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Abstract: The drilling of clay-rich formations, such as shale, is an extremely demanding technical and
technological process. Shale consists of mixed clay minerals in different ratios and in contact with
water from drilling mud. It tends to swell and cause different wellbore instability problems. Usually,
the petroleum industry uses various types of salt and/or polymers as shale hydration inhibitors.
The aim of this research was to determine whether nanoparticles can be used as shale swelling
inhibitors because due to their small size they can enter the shale nanopores, plug them and
stop further penetration of mud filtrate into the shale formation. Swelling of bentonite-calcium
carbonate pellets after 2 and 24 h in water and drilling mud (water, bentonite, PAC and NaOH)
without nanoparticles and with addition of TiO2 (0.5, 1 and 1.5 wt%) and SiO2 (0.5, 1 and 1.5 wt%)
nanoparticles was measured using a linear swell meter. Additionally, granulometric analyses of
bentonite as well as the zeta potential of tested muds containing nanoparticles were performed.
Based on the laboratory research, it can generally be concluded that the addition of SiO2 and TiO2

nanoparticles in water and base drilling mud reduces the swelling of pellets up to 40.06%.

Keywords: SiO2 and TiO2 nanoparticles; wellbore instability; shale hydration; clay swelling; pellets;
nano-based drilling mud

1. Introduction

Drilling is an extremely demanding technical and technological process during which progress
can be slowed down or completely stopped due to many problems. One of the most serious problems
that can occur during drilling is borehole instability. This can be defined as any unwanted alteration
of the borehole diameter. Consequences of borehole instability can differ, from problems that are
relatively easy to solve to problems that require an investment of additional financial resources and
extend the time planned for performing an operation. In practice, numerous problems may occur due
to borehole instability, such as poor hole cleaning, an unsuccessful cementing job (primary cementing
operations), the inability to perform wireline log measurements and problems in tripping drilling
string or running down casing [1,2]. Wellbore instability problems during clay-rich formation drilling,
such as shale, cost over US$500–1000 million each year [3]. Figure 1 illustrates different wellbore
instability mechanisms during drilling operations.

During the process of wellbore drilling, a certain volume of rock is removed and replaced by a
drilling fluid. The required drilling fluid density is dependent on the subsurface formation pressure.
Since the density of drilling fluid is lower than the density of the rock, redistribution of stress at the
wellbore wall will occur [4–7]. In most cases, before the drilling, a subsurface rock formation is under
an in-situ compressive stress state consisting of vertical (overburden) stress (σv) as well as minimum
(σh) and maximum (σH) horizontal stress. After drilling, stress redistribution takes place at the vicinity
of the wellbore wall causing changes in radial, axial and tangential stress. Regardless of stress alteration
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on the wellbore wall, at a certain distance from the wellbore, the rock is still under initial in-situ stresses
(Figure 2). If the density of the drilling fluid and resulting pressure is too high or too low, results can
be hydraulic fracturing or breakout, respectively, as dominant rock failure mechanisms while drilling.
In case of directional or horizontal drilling, wellbore stability strongly depends on orientation of the
wellbore with regard to initial in-situ stress [8].Energies 2020, 13, x FOR PEER REVIEW 2 of 18 
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Figure 1. Different wellbore instability mechanisms.

Simultaneously with the process of the stress redistribution on the wellbore wall during drilling,
a physicochemical interaction between the drilling fluid and the rock will also occur. Physicochemical
processes are time-dependent and related to the interaction that takes place between clay formations
and water-based muds [9]. If the composition of the drilling fluid is not adequate, various mechanisms
may destabilize the wellbore.

Wellbore instability in shale drilling operations can also be time-dependent with a certain
delay between exposure of the shale formation to drilling fluid and the first evidence of wellbore
instability problems. For example, during drilling of the Laffan and Nahr Umr shale formations on the
field west of Abu Dhabi city (UAE), wellbore instability problems occurred after 3–5 days of exposure
of the mentioned shale formations [10].



Energies 2020, 13, 6246 3 of 17Energies 2020, 13, x FOR PEER REVIEW 3 of 18 

 

 
 

(a) (b) 

Figure 2. Formation in-situ compressive stress before drilling (a) and stress redistribution after 
drilling (b) [5]. 

