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Preface

The quest for energy in the 21st century has driven the oil, gas, and geothermal in-

dustries to explore greater depths, where extreme temperatures pose unprecedented

challenges to conventional drilling technologies. In this high-stakes arena, water-

based drilling fluids (WBDFs) have long been the preferred choice over non-aqueous

drilling fluids due to their cost-effectiveness, environmental friendliness, and supe-

rior cooling properties. However, as wellbore temperatures go beyond 149°C, these

fluids often falter, suffering from thermal degradation, viscosity loss, and excessive

fluid invasion into formations. At the heart of this technological crucible are high-

performance drilling fluids (HPDFs)—formulations engineered with nanomaterials

that can withstand and perform in such harsh conditions.

The advent of nanomaterials in drilling fluid technology marks a paradigm shift,

offering solutions to problems that have vexed engineers for decades. Nanomate-

rials, by virtue of their minuscule size and colossal surface area-to-volume ratio,

interact with drilling fluids at a molecular level, bestowing properties that were

once thought unattainable, especially in high-temperature regimes. The integra-

tion of nanomaterials into WBDFs is not merely an incremental improvement but

a transformative leap. When dispersed in WBDFs, they form stable colloidal sus-

pensions that dramatically enhance rheological stability, reduce fluid loss, mitigate

shale swelling, and even improve lubricity—all without compromising the inherent

benefits of WBDFs. Notably, nanomaterials are extensively researched as a mul-

tifunctional additive for WBDFs. However, to maximize the benefits and ensure

the safe and effective application of the HPDFs, the optimal selection of nanoma-



terials, dosage, and compatibility with other additives present in the formulations

still needs consideration. Therefore, the current work focuses on applying various

nanomaterials each addressing a particular objective set at the beginning of the

investigation.

This thesis begins with the urgency, fundamentals, and foundation of the research

by clearly defining the problem, purpose, research objectives, and structure of the

thesis. Also, a thorough review of the literature is presented, offering a critical

analysis of existing knowledge and identifying gaps that the current research aims

to fill. It establishes a solid theoretical framework for the study, ensuring that the

research is grounded in a comprehensive understanding of the topic.

Subsequently, the experimental framework of the study is established, detailing

how the research objectives are addressed through systematic investigation and test-

ing. It outlines the methodology used in the study, including the materials used, syn-

thesis route, analytical characterization of the employed nanomaterials to determine

their physical and chemical properties. Further, the preparation of nanomaterials-

infused drilling fluids, detailing the steps for dispersing nanomaterials and adding

necessary additives for uniform and stable formulations. Finally, it covers the per-

formance evaluation of these formulations, including tests for rheology, filtration,

lubricity, and thermal aging to assess their suitability for high-temperature drilling

conditions. The evaluation of the selected nano additives for HPDF formulation

span over the next five chapters, as summarized below.

1. Graphene nanosheets (GNs) synthesized from plastic waste: Through compre-

hensive characterization and experimental analysis, the chapter demonstrates

the efficacy of GNs in enhancing rheological properties, thermal stability, and

filtration control of water-based drilling fluids. The findings suggest that

plastic-derived GNs can serve as eco-friendly additives, effectively improving

drilling fluid performance and offering a sustainable solution to plastic waste

while enhancing operations in high-temperature wells.

2. Modified multi-walled carbon nanotubes (mMWCNTs), stabilized for high-
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temperature conditions: Through tailored modifications to enhance dispersion

and stability, the study comprehensively evaluates the performance of these

mMWCNTs using material characterization, rheological analysis, stability as-

sessments, and filtration performance evaluations. Results demonstrate signif-

icant improvements in filtration losses and rheological profile, validating the

practical applicability of mMWCNTs for enhancing drilling fluid performance

in high-temperature drilling operations.

3. Biogenic copper oxide nanomaterials (CuO NPs) synthesized from Colocasia

esculenta leaf extract: It demonstrates significant improvements in lubricity

and filtration, as well as thermal stability under high-temperature conditions,

showcasing the potential of these environmentally friendly nanomaterials for

efficient and sustainable drilling operations.

4. Influence of morphological variations and dispersion stability of Zinc Oxide

(ZnO) nanostructures on the properties of HPDFs: Two different ZnO nanos-

tructures, namely Nano-pencils and Nano-flowers, are selected and their per-

formance evaluated in HPDFs via rheological and filtration tests. The study

highlights the significant impact of nanostructure morphology and size distri-

bution on fluid properties. Additionally, it provides insights into optimizing

dispersion stability and pH conditions for enhanced HPDF performance.

5. Silane-coated silica nanomaterials for improved aqueous dispersibility: It de-

tails the synthesis and coating process of the nanomaterials, followed by rheo-

logical and filtration tests at various concentrations. The results show signifi-

cant improvements in viscosity and reduced degradation after thermal aging,

along with a notable reduction in filtrate volume, demonstrating the effective-

ness of these nanomaterials for high-temperature drilling applications.

The works wraps up with a crisp conclusion, and offers future recommendations

based on the findings and insights gained throughout the investigation. A summary

of the key findings and contributions of each study, highlighting the implications for
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the field of drilling fluids, are highlighted. Additional suggestions for future research

directions and practical applications, aiming to guide further advancements in HPDF

technologies for high-temperature drilling environments are also provided.
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Chapter 1

Introduction

This chapter outlines the urgency of drilling high-temperature wells to supplement

the ever-increasing global oil and gas demand. The motivation of developing high-

performance drilling fluids, and the rationale of exploring nano additives have been

touched upon before presenting the problem statement which this thesis aimed to

solve by defining the research objectives along with the nanomaterials that can

address them. Finally, an outline has been presented to cover the framework of the

thesis body.

1.1 Background & Motivation

Global energy demand is a critical aspect of the world’s economy, influencing every-

thing from geopolitics to climate change [1]. As of today, the global energy landscape

is undergoing significant transformation due to various factors, including technolog-

ical advancements, environmental concerns, and shifting economic dynamics. It is

in a state of flux, with the traditional dominance of fossil fuels gradually giving way

to a more diverse and sustainable energy mix [2].

Nevertheless, evident from Figure 1.1, the continued growth in global hydro-

carbon demand is compelling the oil and gas industry to push the boundaries of

exploration, venturing into new and previously under-explored areas. As explo-

ration delves deeper into the Earth’s subsurface, the challenges associated with



Figure 1.1: Global Energy Consumption through Natural Gas and Crude Oil from
the year 1920 to 2023. [inset] The energy mix as of 2024, estimated by Energy
Institute - Statistical Review of World Energy (2024).

high-temperature drilling become increasingly significant. The industry has reached

a consensus that the era of easily accessible oil fields is over, especially in offshore

environments where the complexities of drilling are amplified [3]. Projections indi-

cate that global gasoline and diesel requirements are anticipated to surge from 26.4

million barrels per day in 2019 to 30 million barrels per day as of now, necessitating

approximately 109 million barrels of oil daily by 2045 [4]. Global natural gas demand

has also increased by over 2.5% in 2024 alone with increase in consumption, and the

ratified emphasis of governments on reducing carbon emissions [5]. For instance,
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India has intended to become a “gas-based economy” by increasing the share of

natural gas in the energy mix up to 15% by 2030 as compared to the current value

of 5.7% [6]. Along with market and policy reforms, the supplementation requires

access to more reserves, again necessitating drilling deeper wells.

Constructing deeper wells, often exceeding 20,000 feet (∼ 6100 m) into the sub-

surface, present numerous engineering challenges, including sub-salt drilling, narrow

drilling windows, and operational hazards such as lost circulation, stuck pipes, and

well control issues [7]. These challenges are further exacerbated by the extreme

conditions encountered in high-temperature environments, where temperatures soar

above 149 °C [8]. Downhole temperatures can be influenced by various natural

conditions or external factors. Nearby geothermal hotspots can cause a rapid in-

crease in downhole temperatures during drilling [9]. In contrast, wells drilled in

deep and ultra-deep waters often have geothermal gradients lower than the Earth’s

average, leading to high pressure but temperatures that typically remain below the

high-temperature threshold.

Drilling fluids being the blood of the drilling physiology is a crucial component

when drilling these wells as they may degrade under high-temperature conditions

which, in turn, complicates maintaining essential drilling fluid properties, such as

equivalent circulation density, filtration, wellbore stability, etc. Insufficiently per-

forming drilling fluid may cause operational failures and also put the drilling person-

nel at risk. The currently existing formulations has an added concern of ecological

hazard as they may involve harsh and toxic additives, which makes their disposal

dangerous. Therefore, there’s a significant demand for thermally stable and envi-

ronmental friendly drilling fluids to ensure operational success and safety [10].

1.2 Problem Statement

High-temperature well drilling presents multitude of issues as discussed earlier and

involves the utilization of potentially harmful chemicals enhancing the risk of envi-

ronmental contamination.
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Conventional Water-based Drilling Fluids (WBDFs) fail to operate in elevated

wellbore temperatures (above 149 °C) due to the degradation of the additives result-

ing in inconsistent properties. Oil-based Drilling Fluids (OBDFs) deliver technically

superior performance in high-temperature conditions but find limited employment

due to the higher associated costs and environmental concerns. Novel additives

which deliver thermally stable enhanced performance are being explored with utmost

urgency. Yet, there is a dearth of additives which are cost-effective, multifunctional,

and sustainable.

1.3 Proposed Solution

High-Performance Drilling Fluid (HPDF) formulations, special WBDFs capable of

replacing OBDFs, are required to be developed to deliver an environmentally friendly

and cheaper solution. The use of nanomaterials as additives in WBDFs offers several

potential advantages.

• Firstly, they can significantly enhance the rheological properties of the drilling

fluids, leading to better flow behavior and improved control during drilling

operations.

• Additionally, the inclusion of nanomaterials can reduce both filtrate and filter

cake thickness, which is crucial for minimizing fluid loss and ensuring the

integrity of the wellbore.

• Another important benefit is the potential improvement in the heat transfer

properties of the drilling fluid, which helps in maintaining optimal temperature

conditions and preventing overheating during drilling.

• Furthermore, nanomaterials can contribute to better wellbore stability and

an improved lubricity coefficient, reducing the risk of wellbore collapse, and

decreasing friction between the drill string and the wellbore.
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1.4 Research Objectives

The general aim of the investigation towards this doctoral thesis was to identify

and employ multifunctional nano additives for HPDFs that can withstand high-

temperature (here, 150 °C) well environments with minimal thermal degradation.

The comprehensive literature survey conducted on nanomaterials as additives for de-

signing HPDFs, which will be discussed in Chapter 2, helped formulate the research

objectives of this thesis.

I. To identify commercially feasible and scalable nanomaterials so that they could

be produced and applied on a large scale without prohibitive costs or technical

challenges.

II. To formulate thermally tolerant High-Performance Drilling Fluids which can

maintain their structural integrity under high-temperature conditions.

III. To employ nanomaterials which possess the potential to enhance at least two

properties of the formulated drilling fluids, ensuring multifunctionality.

IV. To investigate the role of different morphologies of the nanomaterials and their

size distributions on the performance of the drilling fluid formulations.

V. To ensure the environmental sustainability of nanomaterials reflecting the

growing importance of eco-friendly solutions in modern research and devel-

opment.

VI. To address the aqueous dispersibility of nanomaterials for delivering a consis-

tent performance.

The aforementioned research objectives collectively served as a screening criteria

for the selection of five nanomaterials that were studied for application in HPDFs.

Table 1.1 gives a precis of the selected nanomaterials and the intended objective(s).

As the entire investigation was designed for high-temperature applications, improve-

ment in the thermal stability of the DFs was a common for all the chosen nano-

materials. Cost-related issues have been dealt with proposing sustainable synthesis
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routes and low dosage requirements. Aqueous dispersibility was improved by prepar-

ing pH-stabilized polymeric nanofluids. But, in some cases surface modifications or

functionalizations were done to attain better dispersion stability. The role of mor-

phology in improving the performance of the DFs has also been attempted to be

understood.

Table 1.1: Summary of Nanomaterials used in this investigation.

Sl.
No.

Product Objective Target DF Properties

1 Plastic Waste Up-
cycled Graphene
Nanosheets

Sustainable Additive
Development,Low Dosage
Assessment

Rheology, Filtration,
Thermal Stability

2 Modified Carbon
Nanotubes

Improved Aqueous Dis-
persibility, Low Dosage
Assessment

Rheology, Filtration,
Thermal Stability

3 Biogenic Copper Ox-
ide Nanoparticles

Sustainable Additive De-
velopment, Morphological
Assessment

Filtration, Lubricity,
Thermal Stability

4 Zinc Oxide Nanos-
tructures

Morphological and Parti-
cle Size Distribution As-
sessment

Rheology, Filtration,
Thermal Stability

5 Silane Coated Silica
Nanoparticles

Improved Aqueous Dis-
persibility

Rheology, Filtration,
Thermal Stability

1.5 Thesis Organization

The subsequent chapters discuss the overall methodology employed, followed by

each nanomaterial’s synthesis and performance evaluation towards the development

of high-performance drilling fluids for elevated temperatures.

Chapter 1 covered the motivation of evaluating nano-additives for the formula-

tion of high-performance drilling fluids, identification of the problem, proposal of a

possible solution, and then laid out research objectives that this thesis work covered.

Chapter 2 covers the fundamentals of the drilling fluids, their functions and

properties, before narrowing down to issues with high-temperature drilling and the

issues with the existing solutions. A comprehensive review on the nanomaterials of
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interest has been presenting, ultimately narrowing down to their limitations which

gave way to formulating solution strategies with five nanomaterials which are dis-

cussed individually from Chapter 4 to 8.

Chapter 3 discusses the materials utilized in the investigation, generic formu-

lation of nanofluids and drilling fluids, followed by the performance and analytical

characterization techniques employed.

Chapter 4 attends to a sustainable method of plastic waste valorization into

carbon nanomaterial, here Graphene Nanosheets. Ultra-low dosages were incorpo-

rated into a base DF formulation and the effects on the rheology and filtrate loss

reduction were studied. The thermally induced decrement in the properties was also

investigated.

Chapter 5 discusses stabilizing multiwalled carbon nanotubes through wet base

oxidation and then further stabilizing their dispersion in a polymeric media with pH

adjustment. This stabilization resulted in improved viscoelastic properties along

with enhanced rheological profile in elevated pressure-temperature conditions. The

filtration losses were also investigated and showed significant improvement even after

exposure to high temperatures for an extended period of time.

Chapter 6 explores green synthesis of Copper Oxide NPs with a leaf extract

from a wild plant Colocasia esculenta with simultaneous microwave treatment. The

optimal size distribution with a plate-like morphology was selected for evaluating its

efficacy as a lubricating and filtrate loss-reducing nano additive. The resistance to

thermal degradation was also apparent in the case of all the performance parameters

like rheology, filtration, and lubrication.

Chapter 7, presents an investigation into the role played by different mor-

phologies and size distribution of a transition metal oxide in the performance of

high-performance drilling fluids. In this case, zinc oxide nanomaterials with two

distinct morphologies, i.e., nanopencils and nanoflowers were selected and a com-

parative performance evaluation was presented in terms of rheological and filtration

performance, in conjunction with the effects of thermal aging.
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Chapter 8 undertakes functionalization of commercially acquired Silica NPs

with silane-coating, and dosing them in a base DF at different concentrations. The

effectiveness of the Silane-coated Silica NPs was evaluated based on the rheological

enhancements, filtration performance improvement and the resistance to thermal

degradation.

Chapter 9 finally presents a concise conclusion based on the findings from the

investigation around each of the research objectives, and then gives a set of future

recommendations.
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Chapter 2

Fundamentals and Literature

Review

This chapter reviews some of the basic concepts encompassing drilling fluids, their

functions, corresponding properties, and classification. It then addresses the chal-

lenges associated with high-temperature drilling conditions and highlights the lim-

itations of currently used additives. Recognizing the limitations of conventional

additives, the chapter proposes the use of nanomaterials as a potential solution with

a three-point screening criteria to evaluate potential candidates through a literature

survey of silica, transition metal oxides, and carbonaceous nanomaterials. Followed

by identification of the associated limitations, a plan of investigation has been out-

lined.

2.1 Drilling Fluids: A Crucial Aspect of High-

Temperature Drilling

Drilling fluids (DFs) are specially designed formulations that aid in subsurface

drilling operations. Traditionally DFs used to be just a simple mixture of clay and

water, earning the name - mud. Nevertheless, DFs have evolved over a century of

fortification in their formulations and associated technologies. Despite of incurring



a minimal share of the drilling expenditure, correctly formulated DFs contribute

profoundly in mitigating safety hazards and reduce the operational expenses by a

significant margin [11].

Analogous to the blood circulation system in human body, the circulatory system

in rotary drilling operations pumps the DF through the drillstring which jets through

the drill bit and returns to the surface conditioning setup through annulus via return

flowline (Figure 2.1).

Figure 2.1: Schematic representation of DF circulation while drilling.

The conditioning starts with the separation of cuttings through a vibrating

screen, known as the Shale Shaker. Some of these cuttings are collected by the

mud loggers for further examination and analysis. The sifted DF then goes for
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further solids control via Desander and Desilter, before moving to the mud pit, a

storage tank in which the DF is reconditioned (by addition of chemicals or dilution).

This reconditioned DF is transported by the Mud Pump through the Standpipe into

the drillstring again.

DFs play a critical role in the success of drilling operations by serving multiple

functions ensuring optimal wellbore health and efficient performance. Some of the

properties which correspond to the essential functions of DFs are discussed hence-

forth.

2.1.1 Functions and Properties of Drilling Fluids

Some of the primary functions served by the DF during drilling operation are as

follows:

1. Transportation of drilled rock cuttings from the bottomhole to the surface

through annulus.

2. Maintenance of pressure to prevent influx of formation fluids into the wellbore.

3. Prevention or minimization of fluid losses into the rock formation due to fil-

tration.

4. Reduction of friction between the drillstring and the wellbore wall.

5. Maintenance of wellbore integrity in the uncased region.

Additionally, some other functions of the DFs involve keeping the bit clean and

cool, transmitting hydraulic power to the drill bit, providing a buoyant medium to

drillstring, facilitating in well logging and mud logging, etc.

In purview of these functions, the some primary properties which are almost

crucial for formulating any DF are discussed in the upcoming subsections.
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Rheological Properties

The flow properties of the DFs dictate the cuttings transportation, and also influence

the pumping efficiency, suspension of high-density solids, rate of penetration, etc.

Therefore, it is absolutely critical to identify their rheological behavior for optimal

performance [12,13].

When a flowing fluid is in laminar regime, it can be visualized as multiple parallel

layer constituents. If a shear stress is exerted on one layer and the velocity gradient

(shear rate) between the layers in response is directly proportional, then that fluid is

obeying Newton’s Law of Viscosity. This Newtonian fluid will still oppose the stress

exerted (due to the internal friction between the layers) by the virtue of a property

called Viscosity. Combining this understanding with the illustration in Figure 2.2,

the relationship can be mathematically expressed as given in Equation 2.1.

τ = µ.γ (2.1)

where, τ is the shear stress, γ is the shear rate, and µ is the viscosity.

Figure 2.2: Illustration depicting the fundamental basis of DF rheology and the
types of fluids.

Therefore, it is clear that in case of the Newtonian fluids, the shear stress varia-
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tion corresponding to a varying shear rate will give a straight line from the origin,

and shall possess a constant slope depicting the Newtonian viscosity. However,

complex fluids like DFs do not obey the Newton’s Law of Viscosity, and therefore

are classified as Non-Newtonian Fluids. The Non-Newtonian rheological models are

mathematical representations crucial for predicting DF behavior in diverse drilling

conditions. Popular models include the Bingham Plastic model, treating fluid as

solid below a yield point and Newtonian above it; the Ostwald-de Waele model, a

Power-Law equation relating shear stress and rate; and the Herschel-Bulkley model,

an extension of Power-Law model with a yield point from Bingham Plastic model.

Equations 2.2-2.4 correspond to these models, and their conformity to the flow char-

acteristics are determined through Consistency Curves (Shear rate vs Shear stress

plot).

Bingham Plastic: τ = τ0 + µ.γ (2.2)

Power Law: τ = Kγn (2.3)

Herschel-Bulkley: τ = τ0 + Kγn (2.4)

where, τ is the shear stress (lb/100ft2), γ is the shear rate (s−1),µ is the viscosity

(cP), Kis the consistency index, n is the power law exponent or flow index, and τ0

is the yield stress.

Bingham Plastic model is widely popular when characterizing DF rheology.

Direct-indicating concentric cylinder rotational viscometers provide laminar flow

between 1 mm annulus between a stationary bob and a rotating sleeve. The bob,

connected to a torsion spring, translates torque into dial readings. The standard

equipment utlizes the Savins-Roper design and aids in determination of the Bingham

Plastic Parameters like Apparent Viscosity, Plastic Viscosity, Yield Point directly

from just two rotational speeds: 600 and 300 rpm, as shown in Figure 2.3.

Apparent Viscosity (AV) is generally calculated as the shear stress applied to

a fluid divided by the shear rate. For a Newtonian fluid, the AV is constant and

equal to the Newtonian viscosity of the fluid. However, for Non-Newtonian fluids,
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Figure 2.3: Graphical representation of (a) Bingham Plastic Model, and (b) inter-
pretation of parameters from dial readings of a direct-indicating concentric cylinder
rotational viscometer.

the AV depends on the shear rate. DFs are usually shear-thinning in nature, which

means that as the shear rate increases the resulting effective viscosity reduces. It is

measured at a specific shear rate and is affected by the speed and geometry of the

instrument used for measurement.

Plastic Viscosity (PV) is a crucial parameter in drilling operations, representing

the fluid’s resistance to flow. The significance of PV becomes particularly evident

in the evaluation of drilling process efficiency, especially concerning the fluid’s flow

at the drill bit, where high shear rates prevail. The mechanical friction within the

DF, contributing to PV, involves the dynamic interaction of various components.

Liquids and solids within the fluid experience shear stress, resulting in resistance

to flow [14]. So, PV can be controlled by managing the solid content in the liquid

phase of the DFs.

As discussed earlier, the Bingham plastic model assumes that a certain amount

of stress, known as the yield point or YP, must be exceeded before the fluid starts

to flow. Below this YP, the fluid behaves as a solid, resisting deformation. Once

the YP is surpassed, the fluid transits to a more liquid-like state, exhibiting flow.

This behavior is particularly relevant in drilling operations where the fluid needs to

remain stationary when not actively circulated but must readily flow when subjected
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to pumping or other shear forces. It is an essential property of DFs because it affects

their ability to carry drilled cuttings to the surface and suspend them during drilling

operations [15]. YP is generally controlled by manipulating the electrochemical

properties through addition of certain chemicals.

A DF possessing a higher YP value may exhibit improved suspension properties,

preventing the settling of cuttings. However, it can pose challenges in terms of

pumpability. The ratio of yield point to plastic viscosity (YP/PV) emerges as a

crucial factor for assessing the flow performance of drilling fluid [16]. Optimizing

the pseudo-plastic behavior of the DF involves achieving a lower plastic viscosity

and a higher yield point, promoting effective hole-cleaning, good pumpability, and

a higher drilling rate [17].

The 2-speed method however has the tendency to overestimate the yield point,

whereas in reality at lower shear rates the curve may not be linear. To accommodate

this issue, nowadays people use 6-speed or 12-speed variations of the same standard

viscometer. Despite of its deviation from the classic Bingham Plastic Model in lower

shear rates, the values calculated from 2-speed settings are still indispensable as field

indicators for optimizing the DF formulation.

It must be noted that DFs are also thixotropic in nature, i.e. they tend to

develop higher sol-gel transition point when left at rest for extended time period.

In DFs, this property is estimated as the gel strength at fixed time-intervals of rest,

like 10 s, 10 min and 30 min. While it is essential for the DF to have certain gel

strength developed immediately after cessation of circulation so that cuttings and

high-density solids remain suspended, steep increase in gel strength (Progressive gel)

over time is considered detrimental. This is because despite the reversible plasticity

of the DF, the initial pumping pressure to reinitiate the circulation may rise severely.

Furthermore, tripping of drillpipes may incur higher surge and swab pressures [18].
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Density

As drilling ensues in deeper subsurface strata, the pore pressure (the pressure of the

formation fluids in the pores of a rock formation) also increases due to the lithological

overburden. Drilling a wellbore induces a pressure difference, which if not controlled

may cause influx of the formation fluids or in severe cases may also result in blowout.

Prevention of this problem can be mitigated by exerting an equivalent pressure with

the DF. Generally, maintaining the hydrostatic pressure (pressure exerted by a static

column of water) should be sufficient. The hydrostatic pressure is calculated using

Equation 2.5.

Ph = ρ.g.h (2.5)

where, Ph is the pressure of a column of fluid possessing density ρ, and g is the

acceleration due to gravity.

Yet, there are possibilities of encountering abnormally pressured zones where

there is a requirement of higher pressure to be put by the DF column. Evident from

the Equation 2.5, density (mass per unit volume) can be enhanced in such cases.

