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Abstract
World’s overall energy requirements are meet by primary energy sources such
as coal, petroleum, nuclear electricity, hydroelectricity, geothermal electricity, solar
energy etc., among these the most significant contributor to fulfil the global energy
demands is petroleum, which contributes to more than 55% of the total energy
consumption across the globe. India is world’s third largest energy consumer after
China and United States of America. India consumes 5.8% of world’s primary energy
consumption and the primary energy demand is expected to grow at a rate of 4.2%.
Global primary energy demand growth is estimated till 2040 is 2.0 % (compound
average annual growth rate) which is to be met primarily by petroleum. Petroleum will
remain the most important contributor to primary energy sources for upcoming decades,
as per International Energy Agency. Drilling a petroleum well is a very complex
process which is considered to be very costly and risky operation. It requires the use of
drilling fluid which performs a number of functions to assist the drilling process.
Drilling fluids are related to almost every drilling problems either directly or indirectly
but they are not the cause or solution to those problems, however, intelligent
management and selection of drilling fluids and its properties can significantly mitigate
the problematic situations. Water based drilling fluids are environmentally friendlier
and less costly as compared to oil based muds (OBMs) but water based muds (WBMs)
lack in performance. Therefore, there is huge requirement to improve the performance
of water based drilling fluids which can be nearly on par with conventional OBMs. Use
of WBMs become extremely challenging when a shale formation is to be drilled which
is very sensitive to the exposure to water which is the continuous phase in WBMs.
Various shale inhibitors and fluid loss reducers are required to minimize the shale
interaction with water so maintain the wellbore stability. Chapters 1 to 3 discuss the
introduction, literature review and experimental methods respectively, related to the
thesis research work.
Presence of oligomers possessing amine or ammonium functionality in drilling
fluids play an important role in stabilizing the shale formations during drilling with
water based muds. In the Chapter 4, the activity of neutral to charged amine polymers
towards shale stabilization has been compared. Low molecular weight polymer
x

possessing charged moieties provided superior water inhibitive capacity compared to
that of the neutral amine functionality based polymer. The polymer with cationic
functionality (polyAETMAC) exhibited higher Shale recovery, lesser Shale swelling
and lower capillary suction time compared to that of the neutral amine based mud
system (polyDMAPMA). Shale recovery in Shale disintegration test improved from
92.3% to 98.7% for polyAETMAC concentration of 0.625 w/v% in water based mud.
The overall rheological properties of drilling fluids also improved in presence of
charged amine polymer before and after hot rolling. The decrease in API fluid loss after
hot rolling of drilling fluid at 100 °C for 16 hours was ~20% for polyDMAPMA and
~13% for polyAETMAC compared to base mud for same concentration of the
polymers. These homopolymers can be used as a potential shale stabilizer for water
based drilling fluids.
In order to further investigate the effect of the amine moieties containing
polymers which is discussed in Chapter 5. A set of polytertiary amines (PTA)-ranpolyquaternary amines (PQA) polymers possessing different ratios of tertiary amine to
quaternary amine (0:100, 40:60, 60:40, mol:mol) segments were synthesized and their
efficacy towards the wellbore stability of shale reservoirs were ascertained. When these
copolymeric additives were added in similar weight proportions in drilling fluids, the
copolymer possessing 60:40 (mol:mol) ratio of tertiary to quaternary amine moieties
(PTA-ran-PQA-64) enhanced the apparent (≥58%) and plastic (≥71%) viscosities of
silicate drilling fluid to maximum extent. The amount of API filtrate reduced with
increasing concentration of the copolymers and filtrate loss in case of the mud
containing polyelectrolyte PTA-ran-PQA-64 was lower compared to the other two
polyelectrolytes. Hot rolling shale dispersion test showed that the shale recovery
improved from 91 to 97% on inclusion of minimum amounts (0.25 wt%) of these
polyelectrolytes in the drilling fluid. The Linear Swell Meter (LSM) data demonstrated,
the swelling in shale pallet is 11% in absence of polyelectrolytes and gets reduced to
4.3% in presence of PTA-ran-PQA-64. The above studies revealed that, these
copolymers are viable candidates as drilling fluid additives to possibly enhance the
wellbore stability.
One of the major problems associated with the conventional WBMs is of
thermal degradation of mud properties. The present work focusses on mitigating these
problems by using poly(4-styrenesulfonic acid-co-maleic acid) sodium salt (PSSM) and
studying the rheological behavior of mud formulations in presence of nanoparticles
xi

which has been discussed in Chapter 6. The polymer was characterized using the
thermogravimetric technique was thermally stable up to 250 °C. The optimum
concentration of PSSM as a fluid loss reducing material was found to be 1.0 w/v%. It
reduced the fluid loss of mud by ~63% at 1.0 w/v% PSSM which increases to ~75% on
addition of 2.0 w/v% PSSM. The addition of CuO and ZnO nanoparticles exhibited
substantial improvements in the rheological and filtration parameters of mud in
presence of PSSM. The thermal ageing of the developed mud samples at 120 °C
illustrated the improved thermal stability of the drilling fluid in the presence of PSSM
which further improved due to the addition of nanoparticles. The rheological studies on
the nanoparticles enhanced mud formulations containing PSSM, CuO, and ZnO
illustrated that the fluids exhibited behaviour in accordance with the Herschel Bulkley
model. Further, the effect of CuO and ZnO nanoparticles in presence of poly(4styrenesulfonic acid-co-maleic acid) sodium salt (PSSM) as a fluid loss control agent
for WBM at high pressure-high temperature (HPHT) conditions. Filter cake formed by
API filtration tests were analysed by field emission scanning electron microscope
(FESEM). Ageing experiments were also performed at 230°F for 16 hours and HPHT
filtration tests were conducted at 300°F. Effect of CuO was more pronounced as
compared to ZnO nanoparticles on fluid loss. The addition of 1.0 w/v% PSSM in base
mud reduced LPLT fluid loss to ~64%. API fluid loss of PSSM containing mud was
further reduced by ~12% on addition of only 1.0 w/v% of CuO. At 1.0 w/v%
concentration of ZnO, API filtrate of base mud reduced by ~8%. HPHT filtrate loss for
mud having 1.0 w/v% PSSM was 14.6 mL in 30 minutes at 300°F. Addition of
nanoparticles further reduced HPHT filtration loss by 15 to 20%. FESEM images of
filter cakes suggested that there were complex structures of polymer chains covering the
pores of filter cake, and the network was further blocked by the nanoparticle clusters,
therefore inhibiting the passage of fluid through it.
In Chapter 7, effect of TiO2 nanoparticles on the thermal stability of drilling
fluid properties is evaluated using two different mud systems based on polyanionic
cellulose (PAC) and hydroxyethyl cellulose (HEC). Drilling fluids were subjected to
high temperature rolling conditions at 110 °C and 30 rpm for 16 hours in order to
simulate the wellbore environment using a roller oven. Due to 16 hot rolling, the API
FL values for DFB (Base Mud), DFP3 (Base Mud with 1 w/v% PAC) and DFH3 (Base
Mud with 1 w/v% HEC) increased by ~56%, ~18% and ~46% respectively; whereas in
presence of 0.5 w/v% nanoparticles respective figures were ~28%, ~16% and ~25%. In
xii

case of DFP3, AV at 25 °C was reduced due to hot rolling by ~34% without
nanoparticles and by only ~15% in presence of nanoparticles. For DFH3, the percentage
reduction in AV at 25 °C due to ageing was ~24% which decreased to ~16% for DFHN
(1.0 w/v% HEC and 0.5 w/v% TiO2). It was found that nanoparticles imparted
resistance to thermal degradation in rheological and filtration characteristics of drilling
fluids. Filter cakes were studied using scanning electron microscopy and showed
nanoparticles scattered over the surface of filter cakes which were filling the micro and
nano sized gaps in the porous structure of mud cake and reducing the filtration rate.
This study shows that using TiO2 nanoparticles along with a conventional fluid loss
reducer additive not only enhances the efficacy of that additive but also improves the
thermal stability and rheological properties of mud systems.
In Chapter 8, the application of laboratory synthesized deep eutectic solvents
(DESs) as additives in water based drilling fluids for shale stabilization has been
discussed. The DESs formulated in laboratory contain different combinations of
hydrogen bond donors (glycol and amine based) and acceptors (phosphonium and
ammonium based). Initial screening showed that the phosphonium based DESs reduced
the rheological parameters and increased fluid loss of mud which is undesirable for
efficient drilling. Ammonium based DESs were found to be very effective in improving
these characteristics and therefore further investigations were focused on the two DESs
which had ammonium based hydrogen bond acceptors (DES-A, containing amine based
donor and DES-B, having glycol based donor). Rheological properties increased with
the increase in concentration of each of the two DESs and simultaneously it also
reduced the filtration loss. It was also found that these DESs were found to be effective
in inhibiting the interaction of infiltrated water (fluid loss) with the clay minerals
present in shale samples. Shale inhibition characteristics were confirmed by capillary
suction timer tests and linear shale swelling tests on mud formulations containing
DESs. Linear swell meter results were also compared with the performance of similar
mud formulations containing different shale inhibitors such as KCl, a commercial ionic
liquid and base mud without any shale inhibitor. Experimental studies revealed that the
DES-B was by far the best additive in reducing shale swelling rate and the DES-A also
showed good performance compared to other shale inhibitors. Therefore, it was
concluded that the DES-B, having ammonium acceptor and glycol donor for hydrogen
bonding, is exceptionally effective shale inhibitor for water based drilling fluids. DESA and DES-B, apart from improving the rheology and filtration loss of mud, provided
xiii

strong shale inhibition characteristics in water based muds and therefore they are
potential additives for water based muds for shale formations.
Finally, the overall conclusion of thesis is provided in Chapter 9 with the
recommendations for extending the present work in future.
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1. Chapter 1: Introduction
Energy is defined as the ability to do work and it is an essential building element
of techno-economic progress. Having access to energy provides us various alternatives
to perform many works in our day to day life in residential, commercial, transportation
and industrial sectors. Energy has many forms such as electrical, chemical, heat, light,
kinetic, gravitational etc. as we all know. World’s energy requirements are met by
primary energy sources such as coal, petroleum, nuclear electricity, hydroelectricity,
geothermal electricity, solar energy, wind energy, woods and wood derived fuels.
Among these the most significant contributor to fulfil the global energy demands is
petroleum, in the form of crude oil, natural gas and oil products.
Petroleum contributes to more than 55% of the total energy consumption across
the globe and it has been the case since last three decades as shown in Figure 1.1.
Therefore it is clear that we are highly dependent on petroleum and its products. As per
International Energy Agency (IEA), global oil demand will grow by ~1 million barrel
per day every year till 2025 and will continue to increase till 2040. In 2017, global
demand for natural gas was estimated to be 3752 billion cubic metre which is expected
to become 4293 and 5399 in years 2025 and 2040 respectively [1]. These figures
indicate that the major source of energy for the world is petroleum and its products and
we remain highly dependent on petroleum for foreseeable future (at least next 3-4
decades).
Petroleum is defined as the naturally occurring gaseous, liquid and solid
hydrocarbon compounds having low amounts of nitrogen, sulfur and oxygen containing
compounds and trace amounts of metallic compounds which is found in sedimentary
rock deposits throughout the world [2]. Petroleum originated from the aquatic plant and
1

animals that had been buried under the earth crust for millions of years and gradually
these organic remains under high lithological pressure and temperature were chemically
transformed into petroleum. The rocks which had the deposits of organic matter and in
which petroleum originated are known as source rocks. Over the course of time and due
to various geological events the petroleum generated inside the source rock migrated
from the source rock to the more porous and permeable rocks such as siltstone and
sandstone and trapped. Migration also takes place due to physiochemical changes in
petroleum deposits such turning from solids to fluids. These entrapped accumulations of
petroleum are called reservoir and the sedimentary rocks holding the petroleum reserves
are called reservoir rocks.

Figure 1.1: Percent of petroleum products in total energy consumption across the
globe. Based on IEA World Energy Balances 2020 https://www.iea.org/subscribeto-data-services/world-energy-balances-and-statistics. All rights reserved; as
modified by Mukarram Beg.
Commercial use of crude oil started in mid of 19 th century and the first oil well
was drilled in August 1859 in the Titusville city of Pennsylvania, United States. The
first crude oil refinery in the world was opened in 1856 at Ploiesti, Romania and five
2

years later in 1861 first refinery in the United States was commissioned [3]. India found
its first oil well in in the 1866 at Digboi which is known as the oil city of Assam state in
India. Since then, various developments happened in the field of petroleum refining
and applications of refined petroleum products which increased the demand and
consumption of crude oil and related products in years to come. Transportation
innovations, aircrafts and internal combustion engines revolutionized the oil market and
petroleum became the most significant global commodity in the international market.
The search and production of oil and gas has become a necessity in order to
fulfill the global energy needs since petroleum has been the main source of the energy
for decades and there are no significant alternatives. India is world’s third largest
energy consumer after China and United States of America. India consumes 5.8% of
world’s primary energy consumption and the primary energy demand is expected to
grow at a rate of 4.2% [4]. Global primary energy demand growth is estimated till 2040
is 2.0 % (compound average annual growth rate) which is to be met primarily by
petroleum [5]. Petroleum exploration techniques provide information on subsurface
conditions to evaluate the presence of oil and natural gas on a given location. Further
exploratory investigations are performed with the help of seismic survey by using
geophones and hydrophones for potential terrestrial and aquatic locations respectively
[6]. Finally exploratory wells are drilled to confirm the discovery of oil and/or gas
reservoir.
When a petroleum reserve is discovered, its production is achieved by drilling a
borehole into the earth crust and developing a production well. Drilling a well is a very
complex process which is considered to be very costly and risky operation and therefore
requires specialized talents in the form of manpower and machinery or the hardware
systems to drill a well safely and economically [6,7]. Earlier, cable tool drilling
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technique was in practice but it had limitations of being able to drill only shallow
depths and excessive time required for retrieving and deploying the tool into the well as
the depth increases. Cable tool drilling method was used to drill the first well in the
world in 1859 and this technique was until 1930s. Present day drilling is mostly
performed by rotary drilling technique which came into use in 1890s. This method is
fast and can be used to drill deeper wells for petroleum exploration and production. Key
constituents of a rotary drilling hardware system include a power generation system,
hoisting system, drilling fluid circulation system, rotary system, well blowout
prevention system, and a drilling data acquisition and monitoring system. The
manpower includes a drilling engineering group and rig operations group [8].
Constituents of drilling hardware system are collectively called drilling rig which is
broadly classified into two type namely onshore rig for drilling terrestrial locations and
offshore rig for drilling aquatic well sites. Rigs have a huge power system known as
prime movers which are essentially internal combustion engines running on diesel fuel
with power outputs as high as up to 3000 hp [7]. A hoisting system enables the up and
down movement and hanging of the drill strings (a combination of drill pipes, kelly,
drill collars, drill bit etc.) with the help of draw works, travelling block, drilling line,
crown block, hook and elevator. Rotary system helps in rotation of drill bit with the
help of swivel, drill pipe, drill collar, kelly bushing and drive, rotary table, and kelly. In
some rigs a top drives may impart the rotational motion to the drill bit instead of
conventional rotary table. In directional drilling (deviated at an angle from vertical
direction), downhole motors are also used to rotate the bits. A blowout preventer is the
most important component of the rig which controls flow of the formation fluids into
the well and subsequently onto the rig, on reaching reservoir depth. The uncontrolled
flow of reservoir fluids out of the incomplete well is termed as blowout and its most
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risky event in whole drilling program [9,10]. Mud circulation system helps in
circulating the drilling fluid into the wellbore bottom and then back to the surface where
mud goes back to the mud tank (Figure 1.2). It comprises of the mud pumps, high
pressure surface connections, drill pipes, drill bit, casings, mud pits and mud treatment
equipment for recirculation of mud.
Final component of rotary drilling rig is the data acquisition and monitoring
system consisting of devices used to record, analyze, monitor, display and retrieve
information about the drilling operation. Various drilling problems such as well kicks,
pipe sticking, shale disintegration etc. can be easily detected by this component of the
rig. Most important parameters in rotary drilling are drilling rate, hole depth, hook load,
torque, flow rate, pump pressure, pump strokes, rotary speed, mud tank level, weight on
bit, hoisting speed, mud temperature, mud density, mud salinity, mud rheology and
some other mud properties, which are continuously monitored and controlled by the
drilling crew [8]. It is worth noting that the drilling fluids (mud) and its properties are of
prime concern for a successful rotary drilling operation.

Figure 1.2: Mud circulation system schematic diagram.
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1.1. Drilling Fluids
Drilling fluid is defined as a mixture of fluids (liquid or gaseous) and solids (either
suspended or dissolved) used in operations to drill a well bore into the earth’s surface
[11]. Alternatively, it can also be defined as a liquid, gas, or gasified liquid circulating
continuum substance used in the rotary drilling process to perform any or all of the
various functions required in order to successfully drill a usable wellbore at the lowest
overall well cost [8]. It is also termed as drilling muds since the early drilling fluids
were simply the clay suspensions in water which is known as mud. Drilling fluid is a
key component of the rotary drilling process for performing a number of functions to
successfully drill a petroleum well. Drilling fluids are related to almost every drilling
problems either directly or indirectly but they are not the cause or solution to those
problems, however, intelligent management and selection of drilling fluids and its
properties can significantly mitigate the problematic situations.
1.2. Functions of drilling fluids
Originally, drilling fluids came into the existence due to the need of an effective system
for the removal of formation cuttings and later it evolved to perform many other critical
functions while drilling. Drilling fluids are critical to the techno-economic success of a
petroleum well and it performs a number of functions which are mentioned below
[8,12–14]:
•

To remove the drilled cuttings form the beneath the bit and carry them to the
surface.

•

Hold the cuttings in suspension and allow the separation of cuttings at the
surface.

•

Cooling and lubrication of drill string and drill bit.
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•

Contain the formation pressure and prevent the inflow of the formation fluids
into the well bore.

•

Maintain the stability of the drilled section of well before the casing or
cementing.

•

Cleaning of the drill bit.

•

Formation of a thin low permeability filter cake to seal the pores of and cracks
in drilled section of the well.

•

Assist in the formation evaluation and well logging.

Apart from performing the above functions it should also have some limitations
regarding the following:
•

Should not be hazardous or damaging to the environment.

•

Should not complicate the completion of the drilled well.

•

Should not affect the normal productivity of pay zone (hydrocarbon containing
formation).

•

Should not be corrosive or cause wearing of drilling equipment that come in
contact with drilling fluids.

1.3. Classification of drilling fluids
Drilling fluid systems consists of a continuous phase and a discontinuous phase
comprising of liquids and solids respectively. Occasionally, drilling fluids contains a
gas phase either intentionally of as an impurity in the form of formation gas
entrainment. The continuous phase can be used to categorize drilling fluids as
pneumatic, water based drilling fluids and oil based drilling fluids. Broadly the drilling
fluids can be classified into two categories which are pneumatic and liquid. Below is a
brief description of each category:

7

1.3.1. Pneumatic Drilling Fluids
Pneumatic drilling fluids include dry gas, mist, foam, and gasified muds. Dry gas can be
air, natural gas, or nitrogen which is circulated at high pressures in to the well bore.
These type of drilling fluids are used in case of loss circulation zones or low reservoir
circulation zones. Pneumatic drilling fluids are also helpful in performing
underbalanced drilling. These fluids are known for improved rate of penetration, longer
drill bit life, better control of loss circulation zones, and less damage to formations but
they have disadvantages of possible downhole fire, corrosion, hole deviation, and hole
erosion [8]. These fluids have very limited application due to the disadvantages
involved in their use.
1.3.2. Oil Based Drilling Fluids
It has oil as the continuous phase and oil based muds (OBM) are known for the best
performance specially while drilling water sensitive formation. Oil based drilling fluids
can further be subcategorized into invert emulsion and oil muds. Invert emulsion muds
contain more than 5% water emulsified with oil phase which is typically in the range of
20-30% and it must remain below 50% since the continuous phase is always an oil in
OBM. Oil muds are those which has very low amount of water (less than 5%) in the
drilling fluids. These muds has ability to adjust its mud weight to any practical value by
adjusting oil water ratio and they are highly thermally stable which enables the
application in high temperature high pressure conditions. Their main application is in
HPHT conditions, water sensitive zones such as salt beds, shale formations with high
clay content, low pore pressure formations, corrosive formations with H2S and CO2
content [8,15]. Despite of various advantages in performance of oil based drilling
fluids, there are two key limitations which discourage their use until unless no
alternatives. These constraints are the strict environmental regulations and high costs
8

involved in the application of OBM [16,17]. These drilling fluids can also be classified
into different subcategories depending on the type of base oil used in drilling fluids
such as diesel, mineral, and synthetic oils.
1.3.3. Water Based Drilling Fluids
This category of the drilling fluids is perhaps the most challenging in terms of
performance but most promising in terms of environment safety and cost effectiveness.
It contains water as the continuous phase and solids in the form of additives as the
discrete phase. Some of the additives added to the water based mud are in liquid phase
also. Various types of water based drilling fluids are discussed below:
1.4. Non-inhibitive water based muds
1.4.1. Clear water (freshwater/seawater/saltwater) drilling fluids:
These drilling fluids can be used for shallow drilling and are most economical among
all liquid drilling fluids. They provide high rate of penetration and longer bit life but
disadvantageous when abnormal pressure zone, unstable wellbore, water sensitive
formations are encountered.
1.4.2. Non-dispersed drilling fluids
Water based drilling fluids containing bentonite clay but no amount of barite and have
not been treated chemically to disperse the clay. Spud muds and native/natural muds are
common examples of this type of drilling fluids.
1.4.3. Dispersed mud
These muds are treated chemically to disperse the present clay and also use some
chemical additives which provide better control of its key properties such as rheology,
mud weight, filtration loss etc. for improving the mud performance at deeper
conditions.
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1.4.4. Phosphate mud
Phosphates are added in bentonite muds contaminated with calcium or magnesium ions,
to control their viscosity. The resulting mud is known as phosphate treated mud. These
muds have limitations of phosphates being ineffective in controlling fluid loss and
becoming unstable at bottom-hole temperatures in excess of 150 °F. Therefore, their
application is restricted to the top section of a hole or in shallow wells with low
temperature conditions.
1.4.5. Lignite/lignosulfonate mud
Muds comprehensively treated with a more effective thinner lignosulfonates, are called
lignosulfonate mud. When lignite is added along with lignosulfonate, the resulting mud
is stated to be lignite/lignosulfonate mud. Some of these muds are prepared to be
unaffected up to 375 °F. Chrome lignosulfonate is also used in these type of muds
which increases the salt tolerance of mud but they have limitation of thermal stability
above 300 °F [18]. Chrome-free lignosulfate is found to be a better choice for these type
of muds [19].
1.5. Inhibitive water based muds
1.5.1. Calcium treated mud
Calcium containing muds use CaCl2 brine as the base fluid or addition of calcium
compounds such as lime or gypsum into mud, to prepare lime mud. These fluids were
initially developed to support in wellbore stability as they provide high levels of soluble
calcium to diminish clay swelling. They are impervious to impurities, but can
experience high gel strength values at high temperature conditions.
1.5.2. Salt based muds
Salinity of salt muds may range from 10,000 ppm to complete saturation (~315,000
ppm). The salinity can be imparted by adding salts, by using saline water such as
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seawater, or salt dissolved from salt stringers. Conventional salt muds are those whose
base is either prehydrated bentonite or attapulgite clay and are utilized in drilling salt
sections, anhydrite, gypsum, and minor troublesome shale sections. Certain polymers
are used to viscosify saltwater, resulting in special-application salt muds, as used in
workover operations and offshore drilling.
1.5.3. Polymer based drilling mud
Polymer drilling fluids are very efficient among the discussed mud types and they have
customized properties due to the various polymeric additives present in mud. Advances
in the field of polymer chemistry have significantly influenced and diversified the
applications of common drilling fluids. For example, polymers are added to viscosify,
to reduce fluid loss, to flocculate or deflocculate solids present in mud, to provide hightemperature mud stabilization, to extend the yield of bentonite, and to encapsulate
wellbore walls. Polymer drilling fluids usually contain less than 5% (w/v) of total low
gravity solids which enables a faster rate of penetration.
1.5.4. High performance muds
Water based drilling fluids are excellent in terms of cost and environmental impact of
muds but they lack in performance as compared to the oil based drilling fluids.
Therefore water based drilling fluids are improved with various additives that impart
improvement in characteristics of water based muds. The usage of appropriate
deflocculant can provide excellent suspension properties and high temperature stability
in water based muds (WBM) for improved performance in terms of rate of penetration,
torque and drag reduction, shale inhibition, and wellbore instability [20]. Most of high
performance muds are prepared with a brine base fluid and polymeric additives for
rheology and fluid loss control. Depending on the end use of the fluids, additional
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surfactants, wellbore strengthening materials, anti-accretion agents, film formers, etc.
can be added into the formulation.
Among the above discussed drilling fluid types, oil based muds (OBM) and
water based muds (WBM) are very important in the form of invert emulsion mud and
high performance water based mud respectively. The goal is to minimize the drilling
costs involved with the proper selection of drilling fluid type and its properties as well
as minimizing the environmental impact of mud. These two parameters are exclusively
satisfied by the usage of WBM but they have poor performance as compared to OBM
and sometimes it is extremely difficult to drill with WBM due to highly water sensitive
formations. In such cases we have to go for OBM which can be designed for reduced
cost and good performance to drill a well section successfully by adding water phase in
the form of invert emulsion but the environmental concerns remains to be addressed.
Hence there is huge requirement to improve the performance of water based drilling
fluids which can be nearly on par with conventional OBMs but will be less damaging to
the environment especially the marine environment [21–23]. Various efforts have been
made over the last two decades or so by the experienced researchers in the drilling
fluids industry across the globe to improve the performance of water based drilling
fluids. These developments are discussed in detail in the next chapter. Before moving to
the literature review in next chapter it is important to understand the chemistry involved
in drilling fluids and key properties of water based drilling fluids which are rheology,
filtration loss and shale inhibition.
1.6. Drilling fluid chemistry
Colloidal chemistry and clay mineralogy are two very important concepts related to
drilling fluids chemistry as almost all the aqueous muds are based on the colloidal
dispersions of clays in water. Argillaceous formation cuttings such as those from shale
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are carried with drilling fluids gets disintegrated to some extent and their fines are
mixed with mud which greatly change the properties of drilling fluids [15]. Borehole
stability is a function of the interaction between drilled shale formation and drilling
fluids [24]. Filtrate invasion into the hydrocarbon bearing formations and its interaction
with the minerals present in formation has an impact on the productivity of the well
[25]. Therefore, knowledge of mineralogy and colloidal chemistry is important for
understanding and mitigating drilling problems.
In chemistry, a colloidal system is defined as the two phase system in which one
substance in finely divided form is uniformly dispersed into another substance known
as dispersion medium. The dispersed phase particles are generally in the range of 11000 nm and these particles can be seen with the help of an optical microscope [26].
Dispersed phase and dispersion medium can be any phase out of the solid, liquid and
gas and therefore there are nine different categories of colloidal systems exist
theoretically but no gas-gas colloidal system is known to exist since the gasses are
completely miscible. Some common examples of the colloidal systems (dispersed phase
in dispersion medium) are foam (gas in liquid) such as shaving cream, solid foam (gas
in solid) such as mat foam and polystyrene foam, liquid aerosol (liquid in gas) such as
fog, cloud and mist, emulsion (liquid in liquid) such as milk, gel (liquid in solid) such
as jelly, solid aerosol (solid in gas) such as smoke, sol or suspension (solid in liquid)
such as pigmented ink and solid sol (solid in solid) such as cranberry glass. Drilling
fluids may consist of solids dispersed in liquids (Examples - clay suspensions,
polymers), liquid droplets dispersed in liquids (Examples - emulsions), or solids
dispersed in gases (Examples - smoke) [27]. In context of present topic, our main focus
will be solids and polymers dispersed in water-based drilling fluids (WBM). Due to the
Brownian motion of the dispersed phase which is caused by the bombardment of the
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water molecules in case of suspension colloidal systems, colloidal solids are kept in the
suspension for very long time [28]. Brownian movement of the colloidal particles can
be observed with an ultra-microscope when light is reflected by them.
In colloidal systems, the particles are extremely small and their properties such
as viscosity and sedimentation velocity are dependent on surface characteristics.
Surface phenomena arise due to the electrostatic misbalance of molecules in the surface
boundary, i.e., they have similar molecules on one side and dissimilar molecules on the
other near the boundary layer, while molecules in the interior of a phase have similar
molecules on all sides (Figure 1.3). Therefore, the surface carries an electrostatic
charge, the size and sign of which depends on the coordination of the atoms on both
sides of the interface. Some substances, notably clay minerals, carry an unusually high
surface potential because of certain deficiencies in their atomic structure [15].
Here the surface area plays an important role in case of solid in liquid colloids.
Smaller the particle size, greater is the total surface area and hence specific surface area
which is surface are per unit mass. Colloidal activity thus depends on two factors, one is
the specific surface of the material and other being the surface potential which is a
function of surface chemistry atomic/molecular structure. Finely divided solids in the
particle size range of 2 to 50 µm are called silt and they are mostly inert due to the very
small specific surface but their effect on rheological properties are significant when
present in higher concentrations [15].
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Figure 1.3: Schematic diagram showing the imbalance in the electrostatic forces on
the molecules near boundary layer.
Clay minerals are those which have a particle size less than 2 µm (0.002 mm)
which makes most clay particles to be in the colloidal range [29]. Naturally they are
found in finely divided heterogeneous mixtures of minerals such as quartz, feldspar,
pyrites, calcites etc., but the most colloidally active are the clay minerals which are
discussed in the following paragraphs.
Clay flakes are composed of crystal platelets called unit layers which are
stacked together face to face. Unit layer is composed of an octahedral sheet and one or
two tetrahedral sheets of silica. Octahedral sheet is formed by Al or Mg atoms in
octahedral coordination with O atoms as shown in Figure 1.4. In case of Al, the
octahedral structure is same as that of Gibbsite [Al2(OH)6] and in case of Mg atoms, the
octahedral structure is similar to Brucite structure [Mg3(OH)6]. Aluminum forms
dioctahedral and Magnesium forms trioctahedral structure which are the names given
according to the number of sites occupied by the metal cations in octahedral structure
formed by the OH¯ ions [15]. Oxygen atoms are shared by octahedral and tetrahedral
sheets which ties together to form a unit layer in which two tetrahedral and one
octahedral sheets are presents and octahedral is sandwiched between tetrahedral sheets
(Figure 1.5).
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Figure 1.4: Octahedral arrangement of atoms in brucite.
The unit layers are stacked together face-to-face to form what is known as the crystal
lattice. The distance between a plane in one layer and the corresponding plane in the
next layer (Figure 1.6) is called either the c-spacing or the basal spacing. The value of
c-spacing is 9.2 Å for the standard three-layer mineral and 7.2 Å for a two-layer
mineral. The crystal extends indefinitely along the z and x axes, to a maximum of about
1 µm. The cations present in unit layer are replaced by a less charged cation (i.e. Al3+
by Mg2+ or Si4+ by Al3+) then a charge deficiency is created which is electrically
balanced by the adsorption of a different cation. For example, when Al3+ ions are
replaced by Mg2+ ions in smectite mineral, it is called montmorillonite in which the
substitution takes place in octahedral sheet. Montmorillonite is major constituent of
Wyoming Bentonite which is widely used in drilling fluids. One of the significant
isomorphous substitution is the replacement of Si4+ by Al3+ in tetrahedral sheet which
results in the origin of beidellite [30]. These cations can be exchanged with other
cations present in water when clay is dispersed in water and therefore these cations are
called exchangeable cations [15]. This phenomenon results in a number of clay types
divided into various groups. Clays are also classified on the basis of the ration of silica
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to alumina such as 1:1, 2:1 or 2:2, as well as according to whether they are layered or
needle-shaped clay minerals.

Figure 1.5: Representation of bonding between octahedral and tetrahedral sheets
by sharing of oxygen atoms.
Some of the clay mineral groups of interest to drilling fluids are briefly discussed
below:
1.6.1. The Smectites
Smectite minerals, a major component of bentonite, are used to impart the viscosity, gel
structure and fluid loss control in the water based drilling fluids. Pyrophyllite and talc
are the prototype minerals for the smectite group. Its inter layer interaction is week due
to the less c-spacing which result in the high repulsion between O-atoms of the adjacent
layers. Consequently, bonding between the layers is weak and cleavage becomes easy.
Water can easily enter the s-spacing which reduces the electrostatic potential on unit
layers and stabilized the electrostatic charges but increases the interlayer distance and
more water molecules enters in the c-spacing gap between layers (Figure 1.6). Overall,
smectites have a high tendency of swelling in presence of water which makes it a highly
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active colloidal clay mineral. This group of minerals includes montmorillonite,
hectorite, saponite, nontronite and a number of other specific minerals.

Figure 1.6: Idealized clay platelet for montmorillonite.
1.6.2. Illites
Illites have the same basic structure as montmorillonites i.e. a three layered clay, but
they do not show much interlayer swelling in presence of water. Diffenece is of
exchange cation which is Al3+ replacing Si4+ instead of Mg2+ replacing Al3+ in
montmorrilonites. However, a deficiency of unit charge is created which is
compensated buy potassium cations. In illite clay, c-spacing is 2.8 Å which allows
hydrated K+ ion (diameter 2.66 Å) to enter between the layers and make a strong bond
between negatively charged tetrahedral sheets to prevent the hydration by water
molecules.
1.6.3. Kaolinite
Kaolinite is a two layer type of clay. It is non-swelling clay due to the unit layers being
held together strongly by hydrogen bonding which prevents water molecules from
penetrating inside the layers. In presence of some impurities they can be slightly
swelling.
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1.6.4. Chlorites
Chlorites have a three layered structure and they do not swell in pure form. However
they can be made to swell slightly when contaminated. They have a octahedral
magnesium hydroxide layer to compensate the charge deficiencies instead of the cations
in case of smectites. Interlayer distance of chlorites is about 14 Å.
1.6.5. Mixed-layer clays
Layers of dissimilar clay minerals are occasionally found stacked in the same crystal
lattice. Interstratified layers of montmorillonite and illite, and of vermiculite and
chlorite, are the most commonly ocuuring combinations. These clays have randomly
sequenced layer stacking, but sometimes the same sequence is repeated regularly.
Typically, mixed-layer clays disperse in water to smaller units more easily than single
mineral lattices, especially when one of clay layer is of the swelling type.
1.6.6. Attapulgite
Attapulgite particles are completely different in structure and shape from the mica-type
minerals discussed so far. They consist of rolls of laths, which separate to discrete laths
when mixed strongly with water. The rheological characteristics of attapulgite
dispersions are dependent on mechanical interference between the long laths, rather
than on electrostatic interparticle forces which makes them an excellent gelling agent in
salt water.
1.7. Clay swelling mechanism
Among the various clay types discussed in previous section, smectites consume the
highest amount of water due to enormous expansion in smectite clay lattice. Crystalline
and osmotic swelling are the two types of known swelling mechanisms [31]. Water is
adsorbed in monomolecular layer form on basal surfaces of clay crystals. If clay is
expanded then the monomolecular layers of water are also adsorbed at the interlayer
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spaces as shown in Figure 1.7. These layers of water molecules are held with hydrogen
bonds by hydrogen atoms in water to the oxygen atoms present in clay unit layer. Both
the monomolecular layers of water in between clay units are also in hexagonal
coordination. Next layer if attached to water monomolecular layer will similarly
coordinate and bond to first water layer and so on with succeeding layers. At the
external surfaces, water layers are attached to each other through hydrogen bonding and
can persist up to a distance of 75-100 Å.