Simultaneously with the process of the stress redistribution on the wellbore wall during drilling, 
a physicochemical interaction between the drilling fluid and the rock will also occur. Physicochemical 
processes are time-dependent and related to the interaction that takes place between clay formations 
and water-based muds [9]. If the composition of the drilling fluid is not adequate, various 
mechanisms may destabilize the wellbore. 

Wellbore instability in shale drilling operations can also be time-dependent with a certain delay 
between exposure of the shale formation to drilling fluid and the first evidence of wellbore instability 
problems. For example, during drilling of the Laffan and Nahr Umr shale formations on the field 
west of Abu Dhabi city (UAE), wellbore instability problems occurred after 3–5 days of exposure of 
the mentioned shale formations [10]. 

Based on physicochemical interactions, the most important component of the rock is clay. Shale 
is usually composed of quartz, calcite, clay minerals from the smectite group (most commonly 
montmorillonite), illite, chlorite and kaolinite in different ratios. Shale also consists of mixed clay 
minerals in different ratios, which causes the majority of problems during drilling because their 
swelling behavior is difficult to predict. Each of these clay minerals has a specific crystalline structure, 
and this also determines the reaction with the drilling mud, especially in water-based muds. In 
contact with water, clay minerals firstly hydrate and attract water molecules, which can cause 
dispersion or swelling. Clay swelling increases wellbore instability such as shale sloughing, tight 
holes and caving and reduces the ability of mud to lift the drilled cuttings [11]. Clay swelling may 
also cause bit balling and significantly reduce the rate of penetration (ROP), wellbore fill, stuck pipe 
and high torque values etc. [12,13], and it is responsible for almost 90% of wellbore instability 
problems [14]. Parkash and Deangeli, 2019, pointed out shale anisotropy as an additional problem 
related to drilling through shale formations [15]. The shale rock structural anisotropy (existence of 
weakness planes) makes the process of well design and drilling more complex, especially for wells 
that are planned and drilled at different angles to formation bedding planes. Today, wellbore 
instability risk analysis is an integral and indispensable part of modern well design and well 
trajectory optimization [7,10]. 

To avoid the physicochemical causes of borehole instability, it is necessary to properly define 
the composition of the drilling fluid to be used during drilling through a certain rock. Although it 
has been known for decades that a certain composition of drilling mud provides satisfactory results 
in wellbore stabilization, recent research suggests that the problem has not been completely solved. 
The reason for this lies in the rather complex composition of formations like shale, in particular the 
proportion of different clay minerals and their mutual ratios, as well as their physicochemical 
characteristics. A significant role in the interaction process between the specific shale formation and 

Figure 2. Formation in-situ compressive stress before drilling (a) and stress redistribution after drilling (b) [5].

Based on physicochemical interactions, the most important component of the rock is clay.
Shale is usually composed of quartz, calcite, clay minerals from the smectite group (most commonly
montmorillonite), illite, chlorite and kaolinite in different ratios. Shale also consists of mixed
clay minerals in different ratios, which causes the majority of problems during drilling because their
swelling behavior is difficult to predict. Each of these clay minerals has a specific crystalline structure,
and this also determines the reaction with the drilling mud, especially in water-based muds. In contact
with water, clay minerals firstly hydrate and attract water molecules, which can cause dispersion
or swelling. Clay swelling increases wellbore instability such as shale sloughing, tight holes and
caving and reduces the ability of mud to lift the drilled cuttings [11]. Clay swelling may also cause
bit balling and significantly reduce the rate of penetration (ROP), wellbore fill, stuck pipe and high
torque values etc. [12,13], and it is responsible for almost 90% of wellbore instability problems [14].
Parkash and Deangeli, 2019, pointed out shale anisotropy as an additional problem related to drilling
through shale formations [15]. The shale rock structural anisotropy (existence of weakness planes)
makes the process of well design and drilling more complex, especially for wells that are planned and
drilled at different angles to formation bedding planes. Today, wellbore instability risk analysis is an
integral and indispensable part of modern well design and well trajectory optimization [7,10].