Since, the pressure changes with both depth and density, it is a standard practice to

translate it into density gradient. The density of the DF (also known as mud weight)

is generally kept slightly higher (by addition of weighting agents) than required to

get a overbalanced pressure gradient which offer some benefits like, overcoming the

pressure losses due to swabbing while tripping drillpipes (hence called trip margin),

and formation of the mud cake on the wellbore wall (to be discussed in the next

subsection). The schematic of the DF density gradient window is represented in

Figure 2.4.

It is also imperative to select a suitable window for the DF density gradient as ex-

cessive overbalance will result in increased infiltration of the fluid into the formation

and build-up the pressure. If this built-up pressure reaches the point of geome-

chanical stress failure, then it would fracture the rock formation. These estimations

also aid in casing seat selection planning. Furthermore, excessive overbalance may

reduce the rate of penetration and settling of heavy solids in the wellbore (sagging).
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Figure 2.4: Schematic representation of an equivalent density gradient plot showing
the DF gradient margin selection.

Filtration Properties

The previous subsection discussed the general preference for overbalanced pressure

when drilling. In that case, filtration of the DFs into the formation occurs, leaving

solids on the wellbore wall, forming a mud cake (also known as filter cake) that

stabilizes the wellbore. Over time, this cake buildup reduces the rate of filtration,

creating an impermeable barrier between the annulus and the formation as illus-

trated in Figure 2.5.

The development of a filter cake requires the DF to have particles that are

somewhat smaller than the pore openings of the formation. Although smaller par-

ticles initially penetrate farther into the formation, these bridging particles become
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Figure 2.5: Schematic illustration of the DF filtration against the wellbore wall.

trapped in the surface pores. Over time, the bridging particles build up in the sur-

face pores, progressively binding smaller particles and ultimately permitting only

liquid to penetrate the formation, as depicted in Figure 2.6.

The first suspension of tiny particles during the development of a filter cake

is known as the mud spurt, while the subsequent liquid is defined as the filtrate.

Theoretically, the amount of filtration loss in a static DF pressurized at 100 psi,

filtering through a 7 in2 area, at any given time is calculated using Equation 2.6.

V = Vf ×
√

T/Tf (2.6)

where, V is the unknown filtrate volume at time T, while Vf is the known filtrate
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Figure 2.6: A diagrammatic representation of the reducing filtration loss over time
due to formation of mud cake.

volume at time Tf .

Build-up of a thick filter cake may reduce the effective diameter of the wellbore

which puts the drillstring at a risk of getting stuck. Therefore, the target of the DF

formulation is to minimize formation damage while achieving a thin, impermeable

cake [19].

Lubricity

Friction is a resulting force of resistance against two surfaces in contact. There

are multiple sources of friction while drilling, which can arise in drillstring-casing,

drillstring-wellbore (Figure 2.7), and bit-rock contacts. In directional wells the possi-
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Figure 2.7: Schematic diagram of a rotating drillstring with oscillation causing fric-
tion against the wellbore wall.

bility of encountering friction increases due to dog legs, key seats, etc.The interaction

between the drill string and the wellbore/casing generates substantial friction and

high torque and drag forces. Additionally, the metal-to-metal contact between the

drill string and the casing within the wellbore results in accelerated wears. Signif-

icant casing wear may also arise in deep and ultra-deep wells, aggravated by the

process of tripping in and out of the borehole [20].

Hence, the DF should form a lubricating film at these interfaces to minimize the

friction, and delay wearing of the equipment. Higher lubricity of DF also benefits in

managing the torque and drag, enhancing rate of penetration, and preventing stuck

pipe [21].
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Solution pH

pH, an indicator of acidity or alkalinity, is essential while formulating DFs as they

may affect other properties if not regulated properly. It is clear from Equation 2.7

that acidic pH is a result of higher hydrogen ionic concentration in a solution, and

logarithmically reducing the H+ concentration will make the solution alkaline. In

DFs, this alkalinity comes from bicarbonate, hydroxyl and carbonate ions [22].

pH = −log10[H
+] (2.7)

Generally, alkaline pH ranging between 9 to 11 is preferred for dispersion stability

of bentonite and other additives along with ensuring minimal corrosive effects on

the tubulars [23, 24].

Other Properties

In addition to the three primary properties discussed, there are several other physical

and chemical properties which are often measured and optimized for designing an

effective DF system, some of which are listed below.

• Chemical properties: Other than pH, the electrolytic concentrations in the

DF introduced due to salts (metal chlorides, carbonates, sulphates, etc.) and

polymers are also required to be controlled, in order to ensure consistent prop-

erties.

• Cation exchange capacity: It determines the equivalent cations from the clay

minerals in DF, indicating the quantity of water-sensitive montmorillonite clay

in the system, which should be balanced.

• Swelling: The extended interaction of DFs in a shaly formation would cause

swelling of the clays, compromising the wellbore integrity. Salts and other

swelling inhibitors are optimized in the DF formulations to mitigate such prob-

lems.
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• Resistivity: It is determined to facilitate the formulation evaluation through

wireline logging, which can be affected by the electrolytic and thermal envi-

ronment of the DF in the wellbore.

2.1.2 Classification of Drilling Fluids

Commonly employed DFs, as shown in Figure 2.8, can be categorized into water-

based (WBDFs), oil-based (OBDFs), and pneumatic-based fluids (PDFs), often

incorporating additives like polymers and clay. OBDFs like Diesel-based, synthetic

oil-based and invert emulsions have good lubricating and stability properties in

high-pressure high-temperature zones, but they are expensive, and require treat-

ment before their disposal to a safe place. The WBDFs entail the non-inhibitive,

inhibitive and polymer-based fluids which are environmental friendly and cheaper

but fail to perform in sensitive clay-bearing rock formations unless complemented

with inhibitors or polymers. PDFs include air, foam, mist and aerated fluids for

conditions which provide high rate of penetration, low formation damage but assert

limited pressure control beyond shallow depths. Hence, it is natural that WBDFs

are frequently chosen due to their lower cost, environment-friendly attributes, and

fairly good performance [25].

In WBDFs, the base can vary from fresh water to brine depending on the location

of drilling and the associated requirements. WBDFs can be subdivided based on the

constituents as well. Non-Inhibitive WBDFS are generally the classic clay in water

dispersions. The clay in these fluids can be of commercial nature (like bentonite) or

from the drill cuttings. Additional components like lignosulfonates and phosphates

may also be used. On the other hand, Inhibitive WBDFs are formulated to inhibit

the swelling of water-sensitive clays encountered while drilling, rendering the well-

bore stable and asserting more control over the properties of DFs. This inhibition

is inculcated by the cations from the base brine or by adding inhibitors like potas-

sium chloride, sodium chloride, etc. There’s another way to regulate the electrolytic

environment of the WBDFs, and that is through the addition of polymers. Poly-
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Figure 2.8: Classification of DFs based on the type of continuous phase.

meric WBDFs can be inhibitive or non-inhibitive, and also can funtion with/without

clays. The polymeric additives can be polysaccharides, cellulose, acrylamide-based,

etc., which are selected based on their specific functions along with their cost and

eco-friendliness.

2.1.3 Challenges in High-Temperature Drilling and Oppor-

tunities

As discussed in Chapter 1, wells are considered high-temperature when the bottom-

hole temperature reaches 149 °C and beyond. The formulation of effective DFs for

high-temperature wells presents a substantial challenge, necessitating the incorpo-
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ration of various chemicals and polymers as additives to improve DF rheological

characteristics, thermal tolerance, lubricity, and filtration [26]. Traditional DF com-

ponents, such as bentonite and barite, featuring particle diameters ranging in mi-

crometers, prove insufficient in adequately sealing the nano-opening mouths in the

wellbore during the simultaneous filtration of the circulating drilling fluid into the

rock formations [27]. The utilization of improperly sized bridging materials in DFs,

intended to prevent filtrate loss and pore throat plugging in shale formations, can ob-

struct production channels and diminish hydrocarbon output, resulting in formation

damage [28]. Furthermore, achieving the desired rheological and filtration properties

requires a significant quantity of bentonite and polymers, prompting the addition of

supplements to mitigate undesired consequences [29]. These challenges underscore

the importance of well-designed DFs, especially for high-temperature wells. The

efficacy of drilling operations is heavily reliant on the optimal performance of these

fluids. While WBDFs are conventionally used due to their low manufacturing cost

and market availability of the additives, their stability is limited by various factors,

including physical, chemical, thermal, and time-dependent considerations [30].

2.2 High-Performance Drilling Fluids

The term ”high-performance” is used for the WBDFs offering the same benefits

as the OBDFs, which are considered the standard for high-performance drilling.

OBDFs offer key advantages, including:

• Keeping shale stable.

• Inhibiting clay and cuttings.

• Increasing the rate of penetration during drilling.

• Reducing bit balling and build-up.

• Lowering torque and drag.

• Maintaining stability at high temperatures.
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• Minimizing damage to the formation.

While these benefits are naturally found in OBDFs, high-performance drilling

fluids (HPDFs) aim to combine these with better environmental compliance.

2.3 Limitations of Current Additives

The use of potassium chloride (KCl) in WBDFs is widely accepted in the oil and

gas industry, particularly for controlling rheological properties, enhancing resistance

to hydrates, and inhibiting swelling of active clays in shale formations [31]. Studies

have shown that combining KCl with bentonite and polymers can enhance the per-

formance of DFs [32]. However, a high concentration of KCl in WBDFs can lead to

the separation of the DF into liquid and sediment phases [33]. To address this, the

use of polymers has been expanded to improve the properties of DFs.

Polymers play a crucial role in drilling oil and gas wells under high-pressure, high-

temperature (HPHT) conditions [34]. Synthetic polymers are specifically formulated

to enhance properties such as viscosity [35], lubricity [36], shale stability [37], fil-

trate loss reduction [38], and yield value [39]. Although polymers have a wide range

of applications, their behavior under increasing thermal gradients with well depth

becomes a critical functional characteristic at high temperatures [7]. Field studies

have shown that polymers often lose stability at high temperatures, which is essen-

tial for performing key operational tasks in challenging drilling environments [40].

This instability arises because polymers lack adequate thermal, mechanical, chem-

ical, and physical properties [41]. Commonly used polymers in WBDFs, such as

carboxymethyl cellulose and xanthan gum, are often added to improve viscosity

and reduce filtration loss. However, these polymers are costly and not suitable for

HPHT conditions. Furthermore, differences with anionic additives limit the applica-

tion of polymers on a field scale [42]. As a result, the oil and gas industry is actively

searching for new, small, multifunctional, environmentally friendly, thermally and

chemically stable products to formulate efficient HPDF systems that can be applied
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across various drilling operations, especially in high-temperature conditions.

2.4 Incorporation of Nanomaterials in Drilling Flu-

ids

In recent years, advancements in nanomaterials have led to a growing interest in

their application within the oil and gas industry, particularly as additives in drilling

fluids. Research conducted over the past decade has demonstrated that nanopar-

ticles (NPs) can significantly enhance the properties of DFs (Figure 2.9), making

them a valuable addition [22-38]. The mechanical, hydrodynamic, thermal, electri-

cal, and chemical properties of NPs, along with their interaction potential, make

them an excellent choice for use in drilling fluids [43]. Due to their extremely fine

and thin structure, nanomaterials can reduce frictional resistance between drilling

pipes and the wellbore, thereby improving torque and drag performance. Addition-

ally, NPs have proven to be highly effective in HPHT drilling conditions. They

can alter the heat transfer capabilities of conventional drilling fluids, improving the

cooling of drilling tools and reducing the risk of tool damage in high-temperature

environments. The increased surface area of NPs enhances the thermal conductivity

of the drilling fluid, thereby improving heat transfer in drilling operations [25,26].

Over time, various types of NPs have been evaluated for HPDFs. Rheological

studies have shown that NPs have significant potential for the development of ad-

vanced drilling fluids [27]. Moreover, the use of NPs as additives has been shown

to enhance borehole stability [28]. By reducing the content of chemicals and solids

in drilling fluids, NPs can also help lower overall drilling costs [29-32]. One of the

unique features of NPs is their high surface-to-volume ratio, which allows them to

effectively plug pore throats in wellbores with a smaller quantity of drilling fluid

materials [33]. For optimal plugging, the size of the particles should be about one-

third the size of the pore throat [34], making NPs ideal for this purpose. Another

key advantage of NPs is their ability to significantly improve the thermal conductiv-
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Figure 2.9: Benefits of using Nanomaterials in Drilling Fluids.

ity of drilling fluids, with some NPs increasing heat transfer efficiency by over 20%

compared to conventional DFs [35-38]. Throughout the various stages of the drilling

process, NPs can also reduce environmental hazards and ecological risks associated

with drilling fluids [39].

Nanofluids are a type of engineered fluid that contains nanometer-sized particles

suspended within a base fluid. These particles typically range in size from one

to a few hundred nanometers and are dispersed uniformly throughout the fluid to

enhance its physical and thermal properties. The base fluid can be water or any

polymeric media keeping the suspension stable. Nanofluids exhibit superior thermal

conductivity compared to traditional fluids like fresh water [44]. For instance, adding

27



5% by volume of copper oxide NPs can enhance the heat transfer efficiency of a

solution by 22.4%. This improvement in thermal conductivity has led researchers

to explore the use of nanomaterials in HPHT drilling fluids [45, 46]. The impact

of nanomaterials on the physical properties of nanofluids, measuring parameters

such as viscosity, gel strength, pH, and filtrate loss volume both with and without

the addition of nanomaterials indicated that nanofluids enhanced the rheological

properties of DFs [47].

Although, there are several nanomaterials that has been tested for applications

in DFs, but there’s a dire need for narrowing down to some specifically set criterion

in order to objectively understand and explore their applicability as Nano additives

for high-temperature applications.

2.5 Screening of Nanomaterials for High-Performance

Drilling Fluids

The conventional additives are popular because they are widely available and deliver

quite often a linear control over the properties of the DFs. The selection criteria

for Nano additives for high-temperature drilling therefore settle to three primary

considerations:

1. The nanomaterial has to be commercially feasible.

2. The nanomaterial should impart thermal stability to the WBDF system.

3. The nanomaterial should improve the at least two performance parameters of

the formulated DF.

Upon a detailed survey of the nanomaterials and their application in DFs utilized

to address the aforementioned considerations, three main subdivisions arise (Figure

2.10).
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Figure 2.10: Screening of Nanomaterials for HPDFs targeting high-temperature
wells.

2.5.1 Silica Nano Additives

Silica NPs have become a focal point in enhancing the rheological properties of

drilling fluids, crucial for maintaining wellbore stability, efficient hole cleaning, and

cutting-carrying capacity during drilling operations. Table 2.1 demonstrates that

Silica NPs have been tested for application in pristine as well as in modified forms.

Various studies have shown that incorporating Silica NPs into WBDFs signifi-

cantly improves rheological characteristics, such as plastic viscosity (PV), yield point

(YP), and gel strength (GS). For instance, Al-Yasiri et al. demonstrated that adding

Silica NPs to biopolymer-based WBDF increased viscosity due to the formation of

Silica-xanthan composites [55]. This composite structure resulted in enhanced gel
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Table 2.1: Silica nanomaterials used to formulate WBDFs for high-temperature
applications.

Product Influence on WBDFs Ref

Silica NPs Improved rheological properties,
cuttings suspension, pumpability,
reduced filtration loss

[45,
48–52]

PEG-nanosilica composite Excellent plugging, reduced shale
permeability

[53]

HPEI-grafter Silica NPs Improved shale stability, improved
cuttings recovery

[37]

Cationic surfactant-modified Sil-
ica NPs

Improved rheological properties, en-
hanced flocculation, reduced filtra-
tion loss, and cake thickness

[54]

Silica-Xanthan Composite Enhanced gel strength, reduced fil-
tration loss

[55]

Silica NPs and Graphene
nanoplatelets

Improved Pumpability and overall
performance, reduced filtration loss

[56]

Surface-modified Silica NPs Prevent polymer degradation at
high-temperature

[49]

Polymer-based nanosilica com-
posite

Maintained structural integrity, im-
prove wellbore stability

[57]

Polypropylene-nanosilica Reduced friction [58]

Mesoporous nanosilica Improved rheological properties, re-
duced filtration loss, enhanced shale
inhibition

[59]

strength, essential for suspending drill cuttings, as confirmed by the gel strength

increase in Silica NPs’ addition. Similarly, Cheraghian et al. reported that incorpo-

rating Silica NPs into WBDFs improved PV and YP by 38% and 53%, respectively,

at elevated temperatures, thus ensuring better DF stability and hole cleaning un-

der extreme conditions [45]. The studies also showed that different nanoparticle

concentrations affect the drilling fluids’ properties. For example, Bayat and Shams

found that a 0.01 wt% Silica NPs concentration optimized PV and YP, enhancing

the fluid’s cutting suspension capability [48]. Moreover, advanced formulations such

as those developed by Vargas et al. using surface-modified Silica NPs showed that

they could prevent polymer degradation at high temperatures, further stabilizing

the WBDFs’ rheological properties after thermal aging [49].
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The interaction between Silica NPs and other additives has also been studied

extensively. For example, Oseh et al. compared the performance of polypropylene-

nanosilica composites with traditional drag-reducing agents and found that the

nanosilica-based fluids offered improved thermal stability and lower friction, which

are vital for deep well drilling [58]. The use of Silica NPs in combination with

graphene nanoplatelets, as investigated by Aramendiz and Imqam, showed that NPs

maintained their dispersion even with graphitic additives, enhancing the drilling

fluid’s pumpability and overall performance [56].

Research has also explored the effects of modifying the surface of Silica NPs to

further improve drilling fluid properties. For example, studies by Elochukwu et al.

showed that cationic surfactant-modified Silica NPs significantly improved YP and

PV compared to unmodified NPs, due to enhanced flocculation and electrostatic

interactions within the fluid [54]. Additionally, novel polymer-based nanosilica com-

posites, such as those developed by Mao et al., demonstrated that these materials

could maintain their structural integrity under ultra-high temperature and pressure

conditions, making them suitable for ultra-deep well drilling applications [57]. Fur-

thermore, the use of Silica NPs has proven effective in maintaining the stability of

drilling fluids under varying temperature and pressure conditions, as seen in the work

by Moraveji et al [52]. This study highlighted the Silica NPs’ role in enhancing the

thermal stability and cutting recovery of glycol-based DFs, while also reducing fluid

loss. These properties are crucial for minimizing wellbore instability and ensuring

efficient drilling operations.

The integration of Silica NPs into WBDFs has also demonstrated significant

improvements in filtration loss control and the mitigation of formation damage,

particularly in challenging environments like HPHT conditions. Various studies

have shown the effectiveness of these NPs in enhancing the performance of WBDFs

through their interaction with polymers and other additives, leading to a reduction

in fluid loss, formation of thinner and denser filter cakes, and improved wellbore

stability. Al-Yasiri et al. found that combining Silica NPs with xanthan gum resulted
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in a more substantial reduction in filtration loss compared to their individual use,

highlighting the synergistic effect between the NPs and polymers [55]. Similarly,

Aramendiz and Imqam reported that a mixture of graphite and Silica NPs, along

with other additives like polyanionic cellulose and bentonite, reduced filtrate loss

by 20.93%, demonstrating the potential of these combinations in minimizing fluid

invasion and maintaining pore pressure in unconventional shale formations [56].

Further investigations by Gbadamosi et al. revealed a decrease in filtrate loss volume

when Silica NPs were added to conventional WBDFss, which was attributed to the

formation of an interconnected network due to electrostatic attractions between the

NPs and bentonite [50]. Elochukwu et al. supported these findings, showing that

modified Silica NPs could decrease filtrate loss and reduce filter cake thickness by

33.3%, making them more effective for filtration control compared to unmodified

Silica NPs [54].

The use of silica NPs has also been shown to enhance wellbore stability, par-

ticularly in shale formations. Zhong et al. observed that Silica NPs grafted with

hyperbranched polyethylenimine (HPEI) significantly improved shale stability by

reducing swelling and enhancing cuttings recovery, thanks to the electrostatic inter-

actions and hydrogen bonding between the NPs and clay particles in the shale [37].

This effect was further demonstrated by the reduction in shale permeability by

85.50% and a decrease in water imbibition rates, indicating the NPs’ ability to ef-

fectively stabilize shale formations. Predictive models developed by Afolabi et al.

to estimate fluid loss in Silica NPs-based WBDFs showed a significant reduction

in fluid loss due to the structural changes in the filter cake, which resulted in a

low permeability medium [51]. Xu et al. also reported that nanosilica composites

(PEG-NS) exhibited excellent plugging properties in shale, reducing pore pressure

transmission and shale permeability, thus enhancing the stability of the wellbore [53].

Studies by Minakov et al. demonstrated that Silica NP-modified DFs could reduce

filtration loss while forming dense, homogeneous mud cakes with excellent adhesion

properties [60]. This effect was further supported by the work of Bardhan et al.,
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who found that mesoporous nanosilica (MNS) improved the thermal properties of

WBDFs, resulting in better rheological characteristics, reduced filtration loss, and

enhanced inhibitive properties [59].

However, the problem with aqueous dispersibility remains even after multiple

attempts to functionalize the commercially available Silica NPs. Their stability is

in fact influenced by the concentration, pH, and electrolytic environment of the dis-

persing media. Therefore, a surface treatment is required to improve their stability

in water-based dispersions [61].

On the basis of the literature survey, the efficacy of Silica nanomaterials as

additives in improving the DF properties is illustrated in Figure 2.11.

Figure 2.11: The degree of improvement introduced by Silica Nano Additives in the
performance of DFs based on literature survey.
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2.5.2 Transition Metal Oxide Nano Additives

Transition Metal oxide (TMO) NPs have emerged as effective additives in drilling

fluids, significantly enhancing their performance in various ways. Various studies

have explored the applicability of TMO NPs, some of which are listed in Tables ??

and 2.3, using Titanium Oxide, Zinc Oxide, Copper Oxide, Iron Oxide, Bimetallic

Oxides, Zirconium Oxide, Manganese Oxide, Tin Oxide, and more in pure form,

combinations, as well as in form of nanocomposites.

Research by Beg et al. revealed that titanium dioxide NPs improve the AV of

WBDFs containing polyanionic cellulose (PAC) and hydroxyethyl cellulose (HEC)

[73]. Before hot rolling, the AV for PAC was notably higher than for HEC. However,

after 16 h of hot rolling at 110°C, AV decreased in both systems, more so in PAC

than HEC. The PV also decreased with increasing concentration of NPs, with a

temperature-dependent behavior differing between PAC and HEC. YP values de-

creased significantly after hot rolling, especially in PAC, where the reduction was

about 50%. GS increased with both concentration and temperature, with PAC-based

fluids showing a much more substantial increase than HEC-based fluids. Perween et

al. focused on bismuth ferrite NPs in WBDFs, finding that increasing nanoparticle

concentration led to a rise in AV before and after hot rolling [72]. Although post-

hot rolling, AV values decreased, the DF remained thermally stable. PV slightly

decreased with higher nanoparticle concentration, while YP initially increased but

then declined slightly after hot rolling. GS increased significantly with nanoparticle

concentration, indicating enhanced stability. In another study, Aftab et al. explored

zinc oxide-acrylamide (ZnO-Am) composites in WBDFs, reporting higher AV and

YP compared to conventional fluids [46]. The addition of these nanocomposites also

significantly improved gel strength, suggesting better cutting suspension capacity,

a critical factor in drilling efficiency. Further research by Vryzas et al. into iron

oxide NPs demonstrated that custom-made iron oxide NPs offered better dispersion

and higher yield stress (YS) compared to commercial variants, enhancing the fluid’s

ability to carry drill cuttings [67]. Similarly, Smith et al. showed that aluminum
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Table 2.2: TMO nanomaterials used to formulate WBDFs for high-temperature
applications.

Product Influence on WBDFs Ref

Magnesium Oxide Improved rheological properties and
cuttings suspension, high filtration
loss

[62]

Tin Dioxide NPs Increased thixotropy, reduced filtra-
tion loss, high filter cake permeabil-
ity

[63]

Aluminum Oxide NPs Improved Pumpability [64]

Zirconium Dioxide NPs Improved rheological and viscoelas-
tic properties

[65]

Gilsonite NPs Reduced filtration loss and mud cake
thickness

[66]

Iron Oxide NPs Improved cuttings suspension, high
filtration loss and mud cake thick-
ness

[67,68]

Iron(III) oxide NPs Reduced filtration loss [69]

Iron Oxide NPs/ Poly (sodium p-
styrene sulfonate)

Improved shear thinning, reduced
filtration loss, improved plugging

[70]

Magnetic NPs Enhanced mud cake stabiltiy [71]

Bismuth Ferrite Improved rheological properties, re-
duced filtration loss

[72]

Titanium Dioxide Improved rheological properties, re-
duced filtration loss

[73]

Titanium Dioxide/ Bentonite
nanocomposite

Increased mud cake thickness, high
viscosity, improved plugging, re-
duced shale swelling

[74]

Titanium dioxide NPs/ Polyacry-
lamide nanocomposite

Improved rheological properties [41]

Copper Oxide NPs High filtration loss [75]

Copper Oxide and Aluminium
NPs

Reduced filtration loss [62]

Zinc Oxide and Titanium Dioxide
NPs

Decreased rheological properties [48]

Zinc Titanate NPs Improved rheological properties and
cuttings suspension, reduced filtra-
tion loss

[76]

Zinc Oxide and Copper Oxide Improved overall performance, re-
duced filtration loss

[77]
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Table 2.3: TMO nanomaterials used to formulate WBDFs for high-temperature
applications (contd.)

