EN 12390-6:2009 standard (Norway, 2009). The
specimen is placed between parallel curved plates, and the applied load
is continuously increased until failure. The tensile strength is given as
(Norway, 2005; ASTM, 2013):

2F

==
'~ zDL

2)
Where F is the maximum load (Newton), D is the diameter (mm), and L is
the length of the specimen (mm). The unit of the tensile strength is N/
mm?

Sonic Strength Development — Sonic Strength of the geopolymers
mixed with the nanoparticles were measured by Chandler Ultrasonic
Cement Analyser (UCA). The downhole temperature of 70 °C was used

237



Appendix -

Paper 111

M.AA. Abvi et al.

to map the sonic strength development. UCAs are designed to compute
the sonic strength of Portland cement by applying a pre-defined algo-
rithm and using the travel time of ultrasound through the cement slurry.
Therefore, to estimate the values for new materials, it is necessary to
develop a new algorithm. For this study, a customized algorithm feature
was used from UCA to accommodate geopolymer-based slurries. A
polynomial equation generated from the plot between transit time and
measured compressive strength from UCS was put into the UCA software
using a custom algorithm option in the instrument to calculate the sonic
compressive strength.

X-ray diffraction (XRD) — Bruker D8 ADVANCE Eco diffractometer
(having Cu-Ka radiation source, A = 1.5406 ;\, 40 kV, and 25 mA) was
used to study the X-Ray diffraction of the geopolymer and geopolymer
with nanomaterials. The X-Ray patterns were recorded in the 20 range of
5-70°.

Microstructure and Elemental Analysis — To get an insight into internal
structural make-up of the geopolymer, Zeiss Supra 35VP model scanning
electron microscope was used. Additionally, to quantify the percentage
of different elements present in the structure, the elemental analysis was
conducted with element dispersion spectra (EDS).

2.2.2. Slurry preparation

Slurry mix designs are presented in Tables 4 and 5. First, the pul-
verized granite rock was normalized with other industrial wastes to
prepare a unique chemical composition, which gives repeatable results.
Separately the hardener was prepared by mixing potassium silicate so-
lutions with deionized water. Then, suitable amounts of either AL-0450
or MWCNT-OH were added to the hardener and mixed with a high shear
rate mixer. The normalized geopolymeric precursors were mixed with
the nanoparticle blended hardener by using the commercial Waring
blender according to the API RP 10B-2 (API, 2013). The slurries were
conditioned with the atmospheric consistometer to make sure that the
system is homogenous. The sample preparations were conducted ac-
cording to the API RP 10B-2 (API, 2013). The liquid to solid ratio (L/S)
of the samples was 0.55. The specimens for compressive strength and
tensile strength measurements were poured in the plastic molds.

3. Results and discussions
3.1. Rheological properties

3.1.1. Shear Stress Measurement

The rheological properties of the neat geopolymer show non-
Newtonian (Bingham Plastic) behaviour as indicated by the previous
study. The addition of nanomaterials shows similar trends but with the
higher shear stress values for the same shear rate. Hence, nanomaterials
increase the viscosity of the material, see Fig. 4. As indicated by Hodne
et al. (2001) addition of micro-sized silica particles increased the vis-
cosity of the cement slurry. A similar trend is observed in this study; the
addition of nanoparticles to the slurry increases the solid content.

A sharp change in the rheological profile of the mix design con-
taining MWCNT-OH was noticed at high shear rate when the tempera-
ture increased from 40 to 50 °C. The reason for the behaviour remained
unknown. However, shear rates of more than 250 1/s are not commonly
experienced in the field, except the Bottom Hole Assembly (Saasen and
Ytrehus, 2018). Fig. 5 shows the apparent viscosity of the slurries at
different temperatures. It can be seen that nanoparticles have increased
the apparent viscosity. Moreover, for all the slurries increase in tem-
perature decreases the apparent viscosities.

The Casson model is a two parameter model, which was used to

Table 4
Composition of the AL-0450 modified geopolymer.

Component Precursor Hardener Water Nanomaterials (AL-0450)

Weight (g) 735 324.45 81.9 0.36
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Table 5
Composition of the MWCNT-OH modified geopolymer.