To avoid the physicochemical causes of borehole instability, it is necessary to properly define
the composition of the drilling fluid to be used during drilling through a certain rock. Although it
has been known for decades that a certain composition of drilling mud provides satisfactory results
in wellbore stabilization, recent research suggests that the problem has not been completely solved.
The reason for this lies in the rather complex composition of formations like shale, in particular
the proportion of different clay minerals and their mutual ratios, as well as their physicochemical
characteristics. A significant role in the interaction process between the specific shale formation and
water-based drilling fluid is played by the filter cake forming an in-situ semipermeable membrane,
and net transfer of water molecules and ions depends on properties of the mentioned semipermeable
membrane formed on the face of the shale formation [16].

Various clay hydration inhibitors can be divided into two groups: temporary inhibitors and
permanent inhibitors. Temporary inhibitors are used to prevent the hydration of clay minerals
and to ensure the stability of the wellbore during the drilling phase, well completion or fracturing.
Most commonly, various types of salts such as KCl, NaCl, NH4Cl and CaCl2 are used daily as shale
hydration inhibitors. Advances have also been made in the field of the development of permanent
inhibitors such as quaternary amine polymers [17,18]. Wellbore stability within the shale formation
can be improved by adding a certain amount of wellbore stabilizing agent (WSA) or low-invasion fluid
technology (LIFT) in the drilling fluid formulation. Wellbore stabilizing agent causes the creation of a
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thin and effective filter cake on face of the shale formation and consequently decreases influx of drilling
fluid into shale formation as well as the pressure changes in the nearby wellbore region and increases
formation fracture pressure [19,20].

Over the past decade, new materials have been developed and studied for usage as additives
in drilling mud, like carboxymethyl starch-grafted-polyacrylamide copolymer [21], poly(styrene-
block-acrylamide)/organic montmorillonite nanocomposites, nanocomposite bentonite [22] and Tween
80 (T80)/ZnO nanoparticles as nontoxic additives used in drilling fluid [23]. Despite the large quantity
of data available through the different laboratory studies and published papers, wellbore instability
problems still exist, and further research work is needed to overcome the wellbore instability problem
in the future. Today, such additives can be chopped to nano dimensions and are called nanoparticles.
Nanoparticles were first examined in the laboratory, and already there are examples of their successful
application in the field, especially for solving the problems associated with drilling. For example,
while drilling horizontal sections in Alberta, Canada, in 2014, the operator encountered a problem of
lost circulation of the drilling mud, which in some cases amounted to 3 m3/100 m of the drilled well.
Calcium carbonate nanoparticles in suspension form at a concentration of 0.5 wt% were added to
an oil-based drilling mud, and the amount of lost mud decreased by 22–34% [24]. According to
Singh et al., 2017, proper sealing of pores and microfractures within a shale formation implies the
use of sealing polymer, graphite nanoparticles and microparticles as well as marble particles for
plugging wider fractures [25]. The sealing polymer selection process depends on fracture dimensions,
temperature, particle size distribution, environmental concern, hydraulics etc. The combination of the
nano synthetic polymer and different sizes and types of particles (calcium carbonate, graphite or marble)
in oil-based drilling fluid proved successful during drilling through a depleted formation and highly
reactive shale formation in Kuwait [26]. Effective sealing of the shale formation and prevention of
wellbore instability problems can be achieved through simultaneous use of nanocomposites and lost
circulation materials in the drilling fluid formulation [27].

According to literature, the most commonly investigated nanoparticles are SiO2, Al2O3, TiO2

and Fe2O3. The particle size of nanoparticles in powder form or nanoparticles in suspensions used in
recent laboratory testing varied from 5 [28–30] up to 1205 nm [31]. They were added to the base fluid
at various concentrations ranging from 0.1 to 30 wt%. Based on the laboratory research conducted by
Gao et al., 2016, and Wang et al., 2018, nanoparticle concentration does not only have an effect on pore
pressure alteration in vicinity of the wellbore wall but also slows down this process [32,33]. Due to
their large specific area, such particles should be added in lower concentrations [34,35]. Nanoparticles,
due to their small dimensions, can enter the nanopores of shale, fill the small space and plug the rock.
This results in less chance of water penetration in the rock and thus reduces the hydration process and,
ultimately, the swelling of the clay rocks [36]. The results of the most recent laboratory study presented
by Hoxha et al., 2019, indicate benefits of using the nanoparticles in drilling fluids to promote wellbore
stability through electrostatic and electrodynamic interaction between specific nanoparticles and the
shale formation [37]. This interaction is governed by Derjyaguin–Landau–Verwey–Overbeek forces,
and it is a consequence of surface charge on the face of the shale formation as well as nanoparticle charge,
which can be anionic and cationic depending on the manufacturing process. In the real field application,
the efficiency of nanoparticles in improvement of the wellbore stability will depend on numerous
parameters and conditions such as pH value of drilling fluid, downhole temperature, petrophysical
properties of the shale and size and type of the nanoparticles etc.