Product Influence on WBDFs Ref

Zinc Oxide NPs/ Acrylamide
composite

Improved cuttings suspension, re-
duced shale swelling, reduced filtra-
tion loss

[46]

Graphene Oxide-Zinc Oxide
nanocomposites

Improved rheological properties and
cuttings suspension, reduced filtra-
tion loss

[78]

Copper Oxide/ polyacrylamide
nanocomposite

Improved rheological properties and
thermal conductivity, reduced filtra-
tion loss and mud cake thickness

[79]

oxide NPs reduce shear stress at higher concentrations, especially under elevated

temperatures, improving fluid stability in harsh drilling conditions [64]. Medhi et

al. examined zirconium dioxide NPs, finding substantial increases in viscosity and

shear stress across various shear rates, along with improved viscoelastic properties,

making the drilling fluid more resilient to deformation [65]. Studies by Al-saba et

al. on magnesium oxide NPs indicated significant improvements in PV, YP, and

GS, along with a substantial impact on YP [62]. This enhancement in rheologi-

cal properties is crucial for maintaining wellbore stability and optimizing drilling

operations. Wang et al. highlighted the benefits of iron oxide NPs modified with

Poly (sodium p-styrene sulfonate, noting improved shear thinning behavior and

maintained rheological properties at specific concentrations [70]. This suggests a

balanced enhancement in fluid performance without excessive viscosity, which could

hinder fluid circulation. Parizad and Shahbazi investigated tin dioxide NPs, which

increased the thixotropy and gel strength of WBDFs, albeit with some challenges

in recirculation due to higher viscosity [63].

Ghayedi and Khosravi’s research on graphene oxide-zinc oxide nanocomposites

showed a notable increase in PV and YP, improving the drilling fluid’s ability to

carry cuttings, while also enhancing gel strength, ensuring better suspension of drill

cuttings [78]. In another study, Perween et al. synthesized zinc titanate NPs, ob-

serving that higher concentrations of these NPs significantly increased AV and GS,
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particularly when using electrospun NPs, which provided better surface area and in-

teraction with the fluid [76]. Dejtaradon et al. examined zinc oxide and copper oxide

NPs, finding that these additives reduced shear stress and PV at lower concentra-

tions, with NP-modified fluids showing better overall performance in maintaining

fluid stability and reducing mechanical friction [77]. Saboori et al. synthesized

copper oxide/polyacrylamide nanocomposites, finding significant improvements in

viscosity and thermal conductivity with increasing nanocomposite concentration,

which is crucial for maintaining fluid performance at elevated temperatures [79].

Sadeghalvaad and Sabbaghi’s study on titanium dioxide/polyacrylamide nanocom-

posites also highlighted increased PV and YP, with the fluids maintaining stability

even after prolonged exposure to drilling conditions [41]. Furthermore, Bayat and

Shams reported that both zinc oxide and titanium dioxide NPs could decrease PV

at specific concentrations, particularly at elevated temperatures, which is beneficial

for reducing mechanical friction and improving fluid flow efficiency [48].

Faisal et al. explored the influence of magnetic NPs on the pore-plugging mech-

anism in mud cakes via X-ray computed tomography. Their findings revealed that

higher CT numbers in filter cakes containing 2 wt% magnetic NPs (MNPs), com-

pared to those with 0.92 wt%, indicated a denser and more stable structure, un-

derscoring the vital role of MNPs in enhancing mud cake stability [71]. The study

illustrated that MNPs at a concentration of 0.5 wt% effectively eliminate cracks and

reduce pore spaces, resulting in a higher quality mud cake. However, an increase

in MNP concentration to 2 wt% led to the reappearance of cracks, possibly due to

nanoparticle agglomeration, suggesting that MNPs improve mud cake quality up

to an optimal concentration, beyond which the structural integrity is compromised.

Additional studies presented by Beg et al., who examined the filtrate loss proper-

ties of DF formulations with TiO2 NPs, revealed that titanium oxide NPs reduced

fluid loss and effectively plugged microfractures in filter cakes [73]. Similarly, Per-

ween et al. observed that the inclusion of bismuth ferrite NPs significantly reduced

API filtrate loss after hot rolling tests, further confirmed by Field Emission Scan-
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ning Electron Microscopy (FESEM) [72]. Aftab et al. noted that the introduction

of ZnO-Am nanocomposite in drilling fluids reduced shale swelling and improved

fluid loss control, demonstrating superior nanopore-plugging abilities [80]. Mean-

while, Vryzas et al. reported that metal oxide NPs effectively reduced fluid loss

and enhanced the surface area of drilling fluids, with better pore plugging due to

smaller nanopores [67]. Furthermore, Al-saba et al. found that low concentrations

of copper oxide and aluminium NPs improved fluid loss control, while higher con-

centrations led to adverse effects, particularly with MgO NPs [62]. Parizad and

Shahbazi showed that tin oxide NPs reduced filtration volume and improved fil-

ter cake permeability [63]. Ghayedi and Khosravi demonstrated that the GO-ZnO

nanocomposite significantly reduced filtration volume, attributed to the small size

of the NPs filling pore spaces in the filter cake [78]. Wang et al.’s investigation into

iron oxide/PSSS NPs revealed that an optimal concentration of 0.1 wt% provided

the best fluid loss control. This was supported by X-ray diffraction (XRD) and

FESEM analyses, which confirmed the effective sealing properties and nanopore-

plugging ability of the NPs [70]. Additionally, Perween et al. found that smaller

particle sizes led to better fluid loss reduction and thinner, more impermeable filter

cakes with their study on synthesized zinc titanate NPs [76].

Dejtaradon et al. examined the effects of ZnO and CuO NPs at varying temper-

atures, finding that these NPs effectively decreased fluid loss, particularly at con-

centrations of 0.8 wt%, with CuO exhibiting superior pore plugging efficiency [77].

Saboori et al. studied CuO/PAM nanocomposites, showing that increased nanocom-

posite concentrations reduced fluid loss and mud cake thickness, with better per-

formance in freshwater than in brine [81]. Mahmoud et al. utilized iron oxide NPs

in calcium bentonite-based drilling fluids, reporting significant reductions in filtrate

volume and enhancements in filter cake thickness [68]. However, higher NP concen-

trations led to increased filtration loss and mud cake thickness due to NP agglom-

eration. Medhi et al. investigated CuO NPs in polyamine-based and conventional

drilling fluids, finding that moderate concentrations improved filtration properties,
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while higher concentrations led to increased fluid loss due to agglomeration [75].

Aftab et al. synthesized a titanium dioxide-bentonite nanocomposite, noting that

it increased mud cake thickness and reduced shale and clay swelling, attributed to

enhanced viscosity and efficient pore plugging [74]. Hassanzadeh et al. reported

that alumina NPs improved shale stability and pore-plugging efficiency. Pakdaman

et al. introduced hydrophilic Gilsonite NPs, which reduced filtration loss and mud

cake thickness [66], while Alam et al. incorporated iron(III) oxide NPs into DF,

finding that an optimal concentration of 0.5 wt% significantly improved filtration

properties [69].

Figure 2.12: The degree of improvement introduced by Transition Metal Oxide Nano
Additives in the performance of DFs based on literature survey.

Nonetheless, two critical uncertainties remain. First, the commercial viability

and environmental sustainability of producing and deploying transition metal oxide

NPs are yet to be fully established. Second, there is a fundamental gap in under-

standing how the morphology of these NPs influences the performance of HPDFs.
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On the basis of the literature survey, the efficacy of Transition Metal Oxide

nanomaterials as additives in improving the DF properties is illustrated in Figure

2.12.

2.5.3 Carbonaceous Nano Additives

Carbon-based nanomaterials, recognized for their versatility and remarkable prop-

erties, have found widespread applications in various industrial sectors, including

the oil and gas industry. These nanomaterials include several allotropes and forms

of carbon, such as graphite, diamond, fullerene, carbon nanotubes, and graphene.

Their unique physical and chemical properties make them ideal candidates for en-

hancing the performance of drilling fluids, which are essential in drilling operations

to maintain wellbore stability, control formation pressure, and facilitate the removal

of cuttings. Table 2.4 encapsulates the different carbonaceous nanomaterials applied

for the formulation of high-temperature WBDFs.

Table 2.4: Carbonaceous nanomaterials used to formulate WBDFs for high-
temperature applications.

Product Influence on WBDFs Ref

Graphite NPs Improved rheological properties, re-
duced filtration loss

[82]

Nanographite Oxide Optimized rheological properties,
Improved wellbore stability, re-
duced friction

[83]

Carbon Nanotubes Improved cuttings suspension, and
rheology, reduced filtration loss [84–86]

Carbon Nanotubes-filled poly
(vinylidene fluoride)

Improved rheological properties, re-
duced filtration loss

[87]

Multiwalled Carbon Nanotubes Reduced filtration loss [88]

Graphene Nanomaterials Improved rheological properties and
thermal conductivity, reduced filtra-
tion loss and mud cake thickness

[89,90]

The use of graphite NPs in drilling fluids has been explored extensively. Studies

have shown that incorporating graphite NPs into WBDFs can significantly improve

rheological properties such as viscosity and filtration loss (FL). For instance, Nasser
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et al. found that adding 40 nm graphite nanoparticles enhanced the shear-thinning

behavior of WBDF and reduced FL by 50% [82]. Additionally, other nanomateri-

als like nanographite oxide have been shown to improve wellbore stability, reduce

friction coefficients, and optimize other rheological properties [83].

Carbon nanotubes (CNTs) have gained significant attention for their role in

improving the rheological and filtration behavior of drilling fluids. These nanomate-

rials can be single-walled (SWCNTs) or multi-walled (MWCNTs) depending on the

number of graphene layers. Several studies have demonstrated the benefits of CNTs

in drilling fluids. For instance, research by Fazelabdolabadi et al. demonstrated

that adding functionalized CNTs to WBDF increased shear stress, particularly at

higher rotational speeds, and improved CNT dispersion at high shear rates (around

600 rpm [84]). This led to greater pressure losses in laminar flow regimes within the

wellbore, attributed to the increased yield stress when compared to conventional

DFs. Similar trends were observed in oil-based DFs, where the PV decreased by

14%, enhancing the suitability of CNT-containing fluids for drilling operations. This

reduction in PV can be beneficial in reducing the frictional pressure losses during

drilling, thereby optimizing drilling efficiency. Further studies by Ma et al. indi-

cated that the addition of CNTs to suspending mediums increases base viscosity,

although this effect diminishes as shear rates increase, a phenomenon known as

”shear thinning”. [85] This shear-thinning effect is more pronounced in CNT sus-

pensions compared to traditional fiber or glass suspensions, making processing more

challenging but also potentially more effective in certain drilling conditions. Liu et

al. investigated the effects of dosing CNTs into bentonite drilling fluids under high-

temperature and high-salinity conditions [86]. They found that CNTs adsorbed on

bentonite particles, preventing coalescence and maintaining the DF’s structure even

in harsh environments. This resulted in a significant improvement in the drilling

fluid’s ability to carry rock cuttings, increasing by 85.1%. Additionally, the result-

ing dense mud cake reduced the filtrate loss by 30.2%, enhancing wellbore stability.

Wu et al. studied the rheological behavior of CNT-filled poly(vinylidene fluoride)
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(PVDF) composites, finding that CNTs have a flow-impeding effect, increasing AV

at low shear rates [87]. At higher CNT loadings, the nanotubes were more likely to

form entangled bundles, further increasing viscosity and complicating flow. How-

ever, this increased viscosity can be advantageous in stabilizing the drilling fluid and

controlling fluid loss, particularly in challenging drilling environments.

Studies by Özkan et al. showed that even small concentrations of MWCNTs

could significantly enhance the stability and filtration properties of water-based

drilling fluids, with predicted improvements in gel structure stability and reduced

filtration rates based on DLVO theory [88]. Moreover, Ismail et al. demonstrated

that MWCNTs, when combined with nanosilica, could improve both the PV and YP

of drilling fluids, making them more effective under high-temperature conditions [91].

The impact of MWCNTs on fluid loss control and wellbore stability has also been

well documented. For example, MWCNTs have been shown to reduce water loss

in drilling fluids and improve mud cake formation, which is crucial for preventing

formation damage and maintaining wellbore integrity. The use of MWCNTs in

combination with other additives, such as durian rind or synthetic-based fluids,

has further enhanced the performance of drilling fluids, particularly in terms of

reducing filtrate loss and improving the stability of the DF under high-pressure,

high-temperature conditions.

Graphene’s remarkable physical and chemical properties, including high thermal

conductivity, mechanical strength, and surface area, make it an excellent additive

for enhancing drilling fluid performance. Graphene oxide, a derivative of graphene

with oxygen-containing functional groups, has also been extensively studied for its

ability to improve the properties of drilling fluids. Recent studies have shown that

graphene and graphene oxide can significantly reduce filtration loss, improve emul-

sion stability, and enhance thermal stability in drilling fluids. For instance, Kosynkin

et al. demonstrated that adding graphene oxide to WBDF reduced filtration loss by

up to 0.2 wt% of the original content while maintaining stability at high tempera-

tures [89]. Similarly, Taha et al. reported that combining a proprietary engineered
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surfactant with graphene nanoparticles improved various properties of drilling fluids,

such as FL, lubricity, and thermal stability under HPHT conditions [90]. Graphene

nanoplates, another derivative of graphene, have been used to stabilize rheological

and thermal properties in drilling fluids. These nanoplates have been shown to

outperform other nanomaterials, such as nanosilica and glass beads, in enhancing

drilling fluid performance under low-pressure, low-temperature (LPLT) conditions.

Figure 2.13: The degree of improvement introduced by Carbonaceous Nano Addi-
tives in the performance of DFs based on literature survey.

However, there are ongoing concerns that warrant attention related to the appli-

cation of carbonaceous nanomaterials in WBDFs. One major issue is the need for

the development of durable, cost-effective, and environmentally friendly nanomateri-

als. Eco-friendly methods for scaling up the production of carbon nanomaterials are

essential to make their use more economically viable. Over the past decade, function-

alized nanoparticles have seen widespread application in the drilling industry, which
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highlights the need for further development of carbon nanomaterials. This develop-

ment should prioritize several key features: improving thermal conductivity under

high-temperature conditions, ensuring a high surface-area-to-volume ratio, requir-

ing minimal amounts to significantly enhance fluid performance, and maintaining

high dispersion stability when mixed with water, polymers, surfactants, alcohols,

and esters.

On the basis of the literature survey, the efficacy of Carbonaceous nanomaterials

as additives in improving the DF properties is illustrated in Figure 2.13.

2.6 Identification of Potential Nano Additives

While significant advancements have been made in the development of WBDFs in-

corporating nanomaterials, challenges persist, especially in high-temperature drilling

applications. The literature survey from each of the group of nanomaterials discussed

in the previous section presents the following limitations:

• Silica Nano Additives: Despite functionalization efforts, the stability of sil-

ica nanoparticles in aqueous dispersions remains a significant issue, influenced

by factors such as concentration, pH, and electrolyte concentration. Surface

treatments are necessary to enhance their stability.

• Transition Metal Oxide Nano Additives: The commercial viability and

environmental sustainability of producing and deploying transition metal oxide

nanoparticles are still uncertain. Also, the role of morphology in influencing

the performance of the DFs is less understood.

• Carbonaceous Nano Additives: While carbon nanomaterials have shown

potential, there is a need to develop durable, cost-effective, and environmen-

tally friendly materials. Eco-friendly scaling-up methods are essential for their

widespread adoption.

Since performance improvement capabilities and thermal stability are sacrosanct

criteria, the other requirements for the selection of nanomaterials were mapped in
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a quadrant chart and five were selected with appropriate synthesis techniques as

illustrated in Figure 2.14.

Figure 2.14: Selection Map of the Nanomaterials. The key considerations are put
in the axes. The arrows signify the objectives of each synthesis.

The following nanomaterials were carefully selected for suitability as HPDF nano

additives to address the research objectives defined in Chapter 1:

1. Graphene Nanosheets

• Plastic Waste Valorization for cheap and sustainable production.

• Sheet-like morphology for higher surface area (facilitating higher interac-

tion with the additives), and low dosage requirements.
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2. Carbon Nanotubes

• Surface-modified for higher dispersibility in aqueous media.

• Mechanistic insights for long term stability in polymeric nanofluid and

viscoelastic behavior.

3. Copper Oxide Nanoparticles

• Green synthesis for cheap and sustainable production.

• Plate-like morphology (through microwave-assisted synthesis) aimed to

enhance lubricity and filtration performance.

4. Zinc Oxide Nanostructures

• Different size distribution and morphology through microwave-assisted

synthesis.

• Comparative insights on the stability and performance due to Nanopencil

and Nanoflower morphology.

5. Silica Nanoparticles

• Coated with [3-(2-Aminoethylamino) propyl] trimethoxy silane for im-

proved thermal stability and higher dispersibility in aqueous media.

• Insights into the performance improvement capabilities.

2.7 Conclusion

This chapter discussed the fundamentals of DFs and their functional properties. The

urgency of developing nano additives for HPDFs for sustainable high-temperature

drilling operations is clear, and the literature review worked to highlight the present

limitations and opportunities for further research in this domain. The five poten-

tial nano additives identified here will be discussed for their multifunctionality and

thermal stability in WBDFs in the subsequent chapters (4 to 8). The next chapter

will discuss the experimental framework of the entire investigation.
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Chapter 3

Experimental Methodology and

Characterization Techniques

This chapter presents the synthesis route of nanomaterials in brief, methodologies

employed in the analysis of the synthesized nanomaterials, as well as their integration

into nanofluids and DF formulations. Figure 3.1 outlines the generic sequence of the

key steps involved in the investigation.

Figure 3.1: Sequence diagram of the investigation

The first section summarizes the general synthesis routes for the nanomateri-

als based on the objectives described in Chapter 1. The next section defines the

techniques used for confirmation of synthesis and the characteristics of the synthe-

sized nanomaterials, with some of them serving as the screening steps before further

testing. The following sections demonstrates how nanofluids are prepared with the

nanomaterials and used as an additive to prepare DFs. Followed by the preparation,

the performance of the DFs are evaluated to determine the efficacy of the nanoma-

terials as nano additives, the methodology of which is described in the successive

section. In this body of work, the characterization of the nanomaterials and the

performance parameters tested vary based on the requirements set by each of the



research objective listed in the previous chapter.

The synthesis technique and the compositional information of the DFs specific

to each nanomaterial employed will be described in the subsequent chapters.

3.1 Synthesis of Nanomaterials

3.1.1 Materials

Silica nanoparticles of average particle size 15 nm and specific surface area of 650

m2/g with a purity of 99.5% were procured from Sisco Research Laboratories Pri-

vate Limited, India. AEAPTS ([3-(2-Aminoethylamino) propyl] trimethoxy silane)

of purity 97% was acquired from TCI, Japan. Sodium hydroxide (97% pure), am-

monium hydroxide (95% pure), and methanol (99% pure) were purchased from SD-

Fine Chem Limited, India. The raw materials required for synthesis of Graphene

nanosheets, i.e. the plastic wastes, were collected from flea markets and the local

municipality, and then categorized into PP, PE, and PS. Zinc nitrate hexahydrate

and Cupric nitrate trihydrate were purchased from Molychem, India. Pristine mul-

tiwalled carbon nanotubes (MWCNT) of >95% purity was purchased from Plasma

Chem Gmbh.

3.1.2 Synthesis Route and Purpose

In line with the proposed solution discussed previously, for a nanomaterial to be ef-

fectively utilized as an additive in the development of HPDFs for high-temperature

drilling applications, it must be both sustainable and economically viable. Addi-

tionally, the nanomaterial should maintain stable dispersion in aqueous media and

exhibit desirable morphology with a narrow size distribution. The research objec-

tives were formulated based on these criteria, and five different nanomaterials were

subsequently synthesized, each tailored to exhibit one or more of the aforementioned

key characteristics, as evident from Table 3.1.

Graphene Nanosheets used plastic waste as a precursor, while Copper Oxide
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(CuO) NPs had a green reducing-cum-capping agent, both supporting cheaper and

sustainable product development. Microwave-assisted synthesis of CuO NPs and

Zinc Oxide (ZnO) NPs helped ensure control over the morphology whilst offering

narrow particle size distribution. Additionally, surface modification of Silica NPs

and multi-walled carbon nanotubes (MWCNTs) was carried out to enhance their

dispersibility in aqueous media, a critical factor for ensuring stable performance.

Table 3.1: Nanomaterials and their synthesis for application in this investigation.

Sl.
No.

Product Objective Source/
Precursor

Synthesis
Route

Target DF
Properties

1 Graphene
Nanosheets

Sustainable
Additive De-
velopment,Low
Dosage Assess-
ment

Plastic Waste Two-Step Py-
rolysis

Rheology,
Filtration

2 Modified
Carbon
Nanotubes

Improved
Aqueous Dis-
persibility,
Low Dosage
Assessment

Pristine
Multiwalled
Carbon Nan-
otubes

Wet Base Ox-
idation

Rheology,
Filtration

3 Biogenic
Copper
Oxide NPs

Sustainable
Additive De-
velopment,
Morphological
Assessment

Copper (II)
Nitrate Tri-
hydrate

Plant Leaf
Extract me-
diated Sol-gel
+ Microwave
Treatment

Filtration,
Lubricity

4 Zinc Oxide
Nanostruc-
tures

Morphological
and Par-
ticle Size
Distribution
Assessment

Zinc Nitrate
Hexahydrate

Sol-gel +
Microwave
Treatment

Rheology,
Filtration

5 Silane
Coated
Silica NPs

Improved
Aqueous Dis-
persibility

Commercial
Silicon Diox-
ide NPs

Surface
Silanization

Rheology,
Filtration

Microwave Setup for Synthesis

Microwave synthesis is a rapid and efficient method used to produce nanomaterials

by utilizing microwave radiation to heat reaction mixtures. This technique offers

several advantages over conventional heating methods, such as faster reaction times,

enhanced reaction rates, and improved product yields [92]. The microwave radiation
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interacts with polar molecules and ions in the reaction mixture, causing them to

rotate and collide, which generates heat and accelerates chemical reactions. This

localized heating leads to uniform nucleation and growth of nanomaterials, resulting

in better control over their size, shape, and distribution.

The synthesis of the metal oxide nanomaterials like ZnO and CuO were per-

formed in a microwave digester/synthesis setup (NuWav-Pro, NutechAnalytical) in

Power-Time mode with constant sonication at 20kHz. The schematic of the setup

is illustrated in Figure 3.2.

Figure 3.2: The schematic of the microwave setup (adapted from Prajapati et. al.)

3.2 Characterization of Nanomaterials

The key factors analyzed while characterizing nanomaterials are their size and mor-

phology. The assessment may include size distribution, surface properties, structural

features, attached functional groups, etc. So, accurate measurement techniques for

nanomaterials are essential for their commercial application and regulatory compli-

ance. The techniques employed are presented henceforth.
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3.2.1 Photon Correlation Spectroscopy

Photon Correlation Spectroscopy, also known as Dynamic Light Scattering (DLS),

is a technique used to measure the size distribution of small particles and macro-

molecules in suspension [93]. DLS works by analyzing the fluctuations in the inten-

sity of scattered light caused by the Brownian motion of particles. These fluctuations

are correlated over time to determine the diffusion coefficients of the particles, which

can then be used to calculate their hydrodynamic radii using the Stokes-Einstein

equation [94].

Electrophoretic Light Scattering (ELS) is a technique used to measure the zeta

potential of particles in a colloidal suspension [95]. ELS works by applying an

electric field to the suspension, causing the charged particles to move. As a laser is

passed through the suspension, the movement of these particles scatters the light,

and the Doppler shift in the frequency of the scattered light is measured to determine

the velocity of the particles. This velocity, or electrophoretic mobility, is used to

calculate the zeta potential, which provides information about the surface charge

and stability of the particles in suspension.

A photon correlation spectroscope (Zetasizer Nano ZS, Malvern) was used to

measure the particle size distribution and zeta potential. Each test was conducted

three times. Samples were equilibrated for 120 s at 25 °C before each measurement.

3.2.2 Electron Microscopy

Scanning Electron Microscopy (SEM) is utilized for high-resolution imaging and

characterization of surfaces, including nanomaterials. Field Emission SEM (FE-

SEM) employs a field emission electron source, which provides a narrower electron

beam and higher electron brightness compared to the thermionic sources used in

traditional SEM. On the other hand, High-Resolution Transmission Electron Mi-

croscopy (HRTEM) uses phase contrast to produce images with atomic resolution.