Component Precursor Hardener Water Nanomaterials (MWCNT-OH)

Weight () 735 324.45 81.9 0.18

== Neat Geapolymer (G7) 30 C

== GPAWCNT-OH 30 C
we

— Granwe

——GPAWCNT-OH 0

Shear Stress (Pa)

30
Shear Rate (1/5)

Fig. 4. Effect of temperature and the nanoparticles on the rheological behav-
iour of geopolymer.

——GPAL IS NP SO C

—GPAIWCNT-OR S0 C

Shear Rate (1/s)

Fig. 5. Apparent viscosity of neat geopolymer and neat geopolymer modified
with AL-0450 and MWCNT-OH.

calculate the Casson yield stress and Casson plastic viscosity. The Casson
model provided a good fit for the measured shear stress and shear strain
values. At both high and low shear rates, the Casson model provides
more accurate results (Ochoa, 2006). The model is given (Nelson and
Guillot, 2006) as,

05,05

709 = ri,'s + Y Fort <1, 3)
y=0 Forz>r1, @
Where,

7 is the shear stress (Pa)

7. is the Casson yield stress (Pa)

Hc is the Casson plastic viscosity (Pa)
v is the shear rate (sec ™)

Table 6 shows the values for yield stress and plastic viscosity for neat
geopolymer and geopolymer mixes having nanomaterials. Yield stress
and plastic viscosity of cement-based materials are critical with respect
to displacement and the pumpability of the slurry. Higher values of yield
stress and plastic viscosity of the geopolymer mix with nanomaterial
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Table 6
Casson Yield stresses and Casson plastic viscosities.

Journal of Petroleum Science and Engineering 191 (2020) 107128

Temperature Casson Yield Stress-Neat ~ Casson Plastic Viscosity- Casson Yield Stress- Plastic Viscosity-GP Casson Yield Stress- GP  Plastic Viscosity-GP +
Q) Geopolymer (Pa) Neat Geopolymer (Pa) GP + AL-0450 (Pa) + AL-0450 (Pa) + MWCNT-OH (Pa) MWCNT-OH (Pa)

30 0.015 0.23 0.36 0.29 0.25 0.29

40 0.009 0.21 0.22 0.27 0.21 0.26

50 0.014 0.17 0.34 0.23 0.15 0.24

thickens the system and control the segregation of materials by
providing better cohesion. This increase in viscosity does not have effect
on the pumpability of the slurry, as indicated by the setting time results,
but it can have an impact on pump pressures and friction in the well,
causing larger downhole pressures when circulating.

3.2. Fluid-loss test

Fluid-loss values for cement slurries are generally high when addi-
tives are not used, which can contribute to problems such as gas
migration as well as maintaining the hydrostatic pressure and incom-
plete hydration of cement. Geopolymerization does not involve hydra-
tion reaction and requires less amount of water, but hardener loss may
result in loss of hydrostatic pressure or incomplete reaction. Our mea-
surements confirmed that lower values of fluid loss are associated with
the geopolymer. As shown in Fig. 6, very low values of fluid loss were
recorded after 30 min. The mix containing AL-0450 nanoparticles
showed a significant increase in fluid loss values. The possible reason
might be a delay in the hardening of slurry with AL-0450, as indicated in
Fig. 7. However, in the case of MWCNT-OH, there is a significant
decrease in fluid loss values. Perhaps, attachment of MWNCT particles to
the oligomers is a possible scenario.

3.3. Pumpability

For oilfield applications, geopolymeric slurry should set at the
desired time. Therefore, it is crucial to have control over the setting time
of the slurry. Retarders (such as lignosulfonates, and derivatives of
carbohydrate) are commonly used to delay the setting time of Portland
cement used in oil fields. However, these are not effective in case of the
geopolymers. Borax based retarders are suggested for the geopolymer;
however, a significant decrease in mechanical strength has been re-
ported (Allouche et al., 2017). Therefore, nanomaterials might be used
to prolong the pumpability of the geopolymer slurries by acting as a
retarder. Fig. 7 shows that the addition of nanomaterials almost doubles
the available pumping time of the geopolymers. Different mechanisms
could be involved here, which causes the delay in the setting of

Sampled liquid (ml)

“@-Neat Geopolymer (GP)
—4-GP+AL-0450 NPs

& GP+MWCNT-OH

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (minutes)

Fig. 6. Effect of AL-0450 nanoparticles and MWCNT-OH on static fluid loss of
the geopolymeric slurries.

nanomaterials-based geopolymer slurries. A possible scenario could be
that the nanomaterials might act as a shield between the aluminosilicate
precursor and hardener and reduce the rate of dissolution of
alumina-silicates (Allouche et al., 2017).