Figure 1.7: Clay swelling on water absorption.
Osmotic Swelling is a result of difference in cation concentration between layers
and in bulk solution. Inside the layers cation concentration is higher than that in bulk
and therefore water (solvent) is drawn into the interlayer spaces and c-spacing increases
due to a decreased electrostatic attraction between the layers. This phenomena is
interesting because there is no semipermeable membrane but the process is essentially
osmotic because the driving force for water transfer is the difference in electrolyte
concentration. Osmotic swelling results in high volumetric expansion of clay as
compared to the crystalline swelling.
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1.8. Drilling fluid properties
Density: Drilling fluid density is very important property as it determines the pressure
exerted by the mud column to the drilled formation which depend on the mud density
and depth of the drilled wellbore. It is also called mud weight and is reported in
conventional units of pounds per gallon (ppg, or lbs/gal). Density of drilling mud can
also be mentioned in terms of pounds per cubic foot (lbs/ft3), grams per cubic
centimeter (g/cc), specific gravity (SG), or pressure gradient (pounds per square inch
per foot, or psi/ft). Higher density fluids exert high pressure on the formation and it
needs to be adjusted to contain formation fluids from entering the wellbore [32]. It is
adjusted with help of high density materials such as barite, iron oxide, calcium
carbonate, dissolved salts, galena etc. that increase the density of drilling fluids.
1.8.1. Rheology
Rheology is concerned with the deformation of different states of matter; however, the
science of rheology has evolved remarkably in the study of flow behavior of
suspensions in the pipes and other conduits. It discusses the relationship between flow
pressure and flow rate, and its effect on these relationships on the flow characteristics of
the fluid. There are two types of flow behaviors known as laminar flow and turbulent
flow. In context of the drilling fluids Newtonian, Bingham Plastic, Power Law and
Power Law with yield stress models describe the rheological properties of drilling fluids
in the laminar flow regime [15]. Rheology of the most drilling muds do not fit to any of
these models perfectly, however, with the help of these models the flow characteristics
can be predicted with sufficient accuracy for practical purposes. Consistency curves
visualize these models which are the curves of shear stress versus shear rate or flow
pressure versus flow rate as shown in Figure 1.8.
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Figure 1.8: Consistency curves for different mathematical fluid flow models [15].
Model equations:
Newtonian model –

τ = µγ

…………...………….. (1)

Power Law model –

τ = Kγn

…………...………….. (2)

Bingham Plastic model –

τ = τo + µγ

…………...………….. (3)

Hershel Bulkley model –

τ = τo + Kγn

…………...………….. (4)

Where τ and γ represent the shear stress and shear rate respectively. K and n are the
model parameters for Power Law model representing consistency index and flow
behavior index respectively. Here τo is an indicator of yield stress and the equivalent of
yield point in Bingham Plastic model.
Newtonian model describes the flow of Newtonian fluids in which shear stress is a
function of shear rate with a linear relationship (Eq. 1). The power law model describes
three flow behaviors (Eq. 2), depending on the value of n:
1. Pseudoplastic, n < 1, the effective viscosity decreases with shear rate.
2. Newtonian, n = 1, the viscosity does not change with shear rate.
3. Dilatant, n > 1, the effective viscosity increases with shear rate.
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Most drilling muds’ flow behavior can be approximated with the help of Bingham
Plastics model (Eq. 3). Consistency curve of Bingham plastic fluids should be linear but
drilling fluids deviate from linearity at low shear rates. However, this model provides
sufficient information that can be used for industrial application purposes. In case of
Bingham plastic model, the rheology parameters of a drilling mud can be calculated
using a two speed viscometer concentric cylinder assembly where drilling fluid is
exposed to a shear rate and corresponding stress is measure by the deflection of the dial.
These viscometers are also called direct indicating viscometers and various models
available in market are based on the design given by Savins and Rooper [33]. A
simplified and quick measurement of rheological parameters of mud was recognized by
the industry profession which resulted in brainstorming of the ideas for the evaluation
of shear rate vs shear stress data with simplest way possible. Savins and Rooper
suggested to use a cup and cylinder arrangement for designing a viscometer while using
Reiner – Riwlin equation for relating rotor speed with shear stress [15].

Further

simplification in the complex shear rate vs shear stress equations for the viscometer was
achieved using suitable instrument specifications such as bob and cylinder radii (for
annular width to be 1 mm), spring constant (387 dyne), two points of measurement
(taken to be 300 and 600 rpm). These specifications resulted in two point direct
indicating viscometer giving plastic viscosity in centipoise and yield point almost
exactly in lb/100ft2. Simplified equations developed for the calculation of apparent
viscosity, plastic viscosity, yield point and gel strengths by direct indicating
viscometers are given below:
Apparent Viscosity (AV) = Φ600/2, cP

………………. (5)

Plastic Viscosity (PV) = Φ600 - Φ300, cP

………………. (6)

Yield Point (YP) = Φ300 – PV, lb/100ft2

…....…………. (7)
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Where,
Φ600: Dial reading at 600 rpm
Φ300: Dial reading at 300 rpm
Gel Strength (GS) is determined by the maximum dial reading at 3 rpm after the mud
has been at rest for 10 s (initial gel strength) and 10 min (final gel strength). The unit of
gel strengths thus obtained is lb/100ft2. These equations based on Bingham plastic
model provide a quick measurement of the mud rheology which is satisfactory for
industrial operations. These equations for mud rheology have been in use in the industry
for many decades for a number of reasons such as simple calculations to obtain various
mud parameters and robust instrument design for use at rig site environment.
Hershel Bulkley model is the combination of Power Law model and Bingham Plastic
model and can also be termed as Power Law with yield stress model. This provides the
best possible approximation of drilling fluid flow behavior but the Bingham Plastic
model remains the widely used rheology model in industrial practices. Therefore,
rheology parameters AV, PV, YP and gel strengths are very important for performance
of drilling muds.
1.8.2. Filtration loss
Drilling through a formation results in exposure to the formation fluids buried at a high
lithological pressure which increases with the depth. These formation fluids will enter
the borehole if external pressure at the walls of wellbore is not exerted to contain them.
This is achieved by adjusting the density of drilling fluids to exert a higher pressure at
the drilled well surface which prevents the flow of formation fluids into wellbore. The
higher pressure inside the wellbore due to the mud column results in the pressure
gradient towards the formation and continuous phase in mud (oil or water) tends to
infiltrate from inside the well into formation. The rate of filtration into formation is
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initially slow which decreases with time due to the deposition of mud solids at
formation surface. These mud solids form a thin mud cake (also called filter cake)
which has low permeability than the formation and thus a reduction in filtration rate is
observed with cake formation [34]. Various additives in drilling fluids help in reducing
the permeability of filter cake to minimum possible which minimized the fluid loss.
Filtration loss is undesirable due to a number of reasons. First of all, higher fluid losses
significantly change the mud composition which affects the rheological properties and
mud performance is affected. High filtration volumes are accompanied by the huge
amount of solids deposition at the wellbore surface resulting in thick filter cake. It
reduces the effective diameter of wellbore and causes drilling related problems such as
excessive torque when drill pipe is rotating, excessive drag when pulling the drill string,
and high swab and surge pressures [35]. Thick filter cakes also cause the drill pipe to
stick at the wall due to differential sticking, this condition is also called stuck pipe and
it may result in expensive fishing job for continuation of drilling the wellbore. Another
reason to minimize the fluid loss is the water going into formation which can be
catastrophic in case of highly reactive formations due to wellbore damage and
formation collapse [36].
There are two types of filtration involved in drilling. One is static filtration
which takes place when mud is not being circulated and other is dynamic filtration
which happens when mud is circulating in wellbore. Dynamic filtration takes place
most of the time because drilling a wellbore is continuous process and it is stopped for
short durations when extremely necessary such in case of changing drill bit, adding drill
pipes to the drill string etc. during which the static filtration takes place. Filter cake
formation in dynamic filtration is hindered by the erosive action of drill fluid stream
whereas the filter formation is undisturbed in static filtration. As per the API
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Recommended Practice 13B-1, filtration properties of mud are examined and controlled
by static filtration test which is termed as API filter loss test. In this work, we have also
characterized the filtration characteristics of water based mud by API filter loss tests at
static conditions.
1.8.3. Shale instability
Drilling through a shale formation with water based drilling fluids is most challenging
task. Water based mud interacts with shale formation and causes wellbore instability.
This phenomenon is related to the infiltrated water with clay minerals present in the
shale formations. As discussed in previous sections water is infiltrated into the
formation being drilling due to the difference in mud column pressure and formation
pore pressure. Clay present in shale adsorbs this water lost by mud and causes increase
in c-spacing of clay unit layers. However in some cases water may come out of shale
formations into the wellbore osmotic mechanism depending on the water activity in the
shale relative to that in the mud. Water adsorption in shale causes swelling while
desorption results in compaction. Adsorption causes the shale formation to yield if the
resulting swelling pressure exceeds yield stress of mud formation which results in
caving and hole enlargement. Desorption which happens when salt concentration in
mud is very high, causes the compaction of shale due to water coming out of interlayer
spaces and results in the cracks in shale formation. These crack then withdraw large
amount of water into wellbore and may also cause mud loss into formation. Mud
entering the formation cracks equalizes the pressure in the cracks with that in the hole
and results in caving and hole enlargement. If the drilling fluid contain a lost circulation
additive which is able to plug these cracks then rate of pressure equalization is greatly
reduced and caving is greatly reduced [15,37]. To minimize the risk of borehole
instability there are two important things to be considered. One is the choice of type of
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drilling mud for maintaining borehole instability and other is to minimize the borehole
hydration if water based mud is to be used. Selection of the drilling fluid is influenced
by the wellbore characteristics such as the salinity and clay minerals present in shale
formation. Clay minerals reflect swelling tendency of shale formation while drilling
with water based mud. Cuttings dispersion tests give an idea of what additives should
be added into mud for minimizing the shale cutting dispersion while hot rolling the mud
sample with a weighted amount of shale cuttings. Various rigsite tests that are helpful
for determining the performance of a water based mud for troublesome shale formation
are namely, swelling, dispersion, cation exchange capacity, hydration capacity,
hydrometer and capillary suction time. Among these the first two tests are by far the
most commonly used tests for shale inhibitive performance of mud therefore these two
along with capillary suction time have been used in the experimental investigation of
this thesis. Inhibitive muds showing excellent performance in shale disintegration tests
may not necessarily perform well for shale swelling [38]. Therefore shale swelling tests
are key to evaluate the performance of inhibitive muds for mitigating shale instability
problems.
According to the International Energy Agency’s World Energy Outlook 2018
the total primary energy demand of the world is projected to increase by 25% by 2040.
While it will decrease in European countries and remain unchanged in US, it is to be
increased significantly in developing countries such as India and China. Oil demand
growth for oil in India and Middle East will be high but China will import bulk of the
oil by the year 2040 [5]. Into mid-2020s, United States’ shale output will be stagnant
and further growth in demand will be fulfilled by conventional oil and gas production in
the Middle East and unconventional production from a diverse range of countries.
Drilling technologies will be at the center of fulfilling the global oil demands in future
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in order to achieve the economical production from the unconventional and
conventional resources of petroleum. Therefore, it is important to rectify the existing
flaws in drilling techniques and improve the drilling performance as much as possible
because the selection of a suitable drilling fluid and maintenance of its properties are
key factors in deciding the overall success of a drilling program. Drilling scientists
around the globe are continuously working on various aspects of drilling technology
amongst which drilling fluid remains a key concern [39–41]. Suitable drilling fluid
formulation and maintenance of its properties can save millions of Dollars for a given
project [42–44].
1.9. Research Objectives
In this work, we have investigated the role of in-house synthesized polymeric additives and
commercially available nanoparticles in reducing shale instability and filtration loss of
water based drilling fluids. Impact of these novel additives on rheological properties of the
mud has also been studied. The hypothesis is that the addition of amine functionality based
polymeric additives in WBM is capable of reducing the clay water interaction which is the
prime cause of instability related issues while drilling a shale formation. Dispersed NPs in
drilling fluids are able to choke pores of the drilled formation as a result of a reasonable
balance between particle dispersion and deposition onto micro and nanopores of the
formation being drilled. The polymeric additives which have been synthesized in laboratory
have been duly characterized. A large number of WBM formulations have been designed
and characterized to find out the impact of these additives. Accordingly, the r esearch

objectives are mentioned below:
1. Synthesis of water soluble polymeric additives for drilling fluid.
2. Performance evaluation of these additives as shale stabilizers and fluid loss reducer.
3. Design of water based drilling fluid for HPHT conditions using novel additives.
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4. Application of nanoparticles in water based drilling fluids to minimize filtration
loss.
5. Designing a highly water inhibitive mud for shale instability problem using cost
effective novel additive.
1.10. Thesis Organization
This thesis is organized into nine chapters. Chapter 1 presents a brief scope and
significance of the research. General overview of the energy, petroleum and its
importance, and drilling processes has been discussed. Introduction of drilling fluids, its
functions, classification and properties have been discussed along with research
objectives and thesis organization.
Chapter 2 presents an extensive literature review on drilling fluids. Previous
experimental studies have been discussed where various mud additives are used in
water based drilling fluids for fluid loss reduction and shale stabilization. The effect of
these additives on rheological parameters of mud has also been reviewed. The review is
focused on the polymeric, nanomaterial and ionic liquid additives for drilling fluids.
In Chapter 3, experimental methods used for the design and characterization of drilling
fluid formulations have been reported. The equipment used in mud testing in laboratory
have been mentioned in brief along with the testing procedures used.
In Chapter 4, the activity of neutral to charged amine polymers towards shale
stabilization has been compared. Low molecular weight polymer possessing charged
moieties provided superior water inhibitive capacity compared to that of the neutral
amine functionality based polymer. The polymer with cationic functionality exhibited
higher shale recovery, lesser shale swelling and lower capillary suction time compared
to that of the neutral amine based mud system. Shale recovery in shale disintegration
test improved for cationic polymer containing mud system. The overall rheological
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properties of drilling fluids also improved in presence of charged amine polymer before
and after hot rolling. The decrease in API fluid loss after hot rolling of drilling fluid at
100 °C for 16 hours was observed for both polymer based system as compared to a
reference mud sample. Study suggested that these homopolymers can be used as a
potential shale stabilizer for water based drilling fluids.
Chapter 5 is the experimental investigation to study the effect of quaternary and
tertiary amine functionality containing copolymers in water based drilling fluids.
Rheological, filtration and shale inhibition experiments have been performed to assess
and compare their performance as high performance shale inhibitor in mud. When these
copolymeric additives were added in similar weight proportions in drilling fluids, the
copolymer possessing 60:40 (mol:mol) ratio of tertiary to quaternary amine moieties
(PTA-ran-PQA-64) enhanced the apparent (≥58%) and plastic (≥71%) viscosities of
silicate drilling fluid to maximum extent. The amount of API filtrate reduced with
increasing concentration of both the copolymers and filtrate loss in case of the mud
containing polyelectrolyte PTA-ran-PQA-64 was lower compared to the other two
polyelectrolytes. Hot rolling shale dispersion test showed that the shale recovery
improved from 91 to 97% on inclusion of minimum amounts (0.25 wt%) of these
polyelectrolytes in the drilling fluid. The Linear Swell Meter (LSM) data demonstrated,
the swelling in shale pallet is 11% in absence of polyelectrolytes and gets reduced to
4.3% in presence of PTA-ran-PQA-64. The above studies revealed that, these
copolymers are viable candidates as drilling fluid additives to possibly enhance the
wellbore stability.
Chapter 6 is based on the study of a sulfonic functionality copolymer, poly(4styrenesulfonic acid-co-maleic acid) sodium salt (PSSM), as an additive in water based
mud and the effect of nanoparticles on PSSM containing mud. This work focusses on
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mitigating thermal instability problems and studying the rheological and filtration
behavior of mud formulations in presence of PSSM and nanoparticles. The polymer
was characterized using the thermogravimetric technique. The optimum concentration
of PSSM as a fluid loss reducing material was found to be 1.0 w/v%. The addition of
CuO and ZnO nanoparticles exhibited substantial improvements in the rheological and
filtration parameters of mud in presence of PSSM. High temperature ageing of the
developed mud samples illustrated the improved thermal stability of the drilling fluid in
the presence of PSSM which further improved due to the addition of nanoparticles.
Further, the effect of CuO and ZnO nanoparticles in presence of PSSM as a fluid loss
control agent for high pressure-high temperature (HPHT) conditions was investigated.
Filter cake formed by API filtration tests were analysed by field emission scanning
electron microscope (FESEM). Effect of CuO was more pronounced as compared to
ZnO nanoparticles on fluid loss. FESEM images of filter cakes suggested that there
were complex structures of polymer chains covering the pores of filter cake, and the
network was further blocked by the nanoparticle clusters, therefore inhibiting the
passage of fluid through it.
In Chapter 7, effect of TiO2 nanoparticles on the thermal stability of drilling
fluid properties is evaluated using two different mud systems based on polyanionic
cellulose (PAC) and hydroxyethyl cellulose (HEC). Drilling fluids were subjected to
high temperature rolling conditions at 110 °C and 30 rpm for 16 hours in order to
simulate the wellbore environment using a roller oven. It was found that nanoparticles
imparted resistance to thermal degradation in rheological and filtration characteristics of
drilling fluid formulations. Filter cakes were studied using scanning electron
microscopy and showed nanoparticles scattered over the surface of filter cakes which
were filling the micro and nano sized gaps in the porous structure of mud cake and
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reducing the filtration rate. This study shows that using TiO2 nanoparticles along with a
conventional fluid loss reducer additive not only enhances the efficacy of that additive
but also improves the thermal stability and rheological properties of mud systems.
In Chapter 8, the application of laboratory synthesized deep eutectic solvents
(DESs) as additives in water based drilling fluids for shale stabilization has been
discussed. The DESs formulated in laboratory contain different combinations of
hydrogen bond donors (glycol and amine based) and acceptors (phosphonium and
ammonium based). Initial screening showed that the phosphonium based DESs reduced
the rheological parameters and increased fluid loss of mud which is undesirable for
efficient drilling. Ammonium based DESs were found to be very effective in improving
these characteristics and therefore further investigations were focused on the two DESs
which had ammonium based hydrogen bond acceptors (DES-A, containing amine based
donor and DES-B, having glycol based donor). Rheological properties increased with
the increase in concentration of each of the two DESs and simultaneously it also
reduced the filtration loss. It was also found that these DESs were found to be effective
in inhibiting the interaction of infiltrated water (fluid loss) with the clay minerals
present in shale samples. Shale inhibition characteristics were confirmed by capillary
suction timer tests and linear swelling tests of shale in presence of mud formulations
containing DESs. Linear swell meter results were also compared with the performance
of similar mud formulations containing different shale inhibitors such as KCl, a
commercial ionic liquid and base mud without any shale inhibitor. DES-A and DES-B,
apart from improving the rheology and filtration loss of mud, provided strong shale
inhibition characteristics in water based muds and therefore they are potential additives
for water based muds for shale formations.
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Finally, the overall research conclusion is provided in Chapter 9 with the
recommendations for extending the present work in future.
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2. Chapter 2: Literature Review
This chapter reviews the previous experimental studies related to the design and
application of water based drilling fluids. The literature review is focused on the
application of various polymeric or/and nanomaterial additives for the improvement or
control of mud rheology, filtration loss and shale inhibition characteristics. This chapter
has been categorized into four sections including the introduction. In remaining three
sections, different type of additives namely polymers, nanomaterials and ionic liquids
have been reviewed based on the available literature and in context to the experimental
work performed for this thesis.
2.1. Introduction
The successful completion of an oil well depends extensively on the drilling fluid
properties. The cost of the drilling mud itself is lower in comparison to the overall cost
of drilling a well, but the choice of the right fluid and maintenance of its properties
while drilling greatly impact the total well costs. For example, the number of rig days
required to drill to total depth depends on the rate of penetration of the bit and
avoidance of delays caused by drilling problems such as caving shales, stuck drill pipe,
loss of circulation, etc. to name a few. All of these are affected by the properties of the
drilling mud. In some cases these excess costs can run into the millions of dollars. In
addition, the drilling fluid affects formation evaluation and the subsequent productivity
of the well. Therefore, drilling fluids must have optimum properties to ensure the
drilling of wellbore at minimum costs. Rheological parameters are equally important
factors along with shale instability related mud characteristics. Water based drilling
fluids mostly contain bentonite to achieve good rheological behavior such as high
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viscosity and shear thinning behavior. Bentonite which is a mixture of clay with
predominance of Montmorillonite clay which is a type of smectite clay mineral
consisting of allumino-silicates stacked together in the ration of 2:1 [35]. It disperses in
water readily and provide good suspending ability to carry high density drill cuttings
when circulated in a well. Montmorillonite clay begin degrading at temperatures more
than 120 °C and therefore a reduction in cutting carrying capacity and increase in
filtration loss is observed. Usually various other additives are added along with
montmorillonite into drilling fluid formulations which affect in a combination to
provide necessary rheological, filtration and shale inhibition properties in water based
muds. It has been already discussed how filtration loss reduction is helpful in
minimizing the shale instability problem. Therefore shale stabilizers and fluid loss
reducers both serve a common purpose of reducing the risk of formation damage while
drilling with water based drilling fluids.
One of the most important aspect of studying drilling fluids is to examine the
effect of any additive on the rheological properties of mud. Whenever an additive is
mixed into a mud formulation, it is obvious that there might be some changes in the
rheological parameters of mud depending on the type and quantity of that additive. But
the techniques and quantitative effects are the reason to study the impact of these
additives on mud rheology, fluid loss and shale inhibition. In almost all the studies
where a new additive is proposed for mud, its effect on rheology is also investigated for
ensuring the impact on the performance of mud in presence of that additive. Suspension
properties of mud are dependent on its rheological profile and it is an essential
characteristic that comes into play to avoid settling of the solids during tripping. An
insufficient suspension will adversely affect the cutting carrying capacity and hole
cleaning ability of muds [45].
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2.2. Polymer Additives
Polymers are reforming almost every industry with the flexibility of altering polymeric
chemical structures that helps in obtaining polymers and their composites with required
physiochemical properties. Polymers are being extensively used in various facets of
petroleum engineering chiefly in drilling and enhanced oil recovery. Water based
drilling fluids have a variety of polymeric additives to choose from for the modification
of its key properties such as rheology, filtration loss, shale stabilization, lubricity,
corrosion inhibition and lost circulation material. A number of naturally occurring, semi
synthetic and synthetic polymers have been in use in drilling fluids since last four
decades. This section discusses these polymers which has been proposed for use in mud
or commercially being used in mud systems for improving filtration and shale inhibition
characteristics.
2.2.1. Filtration control additives
David C. Thomas studied thermal stability of starch and carboxymethyl cellulose based
polymers in water based drilling fluids. He reported the effect of temperature and
exposure time on polymer degradation and additional polymer requirement. It was
recommended that starch based polymers should be used at a temperature above 107 °C
and CMC based polymers should not be used above 149 °C routinely. Otherwise the
daily polymer makeup costs will become excessive. At a pH below 9.5 polyanionic
cellulose (modified CMC) has a better fluid loss performance than normal CMC. After
performing a large number of experiments at various temperatures and exposure times,
it was found that polyanionic cellulose has a more than 30% less fluid loss than CMC
polymer at all experimental conditions [46]. Mahto and Sharma reported that a
combination of tamarind gum, polyanionic cellulose and bentonite clay optimum fluid
loss and good rheological parameters at very low concentrations. Additionally, its effect
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on formation damage is less than guar gum based muds [47]. In another investigation
by Sharma and Mahto, PAC containing water based drilling fluid was modified using
tamarind gum and tragacanth gum. They found that the combination of tamarind gum,
bentonite and PAC resulted in favorable rheology and filtration characteristics at low
concentrations. However, these mud formulations (based on tamarind and tragacanth
gums) have limited stability against temperature and can withstand up to 75 °C, they
have less effect on formation damage in comparison to regular mud systems [48].
Shettigar et al. studied the effect of a surfactant (CTAB) on pre-gelatinized starch
(PGS) and found that the presence of a cationic surfactant helped in further reducing the
fluid loss of polymeric inhibitive mud containing potassium salts [49]. Sepehri et al.
synthesized a couple of copolymers (a terpolymer of acrylamide/ 2-acrylamido-2methyl propane sulfonic acid/ N-vinyl caprolactam and a tetrapolymer of acrylamide/ 2acrylamido-2-methyl propane sulfonic acid/ 3-allyl Oxy-2-hydroxy-1- propane sulfonic
acid/ acrylic acid) by solution polymerization and their application in water based mud
for HPHT application was studied. They found that increasing AMPS concentration in
copolymers results in an increased fluid loss but higher concentration of AMPS helps in
solution properties of synthesized copolymer therefore an optimum value should be
chosen to design the copolymer for drilling fluids. They also found that at higher
concentration of salts, fluid loss increases but the percentage increase is smaller than the
other regularly used additives, giving the tetrapolymer an advantage in terms of salt
tolerance [17]. Davoodi et al. synthesized novel acrylamide copolymer with a highly
hydrophobic monomer for the fluid loss reduction in water WBM. They chose
acrylamide and styrene as the monomers where styrene is hydrophobic in nature. This
copolymer was found to improve rheological and filtration characteristics. LPLT and
HPHT fluid loss was reduced and a thin less permeable cake was formed [45]. Mahto et
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al. used a combination of polyanionic cellulose and pregelatinized starch coupled with
bridging agents in the form of CaCO3 and fly ash in a water based drilling fluid. They
found that the presence of bridging agents helped in further reducing the filtration loss
by reducing the permeability [50]. Calcium contamination is common problem which
deteriorates the rheological and filtration properties of drilling fluids. Ca2+ ion causes
montmorillonite platelets to coagulate which results in reduced rheology and ultimately
high volumes of filtration loss. This will produce a loose and thick filter cake and this
issue should be addressed with higher efficiencies. Liu et al. demonstrated two different
copolymers as anti-calcium contamination fluid loss additives; one being an amphoteric
copolymer 2- acrylamide-2-methylpropanesulfonic acid (AMPS), acrylamide (AM),
and diallyl dimethylammonium chloride (DMDAAC) and the another one being an
anionic copolymer synthesized by AMPS and AM. These polymers are high
performance fluid loss reducers and can resist up to 11.1% CaCl2 contamination and
150 °C ageing. The amphoteric copolymer has an strong interaction with bentonite
negative layer and forms a star-net structure which help in maintaining rheological and
filtration properties of water based muds in presence of high concentrations of Ca2+ ions
[51]. Cao et al. developed a novel anti-calcium contamination polymeric fluid-loss
additive (PAAV) for water based drilling fluids which was prepared by
copolymerization of acrylamide (AM), 2- acrylamide-2-methylpropanesulfonic acid
(AMPS), and 4- vinylpyridine (VP). In this polymer, AM and VP units act as
adsorption groups and AMPS units act as an anti-calcium hydration group. PAAV was
found to be able to resist up to 20% CaCl2 at 150 °C. It was also reported that in
comparison to PAA, PAAV exhibits strong interaction with montmorillonite platelets
and also provide better thermal stability [52]. Kelessidis et al. studied the optimization
of mud characteristics using PHPA polymer by using polymer concentrations in the
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range of 0.05 to 0.7 % in three different bentonite concentrations (3%, 4% and 5%).
They found that the optimum value of PHPA to be 0.2% after which there was no
significant reduction in fluid loss and the values of fluid loss obtained were already less
than 5 mL which needed no further reduction at the expense of higher polymer
concentrations. Filter cake images taken by scanning electron microscope showed
arachnoid like structure of PHPA covering bentonite clusters [53]. Kadaster et al. also
investigated the field application of PHPA muds by making some significant changes in
generally recommended compositions. They monitored the make quantities of PHPA
and other key additives on daily basis. The targeted value of 15 mL/30 min for HPHT
fluid loss at 150 °C was to be achieved with PHPA polymer in water based drilling
fluid. They recommended that prehydrated bentonite with 2.3 to 3.4 w/v% to achieve
the base viscosity as the foundation of fluid loss control. Inhibitive quality of the mud
can be enhanced with 4 to 8 lbm/bbl (1.1 to 2.3 w/v%) of gilsonite to seal shale
microfractures in presence of a coupling agent. They showed that 1.0 lbm/bbl (2.9
w/v%) PHPA should be maintained in mud systems by adding make-up quantities as
per the need. To minimize HPHT fluid loss at higher temperatures (150 °C), HPHT
fluid loss control additives must be added to the system to complement the effect of
PHPA [54].
2.2.2. Shale inhibitors
A number of experimental studies have shown that the use of polyacrylamide in water
based drilling fluids efficiently reduces the shale instability problems [54–58]. Clark et
al. demonstrated through laboratory and field studies that polyacrylamide and
potassium chloride containing water based mud is capable to protect water sensitive
shale formations and reduce shale instability problems. Partially hydrolyzed
polyacrylamide (PHPA) is particularly effective at low concentrations for mitigating
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shale instability in wellbore. These additives can also improve the viscosity to provide
improved borehole cleaning capacity [55]. Reid and Minton developed a series of
inhibitive muds based on PHPA/KCl system. Through laboratory tests and field
applications, they showed that addition of cationic starch in PHPA/KCl mud system
significantly improved the inhibition capacity of PHPA/KCl system. This starch
reduced fluid loss as well improved the shale stabilization. They also found out that
addition of polyglycerol in PHPA/KCl mud improved shale inhibition and further
investigation showed that replacing KCl with potassium phosphate can improve the
performance of previous mud system [56]. Jain et al. synthesized graft copolymers
using different ratios of CMC and acrylamide. This improved the thermal stability of
CMC polymer and it also improved the rheological and filtration characteristics of mud
[57]. Bland et al. studied efficiency of polyglycols which can stabilize shale by in-situ
phase segregation in the shale pore spaces. However, these polyglycols should be 5002000 g/mol of average molecular weight to efficiently invade the pores in shale
formation [59]. Avilés-Alcántara et al. developed Acrylic acid homopolymer and
copolymers of acrylic acid and dialildimethylammoniumchloride (DADMAC) for the
shale inhibition and rheology modification. It was found that these polymeric additives
improved the performance of drilling fluids [60]. Polyamines in the form of SDJA-1 has
been used as shale inhibitor by Hanyi et al., which mainly comprises of polyether
diamine with low molecular weight. SDJA-1 is multi-functional, hydrophilic, complex,
and slightly cationic polymer. It showed excellent shale recovery in shale disintegration
test at 3% concentration. It also outperformed all the inhibitive mud system in shale
swelling and approached the performance of oil based mud system. Therefore, partially
cationic polyether amine based polymer mud system can be used as a high performance
drilling fluid for chemical stabilization in to both swelling and dispersive shale
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formations [61]. Aston and Elliot demonstrated that polyethylene glycol with a
molecular weight under 1000 is very effective shale inhibitor and the inhibition
mechanism contrasts with other additives such PHPA. It can displace water from the
clay interlayer spaces but does not cause the shrinking of shale despite of water
desorption. Shale dispersion tests showed very high shale recovery suggesting excellent
shale inhibition by glycol muds [62]. The thermal stability of polymeric additives is a
concern for the application in high temperature conditions. Galindo et al. showed that
improvements have been realized with acrylamides by incorporation of thermally stable
monomers, such as 2-acrylamido-2-methyl propane sulfonic acid (AMPS) or N-vinyl
pyrrolidinone. The thermal stability of the clay-free HPHT mud system exceeded that
of conventional high performance muds by using the novel high temperature polymer,
which provided exceptional viscosity, fluid loss control, and suspension properties, both
before and after hot rolling at temperatures up to 425°F [20].
2.2.3. Effect on Rheology
Polymers are known to be very good rheology modifiers when mixed in water therefore
almost all the polymeric shale inhibitors and fluid loss reducers alter the mud rheology
by some extent. A number of polymeric additives such as polyanionic cellulose,
xanthan gum, carboxymethyl cellulose, Acrylamide-Styrene copolymer, Partially
Hydrolyzed Polyacrylamide, Polyethylene Glycol, hydroxyethyl cellulose have been
reported to be work as rheology modifying additives in WBM [45,63–68]. Among these
additives xanthan is an excellent rheology modifier which also reduces filtration loss to
some extent. The addition of xanthan gum results in a shear-thinning and thixotropic
behavior of the mud that reduces the filtration loss and facilitates the cleaning of the
well and the suspension and provides sufficient gel strength to hold cutting during
tripping [64,69].
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Although polyacrylamides and polyacrylates have found widespread use as
viscosifiers and filtration control agents, their tendency to undergo side-chain
hydrolysis and radical cracking, and their potential for precipitation have limited their
thermal stability. Thus we need to use a high temperature polymers in place of PHPA
for rheology and fluid loss improvements in high temperature conditions [20].
Drzycimska et al. reported that modification of cationic acrylamide copolymer with
sodium montmorillonite slightly increases the intrinsic viscosity values, which relates to
the improvement of the flocculation effectiveness [70]. Liu et al. demonstrated
acrylamide polymers as anti-calcium contamination fluid-loss additives in WBMs,
including an amphoteric polymer (ADD) synthesized by 2- acrylamide-2methylpropanesulfonic