This allows for direct imaging of the atomic lattice structure of a material. It works

by transmitting a beam of electrons through an ultra-thin specimen [96]. Electrons
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interact with the sample as they pass through it, and an image is formed based on

these interactions. The transmitted electrons are focused by electromagnetic lenses

to form an image, which is magnified and projected onto a screen or detector. Both

these techniques offer morphological visualization of the nanomaterials.

A high-resolution transmission electron microscope (G2 20, Tecnai) and a field-

emission scanning electron microscope (JSM 7900F, JEOL) were used in this study.

3.2.3 X-ray Diffraction Analysis

X-ray Diffraction (XRD) is an analytical technique used to determine the crystalline

structure of materials. It operates by directing X-rays at a sample and measuring

the intensity and angles of the rays that are diffracted by the atomic planes within

the crystal. This diffraction pattern provides information about the spacing between

the planes, enabling the identification of the crystal structure, phase composition,

and other structural parameters. The average crystallite size of the nanomaterials

can be calculated with the diffraction parameters employing Scherrer’s Equation [97]

as given in equation 3.1.

D = Kλ/β cos θ (3.1)

Where D denotes the crystallite size in nm, and K is the Scherrer shape factor,

which was assumed to be 0.9 for this calculation. λ, the incident X-ray wavelength,

was fixed at 0.15406 nm. β represents the full-width at half-maxima value (FWHM)

of the peaks, expressed in radians, while θ is the Bragg’s scattering angle.

An powder X-ray diffractometer (X’Pert Pro, PANalytical) was used for the

crystal structure identification utilizing a Cu K source.

3.2.4 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique used to

obtain the infrared spectrum of absorption or emission of a sample. It works by
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passing infrared radiation through the sample and measuring the wavelengths that

are absorbed, which correspond to the vibrational frequencies of the chemical bonds

in the molecules. The resulting spectrum provides a molecular fingerprint that can

be used to identify the different functional groups within the sample.

An infrared spectrometer (PerkinElmer) was used for identifying the functional

groups.

3.2.5 Micro Raman Spectroscopy

Micro-Raman spectroscopy is a technique used to study the vibrational modes of

molecules with high spatial resolution, typically on the micrometer scale [98]. It

involves illuminating a small area of a sample with a laser beam and analyzing

the scattered light to detect shifts in energy that correspond to specific vibrational

modes of the molecules in the sample. These shifts, known as Raman shifts, provide

a unique spectral fingerprint that can be used to identify and characterize materials.

Samples were characterized by a Micro Raman Spectrometer (Renishaw) and

the excitation was carried out at 785 nm with an Argon laser.

3.2.6 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive analytical technique

used to study the elemental composition and chemical state of materials. It works by

irradiating a sample with X-rays, which causes the emission of core-level electrons.

The kinetic energy of these emitted electrons is measured to determine the binding

energies, providing information about the elements present, their concentrations,

and their chemical states.

An X-ray photoelectron spectrometer (K-Alpha, ThermoFisher Scientific) with

an Al Kα source was utilized for the surface characterization.
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3.2.7 BET Specific Surface Area Analysis

The Brunauer-Emmett-Teller (BET) method is used to measure the specific surface

area of materials, particularly porous solids [99]. It is based on the physical adsorp-

tion of gas molecules on a solid surface and the analysis of adsorption isotherms.

In a BET analysis, the amount of gas adsorbed at different pressures is measured,

allowing for the calculation of the surface area by applying the BET equation, which

extends the Langmuir theory to multilayer adsorption.

Nitrogen adsorption isotherms were measured at 77 K using an adsorption ana-

lyzer (ASAP 2020, Micromeritics) to determine the Brunauer-Emmett-Teller (BET)

specific surface area.

3.3 Preparation of Nanofluids

Nanomaterials aggregate in water due to several interrelated factors that influence

their stability and interactions with the surrounding medium. The primary reasons

may be due to the fact that the repulsive forces between the particles are weaker

than the attractive (i.e. van der Waal) forces between them. Other factors can

be can be mediated by the medium, like ionic screening, pH alterations, etc. or

dosing issues like high polydispersity and concentration [100]. This aggregation of

the nanomaterials in the drilling fluids may hinder the intended efficacy and may

also prove detrimental in attaining the desired property enhancements. Therefore,

a simple fix would be to prepare stabilized nanofluids of the nanomaterials before

subjecting them to the drilling fluids to test their effectiveness.

A stock solution of 0.25 wt% Xanthan gum (XG) was mixed in deionized water

using a homogenizer (HG-15D, Daihan) at 1000 rpm. This XG stock solution was

poured into different beakers (100 mL in each). Subsequently, the nanomaterial

powder were added in base solutions at different concentrations, and put under

ultrasonic treatment using a UNIGENETICS probe sonicator model SKL- 1200 (at

a 20kHz frequency) in an ultrasonic cell crusher noise-isolating chamber for 4 cycles
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of 15 min (1 h) while maintaining the temperature below 45 ℃. Hence the prepared

nanofluids and the base XG solution were further used to prepare the drilling fluid

samples. The nanofluid preparation methodology is graphically illustrated in Figure

3.3.

Figure 3.3: Mixing protocol for nanofluid preparation.

3.4 Drilling Fluid Formulation

3.4.1 Materials

Aluminium Silicate Hydrate (Bentonite) pure and Sodium Silicate Metahydrate and

were acquired from SRL Pvt Ltd. 1-Octanol (99.5% pure) was bought from CDH

Pvt Ltd, India. Potassium hydroxide LR grade (KOH, >85%), Potassium chloride

(KCl, >99% pure) and Xanthan gum pure (Food grade) were purchased from Moly-

chem, India. Polyanionic cellulose regular grade (PAC-R) was provided by Oil India

Limited, India. Deionized water was used throughout the investigation.

3.4.2 Composition and Preparation

A prehydrated bentonite slurry (PHBS) was prepared by dispersing 3 wt% bentonite

in deionized water using a Hamilton Beach Mixer for 20 min followed by keeping

the slurry at rest for 16 h to ensure proper exfoliation of the clay in water. This
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PHBS was then sheared in the mixer for 15 min before the addition of the additives

in sequence reported in Table 3.2. The nanofluids were then added to the base

formulation and their effects were studied through a comprehensive performance

evaluation.

Table 3.2: General Composition of the DFs.
Seq. Chemicals Function Mix Time (min)

1 Deionized water Major phase -
2 Bentonite Viscosifier, Fluid loss controller 10
3 KOH pH controller (adjust to 9 pH) 2
4 Xanthan Gum Viscosifier 5
5 PAC-R Fluid loss controller 5
6 KCl Shale inhibitor 8
7 1-Octanol Defoamer 2
8 Nanofluid Rheology modifier, 10

Fluid loss controller,
Lubricity improver

3.5 Performance Evaluation of the Drilling Fluids

The performance studies on the drilling fluids for different properties were carried

out in accordance to the API Recommended Practices 13-1 [101]. A brief description

of the testing performed on the samples are presented in the subsequent sections.

3.5.1 Dynamic Thermal Conditioning

In order to understand the in-situ effects while the DF is in the wellbore, dynamic

hot rolling tests were also carried out on the DF samples and compared with the

fresh ones.

The samples were poured into stainless steel aging cells and sealed. A nitrogen

pressure of 100psi was applied to each cell and was put in a roller oven (ARIES

Engineering Works) at a temperature of 150℃ for 16 h while rolling at 30 rpm., as

illustrated in Figure 3.4. After hot rolling, the cells were taken out, cooled, and then

mixed in the Hamilton Beach Mixer for 15 min before further studies.
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Figure 3.4: Schematic of aging cell and roller oven.

3.5.2 Rheological Measurement

The flow properties of the drilling fluids are required to be measured as the trans-

portation of the drilled cuttings through the annulus out on the surface are one of

the primary functions that they serve. The water-based drilling fluids are therefore

designed to be shear thinning and thixotropic in nature.

A direct-indicating concentric cylinder viscometer (35SA, FANN), as shown in

Figure 3.5 (a), was used in this study to quantify the aforementioned nature of the

formulated drilling fluids. A bob suspended by a spring is positioned concentrically

inside an outer cylinder. The entire assembly is lowered to a specific level in a

container of DF, and the outer cylinder is then rotated at a constant speed. The

viscous resistance of the DF causes the bob to rotate until the torque from the spring

counteracts the viscous drag. The angle of deflection is measured using a calibrated

dial on top of the device, providing an indication of the shear stress at the bob’s

surface. The viscometer features a range of rotational speeds, ranging from 3 to

600 rpm, and provides detailed rheological data, essential for characterizing various

fluid types and conditions. The dial readings, denoted by θ were used to obtain the

Bingham Plastic Parameters [102] as given in equations below:

AV (cp) = θ600/2 (3.2)

PV (cp) = θ600 − θ300 (3.3)
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Y P (lbf/100ft2) = θ300 − PV (3.4)

where, AV is the apparent viscosity, PV is the plastic viscosity, YP is the yield point,

θ600 and θ300 are the dial readings at 600 and 300 rpm rotor speeds respectively. The

initial gel strength (Gel0) and the final gel strength (Gel10) were obtained in terms

of lb/100 ft2 by arresting the flow of the sample for 10 s and 10 min respectively,

followed by deformation at 3 rpm.

The flow curves were plotted by converting the motor speed to shear rates (de-

noted by γ) and the dial readings to shear stress values, (denoted by τ) as shown in

the equations below:

γ(s−1) = N × 1.703 (3.5)

τ(lb/100 ft2) = θN × 1.067 (3.6)

where, N is the rotor speed and θN is the corresponding dial reading.

Figure 3.5: (a) Direct-indicating Viscometer (Credit: FANN Instrument Company);
(b) Stress-controlled Rheometer (Credit: Anton Paar GmbH).

In order to accurately determine the behavior of the formulations at ambient

as well as different pressure-temperature conditions, the shear rheology analysis for

the samples before and after hot rolling was performed utilizing a stress-controlled

rheometer (MCR 302e, Anton Paar), as in Figure 3.5 (b), equipped with a pressure

cell unit and a double gap geometry. Prior to measurements at elevated tempera-
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tures, a conditioning step (pre-shearing) was performed for all samples at a rate of

400 s−1 for 120 s using the pressure cell unit. Rheological studies with shear rate

sweep from 1 to 1000 s−1 and oscillatory amplitude sweep at 10 rad/s frequency

were then performed at 500 psi with temperature variations of 20 and 80 °C.

3.5.3 Filtration Loss Measurement

While drilling, the DF is pumped into the drill string which comes out from the drill

bit’s nozzles and then circulates through the annulus to the surface, while carrying

the rock cuttings. The DF is in contact with the annular wall and the pressure

exerted may be greater than that of the formation. This results in the invasion of

the drilling fluid into the formation due to the differential pressure. The solids bigger

than the pore size of the formation rock in the suspension tend to stay behind on the

w wellbore wall, only allowing water to shift into the formation. This phenomenon

is called filtration and it may cause formation damage. However, there is another

aspect to this that must be considered. The particles which have accumulated on the

wall get compacted under pressure and form ’mud cake’. This ensures good wellbore

stability while limiting further fluid loss from the drilling fluid system [103]. Hence,

the objective of designing a drilling fluid from the filtration loss point of view is to

have minimal formation damage with very thin and impermeable mud cake.

Figure 3.6: The filter presses: (a) LPLT and (b) HPHT (Credit: FANN Instrument
Company)
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Low-pressure low temperature (LPLT) or API filtration was executed using an

API Filter Press (Series 3000, FANN) under 100 psi pressure for 30 minutes. HPHT

filtration loss was assessed utilizing an HPHT Filter Press (Series 387, FANN) at

150 °C temperature and 500 psi differential pressure. The mud cake thickness were

measure in 1/32” using a FANN ruler.

3.5.4 Lubricity Measurement

The lubricity of DF plays a significant role in reducing friction between the drill

string and the wellbore, thereby minimizing equipment wear, extending drill bit

lifespan, and decreasing the likelihood of issues such as a stuck pipe. Additionally,

good lubricity ensures smoother drilling operations, leading to faster penetration

rates and reduced torque and drag, which is particularly beneficial in difficult sce-

narios like deviated or horizontal wells [104].

Figure 3.7: EP/lubricity tester.

The evaluation of drilling fluid lubricity was conducted using a Lubricity Tester

(Model 212, FANN). This test assesses the fluid’s film strength by measuring the

coefficient of friction (CoF) under specified conditions. The standard lubricity co-

efficient test involves applying a force of 150 in-lb (equivalent to approximately 600

psi or 4137 kPa pressure) to two hardened steel surfaces – a rotating ring and a

stationary block – at 60 rpm. The CoF, representing the frictional force between

interacting solids, is determined by the force required to slide the block and ring

surfaces across each other at a specified rate, measured by the power needed to turn
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the test ring shaft. The instrument was calibrated using deionized water at a speed

of 60 rpm with 150 in-lb of force applied for 5 min, which generally gives a torque

reading of 34 ± 2. The CoF was then calculated by dividing the torque reading

(or meter reading) by 100 for each sample. A correction factor (in this case 0.94)

was then applied to the CoF to compensate for the mechanical wear and tear in the

block.

3.6 Conclusion

This chapter provided an overview of the synthesis of nanomaterials and the method-

ologies used for their analysis, the preparation of stabilized nanofluids and their in-

corporation into DF formulations to evaluate their performance as nano additives.

The description of the entire methodological framework serves as the foundation

for discussing the findings of the investigation with each nanomaterial in the next

chapters.
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Chapter 4

Plastic Waste Upcycled Graphene

Nanosheets

The global plastic waste predicament constitutes a monumental environmental threat

as substantial volumes of plastics amass in landfills and permeate terrestrial and ma-

rine ecosystems. Over the preceding thirty years, plastic production has escalated

by over fourfold, reaching a volumetric output of 460 million tonnes. Presently,

plastic waste accumulation stands at an alarming 353 million tonnes, with a mere

9% undergoing effective recycling processes as per OECD data from 2022 [105].

The predominant fraction of this waste as can be seen in Figure 4.1, comprising

50%, is relegated to landfills, while an additional 19% is subjected to incinera-

tion or inadvertent environmental dispersion. Notably, 22% of the waste evades

structured disposal mechanisms, infiltrating aquatic and terrestrial ecosystems, and

thereby exacerbating environmental contamination trends. Predominantly, plastics

such as Polystyrene (PS), Polypropylene (PP), Polyethylene Terephthalate (PET),

Polyvinyl Chloride (PVC), as well as High-Density Polyethylene (HDPE), and Low-

Density Polyethylene (LDPE), constitute the bulk of global plastic waste genera-

tion [106]. The persistent non-degradable attributes of these plastics pose substantial

ecological threats, catalyzing heightened awareness and research endeavors to coun-

teract plastic pollution hazards. The valorization of plastic waste into value-added



materials presents an avenue for cost mitigation in production processes. Contempo-

rary research has explored the utilization of these economically viable plastic waste

substrates for the synthesis of carbonaceous nanomaterials, inclusive of carbon nan-

otubes and graphene nanostructures [107].

Figure 4.1: Global Plastic Waste Management Scenario (OECD 2022).

Graphene, characterized by its monolayer two-dimensional graphite configura-

tion, has demonstrated commendable efficacy in Oil-Based Drilling Fluids and invert-

emulsion drilling fluids. [108–112]. However, the inherent instability of pristine

graphene in aqueous dispersions, attributable to particle flocculation [83], has spurred

the development and deployment of derivatives such as Graphene Oxide and graphene-

derived nanocomposites, which have found application in Water-Based Drilling Flu-
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ids [89,113–117]. Graphene derivatives such as graphene oxide have exhibited effec-

tiveness in WBDF systems [108]. Harnessing plastic-derived GNs as WBDF addi-

tives can mitigate environmental plastic accumulation and cost concerns affiliated

with nanomaterial additives. Graphene nanoparticles in WBDFs can help form very

thin and impermeable filter-cake while efficiently maintaining the rheological per-

formance at higher temperatures [59,118–121]. However, graphene nanosheets have

not yet been used in KCl/Silicate/polymer DF to study the synergistic effect of the

complex composition on the flow and filtration behavior. Also, its effectivity at a

very low concentration like 0.05% w/v in WBDFs is yet to be investigated. If the

performance of the DF is enhanced with such quantity, the requirement of expen-

sive graphene would be reduced and its feasibility at the field scale is likely to be

increased. But synthesis and utilization of graphene at a commercial scale have been

a challenge for decades now. However, Pandey et al. have recently devised a syn-

thesis technique aimed at the mass production of graphene nanosheets from plastic

wastes like polypropylene, polyethylene, and polystyrene using nano-clay [122]. This

zero-waste approach for bulk synthesis of nanomaterials like graphene nanosheets

opens up a gateway to many applications [123]. The environmental concerns in con-

nection to the intensifying threat from the accumulating non-degradable plastics,

as well as reluctance to use nano-additives for WBDFs owing to the upsurge in the

cost, can be mitigated now. This approach may make it possible to move towards

cleaner production and utilization, gradually reducing the evident carbon footprint

by ensuring a sustainable solution to the existing problems.

This experimental investigation, as summarized in Figure 4.2, is inspired to pro-

vide a highly effective additive, Graphene Nanosheets (GNs) synthesized from plastic

waste for WBDFs. It was aimed to experimentally evaluate the rheological and fil-

tration performance of GNs-enhanced WBDFs for prospective high-temperature oil

well drilling utility. Plastic wastes were chopped into minute fragments to synthe-

size graphene nanosheets, followed by washing, drying, and mixing with bentonite.

Subsequent pyrolysis and heating of the mixture under a nitrogen environment pro-
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duced GNs. Various analytical techniques characterized the synthesized GNs regard-

ing surface morphology, specific surface area, crystallite dimensions, and elemental

distribution. GNs-infused WBDFs were prepared and evaluated under different con-

ditions imitating field drilling operations.

Figure 4.2: Flowchart for the experimental methodology
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4.1 Synthesis of Graphene Nanosheets from Plas-

tic Waste

The GNs were synthesized following the previously reported method by Sahoo et

al. (2016) [124]. The gathered plastics underwent a shredding process to achieve a

flake-like morphology. Following this, the shredded plastics were subjected to wash-

ing and subsequent drying, after which they were thoroughly mixed with bentonite

nano-clay. This composite sample was then subjected to a gradual pyrolysis process

(utilizing a stainless steel horizontal hollow cylindrical feeder unit with a volume of

0.41 m3) under a N2 inert atmosphere at a temperature of 400 °C. The controlled py-

rolytic decomposition, with a heating gradient of 5 °C/min up to 400 °C, effectively

eliminated oil-based hydrocarbons and gaseous components within the sample mix-

ture. Upon completion of the pyrolysis, a residual black amorphous carbon matrix

was obtained. This residual material was subsequently processed in a ball milling

apparatus to achieve a finely powdered state in preparation for a secondary thermal

treatment, aimed at enhancing GNs yield. The finely milled carbonaceous powder

was then subjected to rapid thermal treatment in a secondary reactor (comprising

a vertical cylindrical feeder unit with a capacity of 0.06 m3), maintaining a tem-

perature of 750 °C and a heating gradient of 10 °C/min, again under a N2 gas

atmosphere (flow rate: 20 mL/min). This procedure yielded black-colored GNs. To

ensure product purity, residual nanoclays were eliminated through a combination of

distilled water rinsing and a mild acidic treatment using 5% hydrochloric acid.

4.2 Characterization of the GNs

The characterization of the plastic waste upcycled GNs is depicted in Figure 4.3.

The X-ray diffractogram can be seen in Figure 4.3 (a). The XRD data sug-

gested a sharp peak around 27°, corresponding to the (002) crystal plane with a

d-spacing of 3.39 Å according to JCPDS (Joint Committee on Powder Diffraction

Standards) card number 75-2078. The mean crystallite size was estimated as 34 nm,
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Figure 4.3: Characterization data of the GNs: (a) X-ray Diffraction plot of the GNs.
(b) N2 Adsorption for BET isotherm of GNs. (c) Average Particle Size distribution
of GNs by DLS. (d) FE-SEM image of GNs (at 20,000X magnification)

characteristic of graphene nanosheets [110].

Figure 4.3(b) depicts the adsorption isotherm of the GNs. The specific sur-

face area of the GNs was calculated through the Brunauer–Emmett–Teller or BET

method at relative pressure points for the quantity of nitrogen adsorption. Notably,

the BET surface area came out to be 626.45 m2/g. The estimated surface area is

76% less than the theoretical value of approximately 2630 m2/g due to probable

aggregation [125]. However, the surface area of GNs is 14 times that of graphite and

is adequate for application as a nano-additive.

The size vs. intensity plot from DLS for GNs is given in Figure 4.3 (c). The

determined average particle size was 206 nm with a polydispersity index (PDI) of

0.365. The PDI value of 0.1 or above shows the widening particle size distribution
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(PSD) range in a colloidal dispersion [126]. The electrophoretic stability parameter

or the zeta potential was found to be -29.1 mV when GNs were dispersed in deionized

water, rendering them relatively stable for further application.

As shown in Figure 4.3 (d), it was discovered by FESEM analysis that the GNs

had wrinkled morphology with arching boundaries caused by chemical interaction

between carbon layers; nonetheless, the signature array of stacked sheets was also

observed. The EDX data quantified carbon and oxygen values as 82.3 and 17.7 wt%

respectively. These values correspond to the functionalization of the GNs during

the synthesis in the previous studies [122,123,127].

4.3 Performance of Drilling Fluids with GNs

The composition of the base and the GNs-infused DFs to be discussed hereinafter

is shown in Table 4.1.

Table 4.1: Composition of the WBDFs with GNs.
Sequence Constituents Concentration (wt%)

1 Deionized water -
2 Bentonite 3.00
3 KOH 0.07
4 Xanthan Gum 0.25
5 PAC-R 0.50
6 KCl 3.00
7 Sodium Silicate 1.50
8 1-Octanol 2-3 drops
9 Graphene Nanosheets 0-0.44

The samples were named corresponding to the GNs concentration as given below:

• BASE: WBDF with 0wt% GNs.

• GNM-0.5: WBDF with 0.05wt% GNs.

• GNM-1: WBDF with 0.11wt% GNs.

• GNM-2: WBDF with 0.22wt% GNs.

• GNM-4: WBDF with 0.44wt% GNs.
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4.3.1 Rheological Performance

The rheological attributes of drilling fluids considerably impact functionality during

drilling processes. Multiple fundamental parameters exhibited marked improve-

ments with the incorporation of GNs in the DFs. Effective dispersion of the two-

dimensional GNs facilitates optimal heat distribution attributed to their high intrin-

sic thermal conductivity, thereby preserving uniform additive allocation and polymer

hydration even with salts and silicates present [27]. This heat transfer capacity likely

contributed to thermal stability enhancements observed in this chapter.

Figure 4.4: (a) AV of the WBDFs at 20 ℃, (b) AV of the WBDFs at 70℃.

Figure 4.4 (a) and (b) illustrate the apparent viscosities for various concentra-

tions of GNs in the WBDFs. At a temperature of 20°C, the AV values exhibited a

steady increased with increasing GNs dosage in the DF, both before and after sub-

jecting the DF to thermal aging. As expected, the impact of thermal degradation

was comparatively less pronounced in the DF samples containing GNs. This obser-

vation suggests that proper dispersion of GNs results in enhanced heat dissipation

and, consequently improved thermal stability of the entire fluid system [128]. A

similar incremental trend in AV was observed at 70°C for all the WBDF samples.

However, the samples subjected to thermal aging exhibited noticeable degradation

in AV values when compared to their counterparts before hot rolling. Upon visual
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inspection, it was evident that some particles were floating and forming aggregates

on the surface of the sample. This behavior is primarily attributed to the degra-

dation of the polymeric dispersant, xanthan gum, within the nanofluid at elevated

temperatures. Additionally, electrostatic and van der Waals forces govern inter-

actions between the layered GNs and the clay-based rheology modifier bentonite.

This interaction manifests as an augmentation of yield point and apparent viscosity.

Microscopic evidence reveals nanofluid particles can adsorb onto clay surfaces, re-

stricting mobility and inertial flow. The tendency for face-to-face stacking between

adjacent graphene sheets would hinder rotational and translational motion. Analo-

gous phenomena have been reported for analogous nanocarbons in silicate solutions

[27]. Nevertheless, increasing the concentration of well-dispersed GNs showed rela-

tively better thermal stability.