Delaying the gelation step can significantly prolong the setting of the
geopolymer slurry. As with the addition of nanoparticles, there are more
charged particles in the system, the electrostatic repulsion between the
similar charges in the system may be promoted. Also, surfactants that
are used to disperse the nanoparticles might act as retarders and delay
the setting time of the geopolymer slurries. The addition of the nano-
materials prolonged the pumping time to 3 hrs, see Fig. 7.

Our study shows that pressure does not have a significant effect on
pumping time, see Fig. 7, which is aligned with previous results obtained
by Khalifeh et al. (2019a) on the neat geopolymers.

3.4. Mechanical properties

3.4.1. Uniaxial compressive strength (UCS)

The unconfined compressive strength tests were performed after the
specimens being aged at 12hr, 24hr, 3, 7, and 28 days. For each curing
time, three specimens were crushed, and the average strength values are
reported as a representative for the unconfined compressive strength.
Even though the geopolymer specimens were cured in autoclaves, the
mechanical destructive tests were conducted at ambient conditions.
Fig. 9 shows a continuous increase in the strength development of
geopolymers with the incorporation of MWCNT-OH and AL-0450 NPs.
This shows that nanoparticles are integrated into the material structure.
As indicated in Fig. 9, there is not a very significant difference between
the compressive strength between 7 days and 28 days. This indicates
that samples attained most of the strength in the first 7 days. However,
there is a continuous increase in strength with time. Introducing nano-
materials to the geopolymeric slurry might provide additional nucle-
ation sites for the aluminosilicate reaction, forming a more
homogeneous and denser geopolymer paste. Narrow pore distribution
and elimination of weaker zones within the geopolymer matrices could
lead to an increase in compressive strength. Hydroxyl groups on the
surface of the MWCNT may either react with the geopolymer structure
and releasing a hydroxyl group or make a hydrogen bond, as illustrated
in Fig. 8. This incorporates the MWCNT throughout the structure of the
geopolymer, as indicated by the microstructure analysis. It can ulti-
mately produce nanotubes reinforced geopolymer having higher me-
chanical properties such as compressive strength. Li et al. (2013) have
shown that the incorporation of Carboxymethyl chitosan improves the
mechanical properties of the fly ash-based geopolymer due to the
created hydrogen bond between the hydroxyl groups in N-Carbox-
ymethyl chitosan and the geopolymer.

In case of AL-0450 NPs, the smaller size of these particles may also
act as a filler and fill the pores in the structure of the geopolymer,
consequently yielding a more compact structure.

3.4.2. Stress and strain curves

Fig. 10 shows the measured stress-strain. As shown, the nanoparticle
treated system exhibited a longer deformation as well as a higher load
carrying capacity depending on the curing time. All the geopolymer
samples showed creeping behaviour, which means more ductility.
However, it is important to mention here that this behaviour is depen-
dent on the curing time, as indicated in Fig. 10, after 28 days
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Fig. 7. a) Effect of AL-0450 nanoparticles on setting time of the geopolymer slurry b) Effect of MWCNT-OH on setting time of the geopolymer slurry.
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Fig. 9. Trend for unconfined compressive strength build up from 12 h to 28
days for neat geopolymer, and modified geopolymers with ials AL-
0450 and MWCNT-OH.

nanomaterials-based system because less ductile with the time.