acid

(AMPS),

acrylamide

(AM),

and

diallyl

dimethylammonium chloride (DMDAAC) and an anionic polymer (AD) synthesized by
AMPS and AM. These polymers also enhanced the AV, PV and YP of drilling mud
with increase in the respective concentration in WBM [51]. For a 4% bentonite system,
the increase of AV, PV, and YP was detected owing to the delamination of
montmorillonite particles was promoted by the elevating temperature, resulting in a
higher surface area and thereby more viscosities. However, calcium contaminated
drilling mud showed better rheological properties in presence of PAAV (a terpolymer
of AM, 4-vinylpyridine (VP) and AMPS) than those in presence of PAA (a copolymer
of AM and AMPS) [52].
2.3. Nanomaterial Additives
Nanoparticles are extremely small sized materials (typical size range of 1-100 nm) with
huge specific surface area that result in enhanced interaction between nanomaterial and
other chemical species present in their surroundings. Nanotechnology is shaping the
future of technological advancements and almost every industry has started taking
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advantages of nanotechnology in a direct or indirect way. Oil and gas industry is has
also found many applications of various nanomaterials and drilling fluid technology is
not the one which is spared by the touch of nanotechnology. Various nanoparticles,
nanoplatelets (nanosheets), nanofibers and nanocrystals etc. have been used in drilling
fluids to enhance the performance of mud. In following sections, the nanomaterials
which influence fluid loss and/or shale inhibition are discussed in brief.
2.3.1. Nanomaterial filtration control additives
Kosynkin et al. performed laboratory experiments to show the applicability of
graphene oxide as an effective fluid loss reducer for water based drilling fluids. Salt
tolerance of the aqueous solution of graphene oxide can be enhanced by methylation
that will result in field application of graphene oxide where only sea water is available
for WBM. They also reported that the powdered graphene oxide when reinforced with
large flakes of graphene oxide, showed enhanced reduction in fluid loss. This additive
produced a thin filter cake due to the nanometer scale thickness of graphene oxide
flakes [71]. Perween et al. showed that using bimetallic oxide (ZnTiO3) nanoparticle as
water based drilling fluid additive can help in reducing filtrate loss as well as enhance
the thermal stability of mud formulation during the mud circulation in an oil well [72].
In her further work, BiFeO3 nanoparticles having ferroelectricity in their tiny clusters
showed improved rheology and reduced static fluid loss at LPLT conditions. Bismuth
ferrite nanoparticles interacted strongly with montmorillonite platelets and improved
the mud characteristics including the thermal stability [73]. Impact of ZnO and CuO
nanoparticles on water based drilling fluids have been studied several researchers [74–
76]. Beg et al. studied the effect of these nanoparticles (average particle size of CuO
and ZnO was 40 and 30 nm respectively) on the effectiveness of poly(4-styrenesulfonic
acid-co-maleic acid) sodium salt as a fluid loss reducer. They found that the presence of
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these nanoparticles in drilling fluid imparted the resistance towards thermal degradation
(hot rolling experiments) as well as reduced fluid losses (both LPLT and HPHT). CuO
was found to be little more effective than ZnO nanoparticle. Dejtaradon et al. also
studied the effect of these nanoparticles on fluid loss and rheological characteristics of
water based mud. They used an average particle size of 50 nm for both the
nanoparticles along with a primary filtration loss reducer in the form of polyanionic
cellulose. They also found that CuO nanoparticles to be more effective than the ZnO
nanoparticles as evident by the reduction in HPHT (100 °C, 500 psi) fluid loss by the
addition of 0.8 wt% to the base mud being 18.6% and 30.2% for ZnO and CuO
respectively. William et al. studied the effect of these nanoparticles on high pressure
rheology, thermal and electrical properties of water based drilling fluids and found that
the electrical and thermal properties improved by 35% by addition of 1.0 v/v% of
nanofluids prepared by these nanoparticles. They also reported that CuO nanoparticles
based drilling fluid showed improved thermal characteristics and more resistance to
HPHT conditions. Cellulose, being one of the most abundant and useful for WBM
material on earth, has attracted a lot of researchers to work out innovative techniques
for improvement in filtration loss. In this sequence, Li et al. used cellulose nanoparticles
in two different forms namely microfibrillated cellulose (MFC) and cellulose
nanocrystals (CNCs). CNC were extracted from MFC by using 64% sulfuric acid
hydrolysis. These additives are reported to be clean, cheap, renewable, recyclable,
biodegradable, and environmentally friendly additives for FL reduction in WBM. CNCs
interacted strongly with bentonite layers and formed a strong core-shell structure which
was not seen in case of MFC based mud formulation. At low pH the presence of more
positively charges sites at the edge of bentonite layers resulted in stiffer and denser
core-shell network which is thermally more stable and the mud based on CNCs suitable
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for HPHT applications as well. CNC based mud produced thin filter cake and reduced
the filtration loss significantly which was not the case with MFC [77]. Ramasamy and
Amanullah have documented a review article on nanocellulose where he discussed
various methods for preparation of nanocellulose, and classification and application in
drilling fluids [22].
Li et al. synthesized surface chemistry altered cellulose nanocrystals for rheology and
filtration improvement in water based muds. Commercially available carboxylated CNC
(cCNC) was procured and it was chemically modified into cationic CNC (caCNC). In a
comparison with caCNC-Bentonite mud, cCNC-Bentonite mud showed superior
rheological properties and a better LTLP filtration performance. The differences in the
behavior of these two developed muds were attributed to the formation of distinctive
dispersion states of bentonite platelets (e.g., exfoliation and aggregation) resulting from
the different surface interactions between CNCs and bentonite platelets. At HTHP
conditions, cCNCs exhibited a limited effect to improve the filtration performance of
WBM. However, the incorporation of PAC effectively decreased the filtrate loss but
this system was highly temperature dependent and the need for further surface
modification of CNCs is observed [78]. Song et al. studied the performance of low solid
bentonite fluids modified by cellulose nanoparticles (CNP, which comprised of both
CNC and CNF). The addition of CNPs resulted in improved rheological parameters
which were higher in case of CNFs. Filtrate volume of fluids increased with CNP
concentration and no significant change was found between the values of fluid losses of
CNF and CNC containing formulations. However, CNC containing fluids produced ilter
cake with lower permeability and thickness [79]. Al-Zubaidi et al. studied the effect of
nano bentonite and its comparison with local and commercial clays. TiO2 (APS 10-30
nm) and MgO (APS 20 nm) were also used to improve the properties of local clay
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based drilling fluids. Iraqi (local) clay lacked sufficient montmorillonite and not
suitable for drilling muds. Even the mixers of Iraqi clay with commercial and nano clay
are not suitable to improve the rheological and filtration properties of mud. The use of
NCB improved the rheological characteristics that are comparable with the results
obtained using graphene and TiO2 and also resulted in same filtration behavior of mud
containing NCB as that of graphene additive. This indicates that NCB can be an
alternative of these nanomaterial additives. It is also reported that MgO based drilling
formulations show the best mud properties among the studied nanoparticles [80].
Magnesium aluminum silicate (MAS) nanoparticles with an average particle size of ~50
nm was used to prepare WBM and the results were compared with the sodium bentonite
based mud formulations by Wang et al. API filtration loss of MAS NP based muds at
lower concentration (2% and 3%) was found to be lower than that of higher
concentration (4% and 6%) sodium bentonite formulations [81]. Barry et al.
investigated the nanoparticles and intercalated clay hybrid bentonite muds for fluid loss
and rheological properties. Low solid content bentonite with and without iron oxide
(Fe2O3) and two intercalated clay hybrids of iron oxide and alumina-silica (Al2O3-SiO2)
nanoparticles which are termed as ICH and ASCH respectively. ICH based mud
formulation exhibited low fluid loss at LPLT and HPHT conditions as compared to the
bentonite based muds. ICH based formulations showed cross-linked and coagulated
platelet network which was less prone to degradation under severe pressure and
temperatures. ASCH based mud formulations were performed well in reducing filtrate
losses due to the reduced permeability which is attributed to the strong electrostatic
repulsion between ASCH and clay platelets resulting in good dispersion. The
incorporation of 3 to 30 nm iron oxide nanoparticles in 5% bentonite mud resulted in
increased filtrate loss at LPLT conditions due to the promoted heterocoagulation of clay
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platelets resulting in a permeable filter cake. Contrary to that, fluid loss was reduced at
HPHT conditions due to the replacement of Na+ ions with iron oxide nanoparticles
resulting in the deflocculation of the clay system and thus producing a less permeable
mud cake [35]. Parizad et al. investigated the effect of SiO2 nanoparticles and KCl salt
on filtration and rheological characteristics of polymeric WBM. It was found that the
presence of silica nanoparticles help in reducing the filtration loss by reducing the
permeability of filter cake. However, at higher temperatures, a slight increase in cake
permeability was seen. This system of drilling fluid has low salt tolerance which was
indicated by an increase in filtration volume upon addition KCl [82]. Pakdaman et al.
used hydrophilic gilsonite nanoparticles (HGN) for the improvement in rheology,
lubricity, and differential sticking properties of WBM which also helped in sharply
reducing the LPLT and HPHT fluid losses of the mud. The average particle size of the
HGN was 229-356 nm and that of the source material (HG) was 1125-2400 nm. HPHT
fluid loss was reduced by 79.4% at a HGN concentration of ~2.86 w/v% while API
filtrate reduced from 5 mL to 3.2 mL [83]. Further modification on the surface of HGN
may result in significantly improved multipurpose additive for WBM.
CMC is a commonly used fluid loss reducer and nanoCMC has also been used in
drilling fluids therefore a polymer nanocomposite of nanocarboxymethyl cellulose and
polystyrene was synthesized and used in water based drilling fluids as a FL reducer.
Saboori et al. termed this composite as core–shell nanocomposite which showed better
thermal stability than nanoCMC and normal CMC. Core–shell nanocomposite formed a
thinner filter cake and significant reduction in filtration [84].
Considering the traditional use of cellulose based polymers such as CMC, HEC
and PAC as effective fluid loss reducers and their limited thermal stability in harsh
environments, Liu et al. synthesized a copolymer - cellulose nanofibril composite by a

48

green route for improved filtration characteristics. The polymer nanocomposite was
found to have excellent salt tolerance of 32% and reduction in fluid loss by about 75%
with a loading of 2.0 wt% of polymer nanocomposite. The copolymer (PADH) was
synthesized using 2-acrylamido-2-methylpropane sulfonic acid (AMPS), N,Ndimethylacrylamide (DMA), and 2-Hydroxyethyl acrylate (HEA) in presence of UV
light. Cellulose nanofibrils (CNF) were introduced into the copolymer and Fe3+ was
used to crosslink these two for a thermally stable polymer nanocomposite which can
perform satisfactorily up to 200 °C [85]. Sadeghalvaad and Sabbaghi prepared titanium
dioxide – polyacrylamide composite by solution polymerization of acrylamide in
presence of TiO2 nanoparticles. This polymer nanocomposite when used in water based
drilling fluid improved rheological and filtration properties. It reduced the fluid loss
slightly (less than 5% reduction in fluid loss) at lower concentrations (less than 5 g/350
mL). As the concentration was increased beyond 2.0 w/v% (7 g/350 mL), the reduction
in fluid loss was found to be more than 10% and it was a staggering 64% reduction at
4.0 w/v% polymer nanocomposite concentration in mud [86]. Jain et al. developed
polyacrylamide-grafted-polyethylene glycol/silica nanocomposite for the WBM which
reduced API fluid loss with increase in PNC concentration. API fluid loss of 0.3 w/v%
PNC containing mud was 8.5 mL which reduced to 7.2 mL at 1.0 w/v% concentration
[87]. Mao et al. synthesized a tetrapolymer silica nanocomposite to withstand HPHT
and high salinity conditions for the use as fluid loss reducer in water based
formulations. Acrylamide (AM), 2-Acrylamide-2-methylpro pane sulfonic acid
(AMPS), Maleic anhydride (MA), Styrene (St) and nano-silica were used for the
synthesis of PNC via inverse micro-emulsion polymerization and sol–gel preparation.
After hot rolling fluid loss of 1.0 w/v% reduced to ~10 mL from ~86 mL in absence of
the PNC additive [88].
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2.3.2. Nano shale inhibitors
Effective pore plugging is possible when nanoparticles used in fluids have average
particle size in the range of the pore throat size of shale formation [89]. Al-Bazali et al.
reported the average diameter of the pore throats of a variety of shales range from 10 to
30 nm, which is drastically lower than the particle diameters of commonly used
additives in drilling fluids such as bentonite and barite have much larger particle
diameters, in the range of 100 to 10000 nm [90]. Therefore, these additives having large
particle size will not be able to plug the pore because they will not be able to enter the
pores and not even fit over the pore throats to seal off the pore entrances effectively
[91]. However, nanoparticles will be able to plug the pores efficiently if the particles
size is less than or close to the pore throat opening. In case of nanoparticles being much
smaller than the pore throats, the pore plugging can be achieved by nanoparticle
agglomeration during the flow through the pore throats [92].
A group of researchers from MI-SWACO presented the design of a nanoparticle
fluid for wellbore instability in unconventional shale. They used 20 nm nanosilica in a
water based drilling formulation. They performed shale membrane test (SMT), which is
also called pressure penetration test, to study the physical plugging of shale surface. On
addition of 10.5 ppb nanosilica, 98.9% reduction in permeability was achieved which
shows the excellent physical plugging to reduce the water infiltration in shale
formation. However, such high dosages of nanoparticles are not recommended due
economic reasons, this result shows that the silica nanoparticle can reduce the shale
instability by physical plugging of shale formation pores and optimized mud
formulations containing silica nanoparticles can be helpful in reducing the shale
instability. Further, they used 3.0 w/v% of nanosilica in water based mud which
reduced the permeability from 0.035 nD to 0.0042 nD which is a reduction of 97.2%.
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After plugging the pores with silica containing mud, 4% NaCl brine was used in
pressure penetration test to replace the drilling fluid but there was no bottom pressure
transmission registered that suggested the plugging is sustainable [93]. Sharma et al.
also used 20 nm spherical silica nanoparticles for shale inhibition in water based mud
and found that nanoparticles are effective shale plugging agents. The physical plugging
was found to be durable and is capable of minimizing or shutting off the water invasion
in shale formations. Effectively working as a shale inhibitor by reducing the water
infiltration in shale formations [94]. Kang et al. performed laboratory investigation of
silica nanoparticles for shale instability problems and found that silica nanoparticles
containing muds can significantly decrease imbibition amount, swelling rate, and
Young's-modulus reduction of shale by physical plugging effect, and thereby minimize
wellbore instability of shales [42]. The polymer nanocomposite developed by Mao et al.
which has been discussed in previous section was found to be a good candidate for
shale stabilization as well as extreme pressure lubrication. It reduced the shale swelling
from 15.6 % for water to 2.3% with 0.5% PNC in water. The same concentration of the
additive improved shale recovery to 94% which was just 24% in case of water only.
That is 3.92 times increase in shale retention and 6.78 times reduction in shale swelling
which is indicative of the strong shale inhibition capabilities of PNC [88]. Huang et al.
used nanoscale laponite for shale inhibition to improve wellbore stability. They
performed shale immersion, linear swelling and shale disintegration experiments to
study the shale inhibition efficiency of laponite and found that nanoscale laponite
showed better performance compared to KCl and poly(ester amine). Laponite
nanoparticles improved shale inhibition by plugging the interlayer spaces of clay and
slowing down the clay hydration. Laponite suspension have low free water content and
have high viscosity which help in forming nanofilm at wellbore wall to minimize the
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filtration rate. The minimization of water infiltration reduced the clay hydration of shale
formation which reduced the clay-water interaction resulted in effective shale inhibition
[95]. Parizad et al. used TiO2 nanoparticles (10-15 nm average particle size) in a
polymer containing water based drilling fluid to improve the mud performance. It was
found that addition of these nanoparticles not only reduced the filtration loss but also
improved the shale cuttings recovery in shale disintegration test which is indicative of
shale inhibition characteristics of mud [96]. Novel latex particles and aluminum
complexes were synthesized as physical and chemical shale stabilizers respectively by
Liu et al. for use in water based drilling fluids. The spherical latex particles with D90
value of 276 nm could disperse uniformly to bridge and seal micro–nano scale pore
spaces and fractures present on shale surfaces. The aluminum complexes dissolved
under alkaline conditions of drilling fluids (pH of 9.0–11.0), and aluminum hydroxide
and humic acid flocculate quickly precipitated from the filtrate and became part of the
shale crystal structure to plug and seal the shale pore openings. The experimental study
suggested that it could be a potential shale stabilizer for water based drilling fluids [97].
Above literature suggest that most nanoparticles act as a pore plugging agent to
reduce the permeability of shale formation or filter cake which in turn reduces the water
infiltration into the shale formation. It ultimately reduces the clay water interaction in
shale formation and improves the shale stability in presence of water based drilling
fluids. That is why not much literature focused on shale inhibition while using
nanoparticles in water based drilling fluids. However, this literature review also
confirmed that reduction in filtration loss is a key to minimize the shale instability
because clay-water interaction is the main cause of shale instability.
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2.3.3. Effect on Rheology
Nanomaterial additive when added to mud formulation also alter the rheology of
fluids therefore knowledge of their impact on rheology must be discussed. Various
metal oxide nanoparticle additives such as SiO2, CuO, ZnO, TiO2, MgO, Al2O3, Fe2O3,
etc. have been reported to be used in mud which affected the rheological characteristics
of mud [13,35,75,76,80,82,86,98–102].
The intercalated clay hybrid (ICH) and Fe2O3 NP solutions have greater viscosities
whereas the aluminosilicate clay hybrid (ASCH) showed a lower viscosity as compared
to the bentonite control at LTLP environment. At HTHP conditions, the ICH solution
has a greater viscosity whereas the Fe2O3 and ASCH solutions have a lower viscosity as
compared to the bentonite control sample. The change in viscosity of each fluid is due
to the mode of clay platelet interaction by surface charges, either through the addition
of Fe2O3 NP or through the introduction of intercalated clay platelets. The addition of
ICH particles into the bentonite solution promoted attraction of positives charges on the
surfaces of the hybrid clay platelet with the negative charges of the bentonite platelets.
This attraction was between the edge of the ICH particle and the face of a non-hybrid
bentonite clay platelet (E–F) as well as attraction between the face of the hybrid ironoxide clay platelet and the face of the non-hybrid clay platelet (face-to-face (F–F)
flocculation [35]. Dejtaradon et al. reported that addition of nanoparticles (ZnO and
CuO) in WBM deteriorated rheological parameters of mud such as AV, PV and YP but
the increase in concentration of nanoparticles improved these parameters. At low
concentrations, the typical effect of adding nanoparticles was to upset the bonds
between the other drilling fluid additives resulting in a substantial reduction of the shear
stress which reversed at higher concentration due to the dominance by a greater
quantity of nanoparticles [75]. William et al. showed that the CuO and ZnO imparted
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better rheological stability in case of NWBM. The most noteworthy role that the
nanofluids perform is to stabilize the mud viscosity at higher temperatures [76]. Highly
porous MgO nanoparticles when used in a commercial bentonite mud system by AlZubaidi et al., showed strong attractive forces between nanoparticles and clay platelets
that improved rheological properties specifically AV and YP significantly. The
improvement was higher that other nanoparticles (Graphene and TiO2) [80]. Kök et al.
reported that low concentration (0.14%) silica nanoparticles do not alter the rheology of
bentonite and lignosulphonate muds significantly but at higher concentrations (0.5 and
1.5 wt%) nanoparticles improved mud rheology [100]. Bayat et al. investigated effect of
SiO2, ZnO and TiO2 nanoparticles on rheological properties. ZnO NPs were found to be
the most effective in increasing PV of mud compared to SiO2 and TiO2 NPs at
temperatures 25 and 50 °C. TiO2 NPs reduced YP of mud, while SiO2 NPs increased
YP of WBM. ZnO NPs established two different tendencies, at low concentrations up to
0.05 wt%, YP of the mud increased with NP concentration and then it was rapidly
decreased at 0.5 wt%. SiO2 NPs were found to be best option for improving YP of
WBM. Gel strength and its impact on starting torque for pump and cuttings suspending
ability, SiO2 NPs were reported to be the best option [101]. They also investigated the
effects of different concentrations of Al2O3, TiO2, SiO2 and CuO of bentonite
containing WBM. These NPs maintained low rheology without affective the density of
mud. Al2O3 improved PV, YP and gel strength with concentration but also increased
fluid loss which makes it undesirable [102].
Perween at al. used bimetallic oxide nanoparticles namely zinc titanate (ZnTiO3)
and bismuth ferrite (BiFeO3) in WBM that showed excellent thermal stabilization after
hot rolling compared to the base mud. These nanoparticles also improved the
rheological characteristics of mud with increase in nanoparticle concentration. Bismuth
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ferrite nanoparticles used in their study on drilling fluids exhibiting magnetic character
which helped in improving the NP-clay interaction which improved rheological
behavior of mud [72,73]. Various polymeric nanoparticles (derived from Cellulose,
Gilsonite etc.) have also been used in drilling fluids, which, similar to their macro-form,
increased the rheological parameters of drilling fluids [77,79,83,103].
2.4. Ionic liquids
With the invention of ionic liquids (IL) in early 2000s, a number of efforts has been
made by the scientists across the globe to investigate the effectiveness of various types
of ionic liquids (ILs) as additives in drilling muds. This research is limited by number
of articles published, but it provides the glimpse of the potential that ionic liquids have
to be applied in drilling fluids for enhancing the mud performance specially in case of
water sensitive shale formations.
2.4.1. Ionic liquids as filtration control additives
Luo et al. experimented to find the influence of a water soluble IL (1-Butyl-3methylimidazolium tetrafluoroborate) on filtration and rheological properties of water
based mud (WBM) and found that even at 0.05% concentration of IL, HPHT fluid loss
was suppressed by as much as ~50% [104]. Ofei et al. also showed through
experimental studies that ionic liquids are potential candidate for water based drilling
fluids for HPHT applications [105]. They used 1-Butyl-3-methylimidazolium chloride
as the ionic liquid additive for the aqueous drilling fluid. Betiha et al. reported the
synthesis of ionic liquid-cellulose-silica hydrogels with good thermal stability and used
in water based drilling fluids. Apart from the improvement in salt tolerance and thermal
stability of drilling fluids the results showed enhanced rheological properties and
reduction in fluid loss which is desirable for water based muds [106].
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2.4.2. Ionic liquid as shale inhibitor
Gou et al. studied biodegradable polyethylene glycol-based ionic liquids in water based
mud for shale inhibition. They found that PEG200-based ILs exhibited great shale
inhibition and shale disintegration up to 83% anti-swelling ratio without any KCl in the
mud [107]. In another investigation on ionic liquids, Luo et al. used 1-octyl-3methylimidazolium tetrafluoroborate (ILB) as a shale inhibitor and found that apart
from improvement in rheology and fluid loss reduction, ILB worked as strong shale
inhibitor for WBM [108]. Yang et al. used IL 1-vinyl-3-ethylimidazolium bromide and
its Homopolymers for shale stabilization in water based mud [109]. Jia et al.
investigated the inhibitive capacities of water based muds containing ionic liquids 1Hexyl-3-methylimidazolium bromide and 1, 2- bis(3-hexylimidazolium-1-yl) ethane
bromide by performing laboratory experiments for determination of shale inhibition
[110]. They found that both of these ILs proved to be excellent shale inhibitor capable
of shale stabilization at 160 °C even with a concentration as low as 0.1%.
In another significant application of ionic liquids in drilling fluids, 1-octyl-3methylimidazolium tetrafluoroborate was also used by Bavoh et al. in mud for the
purpose of drilling gas hydrate bearing sediments. They reported that the addition of
1.0% studied IL resulted in reduction of shear stress and viscosity in Xanthan gum mud
but the effect was opposite for the polyanionic cellulose containing mud. Flow index
values reduced and consistency index improved for both types of mud systems,
enabling the mud systems for gas hydrate bearing sediment drilling [111].
2.4.3. Effect on rheology
Like many other additives (especially polymers) discussed in previous sections,
ionic liquids also affect rheology of mud significantly. Ionic liquid 1-butyl-3methylimidazolium tetrafluoroborate (ILA) was used in WBM by Luo et al. which
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showed significant improvement in rheological parameters at low concentration barring
PV which decreased with increasing concentration of this ILA. The experimental results
confirmed that the addition of low dosage of ILA can considerably increase the YP/PV
values and the rheological properties of WBM at high temperatures up to 240 °C [104].
1-Butyl-3-methylimidazolium chloride was used in WBM for HPHT application which
demonstrated remarkable rheological behavior. Wellbore cleaning efficiency (τp/μp)
was found to be excellent upto 180 °C. In addition, the solid suspension capacity (K and
n) was found to significantly improve at 90 °C and 180 °C in the presence of this ionic
liquid [105]. Luo et al. demonstrated through experimental studies that the addition of
very low concentration of ionic liquid can provide excellent thermal stability to
rheological properties (AV, PV, YP etc.) which are stable even after hot rolling at 160
°C. The ionic liquid used in this study is 1-octyl-3-methylimidazolium tetrafluoroborat
which is also a strong shale inhibitor [108]. Yang et al. investigated the inhibition
performance of various shale stabilizers including ionic liquids and found that when
inhibitor was already in mix, the addition of sodium bentonite (Na-Bt) in the
formulation exhibited a slower rate of increase in AV than the increase rate in absence
of inhibitors. They used 2,3-epoxypropyltrimethylammonium chloride (EPTAC), 1vinyl-3-ethylimidazolium bromide (VeiBr) and polymeric 1-vinyl-3-ethylimidazolium
bromide (with different molecular weight in the range of 500-3500 g/mol and denoted
by PV-1, PV-2, and PV-3) and KCl as shale inhibitors. AV was constantly lower than
10 mPa.s when concentration of Na-Bt reached 16.0 wt.%, 20.0 wt.%, 20.0 wt.%, 24.0
wt.%, 24.0 wt.%, and 28.0 wt.% by adding KCl, 2,3-epoxypropyltrimethylammonium
chloride, 1-vinyl-3-ethylimidazolium bromide, PV-1, PV-2, and PV-3, respectively,
reflecting different hydration effects of Na-Bt platelets in different inhibitor solutions.
Adsorption of inhibitor on negative surfaces results in less attraction with the positive
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edge of Na-Bt. Particularly, 1-vinyl-3-ethylimidazolium bromide monomer showed
stronger inhibition effect on hydration of Na-Bt than the other small molecular
inhibitors. This effect can be amplified by polymerization. Unlike the slow increase in
AV and YP when adding small molecular inhibitors, AV and YP in Na-Bt/polymeric-1vinyl-3-ethylimidazolium bromide suspensions increased dramatically after the upper
acceptable concentrations (24.0 wt.%, 24.0 wt.%, and 28.0 wt.%), This result can be
attributed to strong adsorption and excessive consumption of polymeric 1-vinyl-3ethylimidazolium bromide [109]. Bavoh et al. used 1-methyl-3-octylimidazolium
tetrafluoroborate in WBM for drilling gas hydrates bearing sediments and reported that
the presence of 1% ionic liquid in XG and PAC containing muds demonstrated good
rheological behavior even at low temperatures. However, excess quantity of this IL is
not recommended due to the formotion of methane hydrates and therefore, 1 wt% ionic
liquid

(1-methyl-3-octylimidazolium

tetrafluoroborate)

is

very

efficient

in

managing/removing hydrate formation risk in polymer-based muds for gas hydrate
sediments [111].
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3. Chapter 3: Design and characterization of drilling
muds
This chapter describes the experimental methods used in designing and
characterization of drilling fluids. Sample preparation and testing methods are discussed
here in detail which have been used throughout the thesis experimental work.
3.1. Drilling fluid sample preparation
3.1.1. Prehydration of bentonite
Bentonite is a swelling clay which is mixed in WBM to provide suspension for
holding and carrying cuttings during drilling operation. However, bentonite takes some
time to properly hydrate and subdivide to make a thoroughly dispersed clay in water.
For this reason, before preparing the mud samples, bentonite was dispersed in water
using a Hamilton beach mixer and left for 16 hours to allow complete hydration.
Bentonite should be added slowly into the water while mixing to avoid the formation of
clusters which may take longer than usual time to disperse. After the mud has been
mixed and kept overnight for the desired duration for prehydration, it should be mixed
again for 1 to 2 minutes before the addition of other additives [112].
3.1.2. Addition of polymeric additives
Polymers are one of the key additives used in WBM. It is very important that
polymeric additives are properly mixed into the mud system to obtain uniform
consistency in mud. For this, it must be ensured that the polymeric viscosifiers and fluid
loss reducers are added in prehydrated bentonite slurry with a very slow rate in stepwise
manner (0.05 – 0.10 g at a time). It ensures the polymers does not make lumps in which
solid material is covered by wet film of polymeric membrane preventing dissolution of
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inner dry polymer. Due to lumps formation, dissolved polymer concentration remain
lower than desired amount of polymeric additive. This reflects in difference in expected
mud properties, therefore while doing research on a new additive, complete dissolution
of polymeric additive must be ensured by careful mixing. In case if a polymer is not
dissolving in bentonite slurry, then that polymer can be mixed in mud by first
dissolving in water separately by taking 20-30% of total water volume required for
mud. Remaining water volume should be used for bentonite prehydration and aqueous
solution of polymer additive can be mixed into prehydrated bentonite. While mixing
polymer in water separately, the temperature can also be increased to 60-70 °C for ease
of dissolution.
3.1.3. Addition of nanoparticle additives
Nanoparticles remain in the form of clusters in solid powdered form. Therefore, it is
advisable to grind it with a mortar-pestle and then take required weight of nanoparticle
to be added into mud. Even after crushing the nanomaterial before adding it into mud
and then rigorously mixing during mud preparation, there a lot of clusters which remain
intact. To avoid this, ultrasonication technique can be used to break tiny clusters into
smallest possible particle size [76]. This can be achieved by preparing a nanofluid,
which is essentially dispersion of nanoparticles in water. In case of some metal
oxide/bimetallic oxide nanoparticles the dispersion is extremely unstable which may
require the use of gelling agent such as polymer [73]. In our experimental studies we
have used xanthan gum which increases the viscosity of water to efficiently hold the
nanoparticle from settling. This nanofluid should be kept to ultrasonication to break
down the particle size with the help of ultrasonic energy pulse. Usually 10 to 30 min
time is recommended for the sonication of nanofluids which can be upto one hour
[80,102]. After preparing nanofluid, the same can be added into prehydrated bentonite
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slurry along with other additives. It should be ensured that the total water content for
mud sample is wisely divided into two parts that served both the purposes, prehydration
of bentonite and preparation of nanofluids. Alternately, nanoparticles can be mixed in
bentonite slurry at high shear rate and ultrasonication can be done before mixing
remaining additives.
3.1.4. Use of defoamer
During the mixing of an additive, it is possible that foam is being formed. It
happens due to the mechanical air entrapment in the mud system and high interfacial
surface tension. While preparing the mud sample in laboratory, mostly foaming occurs
at the top surface and tiny bubbles may go downwards to be dispersed in mud sample. It
can significantly reduce the effective mud weight and also affects rheology. Therefore it
is necessary to remove foam or prevent foaming. For this purpose a defoaming agent or
defoamer can be added in the mud sample [23,113]. In laboratory, octanol-1 is typically
used to prevent foaming which is added in minimum quantity to effectively remove
foam and stop further foaming. Few drops of defoamer are usually required to stop
foaming while preparing mud sample in laboratory.
3.2. Drilling fluid characterization
Detailed and standard methodology for water based drilling fluid testing in laboratory is
provided by American Petroleum Institute (API) in form of a reference document called
API recommended practice 13B-1 [114]. The same procedure has been followed in
characterization of WBM samples and brief description and methods for mud testing
are discussed in following sections.
3.2.1. Mud weight
FANN Mud Balance is an accurate mud density measuring device with four
measuring scales. It has a range of 7 to 24 pounds per gallon (ppg) which is equivalent
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to a specific gravity range of 0.84 to 2.88. It consists of a fixed volume sample holder
(cup) which is covered by a lid. This cup and lid assembly is connected to a balance
arm having four graduated scales. One side of the arm shows the density in pounds per
gallon (lb/gal or ppg) and specific gravity (SG or density in g/cm3). Another side can be
used to measure density in pounds per square inch per 1000 feet of depth (psi/1000ft).
As shown in Figure 3.1, a rider is adjusted along the mud balance arm to make the arm
perfectly horizontal. Whole equipment hangs over a knife edge attached to the arm near
the balance cup. A bubble level built into the knife edge indicates when the arm is
perfectly horizontal. A fulcrum is mounted on a base stand or in the plastic carrying
case.

Figure 3.1: FANN mud balance photograph.
To measure the density of given drilling fluid sample, the equipment should be
clean and dry. The sample is poured into the cup with intermittent tapping during filling
of sample. This is done to remove any entrapped air bubbles in the sample inside cup.
The sample should be a sufficient enough that when lid is placed over cup, some of the
mud sample is forced out of the vent at the center of lid. This vented out sample should
be wiped neatly and knife edge of the balance arm is placed at the fulcrum so that it fits
properly. Rider is then adjusted so that the mud balance arm is level horizontally which
is indicated by bubble level. Now the readings can be noted down by checking the
position of density indicator near the rider. The measurement readings should be
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reported to the nearest 0.1 lbs/gal, 0.5 lbs/ft3, or 0.01 g/cm3 (which is equivalent to
specific gravity).
3.2.2. Rheology
FANN Model 35 viscometer is a direct indicating instrument which is available in six
speed and 12 speed designs for use on either 50 Hz or 60 Hz electrical power. The
standard power source is 115 volts which is fitted with a transformer to work with
220/230 volts. This a concentric cylinder rotational viscometer since the test fluid is
contained in the annular space between an outer cylinder (rotor) and the inner cylinder
(bob). Viscosity measurements are made when the outer cylinder, rotating at a known
rpm, causes a viscous drag on the inner cylinder which is exerted by the fluid. The
viscous drag of the mud rotates the bob until balanced by the torque in the spring. The
deflection of the bob is read from a calibrated dial at the top of the instrument.
Multiplying the dial reading by 1.07 gives the shear stress in lb/100 ft2 at the surface of
the bob [15].

Figure 3.2: Viscometer photograph and schematic of concentric cylinders attached
to spring.
This instrument is designed in such a way that the viscosity of a Newtonian fluid in
centipoise (or millipascal second) is shown by the dial with the standard rotor R1, bob B1,
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and torsion spring F1 operating at 300 rpm. Viscosities at other shear rates may be
measured by using multipliers of the dial reading. A simple calculation that closely
approximates the viscosity of a pseudo-plastic fluid, such as a drilling fluid is by using
Bingham Plastic model. The shear rate may be changed by changing the rotor speed and
rotor-bob combination.

The sample cup provided has a marked line at 350 ml test sample level. Fill the cup
to that line with recently mixed mud sample. A scribed line on the rotor indicates
standard immersion depth. If the sample exceeds this level, damage to the bob shaft
bearings may occur. If any other sample containers are used, there should be at least
one-half inch (1.27 cm) or more space between the bottom of the rotor and the bottom
of the sample holder. The stress values for all the desired shear rates can be measured
by dial deflection at each rotor rpm.
Gel strengths can be measured by first stirring the sample thoroughly at 600 rpm.
Set gears to the 3 rpm position and turn motor off. After desired wait period (10 second
for initial gel strength and 10 minute for final gel strength), turn the knob to run the
rotor at 3 rpm, slowly counterclockwise and read the dial at instant of the gel break
(maximum dial deflection). Gel reading is in lbs/100ft2.
3.2.3. Filtration loss
Fluid loss into the formation is a key characteristic as discussed earlier in the Chapter 1.
Filtration loss is measured in laboratory using filter press equipment which comes in
several forms to measure the fluid loss at low pressure low temperature (LPLT)
conditions and high pressure high temperature (HPHT) conditions.
3.2.3.1. LPLT filtration
LPLT filtration (or API fluid loss) test is the API recommended standard procedure for
determination of filtration property of drilling fluid at 100 psi pressure and room
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temperature (25 °C) [114]. The instrument used for this test is FANN filter press series
300 model. Sample cup is fitted with a metal screen covered by test specific standard
filter paper (pore size 2.7 µm). Mud sample is poured into the cup so that there is at
least 0.5-inch empty space at the top of vessel. Cup is fitted with the cap which is
connected to pressure supply and then test can be started by pressurizing the mud
sample to 100 psi using a high pressure nitrogen gas cylinder. As soon as the pressure is
given, a stop watch is started to keep track of time. Filtrate volume through the bottom
is collected in a measuring cylinder and noted down at every four minutes. Total filtrate
collected in 30 minutes is reported as the API fluid loss for that sample. A photograph
of LPLT filter press is shown in Figure 3.3.

Figure 3.3: FANN LPLT filter press connected with nitrogen gas cylinder.
3.2.3.2. HPHT filtration
HPHT fluid loss was determined using FANN Filter Press Series 387 model as shown
in Figure 3.4. In this case, mud sample was poured into the sample cell (cylindrical
shaped) and fitted with filter paper and bottom cap. Cell is then inserted into heating
jacket of the instrument and the sample is heated to desired temperature by electricity.
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Typical temperatures for HPHT filtrate loss are in the range of 80 to 200 °C or even
higher for ultra-HPHT tests [10,115]. It is to be noted that the filtration area in HPHT
filter press used is just half of that in case of LPLT filter press. When temperature of the
sample cell reaches the desired temperature, a top pressure of 600 psi and receiver
(bottom) pressure of 100 psi is provided to create a differential pressure of 500 psi
[15,114]. At the time of pressurizing the cell, stop watch is started and filtrate is
collected in the received at 100 psi which rapidly cools down toward room temperature
but essentially remains above 70-80 °C inside the receiver. The filtrate can be taken out
from the receiver after a few minutes (1-2 minutes initially and 4-5 minutes after 8-10
minutes have been passed) interval. After 30 minutes, total collected volume of filtrate
is reported as result.