Figure 4.5: (a) PV of the WBDFs at 20 ℃, (b) PV of the WBDFs at 70℃,

As evident in Figure 4.5 (a) and (b), the PV of drilling fluids increased with

the concentration of graphene nanosheets (GNs) at 20 °C. This was likely due to

the higher solid content and frictional interactions, as shown in Figure 4.6 between

GNs and other additives [84]. An initial 0.05 wt% GNs increased PV by 54.5% after

which there were slight increments with increasing concentrations of GNs. However,

as the temperature increased to 70 °C, it led to the aggregation of GNs and the
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Figure 4.6: Schematic Diagram of viscosity enhancement in WBDFs due to GNs.

destabilization of their dispersion after hot rolling. Consequently, the gap in the

values of PV between the measurements taken before and after hot rolling expanded

at higher temperatures. Following thermal aging, PV exhibited a similar pattern,

with the sample containing 0.44 wt% GNs showing nearly identical PV values before

and after aging. In contrast, the base DF exhibited a substantial decline in PV after

aging.

Upon examination of Figure 4.7(a) and (b)), the yield point (YP) to plastic vis-

cosity (PV) ratios of the GNMs increase after thermal aging, especially at higher

temperatures. This enhancement of YP/PV values suggests improved cuttings car-

rying capacity and hole cleaning potential within the annulus. Although the plastic
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Figure 4.7: (a) YP/PV ratio of the WBDFs before thermal aging, and (b) YP/PV
ratio of the WBDFs after thermal aging.

viscosity rises with greater GNM concentrations, definitive trends between incre-

mental nanoparticle loading and resulting yield point differentials are absent. This

indicates that factors beyond solely GNM quantity are governing rheological re-

sponse.

The gel strength values of different WBDF formulations can be seen in Figure

4.8 (a)-(d). Initial gel strength (Gel 0) is measured after 10-seconds after circulation

stops, while 10-minute gel strength (Gel 10) is measured after 10 seconds of rest

following shearing. Gel 0 values increased with higher graphene nanosheet (GN)

concentrations, likely due to interactions between GNs and clay platelets. However,

at elevated temperatures (70°C), the 10-second gel strength decreased, a pattern

also seen when comparing systems before and after hot rolling.The 10-minute gel

strength (Gel 10) is determined after 10 minutes of static conditions post-shearing.

This allows clay platelets to reorder and minimize free energy, creating a stronger

gel network and higher Gel 10 values [76]. The Gel 10 variations followed a similar

pattern to the initial gel strength. Increasing GN concentration improved Gel 10, but

elevated temperatures decreased it. Comparing pre- and post-hot rolling systems

also showed declining Gel 10 at higher temperatures.
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Figure 4.8: (a) Gel 0 of the WBDFs before thermal aging, (b) ) Gel 0 of the WBDFs
after thermal aging, (c) Gel 10 of the WBDFs before thermal aging, and (d) Gel 10
of the WBDFs after thermal aging.

4.3.2 Filtration Performance

Excessive filtration can severely damage potential hydrocarbon bearing formations.

At the same time, some degree of fluid loss is inevitable and essential to facilitate

formation of a thin, low-permeability mud cake. This deposited filter cake serves the

vital function of stabilizing the wellbore while minimizing further infiltration losses.

Therefore, an optimized drilling fluid system will enable sufficient solids build up

to generate a stable mud cake, while restricting total filtrate volumes to mitigate

formation damage risks. This balanced formulation allows taking advantage of the

filtration mechanism’s constructive effects while controlling its most deleterious im-

pacts. Careful DF engineering ensures both wellbore stability via an impervious

cake, as well as preserved formation productivity for subsequent operations [103].

Figure 4.9 depicts this filtrate loss over time, with all GNM formulations exhibit-
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Figure 4.9: API Filtration loss of the base DF and GNMs.

ing a similar spurt loss around 7-10 mL.

After thermal aging, the addition of just 0.5% graphene nanomaterials (GNM-

0.5) drastically reduced the filtrate volume by 48.38% compared to the base fluid.

As the GNs concentration was incrementally increased up to 0.44% w/v (GNM-4),

the API filtrate loss continued declining, reaching an over 70% reduction. However,

with ongoing filtration, accumulating clay particles and other loss circulation mate-

rials within the developing mud cake act as a sealant layer. This prevents further

infiltration, though excessive thickening can also hamper drilling.

Under high pressure, high temperature (HPHT) conditions, evident from Figure

4.10, infusion of GNs again significantly improved filtration control, cutting losses by

54.54% before hot rolling. Further elevating GNs loading only marginally enhanced

performance. The combination of bentonite and GNs proved resilient even as tem-

peratures rose, effectively stabilizing the wellbore and mitigating formation damage.

Size of the nanomaterials plays a key role in infiltrating and sealing porous zones.

Enhanced heat transfer properties also preserve stability at higher temperatures

when polymeric additives degrade. Visual examination revealed smooth, compact

filter cakes.

Thus GNs in DFs can maintain wellbore integrity and limit productivity impair-
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Figure 4.10: HPHT Filtration loss of the base DF and GNMs.

ment under HPHT extremes where conventional options falter. Potential thermal

degradation and ensuing fluid losses are curtailed. According to Darcy’s Law, the

nanoparticle sizes dominate plugging efficiency. Their presence in the external filter

cake significantly reduces permeability and water loss. This stems from nanoparti-

cles filling nanoscale pores within the mud cake. In real dynamic wellbore conditions

with various forces acting on particles, lower filtration shrinks normal drag on cake

particles. The resulting tangential force allows the generation of thinner filter cake.

Figure 4.11 depicts the FESEM visualization of the GNs in filter cake. The filter

cake quality and build-up characteristics are also critical in preventing drilling and

completion issues. The filter cake is formed when the insoluble solid section of a

fluid slurry is deposited on a permeable material when the slurry comes into contact

with it under pressure. Because of the increased torque and drag on the drill string

when fluid losses are substantial, thick filter cakes and excessive filtration enhance

the risk of narrow hole occurrences while drilling which may possibly cause pipe

sticking, lost circulation, poor-quality well log data, and formation damage [28].
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Figure 4.11: FE-SEM images of the filter cake of the WBDF with GNs (at 20,000X
magnification)

The mud cake thickness was observed after the initial dosage of just 0.05%w/v of

GNs reduced immensely after the initial dosage. The later increments were very low,

and that too because of the increasing solids content in the fluid system. However,

the cake thickness increased in the case of hot-rolled samples as the polymeric fluid

loss additives had degraded. Yet the difference was not much as the GNs could

still act excellently as filtration loss additive by sealing the nanopores due to their

size and plate-like morphology. When visualized through FESEM stacks of GNs

between clay platelets could be seen to some extent. Most of the GNs may have

been encapsulated.

4.4 Conclusion

This study demonstrates the significant potential for graphene nanosheets (GNs) de-

rived from plastic waste to serve as effective and eco-friendly drilling fluid additives,

especially for challenging high pressure, high temperature (HPHT) well environ-
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ments. The experimental results reveal that incorporating even small concentrations

of plastic-derived GNs, from 0.05 to 0.44 wt%, can considerably enhance the perfor-

mance of water-based drilling fluids (WBDFs). As GN content increased, substantial

improvements occurred across key DF properties including rheology, thermal stabil-

ity, and most critically, filtration control. Rheological parameters exhibited marked

upgrades with GNs supplementation, indicating benefits for hole cleaning, cuttings

suspension, and pump startup capacity. GNs also enabled better preservation of

these DF attributes under thermal aging compared to the base fluid. However, the

most significant GN impacts came in filtration loss mitigation, where most conven-

tional loss circulation materials falter, especially under HPHT extremes. Here, GNs

delivered exceptional filtration control, cutting API fluid losses by up to 70% and

HPHT losses by over 50% at maximum concentrations. The nanoparticle sizes and

morphologies provide superior pore sealing. Resulting filter cakes were thinner yet

more impermeable. Therefore, repurposing plastic waste as value-added GNs cre-

ates environmental and economic value. Reduced GNs loading generates outsized

enhancements in WBDF stability and performance at elevated temperatures. Their

effectiveness at ultra-low concentrations improves operational feasibility and cost

savings. With increased global vigilance over environmental conservation, it is im-

perative to go for net zero waste solutions. Keeping this in view, a dual-pronged

approach of comparatively safer WBDF enhanced with plastic waste-progenerated

graphene nanosheets is presented.
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Chapter 5

Modified Carbon Nanotubes

Carbonaceous nanoparticles, especially carbon nanotubes (CNTs) have a signif-

icant impact on the properties of drilling fluids [129]. CNTs are sp2 nanocarbon

materials featuring tubular structures created by the rolling of graphene sheets.

Alongside their distinctive nanostructures, these materials demonstrate remarkable

properties, some stemming from the analogous characteristics of graphite and others

from their one-dimensional aspects. CNTs boast a mechanical tensile strength sig-

nificantly surpassing that of steel, and their thermal conductivity outperforms even

diamond [130]. The unique tubular structures with small diameters contribute to

CNTs having an exceptionally high aspect ratio, occasionally exceeding 1000, and

a substantial surface area exceeding 1300 m2/g [131,132]. Due to their composition

of carbon atoms, CNTs exhibit remarkable lightweight properties, with a density of

merely one-sixth that of steel. Additionally, CNTs demonstrate high chemical stabil-

ity, resisting nearly all chemical impacts unless subjected to both high temperatures

and oxygen simultaneously [133]. CNTs are present in two forms: single-walled

CNTs and multi-walled CNTs [134]. The addition of CNTs to WBDFs can enhance

thermal conductivity, which is beneficial for drilling in HPHT environments [84].

Moreover, CNTs improve the rheological properties of the fluids, such as yield point
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and filtration properties, without adversely affecting other characteristics [135]. The

use of CNTs in oil-based DF systems has also been explored, with findings indicating

that CNTs can improve the flow properties of the DF, resulting in fluids that behave

as pseudo-plastic, which is desirable for optimal hole cleaning [136]. However, the

study’s relevance to water-based fluids is indirect, as it focuses on oil-based systems.

Furthermore, the concentration of CNTs is critical for achieving the desired

effects without negative consequences. Concentrations up to 0.5 wt% have been

found to enhance the rheological and filtration characteristics of WBDFs [18]. In

addition to the concentration, the shape, size, and surface charge of the CNTs, as

well as their functionalization, can influence the viscous properties of the drilling

fluid. Functionalization with specific groups can modify the interaction between the

CNTs and the base fluid, thus affecting the fluid’s rheological behavior [137]. The

literature review reveals the importance of nanoparticles in enhancing drilling fluid

stability, reducing fluid loss, and improving rheological characteristics [40, 43, 138].

Recently, Lysakova et al. suggested lower bentonite concentration as conducive for

CNTs’ inclusion in water-based drilling fluids but also found a relatively less signif-

icant effect on the filtration performance [139]. While prior studies have primarily

focused on low-pressure and low-temperature conditions, this research endeavors to

bridge the gap by scrutinizing MWCNT nanoparticle-infused water-based drilling

fluids under elevated temperature and pressure scenarios. Detailed examinations

of pressure and temperature effects, coupled with varying concentrations, offer a

nuanced perspective on the interplay of these parameters. The choice of MWCNT

in this study aligns with their recognized benefits and widespread applicability.

This chapter focuses on modifying MWCNTs to enhance their dispersibility in

aqueous medium. The stability was further ensured by optimizing the pH and vis-

cosifying the dispersing media with Xanthan gum. Different characterization tech-

niques like X-ray diffraction, Raman spectroscopy, infrared spectroscopy, scanning

and transmission electron microscopy, as well as photon correlation spectroscopy,
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Figure 5.1: Flowchart of the experimental methodology
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were utilized to confirm the modification and stabilization. The current work seeks

to contribute to the existing body of knowledge by providing a comprehensive un-

derstanding of the filtration and rheological dynamics exhibited by drilling fluids

containing MWCNTs under conditions mirroring subsurface drilling environments.

Therefore, filtration and rheological tests were performed at different temperatures

and an elevated pressure of 500 psi. In order to understand the microstructural de-

formation of the drilling fluids under low shear an oscillatory test was also performed.

This analysis sheds light on the dynamic mechanism of the drilling fluid performance

by the presence of nanoparticles (in this case mMWCNT). The methodology carried

out throughout the entire study is illustrated in Figure 5.1.

5.1 Surface Modification of Pristine CNTs

MWCNT was functionalized through wet base oxidation by thoroughly mixing with

Ammonium Hydroxide and Hydrogen Peroxide in equal proportions, followed by

ultrasonic treatment lasting 6 h [140]. Subsequently, they underwent vacuum fil-

tration and were dried under vacuum for 12 h. The MWCNT was modified with

surface functionalization (henceforth mMWCNT) to improve the dispersibility and

stability in aqueous medium [98,141].

5.2 Characterization of the mMWCNT

The morphological, structural, and hydrodynamic stability of the MWCNT after

modification are discussed herein.

The field-emission scanning electron microscopy (FESEM) and high-resolution

transmission electron microscopy (HRTEM) images of mMWCNTs provided valu-

able insights into their morphology and structure. Both the FESEM and HRTEM

images as depicted in Figures 5.2 and 5.3 confirm the distinct tube-like morphology

of carbon nanotubes with an approximate outer diameter of 34 nm. There is a high

degree of entanglement and aggregation into bundles between the tubes [142].
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Figure 5.2: FESEM image of the modified MWCNT.

Figure 5.3: HRTEM images of the modified MWCNT.
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Figure 5.4: Raman Spectra of (A) Pristine MWCNT vs (B) Modified MWCNT

The Raman spectroscopic characterization of the pristine and modified MWCNT

was analyzed based on the spectra shown in Figure 5.4 (a) and (b). In the exam-

ination of pristine MWCNT, the Raman spectrum revealed a prominent G band,

indicative of the stretching mode of the graphitic plane, at approximately 1582

cm−1 [143]. However, this characteristic G band is notably influenced by any strain

or modifications present. Consequently, a discernible shift in this band was observed

following surface modification, resulting in a blue shift with the G band peak now

situated at 1564 cm−1. Additionally, both the pristine and modified MWCNT exhib-

ited a second-order dispersive Raman feature known as the G’ or 2D band, typically

appearing around 2600 cm−1 [144]. The D-band, associated with defect activation

in Raman modes, was also detected at approximately 1350 cm−1 in both instances.

Furthermore, the presence of bands corresponding to D+D’, indicative of disorder,

was evident in both pristine and modified MWCNT samples [141]. Particularly

noteworthy was the increased intensity of these bands in the modified MWCNT,

serving as confirmation of modifications and the attachment of functional groups to

the MWCNT surface.

The X-ray diffractogram of the mMWCNT is displayed in Figure 5.5. There were

two prominent peaks representing (002) and (100) planes similar to graphite at 25.99°

and 43.27° respectively. These reflections comply with card no. 01-0646 by the Joint

Committee of Powder Diffraction studies and have been similarly reported in the

literature [142,145–148]. CNTs can structurally be identified with stacks of graphene
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Figure 5.5: X-ray diffractogram of the modified MWCNT.

Table 5.1: X-ray diffraction crystallographic parameters for calculation of the aver-
age crystallite size of mMWCNT.

2θ Planes (h k l) θ(deg) β(rad) 1/β cos θ λ(nm) K D (nm)
25.99 (0 0 2) 12.99 0.065 15.418 0.974 0.15406 0.9 21.939
43.27 (1 0 0) 21.64 0.053 18.975 0.929 0.15406 0.9 28.303

rolled into tubes, and their inter-layer d spacing (002 plane) in the radial direction

equivalent to 3.44 Å in comparison to graphite’s 3.25 Å [149]. Moreover, the average

crystallite size of the mMWCNT was calculated with the diffraction parameters

(Table 5.1) employing Scherrer’s Equation and was found to be approximately 25.12

nm.

The Fourier Transform Infrared Spectra of the mMWCNT is depicted in Fig-

ure 5.6. The transmittance peaks observed at wavenumbers 3600 and 3150 cm−1

are attributed to the stretching vibrations of O-H and C-H bonds, respectively.

Notably, the peak centered around 1550 cm−1 signifies the stretching vibration of

C=O bonds, indicative of carboxylic groups resulting from oxidative treatments.

Additionally, minor peaks within this spectral range are associated with oxygen-

containing functional groups present at attachment sites along the surfaces of the

MWCNT, including both walls and caps [150]. The heightened susceptibility of ter-
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Figure 5.6: Infrared Spectra of the modified MWCNT.

minal C active sites at open ends to oxidation facilitates the formation of carboxylic

groups, owing to their heightened reactivity [151]. Analysis of the fingerprint region

reveals characteristic peaks at wavenumbers 1050, 900, and 760 cm−1, corresponding

to C-OH stretching, C-C bending, and C=O rocking vibrations, respectively. These

spectral features indicate the presence of structural defects and confirm the intended

functionalization [152].

The X-ray photoelectron spectroscopy (XPS) analysis of the mMWCNT is pre-

sented in Figure 5.7. Analysis of C1 in Figure 5.7 (a) shows a prominent peak at

284.8 eV attributed to the graphitic structure of the MWCNTs [153]. Additionally,

a peak at 285.8 eV was identified, indicating defects within the CNT structure. The

presence of peaks at 286.2 and and 291.1 eV was linked to carbon atoms bonded to

various oxygen-containing functional groups [154]. Furthermore, the π–π* transition

loss peak was observed at 291.5 eV. Analysis of the O1s peak, depicted in Figure

5.7 (b), corroborated the existence of certain carboxylic and hydroxyl groups on the

surface of the carbon nanotubes. These groups were detected at binding energies of

532.4 eV and 534.9 eV respectively [151].The oxygen functionalities are influenced
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Figure 5.7: XPS Spectra of the modified MWCNT: (a) C1 scan and (b) O1 scan.

by the oxidation conditions, with the overall oxygen content increasing as the power

of the oxidizing agents is increased [155].

5.3 Hydrodynamic size and stability adjustment

of mMWCNT

The photon correlation spectroscopy, popularly known as dynamic light scattering,

translates the Brownian motion of particles in a dispersing media to hydrodynamic

diameter [94]. Since the quantification is highly temperature-dependent, all the

samples were equilibrated at 25 °C before testing. As the hydrodynamics takes into

account the effect of the solvent (in this case, water), this analysis is crucial before

applying the mMWCNT in water-based drilling fluids. Another factor considered

was the electrophoretic stability or the zeta potential as it plays a dominant role

in determining how stable would the dispersion remain without rapidly aggregat-

ing. As evident from Figure 5.8, the functional group modification of MWCNT

resulted in changing the zeta potential from -8.34 mV (highly unstable) to -21.2 mV

(moderately stable) which is apparent from the calculated average hydrodynamic
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size reducing from 162 nm to 139 nm. Alterations in surface properties via different

ionic mechanisms precipitated changes in the zeta potential and subsequent stability.

Consequently, the modification engenders enhanced stability characteristics within

the MWCNT, augmenting its dispersibility [140].

Figure 5.8: Zeta potential (in blue) and the average hydrodynamic sizes (in red) of
pristine and modified MWCNT in aqueous medium.

A dispersion is considered stable in the range of greater than +25 mV to less than

-25 mV [156]. However, the requirement pertaining to the performance of drilling

fluids is for higher stability and a different operating pH (moderately alkaline).

Therefore, the dispersing medium’s pH was adjusted to a 9 using KOH, and then

the mMWCNTs were dispersed in it. Interestingly, the resulting zeta potential

and average hydrodynamic size were -30.5 mV and 114 nm respectively. A well-

dispersed suspension can be achieved through a high surface charge density, which

facilitates strong repulsive forces. As the pH increases, both the zeta potential of the

particle surface and its absorbency experience an augmentation. Consequently, the

electrostatic repulsion force between particles becomes sufficient to counteract the

attraction and collision-induced by Brownian motion. Increased electrostatic force

further promotes particle dispersion by augmenting the particle-particle distance
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beyond the range of hydrogen bonding between particles, thereby diminishing the

likelihood of particle aggregation and settling, thereby enhancing dispersion stability

[93,157].

Time-dependent stability analysis of mMWCNT nanofluids

The stability of nanofluids is imperative when considering their applicability in

drilling fluids. Stability, in this context, refers to the ability of a nanofluid to resist

the settling of suspended mMWCNT, a characteristic known as dispersion stability.

However, since mMWCNT are solid particulates, gravitational forces inevitably lead

to their sedimentation. Hence, a nanofluid exhibiting prolonged dispersion stability

is deemed more stable compared to one experiencing rapid settling [158]. A visual

examination was employed to assess the dispersion stability of the nanofluids. Im-

mediately after preparation, nanofluids were transferred to transparent vessels and

left undisturbed to monitor changes in appearance over time. Although all pre-

pared nanofluids initially appeared black, they exhibited gradual settlement as time

progressed as shown in Figure 5.9.

Figure 5.9: Visual representation of the nanofluid dispersions of MWCNT vs
mMWCNT for time-dependent stability analysis.

89



Notably, a nanofluid prepared with 0.1 wt% mMWCNT and Deionized water

began to show signs of settlement within two hours, whereas those prepared with

0.25 wt% XG solutions showed no settlement for ten days. It was also observed that

increasing the concentration of mMWCNT beyond 0.1 wt% showed faster settling.

Hence, it can be inferred that a higher population led to aggregation resulting in

bigger cluster size and eventual settlement [159]. Zeta potential measurements were

performed to cross-validate the visual findings. The zeta potential of the nanofluid

with 0.1 wt% mMWCNT in XG solution showed a value of -33.4 mV which changed

to -32.6 mV after 16 h and then -29 mV after 10 days. While zeta potential in

nanofluids may change with time due to various physical, chemical, and environmen-

tal factors, the observed changes may be attributed to aggregation of the mMWC-

NTs due to van der Waals forces and gravity, eventually leading to a change in the

surface area (and charge distribution) [160].As a result, four effective concentrations

of mMWCNT in the DF were identified for the performance evaluation: 0.025, 0.050,

0.075, and 0.1 wt%.

5.4 Performance of DFs with mMWCNT

The composition of the base and the mMWCNT-infused DFs to be discussed here-

inafter is shown in Table 5.2.

Table 5.2: Composition of the DFs with mMWCNT.
Sequence Constituents Concentration (wt%)

1 Deionized water -
2 Bentonite 3
3 KOH 0.07
4 Xanthan Gum 0.25
5 PAC-R 0.5
6 KCl 3
7 1-Octanol 2-3 drops
8 mMWCNT 0-0.1
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5.4.1 Rheological Performance

As discussed before, DFs undergo increasing pressure-temperature conditions as

the depth while drilling increases. Therefore, the behavior of the DFs was studied

across varying temperatures and pressures to identify mMWCNT’s effect on the

formulation.

Figure 5.10 (a-d) displays the relationship between viscosity and shear rate for

the base and mMWCNT-infused samples at 20°C temperature before and after hot

rolling.

Figure 5.10: Viscosity profiles of the DFs at 20 °C: before hot rolling at (a) ambient
pressure and (b) 500 psi; after hot rolling at (c) ambient pressure and (d) 500 psi.

At 0 psig, the incorporation of mMWCNT in the DF led to a notable increase
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in viscosity across various shear rates. Specifically, compared to the base DF, the

addition of 0.1 wt% mMWCNT resulted in a viscosity increment of 10.68% at inter-

mediate shear rates (100 s−1). Similarly, at higher shear rates (1000 s−1), viscosity

augmentation of approximately 6%, 10%, 12%, and 32% was noted for the 0.025,

0.05, 0.075, and 0.1 wt% mMWCNT concentrations respectively. Conversely, after

hot rolling, the overall viscosity of all the DF sampled diminished in comparison to

the fresh DF samples (BHR). Notably, the most significant reduction, amounting to

a 19% decrease, was observed for the base DF at 1000 s−1, whereas the mMWCNT-

infused DF samples showed lesser degradation apparent from a marginal decrement

of 10% at 0.1wt% mMWCNT concentration. When the pressure was increased to

500 psig, all the samples showed slightly higher viscosities both in the case of before

and after hot rolling. At 1000 s−1, 0.1 wt% of mMWCNT dosage enhanced the vis-

cosity by 31% (BHR) and 40% (AHR) as compared to the base DF counterparts

under the same pressure condition.

At 80°C, a sharp decline in viscosity is observed for the base as evident from

Figure 5.11 (a-d). In contrast, the 0.1% mMWCNT exhibited the highest retention

in viscosity at 0.1 wt% mMWCNT concentration surpassing the base DF which had a

viscosity degradation by 52%. Similarly, after hot rolling results display the lowest

viscosity profiles at elevated temperatures with mMWCNT-infused DFs showing

resilience to thermal degradation. Then again when the pressure was ramped to 500

psig, the viscosities increased slightly for all the samples.

These findings suggest that at 20°C, the incorporation of mMWCNT fosters a

shear-thinning behavior in the fluid, whereas at elevated temperatures, viscosity

retention improves with mMWCNT in DF, particularly evident at 0.1 wt% concen-

tration. In the formulation of DFs, augmenting viscosity commonly involves the

addition of polymers, such as cellulose and polysaccharides, in the continuous phase

(here, water). However, variations in polymer entanglement result in viscosity al-

terations under different shear rates. Particularly, the interconnection of polymer

within the fluid-structure weakens under high shear rates, commonly encountered
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in confined geometries like nozzles or slim open-hole annular regions. Despite the

decreased viscosity in such regions, pressure losses compensate for the velocity, aid-

ing in cuttings removal. Conversely, in larger hole sections characterized by lower

velocities, the rheological properties of a drilling fluid dictate its ability to trans-

port cuttings. Notably, the consistently superior viscosities observed for 0.1 wt%

mMWCNT at low and intermediate shear rates imply enhanced cutting carrying

capacity compared to other concentrations.