In addition to wellbore stability, the nanoparticles have the potential to play a very important role in
reservoir protection, temperature and pollution resistance of drilling fluids, friction reduction between
drill string and casing/rock, hole cleaning during cementing operation, H2S removal, enhanced oil
recovery etc. [22,38–43]. In the case of using superparamagnetic nanoparticles as weighting agent,
more than 90% of those particles can be extracted from the drilling fluid and reused in future drilling
operations [22].
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To examine the interaction of clay particles with the drilling muds, in this study, pellets were
used as a replacement for real clay rock. They were prepared using a compactor and then put in a
linear swell meter. Pellets consisted of inert CaCO3 and bentonite, which correspond to clay rocks,
the swelling rate of which was determined. Instead of using commercial clay inhibitors, in this
study, SiO2 and TiO2 nanoparticles were used. They can reduce swelling of clays and thus improve
wellbore stability.

2. Laboratory Testing

The impact of adding nanoparticles to a water-based mud on clay swelling was assessed at the
Drilling Fluid Laboratory (Department for Petroleum Engineering, Faculty of mining, Geology and
Petroleum Engineering, University of Zagreb) in Zagreb, Croatia.

2.1. Data on Used Nanoparticles

The nanoparticles used in the laboratory research were SiO2 and TiO2 nanoparticles. Data on
used nanoparticles, which were obtained from their manufacturers, are shown in Table 1.

Table 1. Data on SiO2 and TiO2 nanoparticles from Material Safety Data Sheet (MSDS).

Nanoparticles TiO2-Susp SiO2-Susp

Appearance Water-based suspension Water-based suspension
Nanoparticle content 39–41 wt% of Titania suspension (TiO2) 30 wt% of Silica suspension (SiO2)

Average particle size (D50) 70 nm 120 nm

2.2. Composition of Used Aqueous Suspensions and Drilling Muds

To understand the effect of adding nanoparticles, six samples of aqueous suspensions containing
SiO2 and TiO2 nanoparticles were prepared. Nanoparticles were added in three different concentrations:
0.5, 1 and 1.5 wt% (Table 2). To elaborate, a concentration of 0.5 wt% means that in 1000 mL of water,
5 g of TiO2 (suspended in 9 mL of TiO2-susp) or SiO2 nanoparticles (suspended in 14 mL of SiO2-susp)
was added so that their impact on pellet swelling could be compared.

Table 2. Composition of aqueous suspensions used in this study.

Aqueous
Suspension Water

Water + TiO2 Water + SiO2

0.5 wt% 1 wt% 1.5 wt% 0.5 wt% 1 wt% 1.5 wt%

Water 1000 mL 1000 mL 1000 mL 1000 mL 1000 mL 1000 mL 1000 mL
TiO2-susp - 9 mL 18 mL 27 mL - - -
SiO2-susp - - - - 14 mL 28 mL 42 mL

After that, the SiO2-susp and TiO2-susp nanoparticles were added to water-based mud at
concentrations of 0.5, 1 and 1.5 wt%. The base mud contained water, 30 g/L bentonite to adjust the
rheological properties, 2 g/L of PAC LV polymer to maintain filtration properties and NaOH to adjust
the pH value of the base mud (Table 3).

Table 3. Composition of drilling muds used in this study.