3.4.3. Modulus of elasticity

Tensile strength requirements for the oil well cement are dependent
on Young’s modulus (E) of cement and formation rock (Thiercelin et al.,
1998; Williams et al., 2011). Downhole stresses caused by temperature
or pressure changes, throughout the well life-cycle, can result in the
failure of cement sheath integrity (De Andrade and Sangesland, 2016).
Thiercelin et al. (1998) stated that higher compressive and tensile
strengths are not always the solution, and the flexibility of cement is
required in several cases to minimize the damage. Due to limitations to
use tri-axial cell, the piston displacement measurements, from uniaxial

compressive strength measurement, were used to study the elasticity.
Although the estimated values are lower than real elasticity, the relative
elasticities still remain comparable. As shown in Fig. 11, the introduc-
tion of nanomaterials to geopolymers did not significantly increase
Young’s modulus of the geopolymers. After 28 days, there is a minor
increase in Young’s modulus values, which is because of an increase in
the unconfined compressive strength of the nanomaterials based geo-
polymers. In fact, higher compressive strength and tensile strength with
low Young’s modulus are beneficial for oil well cementing applications.
The flexibility of the MWCNT-OH based geopolymer is expected to be
due to a flexible nanotube structure. Also, functionalization with the
—OH groups incorporate more flexibility in the structure of the geo-
polymer. In case of AL-0450, there is a sharp increase in the Young
modulus values in the first 3 days. This is due to the higher unconfined
compressive strength achieved by this sample in the first 3 days. As
shown in Fig. 9, AL-0450 based system attained most of his strength in 3
days, and afterward, there is a slow increase in the strength.

3.4.4. Compressive strength to young modulus ratios

Increase in the ratio of unconfined compressive strength to Young’s
modulus values for the nanomaterials based geopolymer indicates that
nanomaterials-based system has higher compressive strength with lower
values for Young’s modulus. A decrease in the value after 28 days is due
to an increase in both compressive strength and Young’s modulus.
However, for nanomaterials-based system, the ratio is slightly better
than the neat geopolymer, see Fig. 12.

3.4.5. Tensile strength (TS)

As geopolymers are known to possess lower values of tensile
strength, it is vital to improve their tensile strength for well cementing
applications. Nanomaterials used in this work have improved the tensile
strength of the neat geopolymer until 7 days. AL-0450 and MWCNT-OH
have significantly improved the tensile strength for 7 days; the latter has
even more effect on the tensile strength (see Fig. 13). The MWCNT-OH
additive improved the tensile strength of the geopolymer by 123% while
the AL-0450 additive leads to a 68% improvement for 7 days. Higher
tensile strength of the modified geopolymers with nanomaterials make
them more stable against tensile failures. However, for longer curing
time, the increase in the tensile strength is not very significant compared
to the neat geopolymer. After 28 days, mixtures with nano-additives
showed a decrease in tensile strength values compared to 7 days.
However, in the case of MWCNT-OH, tensile strength values are still
better compared to neat geopolymer after 28 days, see Fig. 13. It is
important to mention here, that new batch of materials was used for 28
days tensile strength, therefore this could be the reason of lower values
compared to 7 days test.
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Fig. 10. Strain vs Stress curves of samples cured at different days; 70 °C and 14.7 MPa a) Neat geopolymer b) Neat geopolymer and nano AL-0450 modified ¢) Neat
geopolymer and nano MWCNT-OH modified d) Comparison of Neat geopolymer with AL-0450 and MWCNT-OH modified geopolymer after 12 hrs e) Comparison of
Neat geopolymer with AL-0450 and MWCNT-OH modified geopolymer after 24 hrs f) Comparison of Neat geopolymer with AL-0450 and MWCNT-OH modified
geopolymer after 3 days g) Comparison of Neat geopolymer with AL-0450 and MWCNT-OH modified geopolymer after 7 days h) Comparison of Neat geopolymer
with AL-0450 and MWCNT-OH modified geopolymer after 28 days.