Figure 3.4: FANN HPHT filter press connected with nitrogen gas cylinder.
3.2.4. Hot rolling of drilling fluids
Drilling fluid is exposed to high temperatures for several hours’ long durations during
the mud circulation in wellbore. The effects of exposure to high temperature and
circulation for long durations is simulated in laboratory by using a hot roller oven with
the help of ageing cells in which mud sample is kept. Figure 3.5 shows a schematic of
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the roller oven. Inside the oven, there are five rollers connected by a metal chain and
gear system which are rotated at desired rpm by electric motor mounted at the top of
roller oven body. Ageing cells are metallic cylinders which can be pressurized to avoid
the evaporation of fluid at high temperature conditions of experiment. Mud sample is
poured into the ageing cell and lid is placed after cleaning and drying. Screws are then
tightened and cell can be pressurized to 100 psi or higher pressure depending on the
temperature at which the ageing is to be conducted. A PID controller is provided in the
roller oven control panel which can be used to set and control the process variables like
roller rpm, oven temperature and time duration of the experiment. In case of power
fluctuations, timer resumes from the point it was stopped at therefore it should be
ensured that long power cuts may affect the accuracy of results. In such events, the
experiment was performed again with a freshly prepared sample. When the desired time
interval has passed, heater and timer are automatically stopped, rollers keep on rotating
and an alarm indicates the completion of the ageing process. The ageing cells are taken
out after air cooling of half an hour which is performed by just opening the door of the
roller oven. After that, ageing sample is submerged in water bath for cooling and the
sample can be taken for rheological and filtration testing.
3.2.5. Shale disintegration test
For shale disintegration testing, a known weight (typically 10 – 30 g) of shale cuttings
is packed in ageing cell along with the mud sample for hot rolling. The size of the shale
cuttings should in a coarse size range (> 2mm) typically taken to be the cuttings passing
through 6 BSS mesh size screen and retained on 10 BSS mesh size screen [15,116].
Ageing of mud sample along with cuttings is performed at desired temperature and then
aged mud sample is separated from the cutting by using a finer screen usually 30 or 40
BSS mesh size [116]. The amount of retained shale is weighted and percentage shale
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recovery is reported as the result. Higher recovery means less shale dispersion and low
shale recovery indicate that the mud is not suitable for drilling shale formation
consisting of test sample shale. Therefore, a mud with highest shale recovery is suitable
for drilling shale formation for a given shale sample. This test is empirical and any test
conditions can be chosen to suit the requirement of objective. This test is very useful
method to determine and compare the inhibitive nature of a number of mud
formulations in a given shale formation environment (effect on shale cuttings, effect of
temperature, effect of pressure if ageing cell is capable of handling very high pressures
and effect of time duration) because 4 or more samples can be aged in the roller oven
simultaneously.

Figure 3.5: Schematic diagram of roller oven
3.2.6. Shale swelling test
Shale swelling test gives the percentage swelling in shale pellet submerged in a mud
sample. Shale samples may come from drilled cuttings, core samples, or another source.
Shale cuttings are ground to a fine particle size and compressed under high pressure
using a hydraulic compactor to make a shale pellet. This pellet is wrapped in a porous
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metal sleeve to minimize radial swelling during the swelling test and keeps the sample
intact, minimizing crumbling or sloughing which is common with shale. Temperature
can significantly affect the shale reactivity. Increasing the temperature will increase the
reactivity and increase percentage swelling for given test time.
Linear Swell Meter instrument is equipped with an automated measuring system
with four measuring heads. Four mud samples or four shale samples in a particular mud
sample can be analyzed at the same time. The user can start and stop any of the
individual swelling tests at any time during the sequence. Measurements data is
processed by customized software that features real-time data logging and graphics. The
software is Windows®-based and uses menus for loading constants, configuration
details, data files, and other information.

Figure 3.6: FANN linear swell meter schematic diagram.
Shale sample pellet is compacted using the hydraulic compactor at 10000 psi pressure.
Approximately 20 g shale powder is required which gives a satisfactory shale pellet
with ~9/8 inch (~ 28.6 cm) diameter and ~5/8 inch (~15.9 cm) height. These figures
may vary with the type of shale or clay present in it. Shale pellet is submerged in water
based drilling fluid and sensor detects the changes in the thickness of pellet and same is
reported in terms of percentage swelling over a given period of time.
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3.2.7. Capillary Suction Time test
Capillary suction time instrument is used to determine the free water content of a
fluid sample. The instrument has a controller that contains a timer which is connected to
the test head with electrodes. Fluid is allowed to make contact with a thick, special
grade paper (test blotter paper) that sits between the acrylic plates of the test head and
water penetrates radially through the filter paper capillaries. Water travels outward from
a circular spot at the center of filter paper and reaches two electrodes located at the
inner circle. At this moment, timer is started and water continue to spread until it
reaches the third electrode at the outer circle. The Capillary Suction Timer measures the
time it takes for the fluid to spread from the first electrical contact (two electrodes) to
the second contact (single electrode). The sample is poured into the funnel to start the
test through one of the ends. 1.8 cm inner diameter end of funnel should contact the
blotter paper for slow filtering samples (viscous samples) and 1.0 cm inner diameter is
used for dilute samples. It should be ensured that the electrodes are completely dry
before starting the test.

Figure 3.7: Schematic diagram of OFITE capillary suction timer.
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4. Chapter 4: Amine Functionality Based Homopolymers
for Shale Inhibition
4.1. Introduction
Water based muds are less expensive and more environment friendly as
compared to oil based muds. However, these muds cause wellbore instability issues and
highly reactive shale formations due to presence of water [117]. More than 75 % of the
formations drilled for petroleum exploration and production contains of shale at some
depth and it causes about 70 % of the wellbore instability related problems across the
world [118], as the shale swell rapidly on absorption of water. Shales are essentially
fine-grain sedimentary rocks composed of different clay minerals like kaolinite, illite,
montmorillonite and other minerals like quartz and calcite [15,119]. Due to absorption
of water by clay minerals in shale, the Shale swells that drastically changes the stress
regime and the mechanical strength of shale formation decreases. This may result in
collapsing of the wellbore during the drilling process. Inhibitive muds are drilling fluids
that suppress hydration of clay which ultimately result in stabilized shale formation.
Some of the examples are lime muds, gypsum muds, sea water muds, and saturated salt
water muds [113]. One example of inhibitive WBM is silicate mud that consists of
sodium or potassium silicate as the inhibitive component. Silicate anions combine with
shale formation to stabilize the well bore by sealing micro fractures, forming a silicate
layer on shales and possibly acting as a less permeable membrane. This inhibit the
water infiltration into formation and drilling a well through troublesome shale section is
eased off that otherwise might require the use of oil based mud [32,120]. Potassium
ions also stabilize cuttings that may disintegrate by minimizing dispersion into finer
particles. Inhibition is explained by the possible penetration of small non-hydrated ions
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into the porosity of the shale, thus forming an effective semi-permeable membrane
[117,121,122]. Potassium ions are highly effective in shales stabilization by minimizing
the clay swelling. It has low hydration energy and thus small size of hydrated cations
which enable the potassium ions to fit into the holes created by oxygen atoms in silica
layers in the clay crystal. Therefore, potassium ions are able to enter interlayer space in
clay crystals and hold the layers strongly which prevents the clay swelling efficiently
[15,117]. Silicate muds along with potassium salt and polymer form even more
effective

shale

inhibitive

combination

with

better

rheological

properties

[47,50,116,123]. High performance WBM containing amine based polymers have been
reported to have potential to be as effective as OBM. Shale stabilization by polymers is
reported to be mainly by encapsulation mechanism in which exposed shale surface is
coated by the polymer chains. The coating occurs due to the negatively charged
functionalities in polymers (such as PHPA) and the positive charges at the edges of the
clay present in the shale formations. Encapsulation mechanism is also believed to
protect the shale cuttings from disintegrating during the transport from the bottom of
the well to the surface [15,55,117]. Amine based compounds and polymers such as
polyetherdiamines,

hexamythylene

diamine

(HMDA)

polyhydroxylated

alkyl

ammonium salts, polyethoxylated diamines etc. have been used in shale stabilization
but they have some limitations such as low inhibition, solid tolerance, and toxicity
[123]. Polyoxyalkyleneamine has also been used as a shale stabilizer for water based
drilling fluids that had no effect on filtration and rheological properties of water based
mud [124]. Acrylamide based polymers have been reported to be effective in decreasing
API fluid loss and improving shale stability [57,125]. Amine compounds with cationic
sites are known to impart shale inhibition properties in mud and they act as clay
stabilizer. Cationic amine compounds stabilize the shale by chemical interaction
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between cationic sites and anionic sites present on clay minerals in shale or by the
cation exchange at single or multiple sites inside the porosity of shale or at the shale
surface. The interaction is improved in case of oligomeric and polymeric amines due to
multiple site adsorption onto the surface of shale. One advantage with oligomeric shale
stabilizers is that they can enter the small pores of shale and stabilize the inner layers
and block the water from entering shale pores [126]. Oligomers of cationic amine may
provide good shale inhibition through cation exchange and encapsulation mechanisms
[127]. However, low molecular weight polymers may function as the shale stabilizer as
well as rheology modifier. Smaller molecules of polymer can act as oligomers to
stabilize inner layers of shale and covering large number of clay sites on shale surface
that will result in better surface locking to minimize shale dispersion.
In this study, amine based low molecular weight polymers have been developed to
improve the inhibition capacity of water based fluids, besides favoring the rheology and
fluid loss control of the system. Free radical polymerization of amine based monomers
and their characterization using various techniques and their application as a WBM
additives has been reported. Shale used for the disintegration test was duly
characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM)
techniques. A base mud was prepared by dispersion of bentonite in water with some
other additives used in drilling fluids such as sodium silicate and xanthan gum.
Bentonite is a major additive for most water based muds and it contains sodium
montmorillonite (a dioctahedral smectite) as a major component which gives unique
colloidal and rheological properties [128]. These polymers are added in the base mud
formulation, to evaluate the effect of synthesized additives on rheological and filtration
characteristics and most importantly on shale stabilization.
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4.2. Experimental
4.2.1. Materials
Bentonite powder, Ethanol (99.9 %), Methanol (> 99 %), Potassium chloride (99 %),
Octanol-1 (> 99 %, < 0.3 % H2O), and Sodium silicate (97 %) were all procured from
SD Fine Chem Limited, Mumbai, India. Xanthan gum (> 99.99 %) was purchased from
HiMedia, Mumbai, India. These chemicals were synthesis grade and were used as
obtained. Initiator Ammonium persulphate (AP, > 98 %) and monomers N-[3(Dimethylamino)propyl]

methacrylamide

(DMAPMA,

99

%)

and

[2-

(acryloyloxy)ethyl]trimethylammonium chloride (AETMAC, 80 wt% in H2O)
purchased from Sigma-Aldrich, India were used as obtained without further purification
to synthesize polymers. ɑ, ɑ’-Azoisobutyronitrile (AIBN, > 98 %) initiator procured
from Spectrochem Pvt. Ltd., Mumbai, India was used after recrystallization in
methanol. Polyanionic cellulose regular grade (PAC-RG) was provided by Oil and
Natural Gas Corporation Ltd, India.
4.2.2. Synthesis of Polymers
4.2.2.1. Synthesis

of

poly[3-(Dimethylamino)

propyl]methacrylamide

[polyDMAPMA]
Monomer DMAPMA (10.0 g, 58.74 mmol) was taken in ethanol solvent (45 mL) in a
two-neck round bottom flask. The mixture was heated to 60 °C with simultaneous
purging of nitrogen gas in the flask. After 30 min of purging, free radical initiator AIBN
(0.0985 g, 0.6 mmol) was added into the reaction vessel after achieving steady state
reaction temperature. The reaction was carried out for 48 h and then the mixture was
transferred into a beaker containing acetone for precipitation of reaction products. The
precipitate was washed with n-hexane to remove unreacted monomers. The white mass
obtained was further purified by dissolving in THF and reprecipitating in acetone before
74

drying in vacuum. Yield: 72.4 %. 1H NMR (400 MHz, D2O) δ (ppm): 3.5 (2H,
NHCH2CH2), 3.1 (1H, CH2CHCOCH2), 2.3 [2H, CH2N(CH3)2], 2.1 [6H,
CH2N(CH3)2], 1.6 [2H, CH2CH2N(CH3)2], and 1.1 (2H, CHCH2CH), FT-IR (cm-1)
1634 (CO stretching, amide) and 1519 (NH deformation, amide), Mn (GPC, water) =
5484 g/mol, PDI = 2.1.

Scheme 4.1: Polymerization of DMAPMA.
4.2.2.2. Synthesis

of

poly[2-(acryloyloxy)ethyl]trimethylammonium

chloride

[PolyAETMAC]
PolyAETMAC was synthesized by free radical polymerization of monomer AETMAC
where ammonium persulphate (APS) was used as free radical initiator for the reaction.
AETMAC (5.0 g, 25.83 mmol) was taken in deionized water (40 mL) and kept under
N2 gas atmosphere to prevent the oxidation of free radicals by Oxygen gas. To this
mixture, APS (0.0571 g, 0.25 mmol) was added with stirring after raising the
temperature of reactor to 70 °C. The solution was stirred for 24 h at 400 rpm and 70 ºC.
Reaction mixture was transferred to evaporation dish where milk white polymer
precipitate was obtained in methanol. The white mass was redissolved in deionized
water and further precipitated in methanol to remove low molecular weight impurities.
The final polymer was dried under vacuum before further use. Yield: 55.6 %. 1H NMR
(400 MHz, D2O) δ (ppm): 4.6 (2H, COOCH2), 3.8 (2H, COOCH2CH2), 3.3 [9H,
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CH2N+(CH3)3], 2.6 (1H, CH2CHCOCH2), and 1.9 (2H, CHCH2CH), FT-IR (cm-1) 1710
(CO stretching, ester), Mn (GPC, water) = 3758 g/mol, PDI = 2.4. PolyAETMAC after
purification and vacuum drying is shown in Figure 4.1.

Scheme 4.2: Polymerization of AETMAC.

Figure 4.1: Synthesized polyAETMAC after drying in vacuum desiccator at
normal temperature.
4.2.3. Polymer Characterization
The FT-IR spectra of the samples were recorded using a PerkinElmer Spectrum Two
spectrometer. All the samples were tested using “attenuated total reflectance” (ATR)
mode by using PIKE MIRacle single reflection horizontal ATR accessory equipped
with a ZnSe ATR crystal. 1H NMR spectra were obtained on a JEOL ECS400 NMR
spectrometer with D2O as solvent and spectra were recorded at 400 MHz. Gel
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permeation chromatography (GPC) was done using Agilent 1260 MDS RI equipment at
a temperature of 40°C. Test was conducted using a water column and Sodium Nitrate
and Sodium dihydrogen phosphate dihydrate eluent. The volume injected was 100 μL
and data was recorded for a 15 min run time. Thermogravimetric analysis (TGA) of the
polymer samples was conducted on TA 2050 thermal gravimetric analyser with the help
of DTG-60 H detector under the nitrogen atmosphere and alumina cell was used for the
TGA characterization. Heating rate was kept to be 20°C/minute.
4.2.4. Rheology of polymers
For understanding the effect of temperature on the polymer clay interaction, frequency
sweep analysis was done using Anton Paar MCR 52 Rheometer. A constant shear strain
of 0.5% was applied and angular frequency was varied from 1 to 100 rad/s for each test
temperatures. A clay dispersion containing 1.0 w/v% bentonite was prepared which
contained 0.5 w/v% of polymer. Viscosity measurements of the aqueous polymer
solutions were also done before and after heating the samples for one hour at 110 °C.
4.2.5. Shale Characterization
Field emission scanning electron microscopy (FESEM) images of shale and filter cakes
were recorded using JEOL JXA-8230 Electron Probe Micro Analyser at 5.0 kV and
12.5 kV respectively. X-ray diffraction of shale was carried out in PANalytical X'Pert
PRO, Spectris plc X-ray diffractometer with a scan range of 10° – 80°. Powdered shale
was used for XRD analysis.
4.2.6. Mud Preparation
A thick bentonite dispersion in water (~10 w/v%) was prepared using a Hamilton beach
mixer. It was then allowed to swell by complete hydration over a period of 24 hours.
This prehydrated bentonite suspension (PHBS) was used to make 5.0 mPa.s apparent
viscosity PHBS by adding required amount of water in Hamilton beach mixer. Base
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mud was prepared by the mixing various mud additives into this 5.0 mPa.s PHBS with
the help of Hamilton Beach Mixer. Composition of base mud is given in Table 4.1.
Base mud was mixed with polyDMAPMA or polyAETMAC in varying concentration,
from 0.125 to 0.625 w/v%, to prepare 5 different muds based on each type of polymer.
Few drops of Octanol-1 were added as required to suppress the formation of foam while
mixing the mud additives.
Table 4.1: Base mud additives mixed in PHBS.
S.

Additive

Quantity (w/v%)

Key function

1.

Xanthan Gum

0.25

Viscosifier

2.

PAC-RG

0.50

Fluid

No.

loss

reducer

and

viscosifier
3.

KCl

4.00

Shale stabilizer

4.

Sodium silicate

4.00

Shale stabilizer

5.

Octanol

As needed

Defoamer

4.2.7. Mud Characterization
4.2.7.1. Rheology
FANN Viscometer model 35 was used to measure the rheological parameters of mud
formulations. This instrument gives an accurate estimate of apparent viscosity (AV),
plastic viscosity (PV) and yield point (YP) that is attained by reading the deflection of
viscometer dial (Φ) at different rpm [84]. It also gives the gel strength of drilling muds.
After mixing the mud properly at 600 rpm, initial and final gel strengths (in lb/100ft 2)
are indicated by maximum dial deflection at 3 rpm after mud has been at rest for 10 s
and 10 min respectively. Rheological parameters based on Bingham Plastic model can
be calculated by following formulae:
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AV = Φ600/2
PV = Φ600 – Φ300
YP = Φ300 - PV
4.2.7.2. API filtrate
Series 300 LPLT filter press by FANN Instrument Company was used to determine the
filtrate volume from drilling mud sample. It gives an indication of the ability of drilling
fluid to refrain the water from entering into clay containing formations which are water
sensitive. A pressure of 100 psi (6.895 × 105 Pa) and normal temperature is maintained
during this test and filtrate collected in 30 min is reported as API fluid loss.
4.2.7.3. Hot rolling dispersion
Hot rolling dispersion test (shale disintegration test or shale dispersion test) is one of the
most widely used method for optimizing a drilling fluid for shale stabilization. It
consists of adding a known quantity of cuttings into a fixed volume of mud contained in
an ageing cell made of steel. Ageing cell is rolled at a certain rpm and temperature for
16 h; the shale is then recovered on a sieve. The amount of recovered shale is expressed
as a percentage of original weight of shale which indicates the amount disintegrated in
hot rolling test [116]. High percent recoveries are indicative of inhibitive fluids.
Clearly, with a poorly inhibitive fluid, cuttings will disperse into the fluid and very low
percentage of cuttings will be recovered. In present study 400 mL mud was poured into
ageing cell and 10 g of shale cuttings with mesh size greater than 10 BSS were also
mixed with mud for shale dispersion test and hot rolled at 100°C for 16 h at 30 rpm.
Recovered shale cuttings were gently washed with water and dried in a hot air oven for
2 h at a temperature of 105°C to remove the moisture.
4.2.7.4. Linear Swell Meter Test
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FANN Linear Swell Meter, Model 2000 with 4 channels was used to determine the
shale swelling by interaction of water based mud with clay present in the shale. The
shale was taken from the depth of 2100 to 2700 m of Cambay basin located in western
India. Shale was grounded into less than 200 BSS mesh size powder and then 20.0 g of
shale powder was placed in a cylindrical die and compressed by hydraulic press (Make
- OFITE) at 10000 psi (6.895 × 107 Pa) for 30 min. Cylindrical shale pellets were used
to perform the swelling test. These compacted shale pellets were immersed in various
fluids to determine the percentage of swelling in 2.0 h by fluid interaction with clay
present in shale pellet. The thickness of cylindrical shale pellets was measured to be
0.571, 0.572, 0.570 and 0.565 inch. These compacted shale sample were immersed in
water, water + sodium silicate (8.0 w/v%), water + sodium silicate (8.0 w/v%) +
polyDMAPMA (0.50 w/v%) and water + sodium silicate (8.0 w/v%) polyAETMAC
(0.50 w/v%) to measure the swelling percentage.
4.2.7.5. Capillary suction time test
Capillary Suction time test measures the time required by water based drilling fluid
filtrate to travel a given distance on thick porous chromatography grade filter paper
(Whatman #17). The equipment automatically determines the time for filtrate to travel
between electrodes that are located 0.5 and 1.0 cm from the edge of the cylinder when a
fixed area of blotter paper is exposed to the test sample. This method gives an
indication of how shale is interacting with the water present in mud. In presence of
additives for shale stabilization, lesser amount of water is absorbed by shale resulting in
a decrease in CST value. Therefore, lower CST value means that shale stabilizer is
more effective. In this test, 10 mL mud sample was diluted to 50 mL by adding water
and mixed with 2.0 g shale powder (passing 100 BSS mesh size) using a waring
blender. The slurry was mixed for 5 min and allowed to hydrate for 30 min after then it
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was again mixed for 1 min and immediately the sample was tested by placing 5 mL of
sample into CST sample holder. Test was repeated for three time and average values
were noted down. CST was done for base mud, base mud with a concentration of 0.5
w/v% of both polymers and base mud with an additional 5.0 w/v% of KCl which is a
conventional shale stabilizer.
4.3. Results and Discussion
4.3.1. Polymer Characterization
FT-IR spectra of DMAPMA monomer and its polymer is shown in Figure 4.2. Spectra
showed a wide absorption band at ~3400 cm-1 accountable to the NH stretching
vibrations. The peaks at 1634 and 1519 cm-1 attributed to C=O stretching vibration and
NH deformation vibrations in the -CONH2 group respectively. The disappearance of
band at 1605 cm-1 for the C=C linkage after polymerization supported the formation of
polymer [129]. The band for C-H bending vibration of the –CH2– linkages in monomer
shifted by 10 cm-1 after polymerization. Similarly, FT-IR spectra of AETMAC and
corresponding homopolymer are shown in Figure 4.3. Bands at 1555 cm-1 attributed to
C=C is absent in polymer spectra, suggesting the formation of polymer by free radical.
The C=O band shifted from 1725 to 1710 cm-1 after polymerization [129,130]. In case
of 1H NMR spectra, no peaks were visible in between 5 to 6 ppm suggesting close to
quantitative removal of monomers in the polymer (Figure 4.4). Appearance of broad
peaks at ~2 ppm suggested the formation of CH2-CH2 linkages after polymerization.
Similarly, for polyDMAPMA, the intensity of resonances in between 5 to 6 ppm
notably decreased and new peaks at 2.7 and 1.1 ppm appeared suggesting successful
polymerization [129,131]. GPC data revealed that the number average molecular weight
of polyDMAPMA and polyAETMAC is 5484 and 3758 g/mol respectively (Figure
4.5). The molecular weight distribution is broad with PDI values for both polymers
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close to 2. Figure 4.6 shows the variation of mass percentage of polymer samples with
the temperature. The polymers exhibited thermal stability up to 250 C with ≤20 wt%
loss in total mass. The initial weight loss may be attributed to the evaporation of
moisture during the initial heating period. polyAETMAC being more hygroscopic due
to the presence of quaternary amine functionality exhibited somewhat higher mass loss
(~20 wt%) compared to that of the polyDMAPMA (~10 wt%) up to 250 °C. However
sharp decrease in weight was observed in the range of 260 to 300 C and the samples
lost up to 50 wt% of the total mass suggesting structural degradation.

Figure 4.2: FT-IR spectra of DMAPMA and its polymer.

Figure 4.3: FT-IR spectra of AETMAC monomer and its polymer.
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Figure 4.4: 1H NMR spectra of polymers recorded by using D2O solvent.

Figure 4.5: Gel permeation chromatography results of both homopolymers.
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Figure 4.6: Thermal gravimetric analysis of polymer samples.
Mozaffari et al. have already studied the effect of additives on the complex fluids using
rheological analysis [132–134]. Similarly Liu et al. has also reported the modulus
dependency on concentration of polymeric additives [135]. In order to investigate the
temperature dependency of interaction between polymer and clay minerals, we
performed frequency sweep analysis of 1.00 w/v% clay dispersion in water containing
0.5 w/v% of polymers at four different temperatures. Storage modulus of
polyAETMAC containing clay dispersion was higher than that of polyDMAPMA
containing clay dispersion (Figure 4.7). It suggested the presence of stronger
interaction between clay minerals and the charged quaternary amine moieties present in
polyAETMAC polymer than the interactive forces between polyDMAPMA polymer
possessing neutral substituted amine functionalities and clay minerals. Further, on
gradually increasing the temperature from 30 °C to 60 °C, storage modulus of
polyAETMAC containing sample increased significantly and that of polyDMAPMA
containing sample remained unaltered. This can be attributed to the network expansion
of polyAETMAC at higher temperature owing to the strong interactive forces between
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clay platelets and cationic quaternary amines present in polyAETMAC polymer chains.
The data further supported that, the cationic polymer may be a suitable additive in high
temperature reservoirs and the rheological parameters of the resulting drilling fluid may
improve owing to the stronger interactive forces present in the system.

Figure 4.7: Variation of storage modulus profile and loss modulus profile of
aqueous polymer-clay dispersion with temperature.
In order to check the stability in solution, 1.00 w/v% aqueous solution of both polymers
was prepared and kept for one week. There was no change in its appearance and no
precipitation was observed (Figure 4.8). We also performed the viscosity measurement
of these solutions when freshly prepared and then after heating at 110 °C for 1 hour
(Figure 4.9). It was found that the reduction in viscosity was negligible which confirms
the stability of polymers in solution up to 110 °C.
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Figure 4.8: Polymer solution in water (a) freshly prepared and (b) after one week.

Figure 4.9: Viscosity profile of freshly prepared aqueous solution and after heating
for one hour at 110°C.
4.3.2. Shale Characterization
Shale sample was characterized by using X-ray diffraction (XRD) analysis to quantify
the minerals present. XRD plot of major minerals present in shale have been reported in
previous work [136] where the presence of water sensitive clay minerals in shale was
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confirmed. Various key minerals present in studied shale are given in Table 4.2.
Kaolinite and Illite are clay minerals which are responsible for shale dispersion and
swelling in presence of water based mud.
Table 4.2: Weight fraction of major minerals present in shale.
S. No.

Mineral

Weight Fraction

1

Mica

0.39

2

Quartz

0.32

3

Kaolinite

0.18

4

Illite

0.11

Shale cutting was also characterized for surface morphology using Field Emission
Scanning Electron Microscopy (FESEM) analysis. FESEM image is shown in Figure
4.10. There are tiny pores and fractures ranging from less than a micron to more than 10
microns in shale through which water is invaded into the shale and interacts with clay
minerals. This results into shale swelling and disintegration which may be controlled by
blocking these pores effectively.

Figure 4.10: Scanning electron microscopic (SEM) images of shale sample
performed at room temperature and at high voltages of 12.5 kV and 10 kV
respectively.
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4.3.3. Rheology
Rheological parameters of drilling fluid such as apparent viscosity (AV), plastic
viscosity (PV), yield point (YP) and gel strength are critical for drilling operation and
need close monitoring throughout the process. A decrease in AV affects cutting
carrying capacity of fluid. Also, very high AV may lead to higher pumping costs. PV is
the resistance to flow of drilling fluid which is caused by mechanical friction within the
fluid. This mechanical friction within the fluid can be due to interaction between liquid
and solid particles or between solid particles or due to deformation of liquid particles
under shear stress. PV affects the rate of penetration and it should be low (preferably <
30 mPa.s) for acceptable rate of drilling [116]. YP is essential for efficient removal of
cuttings from the wellbore and typical silicate mud have value of YP in the range of 9
to 15 Pa [32]. For the formulations containing polyDMAPMA, rheological parameters
obtained before hot rolling (BHR) and after hot rolling (AHR) at 100 °C are listed in
Table 4.3. It was found that rheological properties of all the formulations reduced due
to 16 h ageing at 100 °C. This happens due to the thermal degradation of the
biopolymers used in drilling fluids. Xanthan gum and PAC degrade up to some extent
due to the prolonged exposure to high temperature [15]. AV of base mud was reduced
by ~25% AHR whereas that of formulation containing 2.5 g polyDMAPMA decreased
by ~29% AHR. However, the issue may be addressed by supplementing the polymer
content in a later stage as a part of make up additives. AV of base mud increased by
~25% on addition of 0.625% (w/v) of polyDMAPMA before hot rolling and this
enhancement stood at ~19% after hot rolling for 16 h. There was an increase in all
rheological properties of mud with increasing concentration of polyDMAPMA. PV and
YP improved by ~36% and ~15% respectively for a dose of 0.625% (w/v) in base mud.
Even after hot rolling test, YP for a concentration of 0.625 w/v% was 23 Pa with
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polyDMAPMA and 25 Pa with polyAETMAC which is better than a typical silicate
mud for efficient hole cleaning [32]. Impact on gel strength was not much pronounced
but it was also increasing with polymer concentration. Gel strength values remained in
acceptable range of 7 to 15 lb/100ft2 (3.3516 to 7.182 Pa) [32,116]. Lower values of gel
strength results in settling of drill cuttings when the circulation is stopped and therefore
they should be higher than a minimum value. In present case gel strength was higher
than 7 lb/100ft2 (3.3516 Pa) even after hot rolling for 16 hours. For mud formulations
containing polyAETMAC, enhancement in rheological properties was marginally
greater in magnitude than that in presence of polyDMAPMA (Table 4.4). Even after
hot rolling, the properties such as AV, PV and YP were higher for formulations
containing polyAETMAC than those for polyDMAPMA containing formulations for a
given concentration. Higher values of rheological parameters may be attributed to the
stronger interactive forces between cationic polymer and other anionic additives. On
addition of polyDMAPMA, interaction between clay and polymer chains causes the
viscous parameters to increase due to the presence of polar amine moieties present.
However, this enhancement in interactive forces among mud additives (mainly clay)
and polyAETMAC is greater due to the presence of cationic quaternary amine moieties,
which is also supported by the rheological investigations on polymer clay interaction
(Figure 4.7).
Table 4.3: Rheological performance of various drilling muds containing
polyDMAPMA.
S.N. Parameter

Condition

1

Φ600

2

Φ300

3

AV (mPa.s)

BHR
AHR
BHR
AHR
BHR

Formulations with polyDMAPMA
0
0.5
1.0
1.5
2.0
2.5
(g/400mL)
55
56
58
61
65
69
41
41
43
44
47
49
41
42
43
45
47
50
30
30
32
33
35
36
27.5 28.0 29.0
30.5 32.5 34.5
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4

PV (mPa.s)

5

YP (lb/100ft2)

6

Gel 0 (lb/100ft2)

7

Gel 10 (lb/100ft2)

AHR
BHR
AHR
BHR
AHR
BHR
AHR
BHR
AHR

20.5
14
11
27
19
12
7
24
10

20.5
14.0
11.0
28.0
19.0
13
6
27
11

21.5
15.0
11.0
28.0
21.0
14
7
28
11

22.0
16.0
11.0
29.0
22.0
14
9
29
13

23.5
18.0
12.0
29.0
23.0
15
9
31
14

24.5
19.0
13.0
31.0
23.0
16
10
33
15

Table 4.4: Rheological performance of various drilling muds containing
polyAETMAC.
S. No.

Parameter

1

Φ600

2

Φ300

3

AV (mPa.s)

4

PV (mPa.s)

5

YP (lb/100ft2)

6

Gel 0 (lb/100ft2)

7

Gel 10 (lb/100ft2)

Condition
BHR
AHR
BHR
AHR
BHR
AHR
BHR
AHR
BHR
AHR
BHR
AHR
BHR
AHR

Formulations with polyAETMAC
0
0.5
1.0
1.5
2.0
2.5
(g/400mL)
55
57
59
62
67
71
41
43
45
48
50
53
41
42
43
45
48
51
30
32
33
35
37
39
27.5 28.5 29.5 31.0 33.5 35.5
20.5 21.5 22.5 24.0 25.0 26.5
14
15.0 16.0 17.0 19.0 20.0
11
11.0 12.0 13.0 13.0 14.0
27
27.0 27.0 28.0 29.0 31.0
19
21.0 21.0 22.0 24.0 25.0
12
14
15
16
16
17
7
7
8
9
11
12
24
28
29
31
33
35
10
12
13
15
16
18

4.3.4. API Filtrate
Hydrostatic pressure of the mud column is kept higher than the pore pressure of
formation being drilled, to circumvent the formation fluid from inflowing the wellbore.
Due to higher inside pressure, water is infiltrated into the permeable formation and fluid
loss takes place which needs to be minimized. Variation of API fluid loss with polymer
concentration BHR and AHR is given in Figure 4.11. The BHR API filtrate decreased
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by 15 and 10% in presence of polyDMAPMA and polyAETMAC respectively at a
concentration of 0.625 w/v%). The reduction in API fluid loss AHR was ~20% for
polyDMAPMA and ~13% for polyAETMAC for same concentration of the polymers.
This suggest that these polymers are effective in reducing API fluid loss even after
ageing at 100 °C and polyDMAPMA being more influential. In order to investigate the
possible reason, textural analysis of filter cakes was done for both polymers and results
suggest that polyDMAPMA layer is spread over the solids present in filter cake and
reduces the permeability of filter cake resulting in a decrease of API fluid loss. FESEM
images of filter cakes formed by drilling formulations containing 0.625 w/v% of
polyDMAPMA and polyAETMAC are shown in Figure 4.12 showing a spider web
like network in case of both polymers a characteristic of acrylamide based polymers
[53]. Filter cake thickness was measured at ten different places and average cake
thickness was found to be 1.2 mm for polyDMAPMA and 1.07 for polyAETMAC for
the formulation with highest concentration of polymer. The filter cake thickness should
be minimum to avoid the problem of pipe stuck during drilling. PolyAETMAC is a
forming a thin cake which is desirable for smooth drilling.

Figure 4.11: API fluid loss for each formulation before hot rolling (BHR) and after
hot rolling (AHR) at 100 °C.
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Figure 4.12: FESEM images of filter cake formed by fluid containing 0.625 w/v%
of (a) polyDMAPMA and (b) polyAETMAC.
4.3.5. Hot Rolling Dispersion
During the ageing process, in which drilling fluid sample is hot rolled at a certain
temperature for 16 h, shale cuttings were placed in ageing cell along with mud for shale
disintegration test. After the hot rolling process shale cuttings were sieved out to
calculate the recovery % of initial amount of shale placed for hot rolling. Since water
sensitive shale starts disintegrating due to interaction with water from WBM, fraction of
shale cuttings disintegrated during the hot rolling process is calculated and remaining
amount is called shale recovery. Figure 4.13 shows the shale recovery of various
formulations containing varying amount of polymeric shale stabilizers. Shale recovery
percentage for base mud was found to be 92.30±0.08 which increased to 98.02±0.11 for
polyDMAPMA and 98.67±0.21 for polyAETMAC for a dosage of 2.5 g polymer per
400 mL of base mud in both cases. The shale recovery for polyAETMAC based
formulations is higher than that of polyDMAPMA based muds. It means cationic
polymer has ability to strongly control the shale disintegration. It may be attributed to
the fact that cationic sites present in polyAETMAC were adsorbed on the surface of
shale with stronger force due to the higher charge density of cation. This causes shale
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particles to be held strongly with each other during hot rolling and thus shale cuttings
remain intact.