Figure 5.11: Viscosity profiles of the DFs at 80 °C: before hot rolling at (a) ambient
pressure and (b) 500 psi; after hot rolling at (c) ambient pressure and (d) 500 psi.
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5.4.2 Viscoelastic Characterization

DFs being a mixture of clay and polymers displays a combination of elastic and vis-

cous behavior under stress. This viscoelastic nature dictates the yield and cutting

suspension ability of a particular formulation and therefore requires to be character-

ized [161]. The oscillatory amplitude sweep test describes the structural deformation

of a viscoelastic sample by quantizing the quasi-elastic behavior with the storage

modulus (G′) and the viscous behavior with the loss modulus (G′′) corresponding

to different shear strains. The viscosity of a substance emerges from the friction

occurring among its constituent molecules and particles as it flows. This friction

generates heat, converting deformation energy into thermal energy. Consequently,

this energy is absorbed by the substance, utilized in internal friction processes, and

becomes unavailable for further material behavior—a phenomenon termed energy

dissipation. Conversely, the elastic component of energy becomes stored within

the deformed material, achieved by extending and stretching its internal structures

without causing damage. Upon release, this stored energy acts as a driving force

for the material to revert to its original shape. The storage modulus G′ quantifies

the stored deformation energy, while G′′ measures the energy dissipated through

internal friction during flow.

Figure 5.12 (a-d) illustrates the loss factor in the DF samples at 500 psig and

temperatures of 20 and 80 °C. The loss factor is defined as the ratio between G′′

and G′ indicating the transition of the sample to the flowing phase (G′=G′′) at a

particular strain. At 20 °C, the transition point was attained at a strain of 4.5% for

the fresh base DF whereas with the increasing mMWCNT concentration, the point

was subsequently delayed up to 70% strain. After hot rolling, the breakdown of the

polymeric network and flocculation of the suspended clay in the base reduced the

strain required to reach the loss factor of 1 to 0.4%. However, the mMWCNT-infused

DFs displayed resilience to the degradation and displayed higher strain values at the

transition point. At 80 °C, both BHR and AHR samples showed relatively lower

transition points relative to their 20 °C counterparts. Yet again in all the cases,
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mMWCNT-laden samples showed a stronger viscoelastic nature as compared to the

base samples. This can be attributed to the even distribution of the mMWCNTs

in the media promoting higher resistance to the bentonite-polymer network in the

system [162, 163]. Additionally, the repulsive forces between the nanostructures

also account for their higher dispersion stability even after hot rolling keeping the

network’s rigidity intact [164]. Therefore, mMWCNT can be utilized for preserving

the structural integrity (gel) of the DF at elevated pressure-temperature conditions

to maintain the cutting transport efficiency [17].

Figure 5.12: Loss Factor of the DFs at 500 psi: (a) before hot rolling, at 20 °C; (b)
after hot rolling, at 20 °C; (c) before hot rolling, at 80 °C; (d) after hot rolling, at
80 °C. The blue region indicates the flow zone when the viscous behavior becomes
dominant over the elastic behavior.
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5.4.3 Filtration Performance

In this comparative evaluation, the influence of the mMWCNT on filtrate loss in

formulated DF samples was investigated, aiming to address the critical issue of

excessive fluid loss due to filtration during high-temperature drilling operations.

Figure 5.13 presents the LPLT FL before and after hot rolling.

Figure 5.13: Filtration performance of the DFs at 100 psi differential pressure (a)
before hot rolling and (b) after hot rolling.

As shown in Figure 5.13 (a), in the first phase (BHR), fresh DF samples contain-

ing 0.025 wt% mMWCNT demonstrated a 16% decrease in fluid loss compared to

the base sample. This reduction in fluid loss persisted with increasing concentrations

of mMWCNT, reaching a substantial 55% reduction at 0.1 wt% mMWCNT con-

centration relative to the base. However, thermal aging at elevated temperatures led

to the degradation of polymeric fluid loss additives and subsequent increased fluid

loss for the DF samples which can be seen in Figure 5.13 (b). Despite this, the in-

clusion of mMWCNT continued to exhibit a considerable impact on filtrate volume

reduction. Even after thermal aging (AHR), DF samples containing mMWCNT

maintained a reduction in fluid loss compared to the base sample. For instance, at

0.025 wt% mMWCNT concentration, a 24% decrease in filtrate volume was ob-

served relative to the base fluid. Subsequently, the FL volume ultimately showed a

noteworthy decrement by 58% at a mMWCNT concentration of 0.1 wt% even after
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hot rolling.

It is crucial to emphasize that the improved performance of these mMWCNT is

specifically required for wellbores subjected to elevated temperatures and pressures,

conditions that the standard LPLT FL test may not adequately capture. Relying

solely on standard API filtrate loss tests may overestimate the true efficacy of the

mMWCNT. To address this limitation, all drilling fluid samples underwent HPHT

FL tests at a differential pressure of 500 psi and a temperature of 150 °C. Signifi-

cantly, the addition of mMWCNT proved highly effective in mitigating fluid loss in

the DFs even in the HPHT FL scenario, as illustrated in Figure 5.14.

Figure 5.14: Filtration losses of the DFs at 150 °C and 500 psi differential pressure
before and after hot rolling.

Before hot rolling, the initial filtrate volume of 27 mL from the base, exhibited a

reduction of approximately 7.5% with the infusion of mMWCNT at 0.025 wt%. The

reduction in filtration loss became more pronounced with concentrations of 0.05 and

0.075 wt%, resulting in reductions of 26% and 33%, respectively. A substantial

total percentage reduction of 48% was achieved when comparing the base sample

without mMWCNT (0 wt%) to the sample containing 0.1 wt% mMWCNT. Even

after subjecting the base fluid to hot rolling, which resulted in an HPHT fluid loss

of 36 mL, approximately 37% more than the base sample subjected to HPHT tests
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before hot rolling (BHR), the trend of fluid loss reduction remained intact as the con-

centration of mMWCNT increased. This demonstrated a remarkable net reduction

of 48%. These results underscore the notable efficacy of mMWCNT as a filtrate-

reducing nano-additive, particularly under high temperatures and pressures. There-

fore, it can be inferred that mMWCNT effectively interacted with clay particles,

preventing their aggregation and enhanced nanopore clogging, leading to reduced

filtration losses. This interaction was substantiated by previous research [165]. Addi-

tionally, mMWCNT exhibits efficient heat-dissipating properties within the system,

contributing to maintaining the consistency of clay dispersion in the water-based

drilling fluid system, as highlighted in previous work [84].

5.5 Conclusion

This study presented compelling evidence of the reinforcing potential of modified

multi-walled nanotubes (mMWCNT) in water-based drilling fluid systems for high-

temperature applications. The MWCNT was not only functionally modified but

also stabilized in a polymeric nanofluid system mitigating settling tendencies and

ensuring sustained performance over time. The rendered hydrodynamic stability was

confirmed with zeta potential and visual sedimentation analyses over several days.

Importantly, this also helped set an upper limit of the mMWCNT concentration

at 0.1 wt% for application in DFs. Upon evaluating the performance of the DFs

substantial reductions in filtration loss were observed with mMWCNT, even under

simulated downhole conditions.

• Fresh DF samples with 0.1 wt% mMWCNT showed 55% reduction in filtration

loss compared to base samples.

• After thermal aging, mMWCNT-infused samples maintained up to 58% re-

duction in filtration loss.

Furthermore, the investigation into the rheological performance of mMWCNT-

infused DF samples revealed intriguing findings.
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• mMWCNT-infused DFs displayed greater resilience to viscosity degradation

after thermal aging compared to base DFs.

• At elevated pressures, mMWCNT significantly enhanced viscosity.

Viscoelastic characteristics were also greatly enhanced with mMWCNT, showing

thermally tolerant microstructural integrity.

• Higher strains were required for flow in mMWCNT-infused DFs.

These findings contribute to high-temperature drilling applications, paving the way

for the development of eco-friendly water-based drilling fluid formulations with im-

proved fluid loss control, rheological behavior, and structural integrity preservation.
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Chapter 6

Biogenic Copper Oxide

Nanoparticles

The use of metal oxide NPs, owing to their high surface area-to-volume ratio,

has gained prominence in the oil and gas industry [59, 166, 167]. Copper oxide

(CuO) NPs, in particular, have demonstrated the ability to enhance DF properties

like rheology, filtration, and thermal conductivity. Liu et al demonstrated that the

thermal conductivity of polyethylene glycol can be amplified when CuO NPs are

introduced into it [44]. William et. al. reported that CuO nanofluids enhanced the

thermoelectrical properties by 35% while showing a considerably stable rheological

profile [167]. Ponmani et. al. varied the base for CuO nanofluids and reported

consistently superior performance of WBDFs when compared with similar micro

fluids [47]. Saboori et. al. confirmed similar findings by reporting that the thermal

conductivity of the DF increased by 29% with the introduction of CuO nanofluid [79].

Dejtaradon et. al. further advanced the study by identifying that CuO NPs below

1 wt% concentration could reduce the filtration losses by approximately 30% at

500 psi differential pressure and 100 °C [77]. Beg et. al. also suggested that CuO

This chapter is based on :
A. Bardhan , A. Singh, H. Nishanta, S. Sharma, A. K. Choubey, and S. Kumar, ”Biogenic Copper

Oxide Nanoparticles for Improved Lubricity and Filtration Control in Water-Based Drilling Mud.”
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can improve the HPHT filtration performance of WBDF formulation even after hot

rolling [73]. CuO NPs are gaining prominence among various metal and metal oxide

NPs as they exhibit a wide direct band gap of 1.2–2.1 eV with monoclinic structures.

They have also emerged as promising candidates for environmental applications

due to their low toxicity, high chemical and thermal stability, compatibility, easy

synthesis route, variable morphology at the nanoscale, high specific surface area, and

cost-effectiveness [168]. Recent advancements have witnessed the synthesis of well-

defined CuO nanostructures, including nanospheres, nanoflowers, micromachines,

nano leaves, nanorods, nanotubes, nanosheets, and nanorings, aimed at enhancing

surface reactivity and nanoparticle properties [169].

Frictional resistance between the drill string and the wellbore wall in the presence

of DF in dynamic conditions is another challenge that needs particular attention.

The reduction in torque and drag force while drilling is significantly influenced by

lubricity. In addition, lubricity plays a crucial role in cooling both the bit and

downhole equipment. As a result, lubricity stands out as a key property of an

ideal drilling fluid. The lubricating additives have high surface activity, enhance

surface adhesion, and therefore impart lubricity [170]. NPs can contribute to this

property by forming a continuous and thin lubricating film at the DF-drill string

interface, substantially diminishing the frictional resistance between the pipe and

the wall [104]. Although various nanomaterials have been explored for improving

the lubrication in WBDFs, CuO NPs are yet to be investigated.

While CuO NPs can be synthesized using various chemical and physical methods,

these techniques often entail high costs, long-term growth, multi-step procedures,

and a lack of environmental friendliness. In response, researchers are actively pursu-

ing the development of clean, non-toxic, and cost-effective methods that can elimi-

nate the need for hazardous chemicals. Biosynthesis methods of CuO NPs have been

explored using various plants, such as Punica granatum peel, Cedrus deodara, Ailan-

thus altissima leaf, Bougainvillea flower, Cucumis sativus (cucumber), and Brassica

oleracea [171]. This method offers the benefit of facilitating large-scale production
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of NPs while also ensuring a natural supply of phytochemicals that serve as both

reducing and capping agents for nanoparticle stabilization [172]. Importantly, this

approach eliminates the necessity for toxins and avoids extreme temperature and

pressure conditions. The leaves of taro (Colocasia esculenta) contain a variety of

sugars (such as sucrose, glucose, fructose, etc.), vitamins (including Niacin, Thiamin,

Riboflavin, etc.), and minerals (such as calcium, iron, copper, potassium, etc.) [173].

These leaves exhibit rapid oxidation, enhancing their potential as effective reducing

agents. Previous research has documented the successful synthesis of ZnO NPs and

ZnO/Ag nanocomposites using Colocasia esculenta extract [173].

Leveraging the pronounced reducing and capping capabilities of Colocasia es-

culenta, the current study investigates the novel synthesis of CuO NPs using an

eco-friendly Colocasia esculenta extract base, and its application in WBDF to en-

hance the lubrication, filtration, and rheological characteristics. The synthesized

CuO NPs were characterized for size distribution, zeta potential, crystalline struc-

ture, morphological features, and functional group identification. The NPs were

then added to the DF at various concentrations followed by thermal aging at 150

℃ to identify the thermal degradation in the properties of the DFs. Three popular

models for non-Newtonian fluids were used to fit the rheological data, namely Bing-

ham Plastic, Power Law, and Herschel-Buckley models. The filtration experiments

were performed at both low-pressure low-temperature (LPLT) and high-pressure

high-temperature (HPHT) conditions. The lubricity characteristics imparted by

the CuO NPs in WBDFs have been investigated for the first time. This comprehen-

sive research investigation contributes to the ongoing efforts to develop advanced

drilling fluid formulations that address environmental concerns and economic con-

siderations. By exploring the potential of NPs as additives, the study aims to pave

the way for more sustainable and efficient drilling operations in the oil and gas in-

dustry.The methodology carried out throughout the entire study is illustrated in

Figure 6.1.
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Figure 6.1: Flowchart of the NP synthesis, DF preparation, and performance eval-
uation.
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6.1 Synthesis of Copper Oxide NPs

The synthesis scheme of the biogenic CuO NPs is presented in Figure 6.2. A solution

of 6 wt% dry Colocasia esculenta leaf powder in deionized water was prepared at 50

°C. The solution was cooled and filtered twice to collect the extract. Separately, a 4

wt% aqueous solution of cupric nitrate was prepared, obtaining a royal blue-colored

precursor solution. Now, seven sets each having 200 mL of the extract base and

60 mL of the precursor solution were mixed at 600 rpm on a magnetic stirrer for 1

h. The obtained solutions were treated with microwave at different power settings:

150, 200, 400, 600, 800, 900, and 1000 W. Simultaneously, constant sonication at 24

kHz for 30 min was ensured with a safety temperature set at 80 °C. The seven sets

of the product obtained post-treatment were centrifuged, washed with methanol,

vacuum filtered, and dried to receive black-colored CuO NP powder. Each of the

set was synthesized thrice following the same procedure to test for the method’s

reproducibility. The seven sets of CuO NPs were screened for their hydrodynamic

sizes when dispersed in deionized water (post ultrasonic treatment of 30 min) at 25

°C. Only the set having a low polydispersity and the smallest average hydrodynamic

size was selected for further characterization and application.

Mechanism behind the Green Synthesis

Many metal oxide NPs have been synthesized with biomaterials, yet the precise

mechanism remains unknown. The presence of compound groups in plants such

as flavonoids, alkaloids, tannins, steroids/terpenoids, phenylpropanoids, and amides

as metabolite compounds exhibit potential for serving as both reducing agents and

capping/stabilizing agents in the synthesis of NPs [172]. A similar phenomenon oc-

curred in the biogenic synthesis of the CuO NPs in this study. The reduction of the

precursor began after adding theColocasia esculenta extract, and the formation of

CuO NPs is demonstrated by the changing of color from blue to black. The phyto-

chemicals in the plant leaf extract aid in reducing, stabilizing, and capping the CuO

NPs. The utilized Colocasia esculenta leaf extract possesses two key phytochemicals
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Figure 6.2: Schematic representation of the copper oxide nanoparticle synthesis with
C. esculenta leaf extract.

which may have interacted with the copper nitrate precursor: Caffeic acid and Lu-

teolin. The evolution of hydrogen atoms during interaction with flavonoids (in this

case majorly luteolin) in the Colocasia esculenta involves tautomeric conversion of

the enol into keto forms causing the reduction of the metal ions, while the oxidized

polyphenolic groups (here caffeic acid) cap the NPs [174–176]. Additionally, caffeic

acid has been reported in the literature as a strong bioreducing agent due to the

delocalization of electrons from the propanoic groups [177]. The binding of the CuO

due to electrostatic attractions results in stabilized NPs. It can be predicted that

the role of bio-extracts in the synthesis of NPs opens a pathway for cost-effective

and ecologically non-toxic manufacturing in the future.

6.2 Characterization and Screening of the Bio-

genic CuO NPs

The hydrodynamic diameter represents the effective size of the particle in the con-

text of its motion through the dispersing fluid. This diameter takes into account the
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size of the particle as well as its interaction with the surrounding solvent molecules,

considering factors such as shape and surface properties. The Stokes-Einstein equa-

tion [94] considers the Brownian motion of the particles resulting in light scattering

at different intensities over time and converts the measured diffusion coefficient into

information about the size of particles in the sample.

Accurate knowledge of the size distribution of CuO NPs in drilling fluids is cru-

cial for predicting their behavior during drilling processes. It aids in understanding

how these NPs may affect the rheological properties, stability, and overall perfor-

mance of the drilling fluid. The Polydispersity Index or PDI is a dimensionless

value that quantifies the width of the particle size distribution. The PDI provides

information about the uniformity or heterogeneity of the particle sizes in a sam-

ple. A PDI close to 0 indicates a monodisperse (narrow) size distribution, where

the particles are relatively uniform in size. Conversely, a higher PDI suggests a

broader (polydisperse) size distribution, indicating the presence of particles with a

range of sizes [178, 179]. DLS gives a fairly accurate measurement of a monodis-

perse sample. However, as polydispersity increases, there is a subsequent rise in NP

aggregation over time, resulting in larger hydrodynamic sizes. In polydisperse sam-

ples, DLS analysis may sometimes fail to track smaller-sized NPs because of higher

light scattering by larger aggregates in the system leading to skewing of average size

calculations. Consequently, achieving a smaller PDI, coupled with a lower average

particle size, is crucial for selecting suitable NPs. Table 6.1 shows the average hy-

drodynamic size distribution for synthesis trials at different microwave irradiation

power obtained by DLS.

As evident from Table 6.1, the set of biogenic CuO NPs synthesized at 800 W

microwave power (trial no. 5) has the lowest average size of 115.4 nm with a fairly

good PDI of 0.263. However, the lowest PDI was achieved at 400 W power, but

the average size was larger. The utilization of microwave synthesis methodology

has been leveraged in nanoparticle synthesis due to its amalgamation of rapidity

and uniform thermal distribution across precursor materials. Microwave irradia-
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Table 6.1: Average size and corresponding polydispersity index for trials at different
microwave irradiation power.

Trial Microwave
Power (W)

Average Size (nm) PDI

1 150 183.9 0.530
2 200 174.9 0.285
3 400 163.4 0.216
4 600 157.2 0.259
5 800 115.4 0.263
6 9000 157.2 0.259
7 1000 296.0 0.358

tion possesses a penetration attribute, facilitating homogeneous heating of the reac-

tion solution. This engenders consistent nucleation and expeditious crystal growth,

thereby fostering the development of crystallites characterized by a narrow size dis-

tribution [180,181]. Therefore, CuO NPs synthesized in trial no. 5 were selected for

further characterization and utilized to formulate WBDF samples. The repeatabil-

ity of the size was checked at 800 W microwave irradiation power and found to be

approximately ±15 nm. The DLS distribution curve of this CuO NP is shown in

Figure 6.3.

Zeta potential provides information about the stability of colloidal dispersions

since particles with higher absolute Zeta potential values typically exhibit greater

electrostatic repulsion and are less prone to aggregation [178, 182]. The zeta po-

tential of the biogenic CuO NPs in a neutral pH aqueous medium was -4.46 mV.

However, the zeta potential drastically changed to -33.4 mV when the pH was ad-

justed to 9. NPs with higher electrophoretic mobility and more negative or positive

Zeta potential values generally experience greater repulsion or attraction, affecting

their dispersion, stability, and behavior in a given medium [183].In accordance with

Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, the stability between two par-

ticles is assessed as the combination of the electrical double-layer repulsion energy

and the van der Waals attraction energy. The aggregation and stability of particle

suspensions are governed predominantly by the repulsive interaction energy. Conse-

quently, an energy barrier arises from the repulsive forces, hindering particles from
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Figure 6.3: The size distribution curve of the biogenic CuO NPs.

approaching and aggregating, thereby ensuring suspension stability. Conversely,

should the energy barrier be surpassed, attractive forces draw particles towards each

other, promoting aggregation and leading to suspension instability [184].Hence, it

can be inferred that the electrophoretic mobility increased upon the introduction of

alkalizing ions in the system rendering stability to the dispersed CuO NPs. NPs in

a solution are prevented from aggregating through mechanisms such as electrostatic

repulsion, steric hindrance, or a combination of both [96].Electrostatic repulsion is

a result of the surface charge on the NPs. Analyzing the surface charge of colloidal

particles poses challenges, and the commonly employed method is measuring the

zeta potential, representing the charge at the surface of the electrical double layer.

Typically, NPs remain stable in a solution when the zeta potential values fall within

a specific range, considering factors like particle size, concentration, and others. NPs

are usually considered stable in the range of greater than +25 mV to less than -25
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mV [156].

Figure 6.4: The X-ray diffractogram of the synthesized CuO NPs.

Figure 6.4 depicts the diffraction pattern obtained for the biogenic CuO NPs.

This pattern revealed that the NPs are monoclinic crystalline and correspond to

JCPDS Card no. 01-001-1117 [174]. The structure was also identified through

the two most intense peaks at 35.74° and 38.96°. The crystallite size of the biogenic

CuO NPs was determined employing the widely popular Scherrer Equation [97]. The

calculated parameters are given in Table 6.2, and the resulting average crystallite

size was approximately 95.04 nm.

Field Emission Scanning Electron Microscopy (FESEM) is usually performed to

visualize the microstructural features of any material. The FESEM analysis of the

synthesized CuO NPs revealed majorly disc-like morphology with a small number

of filamentous outgrowths as illustrated in Figure 6.5. While the lateral dimensions

of the discs fall beyond 100 nm, their thicknesses are confined to the nano-scale.

Similarly, the filaments exhibit dimensions ranging from 1 to 100 nm. An intriguing
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Table 6.2: The crystallographic phases and the parameters for the size determination
of the biogenic CuO NPs.

2θ Planes (h k l) θ(deg) FWHM or β(rad) 1/β cos θ λ(nm) K D (nm)
35.74 (-1 1 1) 17.87 0.014 0.951 71.677 0.15406 0.9 104.421
38.96 (1 1 1) 19.48 0.012 0.942 83.316 0.15406 0.9 122.535
49.21 (-2 0 2) 24.605 0.009 0.909 102.36 0.15406 0.9 156.105
53.88 (2 0 2) 26.94 0.841 0.891 1.188 0.15406 0.9 1.848
58.76 (0 0 2) 29.38 0.018 0.871 55.786 0.15406 0.9 88.7673
61.8 (-1 1 3) 30.9 0.013 0.858 74.692 0.15406 0.9 120.694
66.23 (0 2 2) 33.115 0.023 0.837 43.539 0.15406 0.9 72.075
68.42 (2 2 0) 34.21 0.014 0.826 69.181 0.15406 0.9 115.992
72.67 (3 1 1) 36.335 0.012 0.805 82.620 0.15406 0.9 142.206
75.37 (0 0 4) 37.685 0.014 0.791 67.635 0.15406 0.9 118.499
83.22 (-3 1 3) 41.61 0.798 0.747 1.252 0.15406 0.9 2.321

observation is the minimal occurrence of agglomeration or clusters, a characteristic

that proves advantageous, particularly when considering dispersion in drilling fluids.

Furthermore, the unique structural attributes of these discs open the possibility of

them arranging on a surface, coating it entirely. This arrangement has the potential

to foster the creation of a protective film around the surface, thereby mitigating wear

and tear. Such a protective film could play a crucial role in enhancing the durability

of the underlying surface and improving the lubricity of the entire system.

FTIR was conducted to analyze the role of underlying bio-phytochemicals or

functional groups responsible for initiating the formation of CuO NPs. As shown

in Figure 6.6, the peaks observed in this spectrum act as fingerprints, aiding in the

identification of surface functional groups or bio-phytochemicals orchestrating the

processes of bio-reduction and stabilization of CuO NPs. The Colocasia esculenta

leaf extract, with its rich repertoire of functional groups, emerges as a remarkable

agent, not only guiding the reduction of copper ions but also playing a pivotal role

in maintaining the stability of the resulting NPs. The discerned peaks at 510 and

590 cm−1 are indicative of the distinctive stretching vibrations characteristic of the

Cu-O bonds in CuO. Notably, the sharp peak observed at 510 cm−1 further solidifies

the evidence of Cu-O bond formation in the CuO NPs. Additionally, the absence

of any other IR active mode within the range of 610 to 660 cm−1 unequivocally

dismisses the presence of another phase, specifically Cu2O [185]. A broad absorption

peak at approximately 3424 cm−1 is attributed to the presence of adsorbed water
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Figure 6.5: FESEM image of the biogenic CuO nanostructures (synthesized with
800W Microwave power).

molecules. This phenomenon is common in nanocrystalline materials due to their

high surface-to-volume ratio, leading them to absorb moisture. Consequently, the

FTIR analysis reaffirms the presence of pure-phase CuO with a monoclinic structure.