3.4.6. Tensile strength to Young's modulus ratios strength of the nanomaterials formulated geopolymer slurry. At the

There is a significant increase in the ratio of tensile strength to same time, Young’s modulus is relatively low. In order to minimize the
Young’s modulus for the rock-based geopolymer modified with the mechanical damage to the cement sheath, it is beneficial to have a high
nanomaterials for 7 days (see Fig. 14). This substantial increase, espe- strength to Young’s modulus ratio (Roy-Delage et al., 2000). However,

cially in case of MWCNT-OH, could be attributed to the high tensile after 28 days, the increase is not very significant compared to the neat
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geopolymer. In case of AL-0450, there is a slight decrease in ratio

compared to the neat geopolymer, while for MWCNT-OH, the ratio still
showed improvement.
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3.5. Sonic strength

Table 7 shows the empirical correlation developed in this study to be
used for estimating the sonic strength development of the geopolymers
and geopolymers modified with nanomaterials. The sonic strength
measurements show that the maximum strength development occurs on
the first day. A comparison of the UCA and consistency results show that
the geopolymers set a little faster in static conditions compared to the
dynamic situation (compare Figs. 7 and 15). It could be due to a delay in
gelation caused by a continuous mixing of the slurry. High values of
transit time at the start are due to the ramp-up of the temperature to 70
°C, which reduces the viscosity of the slurry as also shown in Figs. 4 and
5 that high temperature decreases the viscosity of the slurries (Pan-
chmatia et al., 2019). Moreover, additives used could also affect the
ultrasonic wave transmission, which can influence the transit time (Liu,
2017).

3.6. X-ray diffraction

X-ray analysis of the neat geopolymer and geopolymer with nano-
materials is shown in Fig. 16. XRD pattern of neat geopolymer showed
that quartz (SiO,), albite Na(AlSi3Og), microcline (K(AlSi3Og)), illite
(Ko.65A12,0[Alg,655i3.35010](OH)2)  and  clinoptilolite-Na  ((Na,K,
Ca)2—3Al3(Al,S1)28113036-12H20) are the main phases present in the
geopolymer structure. Minor peaks for oligoclase ((Ca,Na)(Al,Si)40g)
are also present.

Similar phases are also present in the nanomaterials based geo-
polymer structures. Fig. 17a-d shows that additional peaks are present
for geopolymer with AL-0450. For instance, peak at 8.75° is due to the
formation of phyllosilicates minerals from mica group like phlogopite
(KMg3(AlSi3)010(OH)2). Small peaks at 9.9, 11.1°, and 13-14° are due to
the formation of zeolite-based mineral (e.g. clinoptilolite-Na and albite).
Moreover, smaller additional peaks at 19-20° for geopolymer having AL-
0450 additive are due to the formation of illite. Peaks present at 21-25°
are due to the formation of albite, microcline, oligoclase, and illite. The
broad peak at 26° is due to quartz, there is a minor shift in the peak for
geopolymer with AL-0450 due to the formation of microcline and albite,
and an additional peak at 26.7° is for microcline.

Table 7
Empirical Correlations obtained from the plot between uniaxial compressive
strength and Transit time.

Samples Empirical Correlation

GP + AL-0450
GP + MWCNT-OH

y = 27.658x*1775.7x + 27797
y= 66.938%>-3583.8x + 47808
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Fig. 16. XRD pattern for the neat geopolymer and geopolymer with AL-0450
NPs and MWCNT-OH.

Similar to neat geopolymer, peaks at 27-33° are due to albite, illite,
and microcline phases with few additional peaks for the same phases for
geopolymer with AL-0450. New peaks at 34.64° are formed due to the
formation of almandine (Fe3Alx(SiO4)3). Also, there are minor peaks for
alumino-magnesiotaramite (Na(CaNa)(Mg3Al,)(SigAl2)O022(OH),) at 34-
35°. A peak at 41.8° is for diaspore (AIO(OH)) for a geopolymer with AL-
0450.

There are also additional peaks for berlinite (AIPO4) at 20.9-26.6°
and 34-68°, specifically at 64.1-67.9°. The sharp peak at 60.08° is due to
the formation of mullite (3A1,03.2S5i02). Moreover, additional albite,
illite, and microcline are also present throughout 30-70° for geopolymer
with AL-0450 additive.