Figure 4.13: Shale recovery after hot rolling for 16 h at 100°C.
4.3.6. Linear Swell Meter Test
FANN linear swell meter (LSM) test is a method of quantitative assessment of shale
hydration in terms of shale swelling with respect to time. In this instrument, the
compacted shale sample is placed in the mesh under the probe that helps to measure the
swelling percentage over the time [137]. Figure 4.14 shows the graphs between
swelling percentages of shale with different solutions vs. time (h). Swelling percentage
value for shale pellet in water was 33% which reduced to 31% in presence of 8%
sodium silicate in water. The polymeric additives for shale stabilization showed further
reduction in shale swelling when added to water and sodium silicate solution.
PolyDMAPMA and polyAETMAC reduced the shale swelling to only 28% and 26%
respectively when 0.50 w/v% of each was added into sodium silicate aqueous solution.
From the results of LSM values, it was found that there is significant improvement in
shale stabilization through decrease in shale hydration. It was also found that cationic
polymer polyAETMAC is more effective in swelling inhibition.
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Figure 4.14: LSM of shale sample with water, sodium silicate (8%) in water,
sodium silicate (8%) and polyDMAPMA (0.50%) in water and sodium silicate
(8%) and polyAETMAC (0.50%) in water.
4.3.7. Capillary suction time
An effective shale stabilizing additive will prevent the water absorption and swelling of
the shale which in turn will result in more free water and a permeable filter cake leading
to a smaller CST time interval. Table 4.5 shows the CST values of four different
formulations studies on CST apparatus. Base mud when diluted to 5 times give a CST
value of 340 s with 4.0 w/v% shale powder. Addition of 5.0 w/v% KCl reduces this
value to 307 s which is comparable to the CST value by the sample containing 0.5
w/v% polyDMAPMA. However, the CST value obtained by using 0.5 w/v% of
polyAETMAC was 291 s. This suggested that polyAETMAC is more effective in
stabilizing the shale sample. This may be due to the strong interaction between cationic
sites of polymer with anionic sites present in clay minerals of shale.
Table 4.5: Capillary suction time of KCl and polymer additives.
Sample

CST (s)

Base Mud

339.7 ± 7.1
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Base Mud + 5.0 w/v% KCl

307.0 ± 5.6

Base Mud + 0.5 w/v% polyDMAPMA

302.7 ± 4.2

Base Mud + 0.5 w/v% polyAETMAC

291.3 ± 4.9

4.4. Conclusion
The study revealed that, polymers based on amine pendant functionality efficiently
stabilize the Shale formation when present as a drilling fluid additive. Importantly,
charged amine based low molecular weight polymers are more effective in Shale
stabilization compared to the neutral amine functionality based polymers. Charged
amine based polymer i.e. polyAETMAC is also more effective in enhancing the
rheological parameters such as apparent viscosity, yield point etc. as indicated by the
mud testing of various drilling formulations using FANN VG meter. This may be
attributed to the fact that the stronger interaction between cationic sites in
polyAETMAC and sodium montmorillonite platelets with negative sites has increased
the rheological properties of clay dispersion. API filtration loss was reduced to some
extent with the addition of both type of polymers and more prominently in case of
polyDMAPMA due to the formation of a spider web like structure by polymer on filter
cake. Shale stabilization effect of additives was evident by the increase in shale
recovery performance test. Overall, these polymers can be a potential shale stabilizing
additives for drilling with water based mud. Among the two polymers studied, the
charged amine polymer showed better characteristics of shale stabilizer through shale
disintegration test, LSM and CST test results.
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5. Chapter 5: Effect of Cationic Copolymeric Additives
on Shale Stability
5.1. Introduction
Wellbore instability is one of the prime concerns witnessed during drilling of
petroleum reservoirs and influences the economy and duration of drilling process
[42,87]. The issue gets more pronounced in shales, which constitutes about 75% of the
total formation drilled by oil and gas industry [42,138,139]. The wellbore instability
arises due to the dispersion of the clay into drilling mud as ultra-fine colloidal particles,
which directly impacts the properties of drilling fluid and stress regime of formation. It
also causes swelling of shale formation through drilling fluid filtrate absorption leading
to sloughing of the wellbore [32,42,116]. Therefore, the strengthening of clay minerals
to suppress dispersion and prevention of the water flow from the drilling fluid to shale
is desired to address the above issue.
In past, various non-aqueous drilling fluids (NADF) such as mineral oils,
saturated and unsaturated poly alpha olefins and esters have been developed and
utilized in this regard [140,141]. However, NADFs have notable disadvantages, such as
environmental restrictions, disposal difficulties, high cost, health and safety issues and
harmful effects on the drilling and completion of the pay zone. Therefore use of water
based muds is considered advantageous over NADFs due to low cost and environmental
concerns [142]. The typical issues encountered with the use of current water based
muds is the hydration and swelling of shale formations, which subsequently leads to
hole collapse, fracturing, lost circulation, well control and disintegration of cuttings
[37,143].
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Sodium silicate was firstly used as shale stabilizer in water-based drilling fluids
in 1930s and is considered as a proven candidate to address the issue of swelling in
shales [144]. For example, Darley et al reported that most of the shale can be stabilized
with dilute solutions of sodium and potassium silicates (5-10% v/v) [145]. Addition of
simple salts such as sodium chloride, potassium chloride etc. aided significantly to the
shale stability through induced dehydration mechanism [55,120]. Induced dehydration
is the flow of absorbed water from shale into the wellbore due to the difference in water
activity in mud and that in shale formation fluids. Increasing the salt concentration in
mud to a value greater than the salt concentration in clay within the shale formation
leads to water activity of mud becoming lower than that of formation fluid which results
in reverse osmosis and water molecules flow back into the wellbore. Dehydration of
shale formation helps in minimizing clay swelling. However, too high salt
concentration in mud may cause excess dehydration which may result in shrinkage of
shale formation resulting in opening of cracks which must be avoided [146]. pH of the
silicate mud is an important parameter since the silicate is known to remain in the
oligomeric form for any value of pH below 12.0 and polymerizes on increasing the pH
beyond 12, which readily deposits on shale to inhibit the water to reach to the shale
surface up to a certain extent [147]. Addition of various water soluble polymers to these
drilling

fluids

have

further

improved

the

rheological

properties,

filtration

characteristics, and shale inhibition and have become an integral part of the mud
composition lately [47,50,53,116,143]. The most common polymer used for shale
encapsulation and borehole stabilization is the partially hydrolyzed polyacrylamide
(PHPA). The polymer based mud having PHPA as a mud constituent has a tendency to
form thin impermeable filter cake at the wellbore, which is advantageous to mitigate
wellbore instability problems by reducing the fluid loss to the shale formation. PHPA,

98

sodium silicate, glycols etc. are mainly used to counter the shale instability during the
drilling of water sensitive shale formations [59]. In addition, polyethylene glycol (PEG)
and silicate mud systems are also preferred for the shale inhibition. Low molecular
weight polyethylene glycol molecules preferably below 1000 g/mol favored the pore
plugging in shale formation which helped in wellbore stabilization [62].
Polyacrylamides have been used in combination with KCl to drill sensitive shales [55]
and acrylamide based polymers have also been employed to control fluid loss [125].
In present study, a novel cationic polyelectrolytes containing amine, ammonium
pendant functionalities in different molar proportions is synthesized and used as shale
stabilizer in silicate water based mud. The proposed polyelectrolytes contain amine
functionalities which help in clay stabilization by electrostatic interaction with clay
platelets. Also, the additives being in low molecular weight polymeric form will enable
the pore plugging phenomenon for shale stabilization. The rheological behaviors of the
polyelectrolytes are first investigated in presence of sodium silicate, xanthan gum and
polyanionic cellulose. Then, these polyelectrolytes were used to make silicate muds
with varying amount of copolymers resulting in twelve formulations. The rheological
properties of the resulting muds are evaluated and their efficiency in shale stabilization
is investigated.
5.2. Experimental
5.2.1. Materials
Monomers

N-[3-(Dimethylamino)propyl]methacrylamide

(Sigma-Aldrich,

99%)

[DMAPMA] and [2-(acryloyloxy)ethyl]trimethylammonium chloride (Sigma-Aldrich,
80 wt% in H2O) [AETMAC] were used for the synthesis of copolymers. ɑ, ɑ’Azoisobutyronitrile (AIBN, Spectrochem Pvt. Ltd., Mumbai, India, >98%) initiator was
used after recrystallization in methanol (SD Fine Chem Pvt Ltd, >99%). Absolute
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Ethanol (SD Fine Chem, 99.9%), Bentonite powder (Merck, <0.0008% As), potassium
chloride (SD Fine Chem, 99%), sodium silicate (SD Fine Chem, 97%), and Octan-1-ol
(SD Fine Chem, >99%, <0.3% H2O), Xanthan gum (HiMedia, Mumbai, India,
>99.99%) were all synthetic grade and used as obtained. Shale used in disintegration
test was from Cambay basin provided by Oil and Natural Gas Corporation, India.
Polyanionic cellulose was also provided by the same company.
5.2.2. Instrumentation
5.2.2.1. Polyelectrolyte characterization
The FT-IR spectra of the samples were recorded using a PerkinElmer Spectrum Two
spectrometer. All the samples were recorded using “attenuated total reflectance” (ATR)
mode. The PIKE MIRacle single reflection horizontal ATR accessory equipped with a
ZnSe ATR crystal was used for recording FT-IR spectra. 1H NMR spectra were
obtained on a JEOL ECS400 NMR spectrometer using D2O as solvent and spectra were
recorded at 400 MHz. Gel permeation chromatography was conducted on Agilent 1260
MDS RI equipment at 40 °C. Testing was done using a water column and eluent being
sodium nitrate and sodium dihydrogen phosphate dihydrate. Injected volume was 100
µL and data was recorded for a run time of 15 minutes.
5.2.2.2. Shale characterization
Scanning electron microscopy analysis of shale and filter cakes was performed by
JEOL JXA-8230 Electron Probe Micro Analyser at 5.0 kV and 12.5 kV respectively. XRay diffraction of shale was carried out in PANalytical X’Pert PRO, Spectris plc X-ray
diffractometer with a scan range of 10° to 80°. Shale sample was used in powdered
form by using mortar and pestle.
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5.2.3. Synthesis of polyelectrolytes
Three different cationic polymers, a homopolymer of AETMAC (PQA), random
copolymer of AETMAC and DMAPMA in molar ratio 40:60 (PTA-ran-PQA-46) and
that in molar ratio 60:40 (PTA-ran-PQA-64) were synthesized by free radical
polymerization technique. For the synthesis of PTA-ran-PQA-64, DMAPMA (25.54 g,
0.15 mol) and AETMAC (9.68 g, 0.05 mol) were purged with pure N2 in two necked
round bottom (RB) flask for 20 minutes. RB flask was clamped in oil bath and fitted
with a reflux condenser. Initiator, AIBN was recrystallized in methanol for further
purification prior to its use. AIBN (0.3284 g, 2 mmol) along with the solvent Ethanol
(150 mL) were added to form reaction mixture and then system was heated up to a
temperature of 70 °C. Polymerization reaction was carried out for 48 hours under inert
atmosphere of nitrogen and continuous stirring at 400 rpm with a magnetic stirrer.
Excess solvent was evaporated and product was washed with hexane and methanol to
remove unreacted monomers. Polymer was separated by precipitating in acetone and
dried in vacuum desiccator for 2 hours. Polymer was characterized as 1H NMR (400
MHz, D2O)  (ppm): 3.9 (2H, COOCH2), 3.4 (2H, COOCH2CH2), 3.1 [9H,
CH2N+(CH3)3], 2.2 [2H, CH2N(CH3)2], 2.1 [6H, CH2N(CH3)2], 1.5 (3H, COCCH3),
FT-IR (cm-1) 1650 (CO stretching, amide) and 1731 (CO stretching, ester). Mn (GPC,
water) = 4330, PDI = 2.8. Similarly, other polymers were prepared and characterized.
5.2.4. Drilling mud formulation design and preparation
Prehydrated bentonite (PHB) was prepared by slowly dissolving 10 w/v% bentonite in
water using Hamilton Beach Mixer for 20 minutes and allowing for 24 hours for
complete hydration. This PHB was diluted with water to adjust the apparent viscosity
up to 5.0 cP prehydrated bentonite solution (PHBS) for preparing silicate mud.
Viscosifier added to base mud was Xanthan Gum (XG) and low viscosity polyanionic
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cellulose (PAC – LV) was used as a typical fluid loss reducer. Potassium chloride and
sodium silicate were also added to the base mud as clay stabilizers. Polyelectrolytes
PQA, PTA-ran-PQA-46 and PTA-ran-PQA-64 used in varying amount with a fixed
silicate mud (base mud) for improved performance. Base mud composition is shown in
Table 5.1. Octan-1-ol was necessary to prevent the froth formation upon mixing of
polyelectrolyte into base mud. The additives were added slowly and in a fixed sequence
throughout all the experiments.
Table 5.1: Composition of base mud used for the study of polyelectrolytes in shale
inhibition.
S.N. Constituent

Amount

1.

PHBS (5.0 cP AV) 400 mL

2.

XG

1.0 g

3.

PAC LV

4.0 g

4.

KCl

24.0 g

5.

Sodium Silicate

8.0 g

6.

Octan-1-ol

0.2 mL

5.2.5. Drilling mud testing
5.2.5.1. Mud density test
Mud balance by Fann Instruments Company was used to check the specific gravity of
WBM formulations. Since the presence of polymers caused foaming, it is possible to
get values less than 1. Use of octan-1-ol defoamer enables to suppress the foam and
obtain the true value of mud density. Specific gravity was measured with no foam
present in the mud sample and removing as much tiny bubbles as possible.
5.2.5.2. Rheology testing
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FANN Instrument Company Viscometer model 35 was used to analyze the rheological
properties of mud samples. This instrument provides an accurate estimate of apparent
viscosity (AV), plastic viscosity (PV) and yield point (YP) that can be obtained by
using dial reading of viscometer at different rpm. It is also used to measure the gel
strength of drilling muds. Initial and final gel strengths are dial readings at 10 seconds
and 10 minutes respectively at 3 rpm reading after mixing the mud properly at 600 rpm.
5.2.5.3. API Filtration test
API filter press by Fann Instrument Company was used to determine the filtrate volume
from drilling mud sample. It is an indication of the ability of drilling fluid formulation
to hold the water so that it is less likely to enter into water sensitive clay formation.
Lesser values of API filtrate are indicative of better formulations since the less water
will infiltrate into the shale formation to cause any damage. A pressure of 100 psi and
normal temperature was maintained during this test and filtrate volume was measured
after 30 minutes.
5.2.5.4. Ageing and Shale Retention test
When drilling fluid is circulated through the well hole it experiences severe conditions
of temperature and pressure inside the wellbore. The effects of temperature and various
chemical additives on the rheological, filtration and chemical properties of muds under
simulated rotational conditions can be elucidated in a roller oven. Besides the ageing of
mud, this test also provides the information on up to what extent the shale is being
disintegrated when in contact with drilling fluid at high temperature.
Mud formulation was poured into the ageing cell and 10 g of shale cuttings retained
above 10 BSS mesh size sieve were mixed gently into the mud and then ageing cell was
closed. Ageing cell was kept in roller oven for 16 hours at 100 °C. To make the effect
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of mud chemistry similar to that of borehole, typical timescales of ageing is being taken
as 16 hours. After the completion of set time it was allowed to cool and then passing
the fluid through a 44 mesh size sieve to collect the cuttings. Effectiveness of a mud is
judged on the basis of amount of sample erosion experienced during retention test. Low
amount of sample erosion or higher retention means better shale protection. Aged fluid
was also collected for after hot rolling (AHR) testing and cuttings were washed with a
gentle stream of water. After washing these cuttings were dried oven for 2 hours at 105
°C to evaluate the percentage of shale disintegrated in during hot rolling.
5.2.5.5. Linear Swell Meter test
The Linear Swell Meter (LSM) was used to determine the shale hydration or interaction
between the fluid and clay by Fann LSM, Model 2000 with 4 channels. To perform the
test, 20.0 g of shale powder was grounded to make it less than 200 BSS mesh size. This
shale powder was placed in a cylindrical die and compressed in hydraulic compressor
(Make - Ofite) at 1000 psi for 30 min. The obtained cylindrical shaped shale pellets
were used to perform the test. The thicknesses of cylindrical shale samples were
measured (0.658 in and 0.660 in). These compacted shale pellets were immersed in
silicate drilling formulation without polyelectrolyte and with polyelectrolyte PTA-ranPQA-64 (2.0 g) and measured the graph was drawn between swelling percentage and
time.
5.3. Results and Discussion
5.3.1. Polyelectrolyte characterization
Three polyelectrolytes, based on DMAPMA and AETMAC using AIBN
initiator, were synthesized by free radical polymerization. The polymers were washed
with acetone to remove the unreacted monomers and other organic impurities before
further characterization. FT-IR spectra of PTA-ran-PQA-46 displayed bands at both
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1731 and 1650 cm-1 accountable to COO and CONH functionalities of AETMAC and
DMAPMA respectively suggesting the formation of copolymer (Figure 5.1). In 1H
NMR spectra, the disappearance of resonances in between 5.0 – 6.0 ppm accountable to
the CH2=CH- of the monomers in all the cases suggested successful polymerization
(Figure 5.2). The integration values of resonances at 3.1 and 2.1 ppm assigned to the –
N+(CH3)3 and –N(CH3)2 respectively were compared to quantify the segment ratios in
the random copolymers. As per the calculation, the ratios between DMAPMA and
AETMAC were 40:60 (mol:mol) and 60:40 (mol:mol) in PTA-ran-PQA-46 and PTAran-PQA-64 respectively. As per the GPC analysis, the number average molecular
weight (Mn) values of the polymer samples were found to be in the range of 1940–4329
with PDI values around 1.7 – 3.1 (Figure 5.3). GPC data also revealed that the highest
value of PDI was obtained for PTA-ran-PQA-46 and the lowest PDI value of 1.772 was
achieved for PQA. Also, PQA was found to have least value of Mn and the highest
molecular weight among these three was obtained for PTA-ran-PQA-64.

Scheme 5.1: Synthesis of PTA-ran-PQA random copolymer
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Figure 5.1: ATR FT-IR spectra of PTA-ran-PQA-46 and precursors.
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Figure 5.2: 1H NMR spectra of PQA and the PTA-ran-PQA random
polyelectrolytes recorded in D2O solvent.
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Figure 5.3: Gel Permeation Chromatography curves for polyelectrolytes.
5.3.2. Shale characterization
5.3.2.1. XRD analysis
The XRD pattern of shale sample is shown in (Figure 5.4). Peaks corresponding to 26.6
and 20 are the major peaks suggesting quartz is the principal constituent of shale sample
under investigation. However, small peaks at 2θ values of 12.5, 18.5 and 39 suggested
the presence of clayey minerals (Kaolinite and Montmorillonite) in shale [148].
Therefore, this shale sample is susceptible to dispersion and swelling under aqueous
environments. Major minerals present in the shale samples are listed below in Table
5.2:
Table 5.2: Mineralogical composition of shale
S. No.

Mineral

Percent

1

Mica

39

2

Quartz

32

3

Kaolinite

18

4

Illite

11
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Figure 5.4: XRD plot of the studied shale sample showing the presence of clay
minerals along with Quartz (M= Mica, K= Kaolinite, Q = Quartz, I = Illite).
5.3.2.2. SEM analysis of shale
Results of SEM analysis for shale sample show that various micro fractures
exist in the bulk sample (Figure 5.5). Size of micro fractures range from 4.0 µm to 7.0
µm. Presence of these micro-fractures provides a passage for water from drilling fluid
to go through the inner section of shale formation. Swelling of the shale layer resulting
from the absorption of infiltrated water is known to cause wellbore instability.[149]

Figure 5.5: FESEM image of the studied shale sample showing un-uniform
fractures.
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5.3.3. Density measurements of mud formulations
Densities of drilling formulations were found to be in the range of 1.07 to 1.09 g/cc
which is equivalent to a mud weight of 8.85 to 9.10 lb/gal. A slight decrease in mud
weight in presence of polyelectrolyte reflected the presence of air bubbles which was
minimized by using Octan-1-ol defoamer. After ageing test of muds, density was found
to be almost constant for all the formulations (Table 5.3).
Table 5.3: Densities of drilling formulations before and after hot rolling
experiment.
Polyelectrolyte
PQA
weight (g)
1.0
1.5
2.0
2.5

BHR
1.08
1.08
1.08
1.07

AHR
1.09
1.09
1.09
1.09

Density (g/cc)
PTA-ran-PQA-46
BHR
AHR
1.08
1.09
1.08
1.09
1.07
1.09
1.07
1.08

PTA-ran-PQA-64
BHR
AHR
1.08
1.09
1.07
1.09
1.07
1.08
1.07
1.08

5.3.4. Effect of additives on rheology of drilling formulations
One of the important functions of drilling fluids is to remove cuttings from wellbore.
Optimization of AV and gel strength is important to suspend the cuttings and at the
same time recycle the fluid. As expected, the polyelectrolytes significantly increased
the AV and yield point of silicate drilling fluids. Figure 5.6 shows the variation of AV,
PV, YP and final gel strength of drilling formulations before hot rolling (BHR) and
after hot rolling (AHR) test. AV increased with increase in polyelectrolyte
concentration and remained above 35 cP for all formulations (Figure 5.6a). The value
was maximum (~46 cP) for PTA-ran-PQA-64 (0.25 to 0.6 wt%) which contains least
amount (40 mol%) of quaternary amine functionality. AHR at 100 °C, AV of these
formulations reduced by ~28% in comparison to BHR viscosities (Figure 5.6a'). Even
after ageing test, AVs are close to 30 cP which is acceptable [150]. The AHR PV data
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(16-19 cP) also followed a similar trend as that of the AV data and reduced by ≤24%
compared to that of the BHR values (19-25 cP) (Figure 5.6b and 5.6b'). Base mud
formulation possessing no polyelectrolytes also displayed similar decrease in AV and
other mud parameters (Table 5.4) after hot rolling suggesting that the variation in
rheological properties of the mud samples may be attributed to the degradation of
biopolymeric additives, i.e. xanthan gum and PAC present in the muds [87]. Hot rolling
dispersion test involves ageing at high temperature due to which drilling mud
ingredients undergo thermal treatment and biopolymers (Xanthan Gum and PAC)
undergo thermal degradation up to some extent. This degradation increases with
increase in temperature. This result in an increase in API fluid loss after hot rolling
.Also, there is effective change in filtrate volume with temperature due to changes in
filtrate viscosity which further increases the fluid loss [15]. The presence of
polyelectrolytes least affected the thermal stability of the muds.
Table 5.4: Variation in drilling fluid characteristics due to ageing of base mud
during shale dispersion test.
Properties

Before Hot Rolling

After Hot Rolling

AV (cP)

25.5

21.0

PV (cP)

14.0

12.0

YP (lb/100ft2)

23.0

18.0

Gel10 (lb/100ft2)

16

15

API (mL)

8.2

16.4

Presence of polyelectrolytes increased the YP of mud formulations from 23 to 42
lb/100ft2 which is essential for efficient removal of cuttings from wellbore. After ageing
of drilling fluid, YP reduced to 22 – 29 lb/100 ft2 (10.5 to 14 Pa) from 32 – 42 lb/100 ft2
(15 to 20 Pa) (Figures 5.6c and 5.6c'). YP values after ageing were found to be in the
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typical range of values suitable for drilling [32,150,151]. Gel strength of formulations
also increased with increase in wt% of polyelectrolytes in the drilling fluid. This is due
to the viscous nature of polymeric solutions. Higher Gel strength is advantageous in
order to remove the cuttings and avoiding the settling of formation cuttings inside the
wellbore. Final gel strength values remained above 17 lb/100ft2 after hot rolling, which
is adequate for drilling applications (Figure 5.6d') [32,150]. In all the above cases,
formulation containing PQA homopolyelctrolyte exhibited inferior properties compared
to those of the formulations containing random copolyelectrolytes. However, the ratio
between charged to neutral segments in the copolymers did not alter the rheological
properties to a notable extent.
5.3.5. Effect of additive on API filtration loss
An important function of drilling fluids is to seal the permeable formation and reduce
filtration thus minimizing fluid loss. Deposition of a thin and low permeability filter
cake and minimum filtration rate are often necessary to prevent drilling problems.
Figure 5.7 shows the results of API filtration tests before and after hot rolling. API
fluid loss is observed to be slightly higher due to smaller dose of fluid loss controlling
agent (PAC) used in base mud formulation. However it can be seen in Table 5.5 that
using 8.0 g PAC, the API fluid loss of base mud may be decreased by 70% of the API
fluid loss of mud with 2.0 g PAC.
Table 5.5: Effect of PAC concentration on API fluid loss (Mud formulation: 5.0 cP
PHB solution + 0.25% XG + 6.0% KCl + 2.0% Sodium Silicate + PAC)
PAC-LV (g) in 400 mL mud

API fluid loss after ageing test (mL)

2.0

26.4

4.0

16.4

6.0

11.6

8.0

8.2
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Figure 5.6: Effect of polyelectrolytes on rheological properties of drilling
formulations before hot rolling and after hot rolling ageing test.
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It was observed that addition of the cationic polyelectrolytes is causing a
reduction in filtrate volume after 30 minutes with increasing polyelectrolyte
concentration. Possibly, the polyelectrolytes formed a low permeable filter cake that
efficiently controlled filtration. Filter cake thickness for all the formulations were
measured to be ~1 mm and increased up to ~2 mm after ageing. The increase in cake
thickness may be attributed to the presence of small amount of disintegrated cuttings
and insoluble degradation products of biopolymers which increased the permeability of
filter cake and resulted in higher fluid loss values after hot rolling. Filter cakes beyond 2
mm thickness are not acceptable for shale formations as it reduces polymer
concentration in filtrate and the protective covering for water inhibition. Reduction of
API filtrate with increasing polyelectrolyte concentration supports their capability to
inhibit fluid flow from mud in to the sensitive shale. These polyelectrolytes may form
an impermeable spider web like layer to reduce fluid loss through filter cake and this
effect is observed to be most prominent in case of PTA-ran-PQA-64 (Figure 5.8). To
further support the typical spider-web like characteristics of the polyelectrolytes, SEM
analysis of the solvent cast films of polyelectrolytes were conducted. As seen in Figure
5.9, the copolyelectrolytes displayed a typical network arrangement through phase
segregation of immiscible hydrophilic (quaternary amine group) and hydrophobic
(tertiary amine group) segments. Phase segregation of amphiphilic copolymers in
solution is well known in literature.[152] However, in case of homopolyelectrolyte,
only discrete worm like structures were visible. This suggests that, the networking
ability of the copolyelectrolytes aided the spider-web like characteristics and helped the
reduction in fluid loss. In fact, the networking ability of PTA-ran-PQA-64 was best
among the three polyelectrolytes (Fig 5.9) studied and the corresponding
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copolyelectrolyte displayed comparatively better apparent viscosity, gel strength, API
filtrate and shale retention compared to the other two copolymers.

Figure 5.7: Effect of polyelectrolytes on API filtrate after 30 min, (a) before hot
rolling and (b) after hot rolling.

Figure 5.8: FESEM images of filter cakes formed by drilling fluid containing (a)
PQA, (b) PQA-ran-PTA-46 and (c) PQA-ran-PTA-64.
5.3.6. Shale recovery performance test
These polyelectrolyte chains having ionic sites were anticipated to get attached to the
shale particles at multiple sites and hold these particles tightly. The performance of
polyelectrolyte as a shale stabilizer was assessed by shale dispersion or shale
disintegration test. Higher recovery means lesser disintegration and thus better
performance of shale stabilizer.

Figure 5.10 depicts the effect of polymer

concentration on shale recovery. The amount of polyelectrolyte in the fluid enhanced
the shale recovery of the shale in presence of water based mud. This confirms the
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potential of the synthesized polyelectrolytes as a shale stabilizer. All the
polyelectrolytes showed reasonably high shale recovery after shale dispersion test
which is ~97% for most formulations and greater than 96% for all the drilling fluids
prepared using these polyelectrolytes as shale stabilizers. Though, the extent of
recovery is similar in all the three cases, the polyelectrolyte (PTA-ran-PQA-64)
possessing 60:40 ratio of neutral to charged amines displayed marginally higher
recovery and therefore may be considered as a suitable candidate for further
applications.

(a)

50 µm

20 µm

2 µm

50 µm

20 µm

20 µm

50 µm

20 µm

20 µm

(b)

(c)

Figure 5.9: FESEM images of solvent cast films of polyelectrolyte at various
microscopic scales (a) PTA-ran-PQA-64, (b) PTA-ran-PQA-46 and (c) PQA
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Figure 5.10: Recovery% of shale cuttings for various drilling formulations after
hot rolling dispersion test.
5.3.7. Shale swelling in presence of drilling mud:
Linear Swell Meter (LSM) test was conducted with the formulation possessing the most
efficient polyelectrolyte, i.e. PTA-ran-PQA-64. The results obtained from LSM test
indicated that PTA-ran-PQA-64 has very strong inhibiting characteristics when used
with silicate drilling formulation. LSM data (Figure 5.11) revealed that the use of 0.63
wt% PTA-ran-PQA-64 reduced swelling of shale by more than 60% from 11.0% to
4.3%. It could be understood from this results that PTA-ran-PQA-64 is capable of
inhibiting water to enter the shale and protect it from swelling, ultimately resulting in
better wellbore stability. This can be attributed to polymer adsorption at positively
charged edges of clay present in shale rather than complete encapsulation of the clay.
Attractive forces favor polymer-polymer interactions to polymer-shale interactions.
Polyelectrolytes limit shale swelling by restricting the movement of clay particles that
protects them from dispersion and also form a barrier to inhibit water invasion into
shales formation. This is an important outcome of present study which support the fact
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that these polyelectrolytes may act as a viable candidate as drilling fluid additives to
impart wellbore stability during drilling operations.

Figure 5.11: Swelling of shale pellet in drilling mud with and without
polyelectrolyte.
5.4. CONCLUSION
Laboratory studies have shown that polyelectrolytes when added to silicate based
muds can enhance the stability of water sensitive shales and minimize or reduce shale
related problems even at very low concentrations. Polymer adsorption takes place at
positively charged edge sites on exposed clay particles rather than complete
encapsulation of the clay. This may be due to shift in attractive forces from favoring
polymer-polymer contacts to polymer-shale contacts. Polyelectrolytes limit swelling of
the shale by linking clay particle together that protects them from dispersion and also
form a barrier that will inhibit water movement into shales. The rheological properties
of drilling fluid such as plastic viscosity, yield point and gel strength are also controlled
by acrylate polyelectrolytes. Polyelectrolyte with neutral to charged amine = 60:40
(mol:mol) was found to be most efficient as shale stabilizer. Other polyelectrolytes
(PQA and PTA-ran-PQA-46) also provided reasonable shale inhibition and these
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polyelectrolytes could be used as additives for minimizing wellbore instability in shale
formations.
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6. Chapter 6: Effect of CuO and ZnO Nanoparticles on
Efficacy of Poly(4-styrenesulfonic acid-co-maleic acid)
Sodium Salt for Controlling HPHT Filtration
6.1. Introduction
Drilling a petroleum well is very complex and complicated task which involves the use
of a circulating fluid for assisting the drilling program. This fluid which is termed as
drilling fluid or drilling mud, is composed of water or oil phase in which a number of
polymeric and particulate additives are mixed to impart the requisite properties. Water
based drilling fluids are preferred for use since they are less harmful to the environment
on disposal as compared to the oil based mud. While using water based mud for
drilling, the fluid from the mud is infiltrated into the formation being drilled. This is due
to the pressure of mud column is kept higher than formation pressure [15]. This seepage
of fluid from drilling mud into the formation is called fluid loss and is an undesirable
characteristic. Filtration loss of water based muds at low pressure low temperature
(LPLT) conditions and modest HPHT conditions (Temperature in the range of 220 to
275 °F) can be controlled by cellulose based polymers such as polyanionic cellulose
(PAC), carboxymethyl

cellulose

(CMC) and hydroxyethyl

cellulose (HEC)

[55,153,154]. However, these additives have performance limitations at high pressure
high temperature (HPHT) conditions and even at moderately high temperatures if
exposed for longer durations [46], therefore the drilling fluids required for such
operations must be designed to sustain such temperatures and enormous amount of heat.
Moreover, the drilling fluid additives should be thermally stable for HPHT application.
Among the above mentioned polymeric fluid loss reducers, HEC has shown best
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performance

under

elevated temperature

conditions

[154].

In

the age

of

nanotechnology, there have been various nanoparticle based additives reported for
water based drilling fluids that enhance one or many characteristics of drilling fluids
such as thermal stability, thermal and electrical conductivities, rheological and filtration
properties [35,72,73,76,94]. Lately, a lot literature has published showing the
application of both polymeric and nanoparticle based mud additives for drilling fluids
[84,86,155,156]. On the other hand, the polymeric additives containing sulfonate
functionality can be used in drilling fluid up to 400 °F or higher [142,157,158],
therefore, using a polymer with sulfonic group in combination with HEC and
nanoparticles may result in improved filtration characteristics at HPHT conditions.
Recently Dejtaradon et al. used CuO and ZnO nanoparticles to study rheological and
filtration properties of water based drilling fluids where ageing experiments were not
performed and HPHT tests were conducted at 100 °C [75].
In this study, a water based mud (WBM) containing HEC as primary fluid loss reducer
and poly(4-styrenesulfonic acid-co-maleic acid) sodium salt (PSSM) as a secondary
fluid loss reducer has been prepared. This mud was then further altered by adding
varying quantities of CuO and ZnO nanoparticles and resulting formulations have been
characterized using API recommended procedure for testing water based drilling fluids.
Nanoparticles might be able to interact with polymeric additives in mud formulations to
make them more resistant to thermal degradation at high temperature conditions and
will also help fluid loss reducers to make less permeable filter cake by plugging the
filter cake pores. One of the key consideration is the thermal stability of drilling fluid,
as the mud is exposed to high temperature conditions for longer durations. Therefore,
all the mud formulations were hot rolled in a roller oven at 230 °F (110 °C) for 16 hours
to check the effect of ageing to assess the thermal stability. The variation in properties
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before and after hot rolling provides a useful insight about the rheological and filtration
characteristics of drilling fluid.
6.2. Experimental
6.2.1. Materials
Bentonite was procured from SD Fine Chem Limited, Mumbai. Xanthan gum and
hydroxyethyl

cellulose

were

purchased

from

Molychem,

Mumbai.

Poly(4-

styrenesulfonic acid-co-maleic acid) sodium salt was supplied by Sigma Aldrich, India.
CuO nanoparticles with average particle size of 40 nm and ZnO nanoparticles with
average particle size of 30 nm were obtained from Sisco Research Laboratories Pvt.
Ltd.(SRL) - India.
6.2.2. Methodology
6.2.2.1. Preparation of WBM with varying concentration of PSSM
Prehydrated bentonite was used to prepare all the drilling formulations. Base Mud (BM)
was prepared by slowly mixing 0.25 w/v% xanthan gum and 0.50 w/v% HEC into the
prehydrated bentonite slurry. A varying amount of PSSM polymer was mixed into BM
using Hamilton beach mixer, and each mud formulation was mixed for 10 minutes at
speed – II and then for 5 minutes at speed – III. Concentrations of PSSM for the various
drilling mud formulations are shown in Table 6.1.
Table 6.1: Drilling fluid formulations prepared and the concentration of polymer
in drilling fluid.
S.N.

Drilling Fluid

Weight % of PSSM in Base Mud

1
2
3
4
5
6

BM
BMP025
BMP050
BMP075
BMP100
BMP125

0
0.25
0.50
0.75
1.00
1.25
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7
8
9

BMP150
BMP175
BMP200

1.50
1.75
2.00

6.2.2.2. Preparation of WBM with varying concentration of CuO and ZnO
Nanoparticles:
CuO and ZnO nanoparticles were mixed in drilling fluid in the form of nano fluid
prepared by dispersing NP into aqueous solution of xanthan gum (concentration = 0.25
w/v%) using vortexer (at 2500 rpm). This mixture was kept for sonication for 1 hour.
360 mL of prehydrated bentonite slurry was mixed with 40 mL nanofluid using
Hamilton beach mixer at speed II for proper dispersion of nanoparticles for a duration
of 10 minutes. After then, mud was prepared by adding 0.25 w/v% xanthan gum, 0.50
w/v% HEC, and 1.00 w/v% PSSM in given sequence by using Hamilton beach mixer.
Base mud (which is BMP100 in Table 6.1) was prepared without nanoparticles and
keeping all other additives same as that in water based mud with CuO NP (WBM-C)
and water based mud with ZnO NP (WBM-Z). Details of the samples prepared for
complete study are listed in Table 6.2.
Table 6.2: Drilling fluid formulations prepared and the concentration of
nanoparticles in nanofluid and drilling fluid.
S.

Drilling

No.