Mud Base Mud
Base Mud + TiO2 Base Mud + SiO2

0.5 wt% 1 wt% 1.5 wt% 0.5 wt% 1 wt% 1.5 wt%

Water 1000 mL 1000 mL 1000 mL 1000 mL 1000 mL 1000 mL 1000 mL
Bentonite 30 g 30 g 30 g 30 g 30 g 30 g 30 g
PAC LV 2 g 2 g 2 g 2 g 2 g 2 g 2 g
NaOH 2 g 2 g 2 g 2 g 2 g 2 g 2 g

TiO2-susp - 9 mL 18 mL 27 mL - - -
SiO2-susp - - - - 14 mL 28 mL 42 mL
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After adding the nanoparticles to the base mud, the mixture was stirred for 30 min in a stirrer at
a rate of 500 rpm to reduce the agglomeration of nanoparticles and avoid instability of nanoparticle
suspensions in drilling muds.

2.3. Zeta Potential Measurement

Unstable nanoparticle suspensions usually have high attraction forces that can lead to aggregation
of individual nanoparticles into larger particles, which can result in uncontrolled viscosity values
or increased filtration [44]. To assess the stability of nanoparticles in the selected muds, the zeta
potential of muds containing TiO2 and SiO2 nanoparticles was measured. Zeta potential (ζ) was
determined by electrophoretic light scattering using a Zetasizer Nano ZS device (Malvern Instruments)
equipped with a 532 nm green-light-emitting laser. The zeta potential of the particles was calculated
from the measured electrophoretic mobility by means of the Henry equation using the Smoluchowski
approximation (f(κa) = 1.5). The data processing was performed using the Zetasizer software 7.13
(Malvern Instruments, Malvern, UK). Values of zeta potential above 30 mV or below −30 mV indicate
stable suspension because repulsive forces between nanoparticles are strong enough to keep them
dispersed in the mud [37,44]. Table 4 shows the calculated values of zeta potential for each stage of
preparation of muds containing 0.5 wt% TiO2 and 0.5 wt% SiO2 nanoparticles (marked with letters
from A to D). In the first stage, zeta potential of bentonite suspension (A) was determined at pH
value of 8 and then for each stage after adding a particular additive. By addition of NaOH (C) pH
value was increased to 10.5. Muds identified by the letters D and E in Table 4 represent the final
formulation of the mud presented in Table 3 referred to as base mud +0.5 wt% TiO2 and base mud
+0.5 wt% SiO2. After addition of nanoparticle suspensions to mud C, pH value did not change and
amounted to 10.5. Zeta potential was measured six times, and a mean value was taken considering the
calculated standard deviation.

Table 4. Calculated values of zeta potential.

Measurement No.

Zeta Potential (mV)

Bentonite
Suspension (A) A + PAC (B) B +NaOH (C) C+ 0.5 wt% TiO2 (D) C + 0.5 wt% SiO2 (E)

pH

8 8 10.5 10.5 10.5

1. −55.4 −59.4 −61.6 −53.5 −51.6
2. −55.6 −67.1 −63.8 −53.6 −53.8
3. −64.5 −74.6 −70.7 −54.2 −56.5
4. −55.1 −59.6 −61.1 −54.5 −51.9
5. −61.5 −63.4 −63.1 −57.7 −52.4
6. −68.5 −67.8 −64.7 −57.9 −51.4

Average Value −60.1 −65.3 −64.2 −55.2 −52.9
Standard

Deviation (SD) 5.6 5.8 3.5 2.0 1.9

The measured value of zeta potential for base drilling mud with 0.5 wt% TiO2 (marked D) is
−55.2 mV, and for base drilling mud with 0.5 wt% SiO2 (marked E) it is −52.9 mV. The obtained values
of zeta potential indicate the stability of both drilling muds without nanoparticle aggregation.

2.4. Characterization of Bentonite in Pellets

The bentonite used for pellet preparation was Bentonite Tunnel Gel Plus, obtained from the
manufacturer Baroid. To determine the particle size distribution and average particle size of bentonite,
granulometric analyses were conducted at the Rud̄er Bošković Institute in Zagreb.

The selected samples were diluted with deionized water prior to the granulometric analysis to
achieve the optimum suspension concentration. Granulometric analyses were performed with the laser
beaming method using a LS 13320 (Beckman Coulter, Indianapolis, IN, USA) instrument. A universal
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liquid module (ULM) was used for the analysis, ranging from 0.04 to 2000 µm. Each sample was
measured in triplicate. Figure 3 shows the average results of three consecutive measurements.
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According to the appearance of the granulometric curve shown in Figure 3, it can be concluded
that the Bentonite Tunnel Gel Plus sample shows a very wide distribution, with 75% of the particles
ranging from 10 to 300 µm, while the average particle size is 46.9 µm.