The additional sharp peak at 8.75° is also present for MWCNT-OH
due to the formation of phyllosilicates minerals. In case of MWCNT-
OH geopolymer, the broad peak around 13.6° is associated with
graphite, while other peaks are due to additional aluminosilicate min-
erals like albite. In addition, the carbon peak is formed at 20.96° for
MWCNT-OH. There is a peak shift for MWCNT-OH at 26° is due to the
graphite peak at 25.60° is overlapping with a quartz peak. There is also a
broad peak at around 27.44° because of graphite for MWCNT-OH.
Additional peaks for MWCNT-OH at 28.2° is due to microcline. A peak
at 39.5° is due to the formation of albite and illite. Minor peaks at 42.3,
42.5, and 44.6° are due to graphite. In addition, minor peaks at 54-55°
are also due to graphite. X-ray analysis indicates that additional phases
are formed in case of geopolymer slurries with nano-additives. It shows
that nanoparticles took part in the reaction. The stability of nano-
materials dispersion might be the reason for the effective reaction be-
tween nano-additive and other raw materials used to formulate
geopolymer slurries. Moreover, in case of MWCNT-OH, the hydroxyl
groups might be a possible reason for taking part in the reaction, see

10

Fig. 8.

3.7. Microstructure analysis

Microstructure analysis shows that nanomaterials have reacted with
the geopolymer components and contributed in the geopolymerization.
As shown in Fig. 19 a-d, the AL-0450 nanoparticles based geopolymer
has form dense microstructure as compared to the neat geopolymer, see
Fig. 18 a-d. Nanomaterials are able to form a structure that is more
compact and improved interlocking morphology, as shown in Fig. 19 d).
AL-0450 nanoparticles produced highly ordered geopolymer structure,
as revealed in Fig. 19, due to the low ratio of Si/Al. Yong et al. (2007)
have observed similar behaviour where a decrease in Si/Al ratio
contributed to higher chemical interactions and a more ordered struc-
ture. Studies have indicated that nanomaterials fill the gaps in the
structure of a geopolymer, which constructed a more homogenous and
compact structure (Huang and Han, 2011; Lo et al., 2017). In addition,
this structure produced materials with higher strength, as confirmed by
the compressive strength results.

Similarly, for MWCNT-OH based geopolymer, the nanotubes have
reacted with the geopolymer and produced a structure that is more
compact without any pores and empty spaces in the structure. As
mentioned previously in the introduction that MWCNT bonded the
surfaces of the geopolymer and uniformly distributed in the geopolymer
structure as indicated in Fig. 20 b. Moreover, nanotubes bridged the
microcracks in the structure of the geopolymer. Since the samples used
for the SEM analysis are from the compressive strength test, therefore
there are cracks in the structures as indicated by the SEM images.

3.7.1. EDX analysis

Fig. 21 shows the elemental analysis for the neat geopolymer, and it
can be seen that a lower amount of aluminium is present in the neat
geopolymer. Additionally, carbon is not present in the geopolymer
without MWCNT-OH.

EDX analysis for the geopolymer with nanomaterials showed that
both AL-0450 and MWCNT-OH contributed to the geopolymerization
reactions. As shown in Figs. 22 and 23, both AL-0450 and MWCNT-OH
are uniformly distributed throughout the structure of the geopolymer.
Stable dispersions of nanoparticles in dispersants may be contributed to
this phenomenon. The uniform distribution of nanomaterials is critical
to improve the properties of the geopolymer. Mapping of the geo-
polymer structure with AL-0450 and MWCNT-OH also indicates that
addition nanoparticles increase the percentage of aluminum and carbon
respectively in the geopolymer structure.

Testing results performed in this work indicates the potential of
nano-additives in altering properties of geopolymer mixtures. Rheology
results showed that nanomaterials could increase the viscosity of the
slurries, however for both neat geopolymer slurries and slurries with