Fluid

Weight % of nanoparticle

Weight % of nanoparticle in

in nanofluid

drilling fluid

CuO NP

ZnO NP

CuO NP

ZnO NP

1

Base Mud

0

0

0

0

2

WBM-C1

2.5

0

0.25

0

3

WBM-C2

5.0

0

0.50

0

4

WBM-C3

7.5

0

0.75

0

5

WBM-C4

10.0

0

1.00

0

6

WBM-Z1

0

2.5

0

0.25

7

WBM-Z2

0

5.0

0

0.50
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8

WBM-Z3

0

7.5

0

0.75

9

WBM-Z4

0

10.0

0

1.00

6.2.2.3. Laboratory testing of drilling fluids
All the drilling fluid formulations were tested for rheology using FANN Viscometer
Model 35 in accordance with API Recommended Practices for testing of drilling fluids.
Bingham Plastic model gives the values of apparent viscosity (AV), plastic viscosity
(PV), yield point (YP), and gel strength (GS) by following equations:
Apparent Viscosity (AV) = Φ600/2

……………………… (6.1)

Plastic Viscosity (PV) = Φ600 - Φ300 ……………………… (6.2)
Yield Point (YP) = Φ300 – PV

……………………… (6.3)

where,
Φ600: Dial reading at 600 rpm
Φ300: Dial reading at 300 rpm
Gel Strength (GS) is the maximum dial reading at 3 rpm when fluid has been at rest for
10 sec (initial gel strength) and 10 min (final gel strength).
API fluid loss testing was done using FANN API Filter Press Series 300 model at 100
psi pressure and ambient temperature. HPHT Fluid loss testing was performed on
FANN HPHT Filter Press Series 387 having a capacity of 175 mL at 300 °F
temperature and 500 psi differential pressure. All the mud samples were hot rolled at
230 °F for 16 hours at 30 rpm to determine the effect of ageing on drilling fluids in
presence of nanoparticles. OFITE capillary suction timer was used for CST analysis and
Malvern Zetasizer Nano-ZS was used for zeta potential determination at 68 °F. Mud
cakes obtained from API filtration testing were analyzed using NOVA NANOSEM 450
field emission scanning electron microscope (FESEM).
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6.3. Results and Discussion
6.3.1. Zeta Potential
Zeta potential of CuO and ZnO nanoparticles with and without PSSM, was measured by
dispersing the nanoparticles in deionized water. Figure 6.1 shows the zeta potential
distribution of CuO and ZnO nanoparticles. Zeta potential was found to be -13.0 mV
and -11.6 mV for aqueous solutions of CuO and ZnO nanoparticles (Figure 6.1 a and
6.1 b). It indicates that these nanoparticles are unstable to be in colloidal state in water,
and eventually flocculate to settle down since the zeta potential is much farther than
±30.0 mV threshold value [77]. However, in presence of PSSM in the mix, the system
showed the zeta potential in the stable range of ±30 mV to ±50 mV. For CuO with
PSSM, the zeta potential was found to be -44.2 mV and that for ZnO, it was -39.6 mV
(Figure 6.1 c and 6.1 d).

Figure 6.1: Zeta potential distributions of aqueous solutions of (a) CuO, (b) ZnO,
(c) CuO with PSSM and (d) ZnO with PSSM
6.3.2. Thermogravimetric analysis
The TGA curve of the PSSM polymer is shown in Figure 6.2 which illustrates a
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~14.75% decrease in mass of the sample. This is attributed to the removal of water
molecules from the polymer sample present in the form of unbound and bound
moisture. The presence of sulfonic groups in the PSSM is the primary reason for this
exorbitant amount of bound moisture content which evaporates on heating the polymer
to ~200 °C [159]. The weight loss because of dehydration is followed by more weight
loss with increasing temperature. At 400 °C, there is about ~8% more weight loss
indicative of the start of the thermal degradation of the polymer. The minimal
degradation of the polymers at elevated temperature illustrates the stability of polymer
and its application in HPHT conditions, where the temperature approaches 250 °C.

Figure 6.2: TGA curve of PSSM in presence of nitrogen atmosphere at a heat rate
of 10 °C/min.
6.3.3. Effect of PSSM on rheology and fluid loss of water based mud:
6.3.3.1. Rheological Parameters of mud formulations
Rheological behavior of the drilling mud is key to several operations performed by the
drilling fluid. A high rate of penetration is necessary of the economic development of
exploratory or production well, which depends on the rheology and lower values of
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plastic viscosity. High gel strength helps in an efficient suspension of the cuttings in the
mud during ceased operations. High values of yield point are supportive for cutting
carrying from the bottom of the hole to the surface. Therefore, the effect of PSSM on
the rheological parameters becomes a prominent area of study. The AV, PV, YP and
GS values at 10 second (initial GS) and that at 10 minutes (final GS) at static fluid
condition are determined for different concentrations of PSSM. The results of these
rheological properties before and after hot rolling (BHR and AHR) are shown in Figure
6.3.
AV increased with an increase in PSSM concentration for both conditions i.e. BHR and
AHR (Figure 6.3 a). However, there is no sharp increase in AV with addition of this
polymer as is induced by the presence of high molecular weight polymers like
polyanionic cellulose and HEC [160]. This is because of the vast difference in
molecular weights of those polymers (4-6 MDa) compared to the molecular weight of
PSSM which is just 20,000 Da. At 2.0 w/v% PSSM concentration, AV increases by
~29% as compared to the BM. Hot rolling caused reduction in AV for all the mud
formulations but the increasing effect because of PSSM concentration remained intact
which demonstrated the effectiveness of PSSM at elevated temperature. There is
minimal impact on PV solely because of PSSM concentration (Figure 6.3 b). PV
increased only by ~18% on adding 2.0 w/v% PSSM in BM. PV after hot rolling
remained under 12 cP for all the mud formulations, and this is beneficial for improved
penetration rate. However, there was significant improvement in the YP and gel
strength parameters of the mud formulations as the concentration of PSSM increased
(Figures 6.3 c and 6.3 d). Also, there was a degradation of ~27% in YP of BM due to
hot rolling which reduced to just ~15% reduction in YP due to ageing. This shows that
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the presence of PSSM polymer is not only increasing the YP but also stabilizing it
against the thermal degradation.
The presence of sulfonic group in PSSM results in the electrostatic interaction with
bentonite platelets at the positively charged edges. This causes the bentonite platelets to
flocculate and form a gel structure which also increases the viscosity of drilling fluids
[15]. Additionally, PSSM molecules also absorb free water molecules and the
hydrodynamic radius of the PSSM molecules increases which increases the apparent
viscosity of drilling fluids [161]. Apart from the electrostatic interactions mentioned
above, the polymers also interact with each other due to high molecular weight resulting
in strong Van der Waals forces. The Van der Waals interaction between different
polymeric additives also increases the hydrodynamic radius of macromolecules
resulting in high viscosities and other rheological properties.

Figure 6.3: Effect of PSSM concentration of rheological parameters of BM
measured at room temperature.
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6.3.3.2. Filtration Properties of mud formulations
To prevent the influx of formation fluids, the hydrostatic pressure of the mud column is
kept above the pore pressure of the formations [15]. This conventional way of drilling is
known overbalanced drilling [93]. The pressure gradient leads to the infiltration of mud
filtrate into the formation, leaving behind the solids onto the formation walls, resulting
in the formation of a thin layer of solids known as filter cake or mud cake. The
thickness of the mud cake increases with time (as the operation proceeds) and the
permeability reduces, slowing down the process of filtration. To protect the integrity of
wellbore formation, the fluid loss should be as low as possible. The additives serving
the purpose are termed as fluid loss reducer or filtration control agents. In the
laboratory, the fluid loss is reported in terms of API fluid loss, which is the volume of
filtrate (in ml) collected in 30 minutes at LPLT conditions. Whereas, the HPHT
filtration loss is determined at elevated temperature and pressure conditions. Figure 6.4
represents the cumulative filtration losses in 30 min at different concentrations of PSSM
after hot rolling. LPLT fluid loss of drilling fluid gradually reduces with the increasing
concentration of PSSM (Figure 3a). It shows that the PSSM is reducing the
permeability of filter cake which is responsible for reducing the filtration loss. HPHT
fluid loss plot against the concentration of PSSM shows a steep reduction in HPHT
fluid loss at lower concentrations (up to 0.75 w/v%). Beyond 1.0 w/v% concentration,
the fluid loss reduces slowly as the concentration increases (Figure 3b). The presence of
PSSM significantly affects mud cake structure by interacting with other mud
constituents, even at small concentrations. This results in a sudden reduction in
permeability of filter cake at low concentrations, which sharply reduces the fluid loss.
Further increase in concentration causes slight reduction in fluid loss as PSSM interacts
and form a less permeable mud cake even at 1.0 % or lower concentrations. This is
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evident from the morphological analysis of mud cakes formed by the API fluid loss test
shown in Figure 6.5. When there is no PSSM, the polymer-clay network looks like
having several connected pores in between as seen by the surface gaps in the network of
BM filter cake. At 0.25 and 0.75 w/v% concentration of PSSM, these gaps reduce and
form a more continuous structure. The continuous structure is because of the addition of
PSSM. At higher concentrations, there is a slight change in the morphological pattern of
mud cake suggesting a less reduction in filter loss on further increase in the polymer
concentration. However, at LPLT conditions, the reduction of fluid loss over the range
of polymer concentration is less than compared to HPHT conditions. This results in a
gradual decrease of fluid loss at LPLT conditions, with a relatively higher decrease at
low concentrations.

Figure 6.4: Effect of PSSM concentration on filtration characteristics of BM. (a)
LPLT fluid loss, and (b) HPHT fluid loss at 120 °C and 150 °C.
Increasing the operating temperature from 120 to 150 °C in the HPHT filtration test
resulted in an increase in fluid loss for all mud formulations. A sharp increase in the
fluid loss at lower PSSM concentrations was observed. The difference in the fluid loss
at both temperatures kept on decreasing as the concentration of polymer increased. This
behavior suggests that the mud is thermally stable towards filtration loss at higher
PSSM concentrations. At 0.25 w/v% PSSM (for mud BMP025), the increase in HPHT
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fluid loss because of increase in temperature from 120 to 150 °C was ~42% which
reduced to just ~17% at the PSSM concentration of 2.0 w/v% (for mud BMP200).

Figure 6.5: FESEM images of mud cakes formed during API filter test at different
PSSM concentrations.
These results indicate the fluid loss reducing behavior of PSSM at HPHT conditions in
a WBM system containing bentonite, XG, and HEC. This can be attributed to the
association of PSSM with XG and HEC due to electrostatic interaction and Van der
Waals interaction. The complex structures forming due to the association, behave like
branched polymer like structure which helped in formation of low permeability filter
cake to minimize the fluid loss.
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6.3.4. Rheological parameters of drilling fluids with nanoparticles
Some of the critical functions that are performed by drilling fluids are dependent on the
rheological parameters of mud such as cuttings carrying and bit cleaning. Holding the
cuttings in from settling down while the mud circulation stops for a while is another
feature that is dependent on rheological property of mud that is gel strength. Therefore,
the effect of any drilling fluid additive on the rheological parameters must be examined.
Apparent viscosity, plastic viscosity, yield point and gel strength values at 10 second
(initial gel strength) and that at 10 minutes (final gel strength) after the fluid stops
moving, have been measured and are reported in following sections:
6.3.4.1. Apparent Viscosity (AV)
AV of base mud was found to be 25 cP which reduced to 16.5 cP on hot rolling for 16
hours at 230 °F. However, the addition of CuO and ZnO nanoparticles resulted in a
reduced AV before hot rolling, there was gradual increment in AV with the increase in
concentration of each nanoparticle type. It can be seen from Figure 6.6 that after hot
rolling AV is higher for WBM-C and WBM-Z than that for base mud. Reduction in
base mud due to ageing at 230 °F was ~33% but that for WBM-C with 1.0 w/v% CuO
was only ~19% and that for WBM-Z was found to be only ~20.5%. This shows that AV
becomes more stable against the thermal degradation in presence of CuO and ZnO
nanoparticles. Similar effects were reported by Perween et al. in their work of using
zinc titanate and bismuth ferrite in a water based drilling fluid [72,73]. The reduction in
AV before hot rolling due to addition of 0.50 w/v% CuO was ~10% and that due to
1.00 w/v% CuO was only ~4%. However the presence of ZnO reduced AV by higher
magnitude than CuO. For 0.50 w/v% ZnO, AV reduced by ~16% and at 1.00 w/v%
concentration of ZnO the reduction in AV was ~10%. This can be attributed to smaller
size of ZnO nanoparticles as well as the difference in chemical composition. The
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chemical nature of the nanoparticles is key factor in determining their effect on
rheological properties as the surface chemistry strongly influences the zeta potential.
The variation in zeta potential due change in surface chemistry of nanoparticles will
alter the course of interaction between NPs and other additives present in drilling fluids.
The interaction of NPs with polymers and clay particles is a determining factor for
rheological properties of drilling fluids as the stronger interactions will result in higher
viscosity and other rheological properties. Overall effect of addition of these
nanoparticle was that the AV after hot rolling was increasing with concentration of
nanoparticles.

Figure 6.6: Before and after hot rolling apparent viscosities of (a) CuO and (b)
ZnO based drilling fluids.
6.3.4.2. Plastic Viscosity (PV)
Variation in PV due to the addition of nanoparticles showed moderate increment before
and after hot rolling conditions. In case of CuO nanoparticles, the increase in
nanoparticles concentration resulted in increase in PV, as shown in figure 6.7a.
However, with ZnO, as depicted in Figure 6.7b, the change in PV on increasing
nanoparticle concentration was insignificant up to 0.75 w/v% ZnO. At 1.00 w/v% ZnO,
the PV was found to be 16 and 11 cP for before and after hot rolling conditions
respectively which was even higher than the corresponding values for base mud at those
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conditions (Figure 6.7b). CuO nanoparticles, having average particle size more than
ZnO, showed a gradual increase in PV after hot rolling (Figure 6.7a).

Figure 6.7: Before and after hot rolling plastic viscosities of (a) CuO and (b) ZnO
based drilling fluids.
6.3.4.3. Yield Point (YP)
Similar to AV, addition of nanoparticles reduced YP but the increase in nanoparticle
concentration gradually enhanced YP. YP values for WBM-C formulations were found
to be higher than the corresponding WBM-Z formulations (Figure 6.8). For WBM-Z3
and WBM-Z4, the value of YP after hot rolling found to be higher than the respective
values before hot rolling.

Figure 6.8: Before and after hot rolling yield point values of (a) CuO and (b) ZnO
based drilling fluids.
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6.3.4.4. Initial Gel Strength
Initial gel strength shows the value of shear force required to break the gel when it has
been at static condition for 10 seconds and is a measure of holding the cuttings to
remain suspended in the drilling fluid at static condition. The addition of CuO
nanoparticles resulted in increase in initial gel strength before hot rolling experiment
(Figure 6.9a). After the ageing, the value of gel strength decreased significantly at 0.25
w/v% but that increased slowly with the concentration of CuO. In case of WBM-Z
(Figure 6.9b), the decrease in initial gel strength was higher than the WBM-C
formulations (Figure 6.9a).

Figure 6.9: Before and after hot rolling initial gel strengths of (a) CuO and (b)
ZnO based drilling fluids.
6.3.4.5. Final Gel Strength
Similar to initial gel strength, final gel strength is also a measure of torque required to
break the gel when the drilling fluid has been at rest for 10 minutes. Final gel strength
values also showed trend similar to initial gel strength. However, the magnitude of final
gel strength was 30-50 % higher than initial gel strength which is a general case. In case
of WBM-C, the increase in CuO concentration resulted in enhanced final gel strength
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(Figure 6.10a). This was also true for WBM-Z formulations shown in Figure 6.10b,
but the magnitude was lower for ZnO based formulation for same dose of nanoparticles.

Figure 6.10: Before and after hot rolling final gel strengths of (a) CuO and (b)
ZnO based drilling fluids.
6.3.5. Filtration Properties of Drilling Fluids with nanoparticles
Hydrostatic pressure of mud column is usually kept to be greater than the pore pressure
of the formation fluids in order to prevent the invasion of formation fluids into the
wellbore [15]. It results into another situation of drilling fluid trying to infiltrate into the
formation and leaving the solids onto the formation walls exposed to wellbore, resulting
into the formation of a thin layer of solids called mud cake or filter cake. This cake
prevents the further loss of filtrate into the formation due to low permeability of filter
cake. However, the drilling fluids must be designed in such a way that the filtration loss
is minimum. Filtrate volume collected in 30 minutes was measured at low pressure and
low temperature (LPLT) conditions and the high pressure-high temperature (HPHT)
conditions and is discussed below:
6.3.5.1. API Fluid Loss
LPLT fluid loss or API fluid loss of base mud without 1.0 w/v% PSSM was 20.6 mL
which reduced to ~64% of initial fluid loss value i.e. 13.2 mL in case of base mud with
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1.0 w/v% PSSM. This base mud when altered with CuO and ZnO nanoparticles showed
further improvement in fluid loss reduction as shown in Figure 6.11. Graph between
LPLT fluid loss and nanoparticle concentration shows that the increase in nanoparticle
concentration gradually decreases the fluid loss before and hot rolling. One interesting
pattern to observe from the data is that gap between before and after hot rolling LPLT
fluid loss decreased with increase in nanoparticle concentration. For base mud
(nanoparticle concentration = 0.0), increase in API fluid loss was ~28%, which turned
out to be ~10% for 1.0 w/v% of CuO (formulation WBM-C4) and ~9% for 1.0 w/v% of
ZnO (formulation WBM-Z4). It shows that presence of nanoparticles in drilling fluid
helped in negating the effect of hot rolling on API fluid loss, or simply it thermally
stabilized the API fluid loss of drilling mud. API fluid loss of base mud after hot rolling
significantly reduced by the addition of 1.0 w/v% of nanoparticles, ~24% for CuO and
~20% for ZnO. However, for before hot rolling case, the reduction in API fluid loss due
to the presence of 1.0 w/v% nanoparticle concentration was moderate and found out to
be ~12% for CuO and ~8% for ZnO nanoparticles. These results reflect the ability of
nanoparticles clusters to plug the pores of filter cake formed during the filtration,
resulting in reduced permeability and decreased API fluid loss. To validate this
phenomenon, scanning electron microscopic imaging of dried filter cake was performed
and the pictures shown in Figure 6.12c and 6.12d confirms the same. It can be seen that
clusters of nanoparticles are scattered all over the filter cake surface and must be
decreasing the permeability of filter cake by blocking the permeable zones. Figure
6.12a and 6.12b show the FESEM images of mud without PSSM and base mud
(including 1.0 w/v% PSSM). Significant reduction in the appearance of large sized
pores in case of base mud with PSSM (Figure 6.12b) that were adequately visible in
absence of PSSM (Figure 6.12a), indicate the efficacy of PSSM in reducing the
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permeability of filter cake resulting noteworthy reduction in API fluid loss of mud.
Addition of nanoparticles to base mud further decreases the permeability of mud cake
by blocking even smaller pores and API fluid loss decreases with increasing
concentration.

Figure 6.11: Before and after hot rolling API fluid loss of (a) CuO and (b) ZnO
based drilling fluids.
6.3.5.2. HPHT Fluid Loss
HPHT fluid loss tests were performed at 300 °F (149 °C) and 500 psi differential
pressure by using HPHT filter paper with diameter 2.5 inch. The results showed that
fluid loss at elevated temperature and pressure conditions before hot rolling was
reduced from 14.6 for base mud to 11.8 mL for WBM-C4 and to 12.4 mL for WBM-Z4
(Figure 6.13). After hot rolling HPHT fluid loss for base mud was 25.4 mL which
reduced to 14.4 mL for CuO and 14.8 mL for ZnO based muds having 1.0 w/v%
nanoparticles. The experimental data showed that both the nanoparticles improve the
HPHT filtration by similar magnitude but CuO, as in case of LPLT fluid loss, has
performed better than ZnO nanoparticles. Dejtaradon et al. also reported that CuO
nanoparticles perform better than ZnO nanoparticles for HPHT fluid loss reduction
[75].
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Figure 6.12: FESEM images showing reduced permeability of filter cake surfaces
of (a) mud without PSSM, (b) base mud (with PSSM), (c) WBM-C4 and (d) WBMZ4.

Figure 6.13: Before and after hot rolling HPHT filtration loss of (a) CuO and (b)
ZnO based drilling fluids.
The filtration behavior of nanoparticle containing mud formulations suggest that the
chemical nature of nanoparticles also play key role in minimizing the fluid loss. Since
CuO and ZnO are ionic compounds with some covalent character and without
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symmetry in their structure, they have a certain electric dipole moment. However, in
case of nanoparticles, the electric dipole moment of the CuO or ZnO nanoparticle
cluster will depend on the arrangement of the nanoparticles and will have a certain
value for each nanoparticle cluster. These nanoparticle clusters will interact with the
polar moieties present in the mud system in order to minimize their electric potential
energy. Therefore, the nanoparticles will remain attracted to polymer chains and
bentonite platelets in the mud system and get deposited on the filter cake along with the
other mud additives. Since the water is also present in the mud system, the electrostatic
interactions will be weak due to high dielectric constant of water and some
nanoparticles clusters will be also present in the dispersed phase in water which will be
helpful in plugging the pores in filter cake. Plugging of pores in filter cake, formed by
deposited solid additives of drilling fluid, and minimized the filtrate invasion in the
formation being drilled.
6.3.6. CST Analysis
Shale stabilizing additives prevent the water absorption and swelling of the shale which
in turn results in more free water and leading to a reduced CST time interval. Table 6.3
shows the CST values of six different formulations studied on CST apparatus. When
PSSM is added into the mud, CST reduced from 365.00 to 314.67. This was a
significant reduction and therefore PSSM has potential to improve wellbore instability
in case of shale formations. Further, on adding CuO and ZnO nanoparticles, there is
small reduction in CST values as compared to CST value for base mud. Therefore, it
cannot be established firmly that these nanoparticles would act as shale stabilizers at
studied concentrations. However, at higher concentrations, they may contribute to a
small extent in shale stabilization effect of drilling fluid.
Table 6.3: Effect of CuO and ZnO nanoparticles on CST values of base mud.
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S. No.

Sample

CST (s)

1

Base Mud (without PSSM)

365.00±4.90

2

Base Mud

314.67±5.31

3

Base Mud + 0.5 w/v% CuO

309.67±3.40

4

Base Mud + 0.5 w/v% ZnO

307.67±3.68

5

Base Mud + 1.0 w/v% CuO

303.33±3.30

6

Base Mud + 1.0 w/v% ZnO

304.33±4.92

6.4. Conclusion
The presence of PSSM increased the stability of colloidal dispersions of CuO and ZnO
nanoparticles in water. PSSM is a low molecular weight thermally stable polymer
which imparts thermal stability to rheological and filtration characteristics of drilling
fluids. Thermal stability improvement has been confirmed by studying the degradation
in mud properties on hot rolling for 16 hours without PSSM and with PSSM. Presence
of CuO and ZnO nanoparticles in water based drilling fluids imparted thermal stability
against the degradation of rheological and filtration properties in drilling fluid. Less
reduction in rheological properties of mud after hot rolling suggested the same.
However the most significant outcome of nanoparticle addition into water based drilling
fluid was the reduction in filtration loss. API filtration and HPHT filtration, both
reduced gradually with increase in nanoparticle concentration. It was also found that the
CuO nanoparticles imparted the extra influence in comparison to ZnO nanoparticles.
Further combinations can be studied to design thermally robust drilling formulation for
HPHT applications based on these nanoparticles in presence of PSSM.
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7. Chapter 7: Effect of TiO2 nanoparticles on drilling
fluid properties and their thermal stability.
7.1. Introduction
Global energy consumptions have been rising at breakneck pace since past few decades.
According to a report by International Energy Agency, energy consumption round the
globe was found to be about 6 728 645 ktoe in 1997 which has increased about 45% to
9 717 294 ktoe in 2017 [1]. Petroleum industry has been a significant contributor in
energy scenario since 1965 owing about 45-55 percent energy consumption during
1997-2017. Substantially increasing demand for energy and continuously depleting
conventional petroleum reserves force the energy sector to bring advancements in
existing technology, to be able to locate and drill complex formations. With the
advances in 3-D seismic technology, many new potential reservoirs have been found
which are located beneath the old depleted producing zones [162]. Deeper drilling is
encountered with High Pressure and High Temperature (HPHT) conditions makes
drilling in such conditions very difficult along with additional costs [163]. Therefore,
good wellbore drilling plan and optimum selection of drilling fluid type and its
characteristics is crucial for the successful well drilling.
Drilling fluids serve several fundamental functions such as containing the fluid pressure
of the formations, avoiding damage to the producing formation, removal of cuttings
generated by the drill bit from the borehole, and cooling and lubricating the drill bit.
Drilling fluids are primarily a mixture of solids and liquids dispersed or dissolved in
water or oil phase. Depending upon the composition, drilling fluids can broadly be
classified into three different categories i.e., water-based drilling fluids (WDFs), oilbased drilling fluids (ODFs) and synthetic drilling fluids (SDFs) [14]. WDFs have a
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number of advantages over ODFs and SDFs, including low cost, superior cooling and
cutting removal ability, rapid formation penetration rate, and low to negligible
environmental footprints. WDFs are usually composed of water and clay with certain
other chemical additives to modify the properties of mud as per the requirement
depending on the formation to be drilled. Due to the presence of enormous amount of
water in WDFs, water can infiltrate through porous rock formations and cause problems
of swelling, pipe stuck, caving, or wellbore collapse [14,122]. Bentonite starts
deteriorating at a temperature above 250 °F, which leads to increase in filtrate loss
volume and poor hole cleaning. Malfunctioning of drilling fluids can cause severe
problems like stuck pipe, mud loss, low rate of penetration, kick and in worst case the
wellbore collapse [163]. To formulate an efficient drilling fluid, the filtration and
rheological properties are key considerations [34,164]. An analysis of effects of various
additives and the processes through which the fluid goes through, on these properties of
drilling fluids is necessary.
Hot rolling of drilling fluids in a roller oven is one of the recommended methods to
simulate the conditions which are experienced by the drilling mud when drilling a well
bore. Drilling mud sample is kept in a stainless steel ageing cell and rolled inside the
oven for a typical duration of 16 h to assess the impact of thermal ageing and
continuous shear on the properties of mud [51,72,165]. Rheological parameters and
filtration loss are extremely important properties of drilling fluids. Rheology of drilling
fluids at high temperatures is unpredictable due to the large number of variables
involved such as physical changes, chemical changes and electrochemical changes in
mud composition at high temperatures [15]. Therefore, it is recommended to test each
mud sample to ensure the rheological parameters. Filtration loss causes a number of
problems in drilling operation starting from the change in rheology of drilling fluid to
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causing damage to the drilled well bore [74,166]. Therefore, it must be controlled to
keep it as low as possible. At HPHT conditions, fluid loss may increase dramatically
and drilling with such drilling formulations is a waste of time and money in resolving
the problems created due to high fluid loss.
Experimental studies have been conducted by designing WDFs containing various
natural additives to improve rheological properties and reduce filtration loss [167].
Effects of adding natural additives like Castor oil [168], Henna extracts [169], Date
seed powder [23], Rice husk [170], Coconut Coir, Cotton seed hulls [171], Sugarcane
ash [172] and Corn Cob outers [173] have been studied and patented.
Use of polymeric additives have been identified as a novel method to overcome above
mentioned problems. These additives are characterized by their thixotropic shear–
thinning plastic fluids with a yield stress, which can be modified according to the flow
and shear conditions. In recent years, various fluid loss additives like Polyanionic
Cellulose (PAC) [63,64], Hydroxyethyl Cellulose (HEC) [65,174], Carboxymethyl
Cellulose (CMC) [66,175], 1-Methyl-3-Octylimidazolium tetrafluoroborate (OMIMBF4) [111], Acrylamide-Styrene copolymer (SBASC) [45], Partially Hydrolyzed
Polyacrylamide (PHPA) [45,67], Polyethylene Glycol [68] etc. have been used in
drilling fluids to improve the rheological and filtration characteristics and avoiding
formation collapse. But the high-temperature conditions in deep wells put forward a
higher demand on the thermal stability of polymers in drilling fluids during the drilling
process as the polymers itself degrade when exposed to higher temperature conditions
for a long period of time. A crucial field of study lies in increasing the thermal
resistance of polymer or injection of some new materials in drilling fluid.
Nanotechnology has revolutionized almost every industry, especially during the last
couple of decades. Nanoparticles are also being used or explored for the application in
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petroleum industry as well, especially in the development of water based drilling fluids
[176]. Nanoparticles are surface charged particles and their colloidal dispersion is
weakened at fairly high temperatures. Another advantage of using nanoparticles is the
thermal conductivity increment of fluids which is much greater as compared to
polymeric additives [25,176]. A number of research works have reported the use of
nanoparticles in drilling fluids that includes Bismuth Ferrite [73], Hydrophilic Gilsonite
[83], Cupric Oxide and Zinc Oxide [74,75], Zinc Titanate [72] and Magnesium
Aluminium Silicate [81] as additives. Improvements observed in rheological and
filtration properties were worth attention as well as of practical implementation.
Very few studies have been done on titanium dioxide nanoparticles as an additive in
drilling fluids. Parizad et al. have used 10-15 nm TiO2 nanoparticles and hot rolling
experiments were performed at 93 °C [96]. Nanoparticle containing drilling fluids have
improved performance as per the laboratory testing, however, the dosage above 0.75
wt% is not recommended [177]. Bayat et al. used 20 nm of average particle size
Titanium Dioxide and hot rolling experiment was conducted at 55 °C [101].
Sadeghalvaad et al. have studied the application of TiO2 nanoparticles of 10-15 nm size
in the drilling fluids as TiO2/polyacrylamide nanocomposite and found that the
nanocomposite has potential to be used as a rheology modifier and fluid loss reducer
[86]. Bayat et al. has also studied 40 nm average particle size TiO2 nanoparticle and
found that less than 0.5 wt% dosage is to be used for rheology improvement of water
based drilling fluids.
In present work we have prepared a series of drilling fluid formulations based on two
conventional fluid loss agents which are polyanionic cellulose (PAC) and hydroxyl
ethyl cellulose (HEC). The concentration of these additives was taken to be 0.50 w/v%,
0.75 w/v% and 1.00 w/v%. Drilling formulation containing 1.00 w/v% of fluid loss
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reducer was altered by addition of 0.4 w/v% of Titanium Dioxide nanoparticles of 250
nm average particle size. Base mud (without any fluid loss agent) was also altered by
same dosage of nanoparticles. These mud samples were tested for rheology and static
filtration tests as per the API RP 13B-1. Mud samples were then hot rolled at 110 °C for
16 hours and the tests were repeated to evaluate the thermal degradation in mud
characteristics. Effects of nanoparticles on drilling fluids containing polymeric fluid
loss agent is observed and the after effects of hot rolling with and without nanoparticles
are studied and comprehensively reported in following sections.
7.2. Experimental
7.2.1. Materials
Bentonite powder (Bt), hydroxyethyl cellulose (HEC), Xanthan Gum (XG) and
Potassium Chloride (KCl) were all procured from Molychem, Mumbai, India and used
as obtained without further modifications. Polyanionic cellulose regular grade (PACRG) was provided by Oil and Natural Gas Corporation (ONGC) Ltd, Dehradun, India
for research purpose and was used without any chemical treatment. Titanium dioxide
(TiO2) nanoparticles were procured from Sisco Research Laboratory (SRL) having an
average particle size of 250 nm and 99.97% purity.
7.2.2. Methods
Drilling fluid preparation was started with mixing 4.0 w/v% Bt powder in tap water.
The slurry was kept for a minimum of 16 hours to allow complete hydrations of clay
platelets and maximum exfoliation of bentonite due to water absorption. Then 0.20
w/v% XG and 4.0 w/v% potassium chloride KCl were added into the pre-hydrated
bentonite slurry (PHBS) using a Hamilton beach mixer. Finally the fluid loss reducer
PAC-RG (written as PAC hereafter) or HEC was added in varying quantities into the
base mud for preparing a series of drilling fluid formulations as shown in Table 7.1.
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Table 7.1: Drilling formulations with varying concentration of HEC and PAC.
S. No.

Formulation

HEC (w/v%)

PAC (w/v%)

1

DFB

0

0

2

DFH1

0.50

0

3

DFH2

0.75

0

4

DFH3

1.00

0

5

DFP1

0

0.50

6

DFP2

0

0.75

7

DFP3

0

1.00

These formulations were further modified with TiO2 nanoparticles to check the effect of
nanoparticles on thermal stability of rheological and filtration characteristics of the
above formulations. Nanoparticles were suspended in PHBS using Hamilton beach
mixed and then the suspension was kept for ultrasonication at 50 °C for the duration of
one hour. After sonication, remaining mud additives were mixed as previously
discussed. The newer formulations were designed as per the composition shown in
Table 7.2.
Table 7.2: Drilling mud formulations modified with nanoparticles.
Formulation

HEC (w/v%)

PAC (w/v%)

NP (w/v%)

DFBN

0

0

0.5

DFHN

1.0

0

0.5

DFPN

0

1.0

0.5

Particle size and zeta potential measurements were performed using Malvern Zetasizer
Nano ZS equipment at 25 °C for the following samples:
i-

DI water with 0.025 w/v% XG

ii-

DI water with 0.050 w/v% TiO2
146

iii-

DI water with 0.025 w/v% XG and 0.050 w/v% TiO2

All these samples were first mixed using vortex shaker at 2500 rpm and then kept in
ultra-sonication bath for one hour. These samples were further diluted by 10 times and
then tested for particle size and zeta potential. Scanning electron microscopy (SEM) of
filter cakes with and without nanoparticles was performed at FEI Quanta 200 equipment
at 15 to 20 kV. Energy Dispersive Spectroscopy (EDS) of the filter cakes with
nanoparticles was also performed along with the SEM analysis.
Drilling fluid formulations were characterized using the American Petroleum Institute
(API) Recommended Practice 13B-1. Rheological properties of mud samples were
analysed by the FANN Model 35 Viscometer. The deflection in calibrated dial provide
the readings at different rpm which can be used for calculation of apparent viscosity
(AV), Plastic viscosity (PV) and Yield point (YP) in accordance with Bingham Plastic
rheology model for drilling fluids. After proper mixing at 600 rpm, initial and final gel
strength is observed dial readings at 3 rpm after 10 s and 10 min respectively.
Drilling fluid samples were subjected to a temperature of 110 °C for 16 hours and kept
on rotating at 30 rpm in a cylindrical ageing cell inside the roller oven. Rheological and
LPLT filtration properties were measured before and after hot rolling and the HPHT
filtration was measured only after hot rolling since the operating temperature was
higher than ageing temperature.
FANN Filter Press Series 300 was used to measure the filtrate loss from drilling fluid,
at low pressure and low temperature conditions which is also termed as API fluid loss.
Working pressure was 100 psi, ambient temperature and the filtering area is 7.1-in2, as
specified in the API Recommended Practice 13B-1. For high pressure and high
temperature conditions, FANN HPHT Filter Press Series 387 with 175 mL capacity was
used. Experiment was performed at two temperatures, 93°C and 121°C along with 500
147

psi top pressure and 100 psi back pressure. Filtrate volume collected in 30 minutes was
measured and reported.
7.3. Results and Discussion:
7.3.1. Zeta Potential and Particle Size Analysis of TiO2 nanoparticles
Zeta potential distribution of XG, Titanium Dioxide nanoparticles and their mixture;
each dispersed in de-ionized (DI) water; are shown in Figure 7.1. The zeta potential of
TiO2 nanoparticles was found to be -31.1 mV which is slightly on the verge of
instability for colloidal systems. However, the zeta potential of XG was -41.0 mV
which shows the stable colloidal dispersion. When nanoparticles were dispersed in
aqueous solution of XG, the system became more stable and the zeta potential increased
to -38.9 mV from -31.1 mV (for nanoparticle dispersion without XG). The stabilization
effect and increase in zeta potential of nanoparticle colloidal dispersion is due to the
interaction of xanthan gum polymer chains network having electronegative function
groups (such as –OH, -OCOCH3). The particle size distribution of each of the above
mentioned three systems is shown in Figure 7.2. The particle size of nanoparticles
when dispersed in water varied from ~250.0 nm to ~800.0 nm and average particle size
was found to be 486.1 nm. The average particle size of nanoparticles increased to 580.3
nm in presence of XG in the system. This further confirms to the fact that there is
certain interaction between the nanoparticles and the xanthan gum molecules which
resulted in the alteration of zeta potential and particle size of the nanoparticles. The
presence of the XG in the nanoparticle-water system also widened the particle size
distribution which is due to the smaller size molecular clusters of XG in water (average
particle size 61.9 nm) is much smaller than the average particle size of nanoparticles
used (250.0 nm). The agglomeration of nanoparticles results in presence of large

148

nanoparticles clusters and average particle size in dispersion was found to be almost
double the size of used nanoparticles.