Dual functionality is exhibited by biological functional groups within the taro leaf

extract – they act both as reducers and stabilizers in the synthesis of pure CuO

NPs. These functional groups, encompassing aromatic, phenolic, amino groups, and

hydroxyl, contribute significantly to the reduction of copper ions, facilitating the

transformation into copper oxide NPs. This reduction is made possible primarily

through the synergistic effects of hydroxyl and carbonyl linkages present in the plant

leaf extract.
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Figure 6.6: Infrared Spectra of the biogenic CuO NPs.

6.3 Performance of Drilling Fluids with the bio-

genic CuO NPs

The composition of the base and the NP-infused DFs to be discussed hereinafter is

shown in Table 6.3.

Table 6.3: Composition of the WBDFs with Biogenic CuO NPs.
Sequence Constituents Concentration (wt%)

1 Deionized water -
2 Bentonite 3
3 KOH 0.07
4 Xanthan Gum 0.25
5 PAC-R 0.5
6 KCl 3
7 1-Octanol 2-3 drops
8 Biogenic CuO NPs 0-1.0

The incorporation of CuO NPs can bring potential enhancements to the perfor-

mance of WBDFs. CuO NPs, when properly dispersed in DFs, can influence the
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rheological properties of the fluid. This includes alterations in the viscosity and

yield point. The controlled addition of CuO NPs may contribute to improved fluid

stability and flow characteristics, enhancing the fluid’s ability to carry cuttings to

the surface. The NPs contribute to reducing friction between the fluid and the

drill string, facilitating the efficient removal of cuttings from the wellbore. When

introduced into drilling fluids, CuO NPs can enhance the fluid’s thermal stability.

This is particularly advantageous in high-temperature drilling environments, where

maintaining fluid integrity and preventing thermal degradation are critical for op-

erational success. Moreover, CuO NPs may assist in improving filtration control,

influencing the fluid’s filter cake formation on the wellbore walls. This can lead to

reduced fluid loss, enhanced wellbore stability, and improved overall drilling fluid

performance. The controlled release of copper ions from the NPs can have biocidal

effects as well, reducing bio-degradation of the additives. Lastly, the use of biogenic

CuO NPs in drilling fluids may offer environmentally friendly alternatives for certain

chemical additives in drilling fluid formulations. In addition, the morphology of the

biogenic CuO NPs may positively influence the performance of the DF. The plate-

shaped NPs may offer unique advantages due to their large surface area-to-volume

ratio and anisotropic properties [175]. They can enhance lubrication by forming a

boundary layer between the drill bit and the borehole wall, reducing friction and

minimizing torque and drag during drilling operations. Their flat geometry allows

them to slide more easily along surfaces, thereby improving fluid rheology and reduc-

ing viscosity fluctuations. Furthermore, nanoplates can act as reinforcement agents,

enhancing the structural integrity of the drilling fluid matrix and preventing sagging

or settling of solids [186].This helps maintain wellbore stability and prevents issues

like differential sticking. Additionally, nanoplates can serve as effective additives

for controlling fluid loss and improving filtration control. Their ability to form a

network structure within the fluid can help seal porous formations and prevent fluid

invasion, reducing formation damage and improving well productivity [187].

Therefore, three primary indicators, namely rheological, filtration, and lubricity
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performance of the base and CuO NPs infused WBDFs are investigated henceforth.

6.3.1 Rheological Performance

The AV values at different concentrations of the biogenic CuO NPs in the WBDF

are shown in Figure 6.7 (a). Interestingly, there was only a slight increase of ap-

proximately 3 to 4% in the AV for both the fresh and aged WBDF samples across

the entire range from 0 to 1 wt% CuO NP concentrations. The apparent viscosity

of drilling fluids can remain constant even when NPs are added due to the unique

properties and effects of NPs on the fluid [168, 188]. NPs can effectively disperse

within the WBDF, leading to a more uniform distribution of the particles which

may contribute to maintaining the AV of the fluid.

Figure 6.7: Bingham Plastic rheological parameters for the WBDF formulations
with increasing concentrations of the biogenic CuO NPs.
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As depicted in Figure 6.7 (b), the PV values for both the BHR and AHR WBDF

samples gradually reduced with increasing concentrations of the biogenic CuO NPs

in the system. When compared to the base WBDFs, the ultimate decrement for

the BHR samples was 31.5% whereas for AHR samples it was 38%. NPs exhibit

a substantial surface area-to-volume ratio, resulting in heightened interactions be-

tween these NPs and both the surrounding WBDF and the matrix. This increased

surface area provides sites for potential bonding with functional groups, which can

profoundly impact chain entanglement and, consequently, bestow a diverse array

of properties upon the matrix. Consequently, the NPs may establish direct or in-

termediary chemical linkages with the base fluid, thereby enhancing the PV of the

WBDFs [19, 72] . It is worth noting, however, that the presence of CuO NPs in-

duces a repulsive force with water molecules. This phenomenon led to a reduction

in the PV as NP concentration escalated, primarily due to the intensified repulsive

forces [189, 190]. In addition, Dejtaradon et. al. and Liu et. al. supplemented a

similar observation of decreasing PV with an explanation of the reduced mechanical

friction due to the presence of NPs in the drilling fluid system [77,191]. This effect

is particularly crucial in the context of drilling fluids, where it plays a vital role in

preserving fluid viscosity under conditions of elevated pressure and temperature.

Figure 6.7 (c) shows the YP variation at different concentrations of the biogenic

CuO NPs at BHR and AHR conditions. In both cases, the trend of YP was incre-

mental with the concentration of CuO NPs in the WBDF. From 0 to 1 wt% CuO

NP concentration, the YP increased by approximately 41% for the BHR samples,

and by 52% for the AHR samples. This is in contrast to the flat line-like viscosity

profiles displayed by the samples. The effect of thermal degradation was prominent

in the base WBDF where the YP was reduced by 20%. However, with the inclusion

of CuO NPs in the WBDF, the degradation in the YP was nearly 16% at 1 wt%

concentration. The results indicate that drilling fluid formulations incorporating

the biogenic CuO NPs exhibit improved thermal stability in terms of yield point

variations. This enhanced stability is likely due to the small size of the particles and
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their significant effective surface area at a specific concentration [64].

Evident from Figure 6.7 (d), the YP/PV ratio of the fresh and aged samples

observed a steady increase with the increasing concentration of the biogenic CuO

NPs. From 0 to 1 wt% CuO NP concentration, the YP/PV increased by 2 times

for the BHR samples, and by approximately 2.5 times for the AHR samples. This

tremendous increase may be attributed to the increasing YP and decreasing PV

in the picture. This may prove conducive for the drilling fluid performance if the

concentration of CuO NPs is optimized with the existing WBDF formulation as per

the requirement of the operation. However, no definitive trend could be established

when the thermal degradation was compared for the CuO NP-infused WBDFs and

the base WBDF.

Rheological Model Fitting

The rheological models were fitted on the obtained shear stress vs strain data as given

in Figure 6.8. In the context of drilling fluid rheological models or any statistical

modeling related to fluid behavior, R2 could be used to assess how well the chosen

model captures and explains the observed variability in the rheological properties of

the fluid. It is a statistical measure that represents the proportion of the variance in

the dependent variable that is explained by the independent variables in a regression

model. It is also known as the coefficient of determination. The values of this

coefficient range from 0 to 1. A value of 0 indicates that the independent variables

do not explain any of the variability in the dependent variable, while a value of 1

suggests that the independent variables explain all the variability. Hence, a higher

R2 would suggest a better fit between the model and the actual data, indicating that

the chosen model is effective in explaining the variation in the rheological behavior

of the drilling fluid under specific conditions. The coefficient of determination for

each model across all the concentrations of the biogenic CuO NPs in WBDF can be

found summarized in Table 6.4:

Evident from the model fitting, the Bingham plastic model exhibited limitations
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Figure 6.8: The shear stress vs rate plots for WBDF formulations at different bio-
genic CuO NP concentrations, fitted with Bingham plastic (blue), Power law (green)
and Herschel-Buckley (orange) rheological models.
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Table 6.4: Fitting evaluation of different rheological models for the WBDF formu-
lations at different biogenic CuO NP concentrations.

Models 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Bingham Plastic 0.8953 0.8897 0.9035 0.9067 0.9095 0.9118 0.9136 0.9150 0.9159 0.9164 0.9166

Power Law 0.9761 0.9906 0.9851 0.9887 0.9818 0.9944 0.9964 0.9979 0.9990 0.9997 0.9998
Herschel-Buckley 0.9944 0.9962 0.9975 0.9982 0.9985 0.9983 0.9977 0.99967 0.9952 0.9935 0.9914

in adequately capturing the rheological characteristics of the WBDF formulations,

as indicated by R2 values less than 0.92. In this instance, the lack of goodness of

fit suggests that the Bingham plastic model’s assumptions and parameters may not

sufficiently align with the complex rheological properties exhibited by the WBDF

formulations. As a result, relying on this model for predictive purposes may intro-

duce inconsistencies and inaccuracies in anticipating the performance of the drilling

fluid under different operational conditions. Conversely, the Herschel-Buckley model

demonstrated promising results with R2 values exceeding 0.99. The higher value of

R2 indicates a robust fit of the Herschel-Buckley model to the observed rheological

data of the WBDF formulations. This suggests that the Herschel-Buckley model

provides a more accurate representation of the fluid’s rheological behavior, offering

a reliable framework for predicting how the WBDF with the biogenic CuO NPs will

respond to various stress and shear rate conditions. Therefore, the observed discrep-

ancy in values underscores the importance of selecting an appropriate rheological

model for accurately characterizing drilling fluid behavior.

6.3.2 Filtration Performance

The filtration performance at both LPLT and HPHT conditions for the fresh DF/BHR

samples is shown in Figure 6.9 (a). Notably, the HPHT filtration loss (FL) was re-

duced by approximately 48% at 1.0 wt% CuO concentration as compared to the

base WBDF, which was 29 ± 1 mL initially. On the other hand, the API/LPLT FL

also went down from 16 ± 1 to 9 ± 1 mL which accounts for approximately 43%

reduction when the concentration of the biogenic CuO NPs increased from 0 to 1

wt%. However, the trend of FL reduction in both cases should also be observed. In

HPHT, the decremental trend of the FL was smoother as compared to LPLT where
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Figure 6.9: LPLT/API and HPHT Filtration performance of the WBDF samples at
(a) BHR, and (b) AHR conditions.

the first noticeable change occurred at 0.5 wt% concentration.

The LPLT and HPHT FL for the hot rolled samples (AHR) are depicted in Fig-

ure 6.9 (b) and notably showed lesser degradation. The FL in HPHT was reduced

by approximately 35% when the WBDF with 0.9 wt% CuO NPs was compared with

the base WBDF. The HPHT FL remained unchanged even at 1 wt% concentration.

Similarly, the LPLT FL also saw an ultimate reduction of 38.5% when the concentra-

tion of the biogenic CuO NPs increased from 0 to 1 wt%. Subsequently, the effect of

thermal degradation should also be taken into account. The FL in the base WBDF

increased from 16 ± 1 to 26 ± 1 mL at the LPLT condition, whereas in the HPHT

condition, the increment was from 29 ± 1 to 34 ± 1 mL. This degradation in the

FL reduction performance was significantly reduced by 44% and 32% at LPLT and

HPHT conditions respectively, rendering CuO NPs effective as a thermally stable

additive in WBDF formulations.

The reduction of filtration loss in water-based drilling fluids through the incor-

poration of copper oxide (CuO) NPs involves multiple mechanisms that collectively

contribute to improving the fluid’s filtration control. CuO NPs possess the ability

to accumulate and form a thin, impermeable NP cake with bentonite on the well-

bore wall during filtration. This cake acts as a barrier, limiting the passage of fluid

and solids into the formation. Being of nanoscale dimensions, the NPs can also
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bridge and plug the pore spaces in the wellbore wall. This bridging effect hinders

the movement of larger solid particles, preventing them from entering the formation

and reducing the overall filtration rate. Following Darcy’s law, the presence of NPs

in the external filter cake can instigate a decrease in cake permeability, thereby im-

pacting fluid filtration or water loss. This effect is ascribed to the infiltration of NPs

into the nanopores within the mud cake [135]. In the context of practical drilling

operations, where diverse forces come into play on particles at the cake surface, a

reduced filtration rate results in a diminished normal drag force acting on these

surface particles. This, in turn, facilitates the formation of a thinner cake due to

the tangential force applied to the surface particles of the cake [192].

6.3.3 Lubricity Performance

Lubricity is the property of a substance that aids in reducing friction, while the

coefficient of friction quantifies the level of friction between two surfaces. Effec-

tive lubrication results in a lower coefficient of friction (CoF), promoting smoother

movement and minimizing wear between interacting surfaces.

As shown in Figure 6.10, the fresh samples (BHR) as compared to the aged sam-

ples (AHR) showed overall higher CoF values throughout the varying concentrations

of the biogenic CuO NPs. The base BHR WBDF had a CoF value of 0.30 ± 0.03.

The CoF started decreasing when 0.2 wt% CuO NPs were added to the WBDF sys-

tem. The ultimate decrease was approximately 27% at 1 wt% CuO concentration

as compared to the base. In the case of the AHR samples, the CoF of the base

WBDF was 0.33 ± 0.03. The AHR samples also showed a decremental trend reduc-

ing the CoF by approximately 27% at 0.8 wt% CuO NP concentration after which

the CoF remained the same till 1 wt% concentration. In order to understand, the

effect of thermal aging in the degradation of the lubricity properties, the BHR and

AHR values of the same composition require to be compared. In the base formula-

tion of WBDF, the CoF increased from 0.30 to 0.33, accounting for approximately
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Figure 6.10: CoF variation in the WBDF samples with concentrations of CuO NPs.

10% increase. However, this degradation reduced when CuO NPs were infused in

the WBDF. This is evident from the fact that at 0.8 wt% concentration of the CuO

NPs in WBDF, the degradation reduced to only 4%. A low CoF value indicates that

the force required for sliding against the surface is less. The coefficient of friction

is a crucial parameter influencing the efficiency and performance of drilling fluids

in wellbore operations. NPs, owing to their unique properties, play a significant

role in mitigating frictional forces and improving the overall performance of drilling

fluids [193]. NPs of graphene, titanium dioxide, silicon dioxide, or other solid lu-

bricants, are known for their exceptional lubricating properties [104, 128, 170, 194].

When dispersed in drilling fluids, these NPs act as lubricating agents, reducing the

friction between the drill string and the wellbore surfaces. This leads to smoother

drilling operations and a decrease in the coefficient of friction. In addition, NPs

can modify the surface characteristics of drilling components. By forming a protec-

tive layer on metal surfaces, NPs mitigate direct metal-to-metal contact, reducing

friction and wear. This protective layer contributes to enhanced tool longevity and
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improved drilling efficiency. Certain NPs, like CuO exhibit excellent thermal con-

ductivity. In drilling operations, where elevated temperatures are common, the

addition of these NPs enhances the fluid’s ability to dissipate heat [47].This ther-

mal conductivity helps minimize frictional heating, maintaining fluid viscosity, and

reducing the coefficient of friction.

The standalone performance of the biogenic CuO NPs in improving the lubricity

of WBDF is noteworthy and can be attributed to any of the four distinct mech-

anisms as illustrated in Figure 6.11: (a) NPs can form a boundary layer on the

surfaces in contact, creating a protective film that prevents direct metal-to-metal

contact [195].This boundary lubrication involves the adsorption of NPs at the sur-

face, reducing friction and wear. (b) NPs can act like miniature ball bearings gen-

erating a rolling effect. When dispersed in a lubricant, these NPs can roll between

surfaces, reducing friction by creating a rolling mechanism. (c) NPs can actively

work to fill in surface irregularities, smooth out rough areas, and provide a mending

effect. (d) NPs can also sometimes smooth and polish the surfaces in contact.

Figure 6.11: CoF variation in the WBDF samples with concentrations of CuO NPs.

This is particularly beneficial in cases where surface asperities and roughness

contribute to increased friction. The presence of NPs helps fill in surface irregular-
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ities, resulting in a smoother interface. It can be inferred from the microstructure

visualized through FE-SEM and the decreasing trend of CoF values with increasing

concentrations of CuO NPs that the dominant mechanism of lubrication should be

the formation of a protective film on the surface.

6.4 Conclusion

This study successfully demonstrated the green synthesis of copper oxide NPs using

Colocasia esculenta leaf extract as a bifunctional reducing and capping agent with

the aid of microwave treatment and continuous sonication. The analytical charac-

terization has confirmed the formation of well-defined crystalline disc-like nanos-

tructures. Integration of these biogenic CuO NPs into WBDF formulations has led

to significant enhancements in lubricity and filtration performance, alongside a re-

duction in thermally induced degradation. Notably, a 27% increase in lubricity has

been observed, indicating improved friction reduction and smoother drilling oper-

ations facilitated by the infusion of biogenic copper oxide NPs, with the optimal

concentration identified at 0.5 wt%. This enhancement suggests potential efficiency

gains and reduced wear on drilling equipment, thereby enhancing operational ef-

fectiveness. Moreover, the substantial 48% enhancement in filtration performance

highlights promising implications for maintaining wellbore stability and minimizing

formation damage during drilling, underscoring the positive impact of NPs on filtra-

tion efficiency in practical drilling applications. The rheological analysis, utilizing

three established models, has identified the Herschel-Bulkley model as the superior

fit for the WBDF formulations containing biogenic CuO NPs. While the potential

benefits of incorporating CuO NPs into drilling fluids are promising, it is crucial to

meticulously consider factors such as nanoparticle shape, size, concentration, and

overall impact on fluid properties.
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Chapter 7

Zinc Oxide Nanostructures

Among numerous nanostructured materials, zinc oxide (ZnO) has emerged as a

promising candidate owing to its unique properties, such as high thermal conductiv-

ity, chemical stability, and low toxicity [196]. Several researchers have investigated

the effect of ZnO NPs on the rheological properties of water-based drilling fluids.

For instance, a study by Dejtaradon et al. revealed that the addition of ZnO NPs

to bentonite-based drilling fluids enhanced their rheological properties [77]. These

improvements were attributed to the strong interactions between the NPs and the

drilling fluid components, leading to better cuttings transport and hole cleaning.

In addition to rheological properties, ZnO nanostructures have also demonstrated

promising results in improving the filtration capabilities of water-based drilling flu-

ids [47, 167, 197]. Dejtaradon et al. also reported that the incorporation of ZnO

NPs into water-based drilling fluids significantly reduced fluid loss and enhanced

the formation of a thin, impermeable filter cake, which is crucial for maintaining

wellbore stability [198]. In the same line, Bayat and Shams identified similar results

when tested at different temperatures [48]. Furthermore, the lubrication proper-

ties of water-based drilling fluids have been shown to improve with the addition of

This chapter is based on:
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ZnO nanostructures. A study by Aftab et al. showed that ZnO NPs/acrylamide

composites improved the yield point, gel strength, and apparent viscosity along

with lubricity and filtration performance as well [46]. Abdo et al. modified ben-

tonite and attapulgite with nano-ZnO and demonstrated improved rheology at high

temperature-pressure conditions [199]. Ahasan et al. commented that in the ab-

sence of KCl, ZnO NPs can effectively form thinner mud cakes and highly improve

the rheological properties of DFs [200]. While most studies have focused on the

application of ZnO NPs, some researchers have explored the potential of other ZnO

nanostructures, such as nanorods. For instance, Haneef et al. investigated the use

of ZnO nanorods grown in clay matrix for application in water-based drilling flu-

ids and observed enhanced rheological properties, filtration control, and thermal

stability compared to conventional drilling fluids [201]. Recently, Prajapati et al.

illustrated the synthesis of ZnO nanoflowers with controlled microwave irradiation

and their application in HPDFs for improved for improved filtration properties [175].

Despite the promising results reported in the literature, there are still challenges

and knowledge gaps that need to be addressed. It is important to note that the mor-

phology and dispersion stability of ZnO nanostructures are critical factors that can

profoundly impact the rheological, and filtration properties of water-based drilling

fluids [201]. ZnO nanostructures have also shown the potential to prevent the hydra-

tion and swelling of shale in a few studies [48,200]. Morphology, which refers to the

shape, size, and structural configuration of the nanostructures, plays a pivotal role

in determining their surface area-to-volume ratio and surface energy [202]. These

characteristics can significantly influence the interaction between the nanostructures

and the drilling fluid components, thereby affecting the overall fluid properties. Ad-

ditionally, the dispersion stability of the nanostructures within the fluid matrix is

crucial for maintaining homogeneity and preventing agglomeration or sedimentation,

which can lead to performance degradation [95].

This study aims to conduct a comprehensive comparative analysis of the influence

of morphology and dispersion stability on the properties of high-performance water-
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based drilling fluids incorporating 2 different types of ZnO nanostructures, namely

Nanopencils and Nanoflowers. Through a systematic investigation evaluation of

ZnO nanostructures with different morphologies, this study seeks to elucidate the

underlying mechanisms governing the performance of water-based drilling fluids.

The experimental flowchart of the investigation is illustrated in Figure 7.1.

Figure 7.1: Flowchart of the experimental methodology.
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7.1 Synthesis of ZnO Nanostructures

A solution was prepared by dissolving zinc nitrate in 400 mL deionized water

at a concentration of 0.06 M. This solution was stirred using a magnetic stirrer at

600 rpm for 30 min. Ammonia was then incrementally added dropwise until the pH

reached 11.5. The resultant mixture was divided into two 100 mL aliquots, each

subjected to microwave irradiation in a digester (NuWav-Pro, Nutech Analytical

Technologies) for 20 min at varying power levels of 520 and 680 W. Simultaneously,

each aliquot underwent ultrasonication at 24 kHz and stirring at 250 rpm. The reac-

tion temperature was maintained at 80 ℃ throughout the process. The precipitate

was collected by centrifugation for 10 min. The resulting white powder was washed

twice with deionized water and methanol. The ZnO nanopowders obtained from dif-

ferent power levels were dried in a vacuum oven at 80 ℃ for 10 h and subsequently

stored in sealed culture tubes.

7.2 Characterization of the ZnO Nanostructures

7.2.1 Morphological and Size Distribution Analysis

Figure 7.2 illustrates the morphology and size distribution of the ZnO nanostruc-

tures obtained by varying the power conditions for microwave synthesis. Figure 7.2

(a) depicts elongated pencil-shaped rod structures (synthesized at 520 W) with a

broad particle size distribution as illustrated in Figure 7.2 (c) and will be henceforth

referred to as Nanopencils. Figure 7.2 (b) shows smaller rods, (synthesized at 680

W) emerging from common nuclei to form flower-like structures. These structures,

henceforth referred to as Nanoflowers, have a sharp particle size distribution lying

well below 100 nm, as illustrated in Figure 7.2 (d). The average hydrodynamic size

The synthesis and the morphological characterization in this chapter was performed in an early
work :
D. K. Prajapati, A. Bardhan , S. Sharma, “Microwave-assisted Synthesis of Zinc Oxide

Nanoflowers for Improving the Rheological and Filtration Performance of High-Temperature
Water-based Drilling Fluids.” Journal of Dispersion Science and Technology, 2023, 1-13. doi:
https://doi.org/10.1080/01932691.2023.2294303
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of the Nanopencils was 226.89 nm while Nanoflowers had a very low average value

of 26.89 nm.

Figure 7.2: (a) FESEM image of ZnO Nanopencils synthesized at 520 W; (b) FESEM
image of ZnO Nanoflowers synthesized at 680 W; (c) Particle Size Distribution of
ZnO Nanopencils synthesized at 520 W; (d) Particle Size Distribution of of ZnO
Nanoflowers synthesized at 680 W.

Mechanism behind Different Morphologies

The formation of different ZnO nanostructures, such as nanorods, nanopencils, and

nanoflowers, is a complex process influenced by chemical interactions and crystal

growth dynamics, as shown in Figure 7.3. ZnO formation typically initiates with

the reaction between zinc ions and hydroxide ions in aqueous solution, resulting
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Figure 7.3: Schematic diagram showing the growth and formation of different ZnO
Nanostructures.

in the formation of zinc hydroxide. This intermediate compound is unstable and

readily dehydrates, leading to the nucleation of ZnO. ZnO crystals, particularly

in their wurtzite hexagonal phase, exhibit distinct polar and non-polar faces that

significantly influence their growth patterns [203]. Polar faces, such as the Zn-

terminated faces, tend to grow faster than non-polar O-terminated faces faces. The

latter contribute to the characteristic hexagonal shape of ZnO nanorods. At lower

temperatures, growth along the polar face dominates, leading to the formation of

nanorods with a hexagonal cross-section. These nanorods typically exhibit polar

Zn-terminated top and O-terminated bottom surfaces, bounded by six non-polar

planes [203,204].