243



Appendiz - Paper 111

MAA. Abvi et al. Journal of Petroleum Science and Engineering 191 (2020) 107128
120 Peaksdue to formation  Formation of Additional 220
) of mica based minerals  additional carbon peak b) Peakshift for AL-
110 like phlogopite clinoptilolite- for MWCNT- 200 0450 MWCNT-OH
100 Naand albite  OH 1. due to presence of
. graphite in case of
ﬁ’ a1 60 MWCNT-OH and
E 80 -1 140 additional Al-Si
2 n . w g minerals for AL-0450
=2 - < 120
z Z
z z
] " a =
= =
= 39 - 60
o \.—_L .
10 poory 20
0 0
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 285 26 27 28 29 30
20(%) 20()
120 Formation of m g Additional peaks for
©) additional Minor peaks ) minerals like
10 110 Minor peaks
albite, ilite due to graphite Minor p berlinite, mullite,
100 Formationof  Formation of 100 due to graphite llite and microcline
9 additional almandine and v

albite, illite

mino-
and microcline  magnesiotaramite

Intensity (Counts)
2

Intensity (Counts)

Nsrman i 0N, I i, e )J\__

20()

0
30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70

20()

Fig. 17. (a—d) XRD pattern for the neat geopolymer and geopolymer with AL-0450 NPs and MWCNT-OH indicating additional peaks and peak shifts for geopolymer

with nanomaterials.

Engrivess = 403% Ap % Apetise Szs =3000pm

73451 rm Conrast= 311 %

Mog: S206KX  Brgrewss: 502% A
5%

EHT = 15.00kV

Mag= 9172KX  Bngtewss= 502% Apensse Sze = 3000um
o S20 = 40035 0m Corgost= 235%  ET= 1500k

Fig. 18. SEM images of the neat geopolymer.

11

244



Appendiz - Paper

17

M.AA. Abvi et al.

P
Apacure Sae = 30.00um
©41= 150KV

poess = 523%
451 0m Conwast 263%

Mags 6107KX

Journal of Petroleum Science and Engineering 191 (2020) 107128

Mag= 21.72KX e
Puel Sz6 = 16,90 m Cortast

Fig. 19. SEM images of geopolymer with AL-0450 NPs a) overview of the structure b) Internal structure showing AL-0450 NPs and geopolymer ¢) AL-0450 NPs
presence in the structure of geopolymer d) Compact structure of geopolymer with AL-0450 NPs.

nano-additives, viscosity decreased with temperature. Moreover, nano-
additives also increase the plastic viscosity, apparent viscosity, and yield
point of the geopolymer. However, as indicated in Fig. 7 an increase in
viscosity does not have effect on pumpability. Also, the fluid loss result
in Fig. 6 showed that geopolymer having AL-0450 nanoparticles have
more fluid loss, which might be due to delay in the setting of the slurry.
While in the case of MWCNT-OH, delay in setting did not affect the fluid
loss and, in fact, improved the fluid loss compared to neat geopolymer. It
could be explained from Fig. 8, which suggests the attachment of
MWCNT-OH with the oligomers. The attachment of tube structures with
the geopolymer structure controls the loss of fluid.

Fig. 7 showed the ability of nano additives to delay the setting of
geopolymers, additionally setting time of slurries is not affected by
pressure, and as slurries with nano-additives took almost the same time
to set under atmospheric and high pressure. Unconfined compressive
strength results showed that nano-additives could improve the
compressive strength of neat geopolymer. The geopolymer achieves
most of the strength in the first 3 days, see Figs. 9 and 15. After 3 days,
there is a steady increase in the compressive strength values, and there is
not a very significant difference between 7 and 28 days. Therefore, no
test was performed for 14 days. However, it would be interesting to
check in the future how the materials behave after 14 days. Stress-strain
curves in Fig. 10 indicates that until 7 days nanomaterials-based slurries
showed longer deformation and higher load carrying capacities. While,
as curing time increases, mixtures with nanomaterials become less
ductile, which indicates that materials could become more brittle with
the time. Fig. 11 also confirms this phenomenon where Young’s modulus
of the geopolymer mixture with nanomaterials is higher than neat
geopolymer, which suggests that mixtures with nanomaterials become
less ductile after 28 days. This could be disadvantage for long-term
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wellbore integrity. However, Fig. 12 indicates that the ratio of UCS
and Young’s modulus for the mixtures with nanomaterials after 28 days
is slightly better than the neat geopolymer. Moreover, Fig. 10 h also
showed that mixtures with nanomaterials still showed higher load car-
rying capacity and reasonable deformation compared to the neat geo-
polymer. Future study with curing samples for 6 months can provide the
answer if nanomaterials-based mixture becomes more brittle or not.