Figure 7.1: Zeta Potential (at 20 °C) of XG (0.025 w/v%), TiO2 nanoparticles
(0.050 w/v%), and a combination of XG (0.025 w/v%) and TiO2 (0.050 w/v%);
each dispersed in DI water.
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Figure 7.2: Particle size distribution (at 20 °C) of XG (0.025 w/v%), TiO2
nanoparticles (0.050 w/v%), and a combination of XG (0.025 w/v%) and TiO2
(0.050 w/v%); each dispersed in DI water.
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7.3.2. Effect of hot rolling on rheological parameters
Rheological parameters play a vital role in overall drilling operations. Their flow
through nozzle, pumping costs, rate of penetration, cutting carrying capacity etc. all are
dependent on the rheological parameters which are needed to be thoroughly studied for
every new drilling formulation.
7.3.2.1. Apparent Viscosity
Before and after hot rolling values of apparent viscosity (AV) of at three different
temperatures are shown in Figure 7.3. AV (calculated as the difference of dial reading
at 600 rpm and 300 rpm using FANN V-G meter) for the PAC containing drilling muds
was 2 to 3.5 times higher than that for the same concentration of HEC containing muds
for freshly prepared samples (i.e. before hot rolling). After hot rolling for 16 h at 110
°C, AV for all the formulations reduced to some extent. The reduction in PAC
containing samples due to the hot rolling was ~12% for DFP1 (0.5 w/v% PAC) and
~34% for DFP3 (1.0 w/v% PAC) whereas that for the HEC containing samples, the
reduction in AV after hot rolling was ~14% for DFH1 (0.5 w/v% HEC) and ~24% for
DFH3 (1.0 w/v% HEC). The samples containing 0.5 w/v% of fluid loss reducer (FDH1
and DFP1) showed similar reduction in AV but at the highest concentration of FL
reducer (1.0 w/v%) the reduction in AV was high for PAC containing mud
formulations. Despite of higher reduction in AV of DFP3 compared to DFH3, the AV
values after hot rolling for DFP3 are almost 3 times higher than the respective values
for DFH3 at all the three temperatures. On increasing the temperature of drilling fluids
by 25 °C, percentage reduction in AV was higher for HEC based drilling fluids (DFH1,
DFH2 and DFH3) as compared to those containing PAC (DFP1, DFP2 and DFP3)
(Table 7.3). This trend remained intact even after the hot rolling of drilling
formulations.
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Table 7.3: Reduction in AV of drilling formulations due to 25 °C increase in
temperature.
% Reduction in AV
Mud

BHR

formulation

AHR

25 to 50 °C

50 to 75 °C

25 to 50 °C

50 to 75 °C

DFB

24.07

21.95

21.74

22.22

DFP1

16.33

14.63

25.58

18.75

DFH1

20.69

32.61

20.00

30.00

DFP2

23.08

18.75

29.73

25.00

DFH2

21.88

36.00

19.23

28.57

DFP3

23.88

16.67

30.34

24.19

DFH3

21.05

35.00

20.69

26.09

DFBN

20.00

25.00

30.77

33.33

DFPN

27.39

18.42

23.31

25.98

DFHN

30.11

10.77

33.33

15.38
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Figure 7.3: Effect of fluid loss reducer concentration, temperature and hot rolling
at 110 °C and 100 psi on Apparent Viscosity of PAC and HEC based drilling
formulations. (Before hot rolling - a and b; after hot rolling - a' and b').
7.3.2.2. Plastic Viscosity
Figure 7.4 depicts the values of PV at three different temperatures (25, 50 and 75 °C)
before hot rolling (Figure 7.4 a & 7.4b) and after hot rolling (Figure 7.4 a' & 7.4b') of
drilling fluid samples at 110 °C for 16 h in a roller oven. Increasing the concentration of
PAC and HEC resulted in higher PV and the respective values decreased due to hot
rolling. HEC based samples had about two and half fold lesser PV compared to that for
PAC based formulations for a concentration of 1.0 w/v%. Increasing the temperature
form 25 °C to 50 °C and subsequently to 75 °C resulted in decrease of PV as can be
seen in Figure 7.4. For DFH1 (0.5 w/v% HEC) the reduction in PV at 25 °C due to hot
rolling was found to be ~17% and that for DFH3 (1.0 w/v% HEC) was ~25% whereas
the percentage reduction values due to hot rolling for DFP1 (0.5 w/v% PAC) and DFP3
(1.0 w/v% PAC) were ~8% and ~16% respectively. On increasing the temperature from
25 °C to 50 °C for PAC containing samples, the reduction in PV was higher than that
on increasing the temperature from 50 °C to 75 °C. These changes for HEC based
formulations were reversed, i.e. the reduction in PV was lower on increasing the
temperature from 50 °C to 75 °C as compared to the change when temperature was
increased from 25 °C to 50 °C.
7.3.2.3. Yield Point
In case of PAC based samples, the yield point increased rapidly with increase in
concentration which was not the case for samples containing HEC (Figure 7.5). After
hot rolling YP for PAC based samples reduced dramatically (more than 50% for 1.0
w/v%, at all three temperatures) (Figures 7.5a and 7.5a') whereas the samples
containing 1.0 w/v% HEC showed 25% or lesser reduction in YP due to hot rolling
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(Figures 7.5b and 7.5b'). For freshly prepared samples the YP values were too high for
economical pumping of fluids and therefore a dosage of 1.0 w/v% is not recommended
in similar type of formulation else a thinner should be used to reduce the YP of drilling
fluid. However, in case of HEC based formulations, YP values remained under 15
lb/100ft2 over the concentration range under the investigation. This value is well below
25-30 lb/100ft2 and thus high pumping cost will not be an issue in this case. Similar to
the AV and PV, there was reduction in YP due to increase in temperature for all the
formulations.
7.3.2.4. Gel Strength
Gel strength is an important parameter for drilling operation. When the drilling fluid
circulation is ceased the cuttings are suspended in the annular space between drill string
and the wellbore. The suspension of cuttings prevents mechanical sticking of the drill
string. The gel strength is an indicative of the cutting suspension capability of the
drilling fluid. Gel strength should be sufficient enough to hold the cuttings from settling
down into the bottom of wellbore. The minimum values will depend largely on the
shape, size and the density of the drill cuttings. The variation in initial gel strength with
the concentration of fluid loss reducer is shown in Figure 7.6 and that for final gel
strength is shown in Figure 7.7. As was the case with other rheological parameters, the
gel strength values also increased with the concentration of PAC and HEC and
decreased with the increase in temperature of drilling fluids. The increase in rheological
parameters with PAC concentration is also reported in literature. [155]. However, the
increase in initial gel strength and final gel strength due to increase in PAC
concentration was high as compared to that with increase in HEC concentration. For
similar concentrations (more than 0.5 w/v%), PAC based formulations had 2-3 times
higher values of gel strength (both 10 s and 10 min gel strengths) compared to HEC
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based formulations. It was also observed that with 0.5 w/v% HEC concentration, there
was no significant increase in gel strength.
The improvements in rheological properties of the drilling fluid sample can be
attributed to the strong Van der Waals interaction among the polymer molecules due to
high molecular weight of polymers. Long polymeric chains due to high molecular
weight also entangle with each other. These interactions result in the formation of
polymer gel structure which cause an increase in the viscosity and gel strength of
drilling mud. Dissociation of Na+ from PAC polymer into the aqueous medium results
in negative charges along the backbone of the polymer chains which interact with
positively charged edges of the bentonite platelets and further improves the rheology
and gel strength of the drilling fluids.

Figure 7.4: Effect of fluid loss reducer concentration, temperature and hot rolling
at 110 °C and 100 psi on Plastic Viscosity of PAC and HEC based drilling
formulations. (Before hot rolling - a and b; after hot rolling - a' and b').
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Figure 7.5: Effect of fluid loss reducer concentration, temperature and hot rolling
at 110 °C and 100 psi on Yield Point of PAC and HEC based drilling formulations.
(Before hot rolling - a and b; after hot rolling - a' and b').

Figure 7.6: Effect of fluid loss reducer concentration, temperature and hot rolling
at 110 °C and 100 psi on Initial (10 sec) Gel Strength of PAC and HEC based
drilling formulations. (Before hot rolling - a and b; after hot rolling - a' and b').
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Figure 7.7: Effect of fluid loss reducer concentration, temperature and hot rolling
at 110 °C and 100 psi on Final (10 min) Gel Strength of PAC and HEC based
drilling formulations. (Before hot rolling - a and b; after hot rolling - a' and b').
7.3.3. Effect of nanoparticle on rheology and thermal stability
Addition of nanoparticles in the drilling fluids increased the AV which is shown in
Figure 7.8. In case of base mud (DFB) at 25 °C, AV reduced from 13.5 cP to 11.5 cP
due to hot rolling (~15% reduction). Change in AV due to hot rolling was found to be
~13% in presence of nanoparticles in base mud (DFBN), which is almost similar but
indicative of stabilizing the AV against the thermal ageing. In case of DFP3 (1.0 w/v%
PAC), AV at 25 °C was reduced by ~34% due to hot rolling. Addition of 0.4 w/v%
nanoparticles in DFP3 (which is represented by DFPN) reduced that figure to only
~15%. For DFH3 the percentage reduction in AV at 25 °C due to ageing was ~24%
which decreased to ~16% for DFHN (1.0 w/v% HEC and 0.4 w/v% TiO2). This shows
that the nanoparticles effectively enhanced the thermal stability of AV of drilling fluid
containing PAC and HEC. It was also found that the addition of nanoparticles enhanced
the value of AV for all the drilling formulations as shown in Figure 7.8.
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Figure 7.8: Apparent Viscosity of TiO2 nanoparticles based drilling formulations
at different temperatures; (a) before hot rolling, and (b) after hot rolling, at 110 °C
and 100 psi.
The change in PV due to addition of nanoparticles is shown in Figure 7.9. Before hot
rolling values of PV (Figure 7.9 (a)) decreased due to the hot rolling (Figure 7.9 (b)),
similar to the case where no nanoparticle was used (Figure 7.4). Drilling formulation
having nanoparticles (DFBN, DFPN and DFHN) were found to have higher PV values
than those with same concentration of other additives except nanoparticles (DFB, DFP3
and DFH3 respectively). PV of DFP3 reduced by ~16% and that of DFPN was reduced
by only 6% due to hot rolling. Similarly, for HEC based samples, PV of DFH3 was
decreased by ~25% and that of DFHN was decreased by ~10% after ageing at 110 °C
for 16 h. This further establishes the previous observation of stabilizing the rheological
parameter (PV in this case) against the ageing at high temperature (110 °C). Similar
results were also obtained for other rheological parameters and are shown in the form of
bar graphs in Figures 7.10, 7.11 and 7.12 for yield point, initial gel strength and final
gel strength. These enhancements in rheological parameters of mud due to NP can be
attributed to the interactions among TiO2 nanoparticles and polysaccharide molecules as
well as bentonite and nanoparticles. Due to permanent dipole moment of TiO2,
nanoparticles clusters are capable of getting attached with polymer molecules via
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electrostatic and Van der Waals interactions [178]. This causes improvement in
rheological parameters of drilling fluids such as AV, YP and gel strength.

Figure 7.9: Plastic Viscosity of TiO2 nanoparticles based drilling formulations at
different temperatures; (a) before hot rolling, and (b) after hot rolling, at 110 °C
and 100 psi.

Figure 7.10: Yield Point of TiO2 nanoparticles based drilling formulations at
different temperatures; (a) before hot rolling, and (b) after hot rolling, at 110 °C
and 100 psi.

Figure 7.11: Initial (10 sec) Gel Strength of TiO2 nanoparticles based drilling
formulations at different temperatures; (a) before hot rolling, and (b) after hot
rolling, at 110 °C and 100 psi.
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Figure 7.12: Final (10 min) Gel Strength of TiO2 nanoparticles based drilling
formulations at different temperatures; (a) before hot rolling, and (b) after hot
rolling, at 110 °C and 100 psi.
7.3.4. LPLT Filtration
LPLT filtration test or API filtration test is a measure of the static filtration
characteristics of a drilling fluid through the porous formation. As per the American
Petroleum Institute (API) recommended practice for field testing of water based drilling
fluids, this test is performed at room temperature and a moderate pressure of 100 psi
and the filtrate volume collected in 30 min is reported as the result. API fluid loss (FL)
test was performed for all the samples at room temperature (~25 °C) before hot rolling
as well as after ageing of samples at 110 °C. Results obtained for the samples not
containing nanoparticles are presented in graphical form in Figure 7.13. API FL before
hot rolling of DFB (with no PAC or HEC) was 27.0 mL which increased to 42.0 mL
after hot rolling. Generally, after hot rolling FL increase in drilling fluids containing
polysaccharides (such as XG, PAC, HEC) due to the thermal degradation of the
constituent polymers to some extent. This increase is also dependent on the hot rolling
conditions of temperature, pressure and duration and the other additives present in the
mud [67,165,179]. API FL of PAC containing drilling muds was lower than those with
same concentration of HEC (Figures 7.13a and 7.13b). It was found that 0.5 w/v% of
PAC reduces API FL significantly and further increase in concentration only slightly
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reduces the filtration loss (Figure 7.13a). This was not the case with HEC containing
mud samples. In case of HEC, the increase in concentration resulted in gradual decrease
of FL (Figure 7.13b). It was also found that the effect of hot rolling of filtration loss
was more in case of HEC based samples than that in PAC based samples. Therefore, it
can be easily deduced that the PAC used in this study is a better fluid loss reducing
agent than the HEC.

Figure 7.13: API Filtrate Loss of (a) PAC and (b) HEC based drilling formulations
before hot rolling and after hot rolling at 110 °C and 100 psi.
To observe the effect of nanoparticles on API fluid loss (and other properties as well)
0.4 w/v% nanoparticles were added to three mud formulations DFB, DFP3 and DFH3
which resulted in new formulations coded as DFBN, DFPN and DFHN. The effect of
nanoparticle on API fluid loss and that of hot rolling on all the six formulations is
shown in Figure 7.14. In case of base mud (DFB), there was ~12% increase in API FL
of mud due to the addition of nanoparticles. However, the API FL of mud samples
DFP3 and DFH3 reduced on the addition of nanoparticles by ~20% and ~3%. Key
effect of the presence of TiO2 nanoparticles was found to be the thermal stability of API
FL which did not increased sharply due to hot rolling as was the case with mud samples
without nanoparticles. Due to ageing for 16 h, the API FL values for DFB, DFP3 and
DFH3 increased by ~56%, ~18% and ~46% respectively; whereas in presence of
nanoparticles respective mud samples DFBN, DFPN and DFHN showed an increase of
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~28%, ~16% and ~25% respectively. PAC and nanoparticles based mud (DFPN)
showed the minimum API fluid loss of 7.0 mL before hot rolling. The improvement in
the filtration properties of mud can be related to the polymer-nanoparticle interaction
and the presence of phase segregated nanoparticle clusters in the muds system, the
nanoparticles get deposited onto the filter cake along with the polymers and other solid
additives present in mud. This causes the formation of nanoparticle embedded filter
cake which holds the polymeric chains with stronger attractive forces due to the
presence of electrostatic interactions between polymer molecules and nanoparticles. In
this way nanoparticles are believed to contribute to the formation of compact and low
permeability mud cake for the reduction in filtration loss.

Figure 7.14: API Filtrate Loss of TiO2 nanoparticles based drilling formulations
before hot rolling and after hot rolling at 110 °C and 100 psi.
7.3.5. HPHT Filtration
HPHT fluid loss tests all the drilling fluid samples were performed after the hot rolling
experiment at two different temperatures, 200 °F (~93 C°) and 250 °F (~121 C°).
Results for PAC and HEC containing samples are shown in Figure 7.15. Similar to API
FL results, PAC containing samples had lower values of HPHT FL as well compared to
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HEC based samples having same concentration. For a dosage of 0.5 w/v% FL reducer
and at 250 °F temperature, HPHT FL decreased from 52.5 mL to 17.3 mL for PAC and
to 29.6 mL for HEC. These values for 1.0 w/v% dosage were found to be 13.5 mL and
19.4 mL for PAC and HEC respectively. HPHT FL values for all the samples were
higher at 250 °F that those at 200 °F. The increase in HPHT FL due to temperature was
more in case of HEC based mud formulations compared to PAC based mud samples.
For examples, HPHT FL for DFP3 increased by ~18% and that for DFH3 increased by
~20% on increasing the test temperature from 200 to 250 °F.

Figure 7.15: HPHT Filtrate Loss of (a) PAC and (b) HEC based drilling
formulations at two different temperatures (after hot rolling of all the samples at
110 °C and 100 psi).
Samples containing nanoparticles were found to have a reduced HPHT FL than those
without nanoparticles as shown in Figure 7.16. For DFB, addition of nanoparticles
reduced the HPHT FL by ~14% and the reduction in fluid loss of DFP3 and DFH3 on
nanoparticle addition was found to be ~9% and ~10% respectively at 200 °F. As in all
other cases, the increase in temperature increased the HPHT FL, however, the
percentage increase was marginally lesser for nanoparticle based mud formulations as
compared to the mud samples without nanoparticles (~19% for DFHN compared to
~20% for DFH3 and ~19% for DFPN compared to ~18% for DFP3). Similar to the
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LPLT fluid loss reduction mechanism, the reduction in HPHT fluid loss can also be
related to the polymer-nanoparticle interactions and pore plugging in filter cake to
minimize the permeability and thus reducing the HPHT fluid loss.

Figure 7.16: HPHT Filtrate Loss of TiO2 nanoparticles based drilling formulations
at two different temperatures (after hot rolling of all the samples at 110 °C and
100 psi).
Various similar studies showing the application of different nanoparticles in water
based drilling fluids has been shown in Table 7.4. It was observed that the most
significantly, nanoparticles affect rheological and filtration characteristics. The impact,
however, is dependent on the composition of base drilling fluid and the size and shape
of nanoparticles apart from the chemistry of nanoparticles. Therefore, a quantitative
comparison of several studies of similar type is practically not possible therefore only
qualitative comparison is made by mentioning the nanoparticle size and its
concentration range used in a particular study. The comparative study suggests that less
research work has been published which focus on thermal stability of mud properties
after performing hot rolling experiments.

164

Table 7.4: Comparison of various studies on application of nanoparticles in water based drilling fluids.
S.N.
1.

2.

Nanoparticles

Hot rolling of Mud

Fe2O3, ~3 nm

Ageing experiments

Fe2O3, ~30 nm,

not performed.

SiO2, ~5.7 nm

Ageing experiments

(0.1 to 0.7 %)

not performed.

Effects
-

0.3 wt% addition in 5.0% bentonite increased LPLT fluid loss.

-

The same amount of iron oxide reduced HPHT fluid loss.

-

Enhanced rheological, hydraulic and filtration characteristics.

-

Low concentration of silica nanoparticles (≤ 0.7 wt%) studied and 0.1

Reference
[35]

[180]

to 0.3 % concentration has optimum impact.
3.

ZnO, ~50 nm

Ageing experiments

CuO, ~50 nm

not performed.

(0.1 to 1.0 %)

-

Increment in rheological properties with concentration of each [115]
nanoparticle.

-

Reduction in HPHT fluid loss with concentration of both
nanoparticles and CuO showing better performance (minimum fluid
loss at 0.8% and further increase resulted in increase in fluid loss due
to agglomeration).

4.

Magnesium

120 °C and 150 °C,

Aluminum Silicate 16 h

-

Nano-sized MAS delivered improved rheology and smoother filter [81]
cake compared to Bentonite based mud.
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(MAS), ~50.70 nm

-

(1.0, 1.5 and 2.0%)

It’s a good candidate for bentonite in water based muds. Mud with
2.0% MAS maintained better rheology after hot rolling than mud
with 8.0% bentonite.

5.

CuO, ~40 nm

Ageing experiments

SiO2, ~40 nm

not performed.

-

Al2O3 enhanced the rheology but also increased Fluid loss.

-

CuO and TiO2 decreased rheology parameters. TiO2 favorably

TiO2, ~40 nm

[102]

reduced fluid loss significantly.

Al2O3, ~40 nm
(0.05, 0.1, 0.5 and

-

SiO2 impacted both rheology and filtration loss positively.

-

Improvement in thermal and chemical stability of WBM.

-

After hot rolling the YP/PV value of base mud decreased by by 67%

1.0%)
6.

Hydrophilic

149 °C, 4 h

Gilsonite
Nanoparticles, 229-

by that of Mud sample with HGN improved by 9.5%.

356 nm,

-

2.857 %
7.

[83]

Improved rheology and lubricity; and reduction in filtration loss and
differential sticking.

TiO2, ~250 nm

110 °C, 100 psi, 16

(0.25 to 1.0 w/v%)

h.

-

Favorable improvement in rheology (enhancement) and filtration Present
(reduction) characteristics of mud.

-

Improvement in thermal stability of mud properties (after hot
rolling).
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study.

7.3.6. SEM Analysis of API filtration test filter cakes
SEM images of filter cakes produced by API Filtration tests of mud samples DFB,
DFBN, DFP3, DFPN, DFH3 and DFHN are shown in Figure 7.17. SEM images
showed porous random microstructures which varied with composition. In case of DFB
and DFN (Figure 7.17 a & b) in which there was no filtrate loss reducer (HEC or
PAC), a relatively rougher (uneven) surface morphology was observed as compared to
other four samples having HEC or PAC (Figure 7.17 c, d, e & f). This explains the
very high API fluid loss for these two samples as shown in Figure 7.14. Nanoparticles
were found to be discretely dispersed throughout the filter cake and helped in bridging
the micro sized gaps, especially in presence of PAC or HEC. Nanoparticle clusters were
found embedded in polymer spreads and closing the micro openings thus reducing the
effective permeability. Dispersed nanoparticle clusters flow towards the semipermeable
membrane (filter cake in case of experiments/formation wall in case of field
applications) and get deposited by phasing out of the mud system at the interface and
being deposited along with other mud additives. Also, the nanoparticles which are
attached to polymer chains are also gets embedded in the mud cake along with
polymeric additives. This resulted in better fluid loss reduction performance of mud in
presence of nanoparticles. The presence of nanoparticles on the surface of filter cakes
was ascertained by EDS analysis of selected area which showed 11 to 12 % of Titanium
content in the selected region as shown in Figure 7.17b', 7.17d' and 7.17f'.
7.3.1. Effect of high salinity:
All the mud formulations studied in this work contained 4.0 w/v% KCl concentration
which is in the range of typical salinity (2-20%, mostly less than 7 w/v%) used in
drilling shale formations [31,62]. Mud formulations with following composition were
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studied for rheological and filtration characteristics to assess the effect of salinity on the
properties of water based mud before and after hot rolling at 110 °C.
Mud 1 = 4% Bt + 0.2 w/v% XG + 1.0 w/v% PAC-RG
Mud 2 = 4% Bt + 0.2 w/v% XG + 1.0 w/v% PAC-RG + 4% KCl
Mud 3 = 4% Bt + 0.2 w/v% XG + 1.0 w/v% PAC-RG + 8% KCl
Mud 4 = 4% Bt + 0.2 w/v% XG + 1.0 w/v% PAC-RG + 8% KCl + 0.5 w/v% TiO2 NP

Figure 7.17: SEM images of filter cakes formed by LPLT Filter Press. (a) DFB, (b)
DFBN, (c) DFP3, (d) DFPN, (e) DFH3 and (f) DFHN. EDS results for the selected
area of filter cakes shown in (b'), (d') and (f') for DFBN, DFPN, and DFHN mud
cakes respectively.
Mud formulation without KCl (Mud 1) showed the highest AV and YP when freshly
prepared (i.e. without hot rolling). Adding KCl 4% KCl in Mud 1 resulted in Mud 2,
which caused ~18% decrease in AV and ~25% decrease in YP before hot rolling and
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~11% increase in API fluid loss. Further 4% addition in Mud 2 formed Mud 3 (with 8%
KCl) and the AV and YP reduced by ~7% and ~11% with respect the Mud 2; whereas
the respective figures after hot rolling tests stand at ~8% and ~14% on increasing the
KCl concentration from 4% to 8% (Mud 2 to Mud 3). It was found that initially KCl
reduces the rheological parameters rapidly and then the reduction rate in these
properties on further addition of KCl reduces. API fluid loss was also impacted slightly
in wrong direction. However, as can be seem in the Table 7.5, with nanoparticles
present in the system the changes in mud characteristics due to hot rolling at 110 °C
was minimized, establishing the fact that these nanoparticles are capable of thermal
stabilization of water based drilling fluids even at high salinity.
Table 7.5: Effect of salinity on the mud properties and improvements in after hot
rolling mud characteristics due to the presence of TiO2 nanoparticles.
Parameter
Φ600
Φ300
Φ200
Φ100
Φ6
Φ3
AV (cp)
PV (cp)
YP
(lb/100ft2)
Gel 0
(lb/100ft2)
Gel 10
(lb/100ft2)
LPLT FL

Mud 1
164
129
106
82
26.5
20
82.0
35.0

Before hot rolling
Mud 2 Mud 3
134
124
102
93
86
79
65.5
60
24
23
19
18.5
67.0
62.0
32.0
31.0

Mud 4
145.00
112.00
95.00
74.00
33.00
29.00
72.5
33.0

Mud 1
108
78
62
44.5
13
11
54.0
30.0

After hot rolling
Mud 2 Mud 3 Mud 4
89
82
122
62
56
92
50
46
78
35.5
33
59
12
12
25
10
10
22
44.5
41.0
61.0
27.0
26.0
30.0

94.0

70.0

62.0

79.0

48.0

35.0

30.0

62.0

22

20

19

30

12

11

10

22

46

43

40

53

22

21

19

42

7.8

8.7

8.9

7.2

9.9

10.3

10.6

8.3

Mud 1 = 4% Bt + 0.2 w/v% XG + 1.0 w/v% PAC-RG, Mud 2 = Mud 1 + 4 w/v% KCl, Mud 3 = Mud
1 + 8 w/v% KCl, Mud 4 = Mud 3 + 0.5 w/v% NP.

The additives used in this study such as bentonite, xanthan gum, polyanionic cellulose,
hydroxyethyl cellulose, potassium chloride etc. are the common additives used in field
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for industrial applications [54,121,150]. Wellbore stability performance of additives
used to formulate four muds which are commercially available for field application also
contained starch derivatives (such as HEC and PAC), XG and salts such as KCl and
NaCl [181]. However the selection of additives and their composition is dependent on
the characteristics of the formation and the temperature and pressure conditions apart
from the depth of section being drilled. Drilling formulations in this study are a general
formula derived comprising of some of the key additives of drilling fluids used in
industry and the results show that addition of TiO2 nanoparticles is helpful in reducing
the thermal degradation of the rheological and filtration characteristics. Results show
that the nanoparticles are acting as a thermal stabilizer for the polymer containing water
based drilling fluids.
7.4. Conclusion
This study provides a comprehensive experimental analysis of effect of hot rolling on
rheological and filtration properties of a series of mud formulations containing HEC
and PAC as fluid loss reducers with and without TiO2 nanoparticles. It was found that
the PAC based formulations have lower values for LPLT and HPHT filtration loss
compared to the formulations with same concentration of HEC. While increasing the
HEC concentration beyond 0.5 w/v% further reduced the fluid loss, PAC achieved very
low values of HPHT and LPLT fluid losses at 0.5 w/v% and increasing the
concentration above this value resulted in less further reduction in FL. Rheological
parameters such as AV, PV, YP and gel strengths were very high for PAC based
formulations in comparison to those for HEC based formulations that may not be
desirable for all the cases such as YP which should not be too high to pump the mud
efficiently and very high gel strength will be problematic in cuttings separation from the
mud for the recycling of drilling fluid. Hot rolling experiments were performed at 110
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°C, and resulted in sharp decrease in rheological parameters of PAC based systems
while HEC based fluids had less degradation in rheological parameters. API fluid loss
was more stable for PAC based systems and this shows that PAC is better choice for FL
reduction between these two. Nanoparticles were effective in these mud systems even at
high salinity. Zeta potential and particle size analyses suggested the attractive
interaction between nanoparticles and xanthan gum molecular network in aqueous
medium. The interaction and agglomeration of nanoparticles with XG resulted in high
average particle size and wider distribution curve. SEM analysis showed that the filter
cake surfaces are flatter and less porous for mud samples containing HEC and PAC as
compared to the base mud. Nanoparticles in the form of small clusters were found to be
spread over the surface of mud cake and must be embedded throughout the filter cake
thickness which cannot be seen by SEM. The presence of embedded nanoparticles in
filter cake reduced the effective filtration rate. Hence, it can be concluded that addition
of TiO2 nanoparticles into the mud systems resulted in improved rheological and
filtration characteristics, especially in presence of high concentration of HEC polymer.
The presence of nanoparticles also mitigated the thermal degradation tendency of
polysaccharides containing drilling fluids.
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8. Chapter 8: Deep Eutectic Solvents for Mitigating
Wellbore Instability
8.1. Introduction
Shale instability is one of the trickiest problems encountered by drilling
personnel during a drilling program. Since most of formations (more than 75%) drilled
across the globe consist of shale formations at some depth [42], it becomes difficult to
formulate a water based mud (WBM) with required rheology and filtration
characteristics that will also perform the task of shale inhibition. In such cases, alternate
choice is to use an oil based drilling fluid which is costly and poses challenges in mud
disposal in compliance with stringent environment regulations [182]. Need of the hour
is to develop cost effective high performance WBMs which will minimize the
environmental concerns. More than 70% of the wellbore problems associated to the
shale interaction with water present in WBM [37,118].
Various efforts have been made over the last few decades where new discoveries helped
improving the performance of WBM and mitigating the shale instability problems by
using salts such as potassium chloride, sodium chloride and divalent brines. Later on,
sodium chloride/starch muds, silicate muds, lime-muds and calcium sulfate-based gyp
muds were used [117,120,143]. Highly inhibitive silicate treated WBM were next
developed which had limitations because of the silica precipitation problem during the
drilling operation [32,143,151]. Effect of clay content, composition and reactivity of
shale cuttings in aqueous environment is important to understand long term and shortterm inhibition of shales [38]. The presence of certain clay minerals, structure, bedding
and thin laminae, and pre-existing fractures strongly affect the shale instability on
exposure to water present in WBM. However, with proper composition and
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concentration of chemical additives, desired inhibition can be achieved [183].
Polymeric additives such as partially hydrolyzed polyacrylamide (PHPA) have been in
use in WBM for reducing shale instability for very long [59,116,181,184]. In our
previous works, we have synthesized low molecular weight amine based homopolymers
and copolymers for reducing shale swelling and filtration loss to improve shale
stabilization while drilling with water based drilling fluids [44,136]. A number of
nanoparticle and polymer nanocomposites have also been proposed as effective
additives in WBM to filtration loss and shale instability problems [35,42,86,88,93,95–
97,124,67,72,73,77–79,83,84]. There are many aspects in optimizing the drilling fluids
for a particular drilling program including, but not limited to, the safety of drilling crew
and environment, lower mud costs, efficient hole cleaning, high rate of penetration,
shale stabilization, lubrication, minimizing the fluid loss and retaining the mud
properties during the circulation for the reuse. However, these are very complex
requirements and in many cases, they contradict each-others. Having large number of a
variety of mud additives at their disposal surely be helpful for managing these complex
situations.
With the development of ionic liquid (IL) in early 2000s, a number of attempts
has been made to investigate the effectiveness of various types of ILs as additives in
drilling fluids. A number of ILs have been identified as potential shale inhibitors to
improve the wellbore stability in presence of WBM [107–110]. In other investigation,
the effectiveness of ILs in reducing the filtration loss have been reported which is also
helpful in minimizing the shale instability problems [104–106].
Even though ILs have shown potential in the application of drilling fluids,
however due to their higher cost and complex purification step they have been not used
in the industry. Deep eutectic solvents synthesized by Abbot et al. recently gained
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attention and are considered as the alternative ionic liquids. DESs are synthesized by
the combination of hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) in
fixed molar ratios. DESs have properties similar to the ionic liquids but do not require
complex purification step which significantly lowers the cost. In addition, DES are also
considered as the designer solvents like ILs having ability to be synthesized for
particular application. DESs have found their application in CO2 capture, biodiesel
production, extractive desulfurization, azeotropic separation, enhanced oil recovery and
others [185–188]. The first application of DESs for the drilling fluids was shown by
Han et al. in the year 2019 [189]. They synthesized three different types of choline
chloride based deep eutectic solvents and investigated effect of DESs addition on shale
inhibition. The results suggests DESs have potential for the shale inhibition owing to its
electrostatic interaction and hydrogen bond between clay and DESs. In another work by
similar group, they showed that the DESs exhibit excellent shale inhibition properties
even at high temperatures [190]. These results indicate that the DESs can be used for
the application of shale inhibition and as additive for the drilling fluids. However, there
is very limited research literature on use of DES in water-based mud and therefore,
there is scope for further investigations on use of DESs as additives in drilling fluids.
Therefore, in this work we have synthesized four different types of DESs for the
water-based drilling fluids. For DESs synthesis two different type of hydrogen bond
donor (glycol and amine based) and two different type of hydrogen bond acceptors
(phosphonium and ammonium based) was used and their effect on drilling fluid was
investigated. Their rheology and filtration characteristics were observed and then two
out of those DES additives were further investigated by formulating a number for mud
samples. Further, the shale inhibition efficiency of these additives were evaluated using
linear swell meter and their applicability as a shale inhibitor in WBM is discussed.