2.5. Pellet Preparation Procedure and the Swelling Test

During the coring process, real rock samples are obtained on the surface. During drilling through
highly reactive clay-rich rocks, which are not reservoir rocks, coring activities represent a significant
loss of time and money. Drilling cuttings collected on shale shakers can economically provide
valuable geological and petrophysical information in the absence of core data, but the number and
quality of these samples are not enough for comprehensive laboratory testing [45]. Because of that,
testing on laboratory prepared pellets should be a first step with consequent testing on rock samples,
especially clay-rich rocks. Furthermore, laboratory research on pellets provide a better ability to
prepare a larger number of samples of completely identical mineral composition and prepared under
the same conditions. This allows multiple repetitions of measurements and study of the influence of
nanoparticles on artificial rock sample swelling. This approach allows an initial screening procedure
for the possible application of nano-based mud in drilling of certain shale formations.

In this study, pellets consisting of bentonite and calcium carbonate in the ratio of 50:50 were used.
Pellets were made in a compactor (Figure 4). The compression of samples was performed as follows:
A mixture of 6 g of bentonite and 6 g of calcium carbonate was placed in a pre-assembled cell,
which was then closed and exposed to the pressure of 41.36 MPa (6000 psi) that remained constant for
the subsequent 30 min. The compression pressure and compression times were optimized according
to manufacturer’s instructions. When selecting the pressure at which the samples were compressed,
the type of clay formation that the specific pellets simulated and the conditions to which the clay
was exposed in the underground were considered. The compression pressure can be identified using
geostatic pressure (pressure of the cap rock) applied on the clay formation at the considered depth.
Considering that the average density of rock is 2300 kg/m3, it is possible to calculate the geostatic
pressure acting affecting the rock (clay formation) at a certain depth and use this value in laboratory tests.
Since the aim of the study was to determine the influence of water-based drilling mud containing
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nanoparticles on swelling of soft clay formations located at relatively small depths, a compression
pressure of 41.36 MPa (6000 psi) was selected. The selected compression pressure value corresponds to
the geostatic pressure value at a depth of approximately 1800 m.
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The swelling test of each pellet in the selected fluid was conceived and conducted as a complete
cycle of two phases that lasted for 24.5 h cumulatively. As shown in Figure 4, each cycle consisted of:

• Phase I—30 min compression of powdered material in the compactor (production of pellets);
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According to Figure 5, the swelling of pellets after 2 h in the aqueous suspension of SiO2

nanoparticles (0.5 wt%) experienced the most significant reduction of 26.49% compared to their
swelling in water. The decrease of pellet swelling in the aqueous suspension of 1 wt% of SiO2 nanoparticles
was slightly less (24.34%) than in aqueous suspension of 0.5 wt% SiO2 nanoparticles. In the aqueous
suspension with 1.5 wt% of SiO2 nanoparticles, the swelling of pellets was reduced by only 3.97%.

Figure 6 shows that 24 h swelling of pellets in aqueous suspensions at three different concentrations
of SiO2 nanoparticles gives a similar swelling reduction pattern to 2 h. The most significant reduction
of pellet swelling was recorded in the aqueous suspension with 0.5 wt% SiO2 nanoparticles (34.20%)
after 24 h. In the aqueous SiO2 nanoparticle suspension (1 wt%), the swelling was reduced by 14.55%
after 24 h, compared to the swelling in water with 1.5 wt% of SiO2, which was reduced by 16.41%.

Figures 7 and 8 show the swelling of pellets in water and aqueous suspensions that contain TiO2

nanoparticles (0.5, 1 and 1.5 wt%) expressed in percentages over 2 h (120 min) and 24 h (1440 min).
This was the duration of the entire test. From Figures 7 and 8 it is apparent that aqueous suspensions of
TiO2 nanoparticles at those concentrations reduce the swelling of prepared pellets after 24 h of swelling.
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According to Figure 7, the swelling of pellets after 2 h in an aqueous suspension of 1.5 wt% TiO2

nanoparticles showed the most significant reduction of 33.94% compared to their swelling in water. In an
aqueous suspension of 0.5 wt% of TiO2 nanoparticles, the swelling of pellets was reduced by only 2.98%,
while in an aqueous suspension of 1 wt% of TiO2 nanoparticles, the decrease of pellet swelling was 11.59%.