Tensile strength results indicate that nanomaterials have improved
the tensile strength of neat geopolymer for 7 days. However, after 28
days, mixtures with nanomaterials showed lower tensile strength values
compared to 7 days. It indicates that for longer period nanomaterials
based geopolymers lost their tensile strength. However, further studies
are needed to find the reason for these phenomena and to confirm that
nanomaterials might not improve the strength of neat geopolymer for
longer periods.

Sections 3.5 to 3.7 are the test performed to compliment the tests in
the previous section. Sonic strength result showed that reduction in
viscosity causes the transit time to increases, which supports the
reduction in viscosity with temperature, as indicated in Fig. 15. Also,
this test supports that mixtures attained most of their strength during the
early stages of curing. X-ray analysis, SEM, and EDX analysis confirms
the involvement of nanomaterials during geopolymerization.

New minerals formation, as indicated by X-ray analysis, confirms the
presence of nanomaterials in the mixture. SEM analysis shows the
compact structure formation for the geopolymer mixtures with nano-
materials. Which, also indicates that nanomaterials are well mixed with
precursor and other raw materials used to formulate geopolymer. EDX
results conformed the uniform distribution of the elements present in the
nanomaterials, which again confirms the proper reaction between nano
additives dispersions and other additives used to formulate geopolymer
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Fig. 21. Element analysis of geopolymer.

as well as stability of nano-additive dispersions.
4. Conclusion

This work indicates that nanomaterials have the ability to contribute
in geopolymer structure, showing improved mechanical properties and
modified structure.

e Findings from this work have shown that nanomaterials have
significantly enhanced the pumping time of the neat geopolymer
slurry. Results showed that nano-additives increase the thickening
time to 3 hrs at 50 °C and 14.7 MPa.

e Nanomaterials have increased the viscosity of the geopolymer slurry.

o MWCNT-OH decreased the fluid loss of the geopolymer. However,
AL-0450 increases fluid loss compared to neat geopolymer.

e AL-0450 and MWCNT-OH both increased the compressive strength
of the neat geopolymer from to 2945 psi to 4154 psi and 4274 psi
respectively after 28 days.

e Stress strain curves showed better load carrying capacity and
deformation for AL-0450 and MWCNT-OH based mixtures. However,
after 28 days, mixtures become less ductile.

e Nanomaterials based mixtures did not show a significant increase in
Young’s modulus values compared to the neat geopolymer. AL-0450
showed more increase in Young’s modulus after 3 days, due to high
compressive strength.
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Fig. 23. Element analysis of geopolymer with MWCNT-OH particles.

e AL-0450 and MWCNT-OH based mixtures slightly increase the ratio
of UCS and E after 28 days.
e In case of tensile strength, both AL-0450 and MWCNT-OH based
mixtures showed improvement after 7 days. However, after 28 days,
the increase is not very significant in case of AL-0450, while
MWCNT-OH based mixture still showed improvement compared to
neat geopolymer.
Incorporation of nanomaterials produced a more flexible geo-
polymer structure until 7 days, with a significant increase in the
tensile strength to Young’s modulus ratio compared to neat geo-
polymer. However, after 28 days, tensile strength to Young’s
modulus for AL-0450 slightly decreases compared to neat geo-
polymer, while for MWCNT-OH ratio is improved compared to neat
geopolymer, but decreases compared to 7 days.
e UCA results confirm the maximum strength development occurs at
the early stages of curing.
The XRD analysis showed the formation of new minerals that was an
indication of the chemical reaction of nanoparticles with
geopolymers.
Dense and compact microstructure formation with the nanomaterials
is being confirmed from the SEM analysis. Moreover, elemental
analysis indicates the uniform distribution of nanomaterials in the
geopolymer structure.
This study indicates that nanomaterials can produce geopolymer
material with improved mechanical strength and flexibility for a
curing period of 7 days, however, for longer curing periods, nano-
materials might lose these properties as observed in this work.
Therefore, future work should investigate the ability of nano-
materials to provide long term integrity.
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