175

8.2. Experimental
8.2.1. Materials
Bentonite powder (Bt), hydroxyethyl cellulose (HEC), Xanthan Gum (XG) and
Potassium Chloride (KCl) were all procured from Molychem, Mumbai, India and used
as obtained without further modifications. Shale cuttings and polyanionic cellulose
regular grade (PAC-RG) was provided by Oil and Natural Gas Corporation (ONGC)
Ltd, Dehradun, India for research purpose. 1-Butyl-3-methylimidazolium chloride is a
commercially available ionic liquid which was purchased from Sigma Aldrich, India.
Tetrabutyl ammonium bromide (≥99%), and diethylene glycol (≥99%) were purchased
from S D FineChem Limited. Methyltriphenyl Phosphonium bromide with purity more
than >98% was purchased from the Avra Synthesis Private Limited. Diethanol amine
with purity more than 99% was purchased from Fisher Scientific. All chemicals were
used without further purifications.
8.2.2. Methods
8.2.2.1. Synthesis of deep eutectic solvents
The preparation method for deep eutectic solvents is given in previous work[187]. In
general, to prepare DESs mixtures, hydrogen bond donor and hydrogen bond acceptor
was mixed in the appropriate molar ratio under vigorous stirring at 333 K. In this work,
tetrabutyl ammonium bromide (TBAB) and methyltriphenyl phosphonium bromide
(MTPPhBr) were used as the HBAs and diethanolamine (DEA) and diethylene glycol
(DEG) were used as HBDs. These HBA and HBDs resulted in four possible
combinations which are denoted by DES-A (TBAB in DEA), DES-B (TBAB in DEG),
DES-C (MTPPhBr in DEA), and DES-D (MTPPhBr in DEG) as shown in Table S1.
The constant stirring was maintained for two hour and the solution was allowed to cool
naturally under atmospheric condition to the room temperature. The DESs so prepared
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were clear and homogenous solutions. The DESs was further dried overnight at 50 °C
under vacuum.
8.2.2.2. Base mud preparation
Base mud preparation was consisted the mixing of 4.0 w/v% Bt powder in tap water
using a Hamilton beach mixer for 15 min. This bentonite dispersion was kept for 16
hours to allow complete hydration of clay unit layers for exfoliation of bentonite. After
prehydrated bentonite is ready, 0.25 w/v% of XG and PAC-RG each were mixed using
a Hamilton beach mixer. At the end base mud was mixed for 10 minutes at speed III for
preparing a uniform base mud.
8.2.3. Preparation of mud formulations containing DESs
Initially all the four types of DES (DES-A, DES-B, DES-C and DES-D) were used to
prepare mud formulations. Base mud was modified by adding 0.50 w/v% of each DESs
using Hamilton beach mixer. Immediately after the addition of DES in base mud, 4-5
drops of a defoamer (Octan-1-ol) was added to suppress the formation of foam. Final
mud formulation was mixed for 10 minutes to completely mix the DES in the base mud.
After screening the rheology and filtration results of these ionic liquid based muds, two
ionic liquids (DES-A and DES-B) were selected for further investigation and their
concentration in base mud was varied to make 10 formulations. All these mud
formulations were subjected to hot rolling at 110 °C for 16 h in a roller oven. The
pressure in ageing cell was kept 150 psi to suppress the evaporation of water from the
mud formulation during the ageing process. The concentration of each DESs in base
mud is given in Table 8.1.
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Table 8.1: Mud formulation containing ionic liquids A and B
Mud Formulation

Concentration of

Concentration of

code

DES (w/v%)

DES-B (w/v%)

1.

BM

0

0

2.

BMA005

0.05

0

3.

BMA010

0.10

0

4.

BMA025

0.25

0

5.

BMA050

0.50

0

6.

BMA075

0.75

0

7.

BMA100

1.00

0

8.

BMB005

0

0.05

9.

BMB010

0

0.10

10.

BMB025

0

0.25

11.

BMB050

0

0.50

12.

BMB075

0

0.75

13.

BMB100

0

1.00

S. No.

8.2.4. Characterizations
X-Ray diffraction (XRD) analysis of shale sample was carried out in PANalytical
X'Pert PRO, Spectris plc X-ray diffractometer with a scan range of 2θ angle being 5°–
70°. Powdered shale sample was mixed with 20% (w/w) amount of commercial
bentonite to make shale pellets represent highly active shale formation. The same shalebentonite composite system was used in shale inhibition study in this work. The FT-IR
spectra of the DES additives were recorded using a PerkinElmer Spectrum Two
spectrometer. “Attenuated Total Reflectance” (ATR) mode was employed to analyze
the samples in FT-IR characterization with the help of PIKE MIRacle single reflection
horizontal ATR accessory equipped with a ZnSe ATR crystal. NMR characterization of
DESs was performed using ECZS Series 400 MHz NMR SPECTROMETER (Make –
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JEOL, Japan). Field strength of 400 MHz was used at a temperature of 20 °C and
relaxation delay of 5 s with 16 scans.
8.2.4.1. Mud rheology
American Petroleum Institute Recommended Practice 13B-1 (API RP 13B-1) was
followed for the testing of mud formulations [114]. Rheological parameters of drilling
muds were analyzed by Viscometer (make – FANN, Model 35). Different rotational
speeds indicating corresponding shear rate and the deflection in calibrated dial provided
the readings for shear rate which can be used for calculation of rheology parameters
such as apparent viscosity (AV), plastic viscosity (PV) and yield point (YP). These
parameters were calculated using Bingham Plastic rheology model for non-newtonian
fluids. After proper mixing at 600 rpm, initial and final gel strength can be measured by
checking the dial readings at 3 rpm after 10 s and 10 min respectively.
8.2.4.2. Filtration loss
Filter Press (make – FANN, model – Series 300) was used to measure the fluid loss of
mud samples, at low pressure and low temperature conditions which is also termed as
API fluid loss. API fluid loss is measured at room temperature, 100 psi pressure, and
through a filtering area of 7.1-in2. Filter paper used in this test has diameter of ~9 cm
and which is partly covered by the gasket and therefore effective area for filtration is
smaller than the surface area of filter paper used. The pore size of filter paper is 2.7 µm.
8.2.4.3. Capillary Suction Timer tests
OFITE Capillary Suction Timer was used for the determination of capillary suction
time (CST) values of bentonite in water dispersions. Ionic liquid samples were mixed in
water at various concentrations shown in Table 8.2. Aqueous solution of ionic liquid
was then mixed with 4.0 w/v% bentonite using vortexer at 2500 rpm for 1 minute and
then homogenizer at 20000 rpm for 3 minutes. Bentonite slurry containing bentonite
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was tested for CST exactly after 5 minute of addition of bentonite to evaluate the effect
of ionic liquid concentrations on CST values which in turn represent the water
inhibition characteristic of additive in clay.
Table 8.2: Concentration of DES-A and DES-B added to 4.0 w/v% bentonite
slurry in water.
S. No.

Concentration of DES-A (w/v%)

Concentration of DES-B (w/v%)

1.

0

0

2.

0.1

0

3.

0.2

0

4.

0.3

0

5.

0.4

0

6.

0.5

0

7.

0

0.1

8.

0

0.2

9.

0

0.3

10.

0

0.4

11.

0

0.5

8.2.4.4. Shale swelling inhibition test
Linear swell meter (LSM, make – FANN, model – 2100) test apparatus was used to
perform LSM testing of five mud formulations including base mud with and without
shale inhibitors. It uses a reconstituted shale pellet of about 1.0 inch diameter prepared
by compressing ~20 g of shale-bentonite powder (20 w/w% bentonite) using a
hydraulic press at a pressure of 10,000 psi. The thickness of compact shell pellets was
~0.5 in. These pellets were immersed in mud sample and LSM instrument probe
determines the change in its length over a course of time. The test was performed for
two hours.
8.2.4.5. Shale Dispersion Test
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Shale cuttings were sorted by passing through 6 BSS mesh sieve and retained on 10
BSS mesh sieve. These cuttings were mixed into drilling fluid before hot rolling and
taken out of mud after 16 hours of hot rolling. The dispersion during the hot rolling
allowed sufficient mud contact with shale cuttings and dispersion resulted in decrease in
the weight of the coarse cuttings. The cuttings were filtered out of the mud by using a
40 mesh screen, gently washed with water and dried in oven. The temperature was kept
105 °C for drying and duration for the cutting to dry was fixed at 2 hours. After drying,
the percentage decrease in the weight of the cuttings was calculated and percentage
recovery is reported as the result of this test.
8.3. Results and Discussions:
8.3.1. FT-IR and NMR characterization of DESs
The FT-IR spectra was used to understand the structure and the interaction among the
synthesized DESs which is shown in Figure 8.1. The FT-IR spectra for diethylene
glycol and diethanol amine is shown in Figure 8.1a and 8.1b, respectively. The
presence of -OH stretching in all DESs is shown around 3600–3000 cm−1. The presence
of -NH bond for diethanol amine based-DESs could be observed though the presence of
stretching around 1470 cm−1. It should be noted that presence of phosphonium (-PH)
and ammonium (-NH) stretching present in the MTPPhBr and TBAB, respectively was
overlapped by the -CH stretching around 3000-2750 cm-1. In both the spectrum, DESs
shows the absence of any new bond formation, rather shift in the -OH bond could be
observed. The -OH stretching for diethylene glycol shifted to lower wave number 3352
cm-1 and 3383 cm-1 for DES-B and DES-D, respectively from 3338 cm-1 for diethylene
glycol showing the hydrogen bond formation. Similar, behavior is also observed in the
diethanol amine-based DESs.
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This was further confirmed by the H-NMR spectra that shows absence of any new
peaks rather shift in the peak was observed in the -OH group of DES-B and DES-D, as
shown in the Figure 8.2 [191]. Similar, behavior is also observed in the diethanol
amine-based DESs.

Figure 8.1: FT-IR spectra of (a) diethnaol amine-based DESs, and (b) diethylene
glycol-based DESs.

Figure 8.2: H-NMR spectra of (a) diethnaol amine-based DESs, and (b) diethylene
glycol-based DESs.
8.3.2. XRD of bentonite and shale
XRD analysis of shale powder containing 20% bentonite was performed to identify
various minerals present in shale sample (Figure 8.3). It was found that Kaolinite,
Quartz, Pyrite, Siderite, Mica and Microcline were the major minerals present in shale
sample. Montmorillonite characteristic XRD peak was observed at 2θ value of ~6.5°
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which is mainly due to the addition of bentonite powder in shale [192]. This peak shows
that the shale sample contains highly reactive clay which is a type smectite and it will
be susceptible to high swelling in presence of water based drilling fluids. Further, there
were a number of kaolinite peaks (2θ angles: ~24.9, ~28.6, ~35, ~38.4, ~40.8, ~47.7,
~56.6) in XRD spectrogram suggesting the sample is dispersive in nature due to the fact
that kaolinite is dispersive and non-swelling clay. It absorbs water from mud and its
lattice does not swell as much as smectite clays which results in breaking or sliding of
clay lattice and dispersion dominates over swelling of such clay materials. Some
carbonate material (Siderite) was also observed in the sample which are significantly
softer and impart porosity to the shale formation [148]. Quartz minerals also increases
the porosity of the shales but they are hard. Both Quartz and Siderite increase the
porosity due to which filtrate can easily penetrate through shale deep into the formation
and high clay content will make it highly instable to drill with water based mud.
Therefore designing a drilling fluid with high inhibition capacity that can suppress
swelling and dispersion in such shale will be a significant development.

Figure 8.3: XRD analysis of Shale powder mixed with 20% Bentonite powder.
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8.3.3. Preliminary study of ionic liquids as a mud additive
Base mud and four DESs modified mud formulations containing 0.5 w/v% of each
DES, were tested for rheological parameters of mud. After hot rolling of these samples
at 100 °C for 16 hours, rheological parameters and LPLT filtration were determined and
the all properties are listed in Table 8.3. It was found that the addition of DES-A and
DES-B enhanced rheological parameters whereas the presence of DES-C and DES-D
resulted in a decrease in these rheological parameters. AV of BM was 34.0 before hot
rolling which increased to 48.5 and 54.5 cP due the addition of 0.5 w/v% DES-A and
DES-B respectively. AV reduced from 34.0 cP to 27.5 and 30.5 cP in case of DES-C
and DES-D respectively. Similar effect with varying magnitudes was observed on YP
and gel strength values of BM on addition of these DES, i.e. DES-A and DES-B
increased these parameters but DES-C and DES-D were found to reduce them. After
hot rolling of mud formulations, the degradation in AV due to ageing of BM was ~34%
which decreased to just ~7% for 0.5 w/v% IL-A and ~3% for IL-B. Corresponding
degradation values for AV in presence of IL-C and IL-D were found to be 32% and 8%
respectively. Therefore, it is safe to say that that DES-A and DES-B are more effective
in improving rheological parameters as compared to the other two ionic liquids.
Further, an investigation of LPLT filtration loss (or API fluid loss revealed that the
presence of 0.5 w/v% of DES-A and DES-B reduced the filtration loss by ~17% and
~19%, respectively which is a favorable result for water based drilling fluids. However,
in the case of DES-C and DES-D API fluid loss increased by ~12% and ~7%,
respectively which is undesirable. Therefore, DES-A and DES-B were selected for the
further investigations. The superior performance of DES-A and DES-B for improving
the mud characteristics was observed due to presence of quaternary ammonium salts as
opposed to

DES-C and DES-D having
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phosphonium

salt

as the HBA.

Table 8.3: Rheological and API filtration performance of base mud and different mud formulations modified with 0.5
w/v% DESs.
S. No.

Parameter

1

BM

BM+ 0.5 DES-A

BM + 0.5 DES-B

BM + 0.5 DES-C

BM + 0.5 DES-D

BHR

AHR

BHR

AHR

BHR

AHR

BHR

AHR

BHR

AHR

Φ600

68

45

97

90

109

106

55

37

61

56

2

Φ300

54

33

79

74

88

86

37

24

45

40

3

Φ200

48

28

69

64

78

76

29

18

37

32

4

Φ100

39

21

55

50

60

58

20

12

28

24

5

Φ6

21.5

8.5

30

25

31

26

6

4

12

7

6

Φ3

19

7

27

21

28

22

5

3

10

5

7

AV (cp)

34.0

22.5

48.5

45.0

54.5

53.0

27.5

18.5

30.5

28.0

8

PV (cp)

14.0

12.0

18.0

16.0

21.0

20.0

18.0

13.0

16.0

16.0

9

YP (cp)

40.0

21.0

61.0

58.0

67.0

66.0

19.0

11.0

29.0

24.0

10

Gel 0

20.5

10

21

19

21

19

7

3

14

5

11

Gel 10

31

16

30

32

30

32

29

9.5

21

13

15

API (ml)

-

11.4

-

9.5

-

9.2

-

12.8

-

12.2
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8.3.4. Effect of DESs concentration on mud rheology
Shear stress vs shear rate curves of all the mud formulations before and after hot rolling
are shown in Figure 8.4. As the concentration of both the DESs increased in base mud,
resulting formulations showed an improvement in rheology which is indicated by
higher shear stress at a given shear rate. This is due to an increase in viscosity of the
DESs based mud formulations with the addition of DESs concentration. Figures 8.4a &
8.4a' shows the rheology curves of DES-A containing mud formulations before and
after hot rolling, respectively. Similarly, Figures 8.4b and 8.4b' represent the shear
stress vs shear rate graphs of drilling fluids containing DES-B before and after ageing,
respectively. It can be seen that due to ageing (or hot rolling), there is reduction in shear
stress for all mud formulations (as listed in Table 8.1) at any given shear rate. However,
this reduction is significantly high for BM which contains no ionic liquid. Further, a
comparison between mud formulations with DES-A and those with DES-B indicate that
DES-B is more effective in improving the rheology of water based drilling fluids
(Figure 8.4a vs 8.4b and Figure 8.4a' vs 8.4b'). Even at lowest concentration (0.05
w/v%) of each DES, shear stress vs shear rate curves for BM and BMA005 are almost
overlapping (Figure 8.4a) but that is not the case with the curves for BM and BMB005
(Figure 8.4b) which shows noticeable improvement. Even after hot rolling of mud
samples, there were higher values of shear stress obtained for mud sample with 0.05
w/v% concentration of DES-B (BMB005) compared to corresponding shear stress
values for DES-A containing sample BMA005. Therefore, it can be established from
these rheology data that DES-A and DES-B are both increasing the shear stress values
at a given rpm (shear rate), the increase in concentration of DESs results in further
increase in shear stress values and DES-B is comparatively more effective than DES-A.
This can be attributed to the presence of DEG in case of DES-B. DEG has higher
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relative polarity that of DEA owing to the higher electronegativity of the -O- atom at
the center of molecule (Figure 8.5). Accordingly, DEG is more effective in forming
hydrogen bonds with water as well as other DEG molecules. An increase in the
attractive intermolecular interactions increases the viscosity of the fluid.

Figure 8.4: Shear stress vs shear rate curves of all the mud formulations listed in
Table 8.1. (a) and (b) – before hot rolling; (a') and (b') – after hot rolling of mud
samples.

Figure 8.5: Schematic showing the difference in relative polarity of O–H bonds
present in DEA and DEG molecules.
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The rheological parameters AV, PV, YP and gel strengths for drilling fluid formulations
have been calculated using equations derived from Bingham Plastic Model and
mentioned in our previous works [160,193]. Figure 8.6 represent before and after hot
rolling (BHR and AHR) AV, PV and YP for mud formulations studied. As discussed in
previous section, addition of DESs resulted in increased shear stress, the same effect is
observed on AV for both type of DESs (Figure 8.6a and 8.6b). Increasing the
concentration of ionic liquids increased AV of drilling fluid, however, the increase in
AV of BM before hot rolling due to the addition of 0.5 w/v% of DES-A was ~43% and
that for 0.5 w/v% DES-B was ~60%. On increasing the concentration to 1.0 w/v% the
corresponding values were found to be ~65% and ~82%, respectively. The reduction in
AV of BM due to hot rolling was found to be ~34% which reduced to ~7% due to
addition of 0.5 w/v% DES-A (BMA050) and reduced to ~3% due to addition of 0.5
w/v% DES-B (BMB050). At highest concentration of 1.0 w/v% for both DES, the
thermal degradation in AV was negligible, which shows the tangible advantage of using
DES-A and DES-B for reducing the effects of long heat exposure. Similar effects were
observed for PV of drilling fluid formulations containing DESs (Figure 8.6c and 8.6d).
PV also increased with increase in concentration of both the DESs and remained under
26 cP for all the mud formulations before hot rolling. After hot rolling, PV decreased by
only 1 or 2 cP for all the mud formulations. Lower values of PV, preferably <30 cP, are
helpful in drilling at a faster rate of penetration [116], therefore, these formulations
which are not increasing PV by bigger margins can be considered useful in maintaining
required rate of penetration while also helping in cutting removing with increased AV.
Cutting carrying capacity of drilling fluids depend on the YP and it should be increased
for efficient cutting removal from the wellbore. Mud formulation containing DESs
showed an increased YP and increasing the concentration of DESs resulted in higher
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YP values for both the DESs (Figure 8.6e and 8.6f). Reduction in YP of BM due to hot
rolling was found to be ~47.5% which decreased to ~4.9% and ~1.5% on addition of
0.5 w/v% of DES-A and DES-B, respectively. Even at lowest concentration of DESs
studied (0.05 w/v%), the percentage reduction due to hot rolling was ~17.0% and 9.3%
for DES-A and DES-B, respectively. It shows that DESs are effective in controlling the
thermal degradation of YP of mud formulations even when present in low quantities
and DES-B is comparatively more effective than DES-A.

Figure 8.6: Apparent Viscosity (AV), Plastic Viscosity (PV) and Yield Point (YP)
of mud formulations with varying concentration of DES-A and DES-B.
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When drilling has to be stopped for a short duration for various reasons such as tripping
pipe, emergency electrical/mechanical maintenance or changing the drill bit, it must be
ensured the cuttings remain suspended in mud inside the wellbore. This holding of
cuttings in suspended form is controlled by gel strength which is measured immediately
after circulation is stopped (after 10 sec) and termed as initial gel strength and after 10
min after the circulation is stopped and called final gel strength. Figure 8.7 shows the
initial and final gel strengths of all the mud samples studied, before and after hot rolling
of mud formulations.

Figure 8.7: Initial (10 sec) and final (10 min) Gel Strengths of mud formulations
with varying concentration of DES-A and DES-B.
It was found that the addition of DESs did not affected gel strengths of freshly prepared
mud samples significantly but the percentage reduction in initial and final gel strengths
of BM decreased progressively as the concentration of DESs increased. As can be seen
in Figure 8.7c and 8.7d, hot rolling resulted in dramatic reduction of final gel strengths
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of BM. Addition of DESs restored the loss due to ageing at DES concentrations higher
than 0.25 w/v%. For DES concentration higher than 0.5 w/v%, AHR final gel strength
values even surpassed the BHR values but remained close to 30 lb/100ft2.
8.3.5. Filtration loss control
While drilling a wellbore, highly pressurized formation fluids have to be prevented
from entering the drilled well which is achieved by maintaining a high mud column
pressure. Due to higher hydrostatic pressure of mud column onto drilled wellbore walls,
there is a pressure gradient from inside the well towards porous formation being drilled
which results in water filtration from mud system into geological porous formation.
This filtration should be controlled by means of additives in mud formulation to avoid
the excessive water loss. Higher filtration loss may result in dramatic changes in mud
composition and subsequently the mud properties. As per API RP 13B-1, filtration loss
is determined in laboratory at 100 psi pressure for 30 minutes for all the mud
formulations after hot rolling and the results are shown in Figure 8.8. Filtration loss (or
fluid loss) of BM was found to be 11.4 mL which decreased with the increase in DES-A
concentration (Figure 8.8a). Fluid loss of mud samples containing DES-B also
decreased with increase in DES-B concentration in mud (Figure 8.8b). It can be
observed from Figures 8.8a and 8.8b, that the rate of filtration into the formation was
initially high which further decreases with time. This is due to the formation of a filter
cake composed of solids present in mud system which are deposited at the boundary
during the filtration. As the time passes, these solids deposited in the form of a layer
increase and the thickness of layer also increases resulting in formation of mud cake
which acts as a barrier to further filtration. Therefore, a decrease in rate of filtration is
observed as the time progresses during filtration process. The permeability of mud cake
is a determining factor which is affected by the additives present in mud system.
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Reduction in permeability of mud cake can be achieved by selecting suitable mud loss
additives which will result in a reduced fluid loss. In present case, DESs are acting as a
fluid loss reducing agents which are minimizing the rate of filtration. An increase in
concentration of DESs is resulting in the decrease in permeability and reducing the rate
of filtration and therefore cumulative filtration. Figure 8.8c shows the comparison of
filtration control ability of DES-A and DES-B. It is clearly shown that the filtration
control ability of DES-B is higher than that of DES-A. Addition of 0.5 w/v% of DES-A
reduced the fluid loss of BM by ~16% while the same concentration of DES-B reduced
fluid loss of BM by ~18%. The reduction in fluid loss by addition of 1.0 w/v% of DESA and DES-B was found to be ~19% and ~23% respectively. The reduction of fluid loss
is not significant but the DESs are certainly aiding the cause to make the water-based
mud better for use in shale formations. The clay-water interaction is very critical and
hydration of clay present in shale formations due to excessive fluid loss may have
severe consequences on the stability of wellbore [95]. Overall, the reduction of fluid
loss suggests the ability of DESs to decrease water infiltration into different formations,
including shale. Filter cake formed by the solids present in WBM also contain bentonite
platelets and polyanionic cellulose. Both of these additives have negative sites which
could be bridged by the electrostatic attraction with quaternary ammonium group
(cation) in DESs and by the hydrogen bonding between these negative sites and –OH
groups present in the DESs. This interaction results in a more compact filter cake with
reduced permeability.
8.3.6. Effect on capillary suction time of aqueous bentonite dispersion
Bentonite dispersions in water with varying quantities of both DESs were tested for
CST values. Since CST values are reported to have erratic results, each experiment was
performed three times and average values with error bars have been shown in Figure
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8.9. Detailed analytical results of these tests are shown in Table S2. It was found that
the addition of ionic liquids resulted in a decrease in the CST values and increase in
concentration further reduces CST for both ionic liquids. This indicate that the presence
of DESs have resulted in an increased amount of free water present after the addition of
bentonite powder. Higher the amount of free water present in a slurry, quicker it will
travel to the first two electrodes at the inner circle in CST equipment and consequently
will reach the end electrode at the outer circle to finish the testing in less time, thus a
decreased CST value is obtained. A decrease in CST is the evidence that bentonite
powder is absorbing less water if the DES is present in water. Further reduction in CST
values as the DES concentration increases from 0.05 to 1.00 w/v% is the confirmation
of clay-water interaction inhibition, resulting in more free water and lower CST
readings.
This test shows that both DESs are capable of reducing water absorption by clay
mineral which are usually present in high amounts in the shale formations difficult to
drill with water-based muds. Using DESs in water-based muds can be an effective way
to mitigate shale instability problem in case of water sensitive shale formations. Finally,
it was also found that the DES-B is comparatively more effective in inhibiting claywater interaction than the DES-A. This difference is attributed to the difference in the
relative polarity of –OH bond since the cationic functionality of quaternary amine is
present in both the DESs. There is a stronger attractive interaction between negatively
charged sites in montmorillonite, illite, kaolinite etc. minerals and the –OH groups
present in DES-B than the interaction between those sites and –OH groups in DES-A.
Once strongly attached to the negatively charges clay mineral sites in shale formations,
DES-B prevents clay hydration, dispersion and swelling.
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Figure 8.8: After hot rolling filtration loss at LPLT conditions (a) IL-A based mud
samples, (b) IL-B based mud samples, and (c) Cumulative fluid comparison of ILA and IL-B based mud formulations.
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Figure 8.9: CST results of bentonite powder dispersion in aqueous solutions of
DES-A and DES-B.
8.3.7. Shale swelling inhibition by ionic liquids
Shale swelling inhibition characteristics of ionic liquids were assessed using linear
swell meter where drilling fluid samples without and with various shale inhibitors were
allowed to interact with shale pellets to determine swelling. Results of shale swelling in
presence five different mud formulations are shown in Figure 8.10. These formulations
include a BM, three mud formulations composed of BM containing 0.2 w/v% for DESA, DES-B and a commercial ionic liquid (IL-comm) each, and a mud formulation
prepared by mixing 5% KCl in BM. The commercially available ionic liquid used in
this test was 1-Butyl-3-methylimidazolium chloride (BMIM[Cl]). As can be seen from
in Figure 8.10, DES-B has shown the best shale swelling reduction performance
amongst the studied shale inhibitors. In 2 hours, shale pellet dispersed in BM was
swelled by 28.75% while addition of 5 w/v% KCl in BM resulted in less swelling in the
same time and a reading of 24.39% was obtained. All three ionic liquids have shown
better performance at 0.2 w/v% in comparison to 5 w/v% KCl. Percentage swelling of
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dispersed pellet was recorded to be 21.97, 13.05 and 8.36 % for IL-comm, DES-A and
DES-B respectively.

Figure 8.10: Shale pellet swelling in presence of different mud systems.
It shows that the synthesized DESs (DES-A and DES-B) have excellent shale swelling
inhibition property and they can be used as effective shale inhibitor even at low
concentrations. The positive charges on DES-A and DES-B (owing to presence of
TBAB) are effective in reducing the interaction of the clays (e.g. montmorillonite) in
the shale with water. It is likely that DESs are capable of holding clay unit layers
together with strong electrostatic force, which makes the spaces more hydrophobic,
hence inhibits the penetration of water molecules into the interlayer space (c-spacing).
Additionally, the presence of highly polar –OH groups in DESs make it more efficient
of hold two adjacent clay unit layers to hold at multiple sites. A schematic of the
proposed shale inhibition mechanism by DESs is shown in Figure 8.11.
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Figure 8.11: Schematic showing the mechanism of shale inhibition by DESs.
8.3.8. Shale dispersion analysis
The recovery of shale cuttings after the shale dispersion analysis is reported in Figure
8.12. As can be seen, the recovery of shale cuttings was found to be 84.3% in case of
BM which increased to 88.65% recovery on addition of 5 w/v% KCl in BM. However,
there was significant improvement in shale recovery in presence of DES-A and DES-B.
Addition of 0.1 w/v% DES-A in BM increased shale recovery to 94.75% which further
increased to 98.8% in case of BMA050 (i.e. 0.5 w/v% DES-A). The respective figures
for DES-B were found to be 95.5% (0.5 w/v% DES-B) and 99.6% (0.5 w/v% DES-B)
shale recovery.

Figure 8.12: Shale cuttings recovery after hot rolling dispersion.
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These results further confirm that DES-B is more effective shale stabilizer than DES-A
for WBM. However, both of these additives have shown good performance in
mitigating the shale instability problems and can be used as a potential shale inhibitor in
WBM.
8.4. Conclusion:
Four DESs were screened to assess their suitability as an additive in WBM and it was
found that the DESs having ammonium functional group were more effective reducing
fluid loss and improving mud rheological parameters. Therefore, ammonium
functionality based DESs (DES-A and DES-B) were further investigated for their effect
on mud properties with special focus on their inhibition capability for the application in
drilling water sensitive shale formations with WBM. It was found that apart from
increasing the rheological parameters of mud, these additives are effectively capable of
reducing shale instability issues. Shale stabilization effects were analyzed by
conducting capillary suction timer, linear swell meter and shale disintegration tests. It
was found that the alternate ionic liquid DES-B was more effective in shale inhibition
than DES-A. A close look at the chemical structure reveals that the main reason of
DES-B being more effective is the presence of additional –O– functionality in hydrogen
bond donor DEG. Oxygen has an electronegativity value higher than Nitrogen atom and
therefore is capable of making hydrogen bond stronger than that made by N-atom. It
helps in linking with cationic sites present in shale minerals and stabilize the shale
formations. These DESs are effective in reducing the clay swelling which makes them a
very good shale inhibitor. Shale recovery was found to be higher for DES-B which
further confirms that DES-B is a better choice between the two shale stabilizers studied.
Most importantly their cost effectiveness makes them an attractive choice for the
application

in

water

based

mud

for
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drilling

reactive

shale

formations.

9. Chapter 9: Conclusions
This chapter concludes the thesis with an informative summary of all the investigational
outcomes obtained through extensive experimental and analytical methods. The specific
conclusions of this research program are summarized as follows:

•

Amine

functionality

based

homopolymers

imparted

shale

inhibition

characteristic in water based drilling fluid. Both of these homopolymeric
additives also helped in improving the rheological parameters of WBM and
reduced the fluid loss. However, the homopolymer with cationic amine
functionality (polyAETMAC) imparted more influence as compared to neutral
amine homopolymer (polyDMAPMA) in improving the drilling fluid properties.
Shale inhibition capability of mud systems containing these additives were
tested using shale dispersion, linear swelling and capillary suction timer tests
which all confirmed that the cationic functionality based amine homopolymer
was more effective in shale stabilization when present in a water based mud.
•

Inhibitive water based mud with sodium silicate was used as a base mud and its
shale stabilization ability was further improved by using copolyelectrolyte
additives as low concentration additives. It was found that the addition of small
dosages (less than 0.625 w/v%) of copolyelectrolyte additives (which are
copolymers of quaternary (charged) and tertiary amine (neutral) functionality
monomers in varying molar ratios) in base mud improved the rheological
properties of mud and reduced fluid loss considerably which is helpful in
minimizing shale instability. Further, linear swell meter and shale dispersion
tests confirmed that the copolyelectrolyte with neutral to charged amine ratio of
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60:40 (PQA and PTA-ran-PQA-64) is most efficient as shale stabilizer. Other
polyelectrolytes (PQA and PTA-ran-PQA-46) also provided reasonable shale
inhibition and these polyelectrolytes could be used as additives in water based
drilling fluids for mitigating wellbore instability. Polymer adsorption takes place
at positively charged edge sites on exposed clay particles rather than complete
encapsulation. This may be due to the shift in attractive forces from favoring
polymer-polymer contacts to polymer-shale contacts
•

The addition of poly(4-styrenesulfonic acid-co-maleic acid) sodium salt (PSSM)
increased the stability of colloidal dispersions of CuO and ZnO nanoparticles in
water as indicated by zeta potential investigations. PSSM is a low molecular
weight polymer which imparts thermal stability to rheological and filtration
properties of drilling fluid formulations. Thermal stability improvement was
confirmed by studying the degradation in mud properties after hot rolling for 16
hours without PSSM and with PSSM. It was also found that CuO and ZnO
nanoparticles in water based drilling fluids resulted in thermally stable
rheological and filtration properties. However the most significant outcome of
nanoparticle addition into water based drilling fluid was the reduction in
filtration loss at elevated temperature (149 °C). API filtration and HPHT
filtration, both reduced gradually with increase in concentration of each
nanoparticle. It was also found that the CuO nanoparticles were marginally more
effective in comparison to ZnO nanoparticles. Therefore, it can be suggested
that using CuO nanoparticles is more advantageous that ZnO nanoparticles in
water based mud systems containing clay and polysaccharides due to chemical
interactions between these additives and CuO nanoparticles being stronger than
in case of ZnO. The size of nanoparticles should be carefully selected which
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depend on the pore throat size range of the formation being drilled. For a
formation with pore size range of 15-50 nm, the average particle size should be
in between the range for effective pore plugging to control the fluid loss and
shale instability issues. However, the cost of nanoparticles and zeta potential in
the given mud system is critical for the selection of the nanoparticles.
•

A comprehensive experimental analysis of effect of hot rolling on rheological
and filtration properties of a series of mud formulations containing HEC and
PAC as fluid loss reducers with and without TiO2 nanoparticles was performed.
PAC based formulations showed lower values for LPLT and HPHT filtration
losses as compared to the formulations with same concentration of HEC.
Rheological parameters such as AV, PV, YP and gel strengths were very high
for PAC based formulations in comparison to those for HEC based
formulations. Hot rolling experiments were performed at 110 °C, and resulted in
sharp decrease in rheological parameters of PAC based systems while HEC
based fluids had less degradation in rheological parameters. API fluid loss was
more stable for PAC based systems and this shows that PAC is a better choice
for FL reduction out of these two polymeric additives. TiO2 nanoparticles were
found to be effective in these mud systems even at high salinity. Nanoparticles
in the form of small clusters were found to be spread over the surface of mud
cake as observed in high magnification SEM images of mud cake. The presence
of embedded nanoparticles in filter cake reduced the effective permeability and
thus filtration rate is minimized. This extensive experimental study concluded
that addition of TiO2 nanoparticles into the mud systems resulted in improved
rheological and filtration characteristics, especially in presence of high
concentration of HEC polymer. The presence of nanoparticles also mitigated the
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thermal degradation tendency of polysaccharides containing drilling fluids. The
selection of nanoparticle must be given careful consideration as the zeta
potential, average particle size of nanoparticle clusters in drilling fluids, and
their interaction with different mud additives affect the performance of mud
system significantly. Also, the wellbore conditions such as formation pH,
temperature and salinity are the prime factors that influence the selection of the
nanoparticles or other drilling fluids additives for a specific mud program.
•

Cost effective alternate ionic liquids which are basically deep eutectic solvents
have been used in water based drilling fluid. After screening of rheological and
filtration properties, it was established that phosphonium functionality based
DESs were not suitable for WBM application. Therefore, ammonium
functionality based DESs (DES-A and DES-B) were further investigated to
analyse the shale inhibition characteristics along with fluid loss and rheology.
Both DESs reduced fluid loss with increase in their concentration and also
improved rheology of BM. It was also found that they reduce CST values which
is an indication of shale inhibition. Linear swelling tests confirmed their
potential for shale stabilization when added into a BWM. Shale disintegration
results also favored the results shown by LSM and CST experiments. It is
established that these DESs are very effective shale stabilization additives and
can be used for highly reactive shale formation in WBM.

Recommendations for future work:
•

Mud formulations can be characterized for high temperature rheology.

•

Dynamic filtration studies can be performed to investigate the effect of various
additives on fluid loss while mud is in circulation in a wellbore.
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•

High thermal stability polymeric shale inhibitor can be synthesized by using
amine functionality monomers with monomers that will impart thermal stability
to the polymer.

•

Synthesis and application of polymer nanocomposite for high performance
water based drilling fluids in reactive shale formations.
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Appendix
Supporting Information for Chapter 8.
Table S1:
HBA
TBAB
TBAB
MTPPhBr

HBD
DEA
DEG
DEA

DES
DES-A
DES-B
DES-C

MTPPhBr

DEG

DES-D

Table S2:
Capillary Suction Time
(sec)

Mean CST
(sec)

Conc.

0
0.1
0.2
0.3
0.4
0.5

Test 1
297.5
245.4
224.6
202.3
182.6
170.1

IL-A
IL-B
Test 2 Test 3 Test 1 Test 2
285.9 311.2 297.5 285.9
234.8 256.7 235.7 239.4
215.7 233.4 223.1 210.2
209
195.2 201.3 190.6
190.4 174.3 172.4 177.8
164.3 159.8 155.6 161.4
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Test 3
311.2
222.8
216.4
188.9
166.3
147.6

DESA
298.2
245.6
224.6
202.2
182.4
164.7

DESB
298.2
232.6
216.6
193.6
172.2
154.9

Standard
Deviation
(sec)
DES DES
-A
-B
10.3 10.3
8.9
7.1
7.2
5. 3
5.6
5.5
6.6
4.7
4.2
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