Figure 8 shows that the swelling of pellets in aqueous suspensions at two different concentrations
of TiO2 nanoparticles (0.5 and 1 wt%) gives similar results for swelling reduction. In an aqueous TiO2

nanoparticle suspension (0.5 wt%), after 24 h the swelling was reduced by 6.90% compared to the swelling
in water. In the case of the 1 wt% TiO2, the swelling was reduced by 7.19%. The best result was recorded in
an aqueous TiO2 nanoparticle suspension (1.5 wt%), where the swelling of pellets was reduced by 40.06%.

Subsequently, SiO2 nanoparticles and TiO2 nanoparticles were added to base drilling mud at
concentrations of 0.5, 1 and 1.5 wt%, and the swelling pattern was measured for each within 24 h.

Figures 9 and 10 show the swelling of pellets in base mud and in muds with the added SiO2

nanoparticles, expressed in percentages over 2 h (120 min) and 24 h (1440 min). From Figures 9 and 10
it is apparent that muds containing nanoparticles at selected concentrations reduce the swelling of
prepared pellets.
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According to Figure 9, swelling of pellets after 2 h in mud containing SiO2 nanoparticles (1.5 wt%)
was reduced most significantly, by 38.78%, compared to their swelling in the base mud. In mud
containing 0.5 wt% of SiO2 nanoparticles, the decrease in the swelling of pellets amounted to 8.16%,
and in the mud containing 1 wt% of SiO2 nanoparticles, the swelling of pellets was reduced by 15.31%.

Figure 10 shows that the swelling of pellets after 24 h in the mud containing 1.5 wt% of SiO2

nanoparticles was reduced the most significantly, by 39.82% compared to their swelling in the base mud.
In the mud containing 0.5 wt% of SiO2 nanoparticles, the decrease was 18.30%, and in the mud
containing 1 wt% of SiO2 nanoparticles, the swelling of pellets was reduced by 10.54%.

Figures 11 and 12 show the swelling of pellets in base mud and in muds with added TiO2

nanoparticles expressed in percentages within 2 h (120 min) and 24 h (1440 min). From Figures 11 and 12
it is apparent that muds containing nanoparticles at abovementioned concentrations reduce the swelling
of the prepared pellets.
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According to Figure 11, the swelling of pellets after 2 h in the mud containing TiO2 nanoparticles
in concentrations of 0.5 and 1.5 wt% was reduced by 10.71% compared to their swelling in the base mud.
In the mud containing 1 wt% of TiO2 nanoparticles, the decrease of pallet swelling was 8.93%.
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Figure 12 shows that swelling of pellets after 24 h in the mud containing 0.5 wt% of TiO2

nanoparticles was reduced by 10.18% compared to their swelling in the base mud. In mud containing
1 wt% of TiO2 nanoparticles, the recorded decrease was 8.75% and, in the mud containing 1.5 wt% of
TiO2 nanoparticles, the swelling of pellets was reduced by 9.57%.

After swelling, the pellets were left to be dried, and then SEM images of the pellets were taken
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Figure 13. A comparison of SEM images of pellets after swelling in basic drilling mud (a), drilling mud
with 1 wt% of SiO2-susp nanoparticles (b), drilling mud with 1 wt% of TiO2-susp nanoparticles (c).

The changes in the structure and texture of the particles are scarcely noticeable in Figure 13a,
while clay minerals (mainly Na-montmorillonite) remain relatively recognizable (see arrow). The sample
shown in Figure 13b is more compressed, leakproof and more compact than the sample shown in
Figure 13a, mainly as an aggregate of slippery particles (less noticeable grain with a recognizable
crystal habit). However, it is necessary to determine the chemical composition of the sample
and the individual particles in the sample to properly identify the particle type. The sample in
Figure 13c resembles the sample swelled in base mud with almost imperceptible modifications to the
sample—the morphology of clay minerals and other minerals is mostly undisturbed (arrows show
clay minerals aggregates).