As the reaction temperature increases, surface mobility enhances, enabling ZnO

species to migrate from the base and sides towards the tip. This migration, coupled

with electrostatic interactions, favors the development of lower surface energy planes.

These planes grow more rapidly, resulting in pencil-like structures with a tapering

tip. Insufficient surface mobility can lead to the formation of prism-shaped nanorods

[205].

However, if the energy is sufficient to activate nucleation and prolong growth

then Nanoflowers emerge from the self-assembly of numerous prism-shaped nanorods

structures arranged radially. A seeding layer often provides nucleation sites for
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this assembly process. The density of nanorods within the flower-like structure is

influenced by the initial nucleation sites [206].

7.2.2 Electrophoretic Stability Analysis with Variation in

pH

Figure 7.4 reports the changes in zeta potential values of the ZnO nanostructures

dispersed in aqueous media at different pH values. While the isoelectric points of

both the nanostructures were between 5 to 6 pH, the Nanoflowers showed better

stability as compared to the Nanopencils at a neutral pH of 7. The increasing

alkalinity of the media resulted in negative zeta potential values with nanoflowers

with higher stability again. This observation can be attributed to the smaller size

distribution and higher repulsive forces coming into play [95]. It is also interesting

to note that both the nanostructures had zeta potential beyond -30 mV at 9 pH

making them suitably stable in the formulated DF [207].

7.3 Performance of Drilling Fluids with ZnO Nanos-

tructures

The composition of the DFs to be discussed hereinafter is shown in Table 7.1.

Table 7.1: Composition of the DFs with ZnO Nanostructures.
Sequence Constituents Concentration (wt%)

1 Deionized water -
2 Bentonite 3.00
3 KOH 0.07
4 Xanthan Gum 0.25
5 PAC-R 0.50
6 KCl 3.00
7 1-Octanol 2-3 drops
8 ZnO Nanostructures 0-1.0
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Figure 7.4: Variation of aqueous zeta potential of the ZnO Nanostructures with pH.

7.3.1 Rheological Performance

The viscometric analysis of the DF samples was performed with calculated Bingham

Plastic parameters from the recorded viscosity data following API recommended

practices 13-B [101].

The AV of the DF samples are plotted in Figure 7.5 (a-b). Both the ZnO nanos-

tructures increased the AV of the DF samples with their increase in dosages. The

Nanoflowers showed a steeper increment in AV as compared to the Nanopencils.

Upon comparing the samples before hot rolling (BHR), it was observed that while

the Nanopencils increased the AV of the base DF by 19%, the Nanoflowers increased

the AV by 29% at 1 wt% concentration. This increment in AV values can be at-

tributed to the intensifying interaction between the DF and the nanostructures.

This enhanced interaction forms a network structure within the fluid, leading to

greater flow resistance [46]. The effect of thermal degradation was also minimized
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with the ZnO nanostructures in DF, as evident from a 10.2% decrease in AV for

Nanopencils and a 3.92% decrease in AV for Nanoflowers at 1 wt%, compared to a

16.42% decrease in the base DF after hot rolling (AHR). The higher thermal conduc-

tivity of the ZnO nanostructures can be credited for the effective viscosity retention

capability at higher temperatures [167].

Figure 7.5: Apparent viscosity of the DF samples with (a) ZnO Nanopencils and
(b) ZnO Nanoflowers.

Figure 7.6 (a-b) displays the PV of the DF samples. Both the nanostructures

enhanced the PV with increasing concentrations in the DF. The BHR DF samples

demonstrated a 55.5% increase in PV with Nanopencils and a 61% increase with

Nanoflowers at a 1 wt% concentration compared to the base DF. While the Nanopen-

cils showed better viscosity retention after hot rolling at lower concentrations, the

Nanopencils showed comparable performance at higher concentrations. The base

DF AHR had a PV degradation of 39%, which was minimized by Nanopencils to

10.6% and by Nanoflowers to 7% at 1 wt% concentration. The dispersion of ZnO

nanostructures increases PV by elevating the friction between fluid layers. This

heightened friction leads to greater flow resistance under stress, which is essential

for ensuring wellbore stability during drilling operations [208].

The YP variation with increasing concentrations of the ZnO nanostructures in

DF samples is shown in Figure 7.7 (a-b). Interestingly the YP at 1 wt% increased
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Figure 7.6: Plastic viscosity of the DF samples with (a) ZnO Nanopencils and (b)
ZnO Nanoflowers.

by 25% for both the nanostructures when compared to the base DF which can be

attributed to the enhanced cohesive forces in the DF system [209]. However, the

Nanoflowers enhanced the YP greatly at a concentration of 0.1 wt% whereas the

Nanopencils showed the same enhancement only after 0.5 wt%. The effect of thermal

degradation ranged for both the nanostructures similarly around 7 to 8

Figure 7.7: The yield points of the DF samples with (a) ZnO Nanopencils and (b)
ZnO Nanoflowers.
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7.3.2 Filtration Performance

Figure 7.8 (a-b) depicts the filtration performance at ambient temperature and 100

psi pressure of the DFs with varying concentrations of the ZnO Nanostructures. The

ultimate reduction in filtration losses (FL) was 37.5% and 50% for the Nanopencils

and Nanoflowers respectively at 1 wt% concentration when compared to the base

DF. However, at lower dosages (below 0.5 wt%) the Nanopencils outperformed the

Nanoflowers in terms of reducing the FL. The Nanopencils can create a more exten-

sive network within the filter cake due to their elongated shape. This enhances the

bridging effect between particles, leading to a denser filter cake that significantly

reduces filtration loss. However, at higher concentrations, the shorter rods of the

Nanoflowers may have contributed to the effective sealing of nanopores in the mud

cake. The effect of thermal degradation was prominent with an increase in FL by

62.5% for the base DF which was minimized to 33% by the Nanoflowers at 0.5 wt%

concentration, which can be attributed to the better viscosity retention abilities as

discussed in the previous section.

Figure 7.8: The API filtration losses of the DF samples with (a) ZnO Nanopencils
and (b) ZnO Nanoflowers.

The HPHT FL obtained after 30 min of filtration at 150 °C and 500 psi differential

pressure for the DFs with ZnO nanostructures is given in Figure 7.9 (a-b). The

reduction in FL BHR in comparison to the base DF was 41.38% for the Nanopencils
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and 48.28% for the Nanoflowers at 1 wt% concentration. Here, Nanoflowers could

influence the FL properties of DF at lower dosages as compared to the Nanopencils.

The AHR samples showed an increase in FL between 17 to 28%. This gap was

closed by the Nanoflowers at 0.1% concentration where the FL increase AHR was

only 11%. At elevated pressure-temperature conditions, the properties of other

additives degrade and the prominence of smaller-sized nanostructures in mud cake

buildup is observed through the Nanoflowers’ superior performance.

Figure 7.9: The HPHT filtration losses of the DF samples with (a) ZnO Nanopencils
and (b) ZnO Nanoflowers.

7.4 Conclusion

This study compared two distinct morphologies of ZnO nanostructures namely

Nanopencils and Nanoflowers in their ability to influence the properties of a WBDF

for thermally tolerant performance in high-temperature wells. The findings can be

summarized to identify the role of morphology and stability of nanostructures in

HPDF formulations:

• The hydrodynamic size distribution of the Nanopencils was broader with a

higher average size as compared to the Nanoflowers which had a narrower

distribution and a very small average size. This impacted their polydispersity
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and their stability in aqueous medium, due to different surface charge densities

and zeta potential values, giving different performances when infused in DFs.

• The Nanoflowers had a higher incremental impact on the viscosity of the DF

as compared to the Nanopencils.

• However, the thermal tolerance of the DFs were roughly similar for both the

nanostructures.

• The Nanoflowers outperformed the Nanopencils in filtration performance by

approximately 20% at higher concentrations possibly due to better sealing of

the nanopores in the mud cake. At lower concentrations, the bridging mecha-

nism by the Nanopencils was more prominent as compared to the Nanoflowers.

These results emphasize the importance of selecting nanostructures with specific

morphological characteristics determining their effectiveness in improving viscosity,

filtration control, and thermal stability.
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Chapter 8

Silane Coated Silica Nanoparticles

Silica NPs have garnered significant attention for their potential to improve the

performance of WBDFs in high-temperature environments [59]. Silica NPs play a

crucial role in reducing water infiltration in shale formations while also managing

the rheological and filtration characteristics of drilling fluids [210]. Research has

demonstrated that these NPs can improve the thermal stability of drilling fluids,

enhancing their performance under high-temperature conditions [68]. Additionally,

they are instrumental in maintaining the stability of the wellbore [211]. In WBDF

systems, such as those containing potassium chloride (KCl), silica NPs have been

shown to significantly decrease fluid loss and improve the rheological properties of

the DF [212]. However, it is important to note that the NPs’ tendency to aggregate,

especially when dispersed or in colloidal sol form, can affect their effectiveness and

alter their properties [213]. The incorporation of Silica NPs may lead to weaker

structural formations and reduced yield stress compared to the base fluid alone [214].

To maximize the benefits of silica NPs, it is crucial to address their aqueous

dispersibility and compatibility with other drilling fluid components. Silane coat-

ing has emerged as a viable solution to enhance the stability and performance of
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silica NPs in WBDFs. The silane coating improves the hydrophilicity of the NPs,

allowing them to disperse more effectively in aqueous environments and interact syn-

ergistically with other fluid components [215]. This modification also enhances the

thermal stability of the NPs, enabling them to withstand the extreme temperatures

encountered in deep drilling operations.

In the present study, commercially procured silica NPs were coated with [3-

(2-Aminoethylamino) propyl] trimethoxy silane (AEAPTS), and the product was

confirmed by FTIR (Fourier transform infrared spectra) spectra. A base DF was

prepared with bentonite, xanthan gum, polyanionic cellulose, KCl, etc. The concen-

tration of the silane-coated nanoparticle was varied from 0.2 to 0.4 wt% to investi-

gate the effect of the nanoparticle on the rheological and filtration properties of the

WBDFs. The DF was kept for aging at 150 °C for 16 h in the roller oven. Rheology

of the Nano DF both before and after aging was analyzed using Fann VG meter and

the filtration properties were analyzed by using API Filter Press (LPLT).

The methodology carried out throughout the entire study is illustrated in Figure

8.1.

8.1 Silane Coating of Silica NPs

The coating of AEAPTS on the silica NPs was done in two steps. In the first step

2.5 wt% of silica NPs was added to the 20 mL aqueous solution of the 0.5 M sodium

hydroxide. The mixture was continuously stirred at 600 rpm for 24 h in a magnetic

stirrer at ambient conditions. This results in the addition of hydroxyl groups on the

surface of the silica NPs [216]. After stirring, the product was centrifuged at 12000

rpm for 20 min and then washed thrice with deionized water. Then the product

obtained was dried out for 24 h in a desiccator. In the second step, the coating

of AEAPTS on hydroxyl groups attached to the silica NPs was done. The 200

mg of Si-OH (product of the first step) NPs were dispersed in an aqueous medium

containing 80 mL of water + 2 mL of ammonium hydroxide + 20 mL of methanol +

1 mL of AEAPTS. The resulting mixture was stirred at 600 rpm for 2 h at ambient
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Figure 8.1: Flowchart of the experimental methodology
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conditions, and then the temperature was increased to 70°C and was maintained for

24 h followed by centrifugation at 13000 rpm for 25 min. The product thus obtained

was washed with the isopropyl alcohol (33% dilution) in a centrifuge three times

at 12000 rpm for 15 min each and the resultant solution was dried for 24 h in a

desiccator. The schematic of the process is given in Figure 8.2.

Figure 8.2: Reaction Schematic of the coating of silica NPs

8.2 Characterization of the Silane Coated Silica

NPs

The silane coating on the NPs was characterized by the FT-IR absorption spectra

which is shown in Figure 8.3. The peaks corresponding to 990-1050 cm−1 are at-

tributed to the alkyl-substituted ether whereas the peaks at 1080 cm−1 and 880 cm−1

are attributed to the Si-O-Si and Si-OH absorption. The absorption spectra in the

range of 3200-3400 cm−1 correspond to the OH functional group. The peaks from

813-981 cm−1 are due to the C-C stretching whereas 2877-2967 cm−1 are attributed
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Figure 8.3: FTIR Spectra of silane-coated silica NPs

to the C-H stretching. The absorption peak at 1642 cm−1 is due to the presence of

NH2 as a functional group in the compound whereas the wide spectra at 3300-3500

cm−1 are attributed to the N-H stretching. All these peaks manifest the successful

coating of silane on the silica NPs.

8.3 Performance of Drilling Fluids with Silane Coated

Silica NPs

The composition of the base and the NP-infused DFs to be discussed hereinafter is

shown in Table 8.1.

Table 8.1: Composition of the DFs with mMWCNT.
Sequence Constituents Concentration (wt%)

1 Deionized water -
2 Bentonite 3
3 KOH 0.07
4 Xanthan Gum 0.25
5 PAC-R 0.5
6 KCl 3
7 1-Octanol 2-3 drops
8 Silane Coated Silica NPs 0-0.4

143



8.3.1 Rheological Performance

The rheological parameter of the DF samples was measured both before and after

hot rolling at 150 °C for 16 h and the data obtained are presented in Figure 8.4(a-f).

The rheology of all the DF samples was measured at two different temperatures i.e.,

at 30 °C and 60 °C. The apparent viscosity of the DF was improved by approximately

46% with the concentration of 0.4 wt% of the silane-coated silica NPs. The plastic

viscosity increased with a minimum dosage of 0.2 wt% of the NPs after which the

increment continued directly with the increase in concentrations. The yield point

also showed a considerable enhancement of 47% in the case of 0.4 wt% concentra-

tion. Hence, the data obtained clearly shows the improvement in the rheological

parameters on the addition of the silane-coated silica NPs. The degradation in the

DF rheology was reduced up to 19% after aging, although the effect of the addition

of NPs was significantly observed when it was added in lesser concentrations.

Thermal stability is one of the most important properties that a drilling fluid

must possess. Since the drilling fluid is used in the wellbore that has a significantly

high temperature as compared to the surface temperature so it becomes necessary

to design the fluid that can sustain at subsurface temperature. The general trend of

the viscosity follows an inverse relationship with temperature and hence the drilling

fluid must be designed keeping in mind the subsurface temperature. Although the

decrease in the viscosity of the DF with increasing temperature cannot be avoided

but it can be decreased with the addition of proper DF additives that can thermally

stabilize the DF. In the experiment, the rheological parameters of the base DF were

found to be reduced up to 56% of their original value after aging whereas after

addition of only 0.2 wt% silane-coated silica NPs the changes in the rheological

parameters were quite significant. The trend remained similar with 0.3 wt% and 0.4

wt%. The thermal degradation in the rheological beaviour, which can be seen in

Figure 8.5, was reduced in the silane-coated silica NPs-enhanced DF, considerably

as compared to the base DF. After hot rolling these parameters were around 80%

of their respective before hot rolling values. This clearly reflects that the addition
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Figure 8.4: Bingham Plastic Rheological Parameters of the DF samples with in-
creasing concentration of silane-coated silica NPs at 30 ℃ (a, b, c) and at 60 ℃ (d,
e, f) before and after hot rolling.
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Figure 8.5: Shear rheology of the DF with the increase in the concentration of silane-
coated silica NPs, a) BHR at 30 °C; b) AHR at 30 °C; c) BHR at 60 °C; d) AHR at
60 °C

of silane-coated silica NPs thermally stabilized the WBDF system.

8.3.2 Filtration Performance

Figure 8.6 shows the API filtrate loss in the formulated DF samples with the silane-

coated silica NP concentrations ranging from 0 wt% to 0.4 wt%, under a pressure

of 100 psi at room temperature, after hot rolling. The API FL (mL/30min) in the

case of base DF was found to be 32.3 ml which decreased to 16 mL with the intro-

duction of the NPs at the concentration of 0.2 wt%. This accounts for a remarkable

reduction of around 50%. It can be inferred that the majority of the filtrate volume

can be controlled with a minimum amount of NPs in a bentonite/polymer WBDF

even when the polymers in the system tend to disintegrate after exposure to higher

temperatures for a prolonged duration along with the tendency of the bentonite clay

to flocculate. The subsequent reduction at 0.3 wt% NPs was 12.5% in comparison
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Figure 8.6: API Filtrate Loss of the DFs for different concentrations of silane-coated
silica NPs (with an error of ±1 mL).

to fluid loss at 0.2 wt% concentration. Furthermore, the FL was reduced to 11.2 ml

with an addition of 0.4 wt% NPs in the DF sample. This stands at a 64% percent

decrement in the fluid loss as compared to the base DF (0 wt%). The recovered

filter cakes of the nanoparticle-infused DF samples were smooth in texture and all

below 1/32 inch.

8.4 Conclusion

Silane-coated silica NPs can work as a rheological as well as a fluid loss control agent

in WBDFs. They thermally stabilize the DFs and helps in keeping the rheological

property of the DFs intact even at subsurface temperature. The degradation in
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rheological parameters of the base DF was found to be around 55% which was

reduced up to a value of 20% as well as the fluid loss was reduced by 64% upon

adding the silane-coated silica nanoparticle which clearly shows that this additive

can be used as a potential candidate for the high-performance rheology and fluid

loss control in WBDF systems.
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Chapter 9

Conclusion and Future

Recommendations

This body of work comprehensively advocated for the application of Nanomaterials

as additives for formulating High-Performance Drilling Fluids. Five different types of

nanomaterials were used to conclusively support their multifunctionality in terms of

improving the rheological, filtration, and lubrication properties by imparting high

degree of thermal stability to the conventional drilling fluids systems. Therefore,

following statements can be made based on the findings of the investigation:

• Plastic Waste is a matter of concern and therefore various approaches have

been taken to mitigate plastic pollution for a sustainable future. The con-

ducted work accomodated valorization of these wastes into graphene nanon-

sheets and their applications in high-performance drilling fluids. The re-

sults indicate that even extremely low dosages of the synthesized graphene

nanosheets could sufficiently impart thermal tolerance to the drilling fluid

alongside improved rheological and filtration properties.

• Carbonaceous nanoparticles are very interesting nanomaterials that has been

proved effective in non-aqueous drilling fluids. However, high-performance

drilling fluid formulation requires greater degree of dispersion stability of these

nanomaterials in aqueous medium to attain similar efficiency. This work dealt



with modified carbon nanotubes through wet base oxidation method and ad-

justed the pH of the dispersing media to ensure optimal dispersion stability.

The mechanistic insights on the viscoelastic superiority of a carbon nanotubes

infused drilling fluid system, enhanced rheological profile and ultra low filtra-

tion losses were explored in high temperature and high pressure conditions.

• Metal oxide nanoparticles are very good candidates for application as nanoad-

ditives. In this work, green synthesis of copper oxide nanoparticles were per-

formed by using Colocasia esculenta leaf extract alongwith microwave treat-

ment. This resulted in uniform size distribution and plate-like morphology

which contributed to improved lubricating properties of the formulated drilling

fluid. In addition, the fitration losses reduced, thermal tolerance enhanced and

the rheological profile was unaffected.

• Although the candidacy of the metal oxide NPs has been justified time and

again, the role of morphology and the size distribution have been seldom dis-

cussed. In this research, zinc oxide nanostructures with pencil-like and flower-

like morphologies were infused in drilling fluids and their efficacy in improving

the rheological and filtration performance in high-temperature well situation

were explored. The resultant mechanism revealed the higher charge distri-

bution, smaller size and lower polydispersity contributed more in selection of

high-performance nano-additives.

• Commercial silica nanoparticles are one of the most feasible nanomaterials

that can readily be applied to drilling fluids for improved performance. How-

ever, their aqueous dispersibility is limited and hence require functionalization

to address this problem. In this study, the silica nanoparticles’ surface was

coated with [3-(2-Aminoethylamino)propyl]trimethoxysilane and incorporated

in water-based drilling fluid system. The filtration and rheological properties

improved as the dosage of the silance coated silica nanoparticles increased and

the thermal degradation was minimized.

150



Table 9.1 summarizes the findings of the investigation conducted to verify the

viability of the employed nanomaterials as nano-additives for the formulation of

high-performance drilling fluids. While the nanomaterials are indeed multifunc-

tional, they require to be stable in aqueous dispersions to prove their efficacy in

inhibited bentonite/polymer water-based systems. The role of morphology plays a

key role in advocating the efficacy of nano-additives for different purposes. Green

synthesis as well as upcycling of wastes into viable nanomaterials are effective in

addressing production cost-related issues.

Table 9.1: Multifunctionality of the employed nanomaterials.

Sl.
No.

Nanomaterial
Conc.
(wt%)

Efficacy as Nano Additive

Filtrate
Loss
Re-
ducer

Rheology
Modi-
fier

Thermal
Stabi-
lizer

Lubricity
Improver

1 Plastic
Upcycled
Graphene
Nanosheets

0.050-0.440 Yes Yes Yes -

2 Modified
Carbon
Nanotubes

0.025-0.100 Yes

No

Yes

Yes3 Biogenic
Copper Ox-
ide NPs

0.100-1.000 Yes

Yes

Yes

-

4 Zinc Oxide
Nanostruc-
tures

0.100-1.000 Yes Yes Yes -

5 Silane
Coated Sil-
ica NPs

0.200-0.400 Yes Yes Yes -

Directions for Future Research

While this research investigation was experimentally based on some specific set con-

ditions to synthesize and identify the viability of nano-additives for the formulation

of high-performance drilling fluids, the scope of this work can be developed further

with the following recommendations:
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• The nanomaterials may be utilized to further verify the mechanism of filtration

control as size distribution and the effective charge plays a crucial role.

• The role of dispersion stability may be addressed by synthesizing polymeric

or clay-based nanocomposites which can be readily deployed in the field scale

scenario.

• The surface modification of commercially viable nanoparticles could be further

explored for various applications.

• It is also evident that morphology plays a dominant role in controlling prop-

erties like lubricity. Therefore, further investigation can be performed to em-

ploy techniques to derive desirable morphologies through advance nanomate-

rial synthesis techniques.

• Molecular dynamics simulation of the existing nanoparticle-clay/polymer in-

teraction in aqueous dispersions with varying salinity and temperature condi-

tions may reveal some fundamental basis for selecting nano-additives.

• Computational fluid dynamics simulations shall shed some light on the efficacy

of these nano-additives in various well geometries under different pressure-

temperature conditions.
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madloo, Ismail Eş, Abbas Norouzian Baghani, Saeed Yousefinejad, Mahmood

Alimohammadi, Ali Azari, Sina Dobaradaran, Noushin Rastkari, Shahrokh

Nazmara, Mahdieh Delikhoon, and GholamReza Jahed Khaniki. Multi-walled

carbon nanotubes modified with iron oxide and silver nanoparticles (MWCNT-

Fe3O4/Ag) as a novel adsorbent for determining PAEs in carbonated soft

drinks using magnetic SPE-GC/MS method. Arabian Journal of Chemistry,

12(4):476–488, may 2019.

172



[147] Won-Chun Oh, Feng-Jun Zhang, and Ming-Liang Chen. Characterization

and photodegradation characteristics of organic dye for Pt–titania combined

multi-walled carbon nanotube composite catalysts. Journal of Industrial and

Engineering Chemistry, 16(2):321–326, mar 2010.

[148] Zhaoguang Yuan, Jerome Schubert, Catalin Teodoriu, and Paolo Gardoni.

HPHT Gas Well Cementing Complications and its Effect on Casing Collapse

Resistance. In SPE Oil and Gas India Conference and Exhibition, Mumbai,

India. SPE, mar 2012.

[149] Hitoshi Yusa and Tetsu Watanuki. X-ray diffraction of multiwalled carbon

nanotube under high pressure: Structural durability on static compression.

Carbon, 43(3):519–523, 2005.

[150] M.S.P. Shaffer, X. Fan, and A.H. Windle. Dispersion and packing of carbon

nanotubes. Carbon, 36(11):1603–1612, nov 1998.

[151] V. Datsyuk, M. Kalyva, K. Papagelis, J. Parthenios, D. Tasis, A. Siokou,

I. Kallitsis, and C. Galiotis. Chemical oxidation of multiwalled carbon nan-

otubes. Carbon, 46(6):833–840, may 2008.

[152] Yoon Jin Kim, Taek Sun Shin, Hyung Do Choi, Jong Hwa Kwon, Yeon-Choon

Chung, and Ho Gyu Yoon. Electrical conductivity of chemically modified

multiwalled carbon nanotube/epoxy composites. Carbon, 43(1):23–30, 2005.

[153] Juan Amaro-Gahete, Almudena Beńıtez, Roćıo Otero, Dolores Esquivel,
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