4. Discussion

Figures 14 and 15 show a comparison of the results of pellet swelling in different fluids,
aqueous suspensions of nanoparticles and water-based muds. These figures outline the results
of the laboratory testing after 2 and 24 h.
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after 2 and 24 h.

It was observed that swelling is reduced by adding both types of nanoparticles in the early stage
of pellet swelling measurement in an aqueous suspension (2 h), regardless of the concentration of
added nanoparticles. After 2 h of pellet swelling in water, the best results were obtained in a TiO2

aqueous suspension with the 1.5 wt% concentration of nanoparticles (33.94%). After 2 h of pellet
swelling in mud, the best result was obtained with SiO2 nanoparticles added in a concentration of
1.5 wt% to base mud (the decrease in pellet swelling was 38.78%). By addition of TiO2 nanoparticles to
the base mud, similar results of decreasing pellet swelling values were obtained, ranging from 8.93%
to 10.71%.

After 24 h of pellet swelling in an aqueous suspension, it was observed that both types of
nanoparticles reduce swelling, regardless of the concentration of added nanoparticles. Generally,
SiO2 nanoparticles in aqueous suspension provide better results (less swelling) in relation to TiO2

nanoparticles at concentrations less than 1 wt%. The best result was obtained with TiO2 nanoparticles
added in a concentration of 1.5 wt% (40.06%). Slightly different results were obtained in the case
of swelling in drilling muds with nanoparticles. In this case, similarly to aqueous suspensions
of nanoparticles, swelling of pellets decreased in all used muds regardless of the concentration of
added nanoparticles. The best results were obtained in the mud for which the SiO2 nanoparticle
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concentration amounted to 1.5 wt% (the decrease in pellet swelling was 39.82%). During pellet swelling
in the base mud containing different concentrations of TiO2 nanoparticles, similar results of decreasing
in pellet swelling values were obtained ranging from 8.75% to 10.18%.

As can be seen, the presented results of laboratory research give slightly inconsistent guidelines
for possible application of different nanoparticles in drilling fluids for swelling reduction. However,
the tested nanoparticles were different in terms of type and size, so they are expected to have different
effects on pellet swelling properties. Obviously, the process of swelling reduction depends not only
on the type, concentration and size of the added nanoparticles but also on the proportion of other
additives in the drilling mud. Moreover, recent research assumes that nanoparticles can plug shale
nanopores and thus increase wellbore stability. Still, certain groups of scientists claim that certain
forces between nanoparticles and rocks also occur, which could affect results of this study.

Further testing should be focused on the possible interaction between nanoparticles and
shale/drilling fluids by gradually increasing the proportion of each additive. Thus, a better insight into
the effect of each additive in combination with nanoparticles on the properties of the mud and rock
swelling can be obtained. Certainly, after the initial screening process based on results obtained for the
linear swell meter, the next step should be performed at elevated pressure and temperature to examine
the impact on the effectiveness of nano-based drilling fluids in shale swelling reduction.

5. Conclusions

Based on the conducted laboratory research, the following can be concluded:

• The addition of selected SiO2 and TiO2 nanoparticles to the water or to the base drilling mud at
concentrations of 0.5, 1 and 1.5 wt% reduces swelling of the pellets from 2.98% to 40.06%;

• The swelling of pellets in drilling muds is generally lower than in aqueous suspensions because
of the better rheological properties of the mud, which directly reflects on the movement of water
into pellets during the swelling process;

• Comparing both types of nanoparticles, better results were obtained by using SiO2 nanoparticles
(D50 = 120 nm), which are almost two times larger than the TiO2 nanoparticles (D50 = 70 nm);

• After 2 and 24 h of pellet swelling in water, the best result was obtained with addition of TiO2

nanoparticles at a concentration of 1.5 wt% (the swelling reduction was 33.94% and 40.06%, respectively);
• After 2 and 24 h of pellet swelling in the base mud, the best result was obtained with addition of SiO2

nanoparticles at a concentration of 1.5 wt% (the swelling reduction was 38.78% and 39.82%, respectively).
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