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Abstract

Over a past few decades, the major contemplation in the petroleum industry has been to develop a drilling fluid that mini-
mizes the wellbore instability problems and shows high performance in drilling shale formations. This paper focuses on the
formulation of a novel water-based drilling fluid using nano-particle graphene oxide (GO) and micron particle Pure-bore
in varying concentration ranging from 0.1 to 0.5 wt%. To prove their efficacy, mud containing these particles was used to
mitigate the swelling characteristics of the Murree shale formation obtained from the Northern region of Pakistan. Results
reveal that the addition of GO and Pure-bore in different concentrations in water-based drilling fluid, significantly improves
the rheological properties, filtration characteristics and swelling inhibition of the base mud. Almost 50% swelling of the
Murree formation was reduced while using these two particles. Additionally, when the comparison was done between the two
particles, it was concluded that GO mud provides a better filtrate control mud and swelling inhibition in the shale formation
than Pure-bore. The reason of its better performance is because it develops a better membrane like mud cake having a better
surface quality, toughness and stiffness. Moreover, the active functional group especially hydroxyl and carboxyl present in
GO interacts actively with Smectite clay mineral with the help of hydrogen and chemical bonds resulting in a better filtration
control. These properties of GO ensure that the hydrogen ions do not penetrate into the nano-spacing of the formation thus
providing a better wellbore stability in Murree shale formation.
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Introduction

Drilling fluids used in oil and gas drilling sector provide
numerous functions, which includes transportation and
removal of drill cuttings, lubrication and cooling of the
drill bit and the most important of all is to provide stability
to the borehole. Selection of an appropriate drilling fluid is
the fundamental task for the successful drilling operations,
especially in shale formations (Bayat et al. 2018), where
the wellbore stability issues are quite prominent. Nearly,
75% of the shale formations are drilled with water-based
drilling mud (WBDM) (Aftab et al. 2020b), as this mud
is relatively inexpensive and ecofriendly in comparison
with oil-based mud (OBM) (Huang et al. 2017; Wajheeud-
din and Hossain 2018; Aftab et al. 2020a). Nevertheless,
there are some problems of using WBDM in shale which
results in dispersion and swelling problems, thus reducing
the stability of shale formation (Saleh and Ibrahim 2019;
Jiang et al. 2020).

Almost 70% of the wellbore stability problems are asso-
ciated with shale (Aftab et al. 2017). The structure of this
formation comprises of crystal platelets that are tetrahedral
and octahedral in shape and are link with oxygen atoms
and having nano-scale pore spacing between them. The
minerals that are linked with this formation are silts, clays
and mudstone (Wang et al. 2020). The presence of clay
minerals in particularly Smectite and Kaolinite which have
great affinity to water is the main reason behind the shale
instability problems (Aftab et al. 2017). The migration of
hydrogen ions from the water-based drilling fluids into
the nano-platelets of the clay minerals, thereby yield an
increase in swelling percentage, which causes a disper-
sion effect (Khan et al. 2020). The swelling and disper-
sion in shale creates destructive impacts on the stability
of the wellbore, which ultimately further causes loss of
circulation; mechanical as well as differential pipe stick-
ing, and wellbore caving problems (Bayat et al. 2018; Ewy
and Morton 2009). The migration of these smaller radii
hydrogen ions is a complex mechanism as it encompasses
hydraulic, physical and chemical phenomena (Al-Bazali
et al. 2009). As these H' ion moves into the shale forma-
tion, it gives rise to pore pressure, which subsequently
surge the wellbore stresses and arises wellbore instability
issues (Khan et al. 2020). Several conventional additives
are used for the plugging of these nano-spacing layers
in shale formation; however, their effectiveness fails up
to a certain extent because of the nano-spacing in shale
formation. To begin with, Potassium chloride (KCl) mud
was commonly adopted for the better swelling resistance
against these H* ions (Aftab et al. 2017) but there were
two major limitations. First, because of large ionic radii
of K*, it was unable to stop the migration of small H*
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ions. Second, at higher concentration of KCI, the mud
starts to dispersed into two distinct phases (Aftab et al.
2017). Owing to these limitations, application of the use
for polymer-based mud came into existence (Chesser et al.
1987). On the other hand, at elevated temperature, the per-
formance of these polymer-based fluid was dubious (Aftab
et al. 2017, 2016; Growcock et al. 2011). More recently,
importance is given to the designing of smart drilling fluid
that involves the use of nano-particles to improve drilling
fluid efficiency (Al-Yasiri and Al-Sallami 2015; Al-Yasiri
et al. 2019), control the amount of filtration loss, minimize
the swelling and dispersion effect and to improve the rheo-
logical properties of the fluid (Aftab et al. 2020a). This
study aims to present a comparison work between micron
particle Pure-bore and nano-particle graphene oxide in
inhibition the Pakistan’s shale formation.

Pure-bore (PB) is a high shear thinning natural polysac-
charides micro-particle (Yang et al. 2017) with the particle
size ranging from 5 to 200 um (Yang et al. (2017)). The
bulk density for this particle ranges from 0.3 to 0.8 g/cm®.
It is considered as an environmental friendly particle as no
metallic element is associated with it. The major constituents
present in Pure-bore are carbon, oxygen and chlorine (Yang
et al. 2017). This chemical compound is normally classified
as a polymer, so when its molecules interrelates with each
other they form a network of structure which in due course
improves the filtration performance of the drilling fluid by
encapsulating the shale hydration (Yang et al. 2017). Nev-
ertheless, as the size of Pure-bore is in microns, therefore,
the plugging performance debilitated after a certain extent.
As a result, it is essential to use a more suitable nano-size
particle in shale inhibition process.

Graphene is basically derived from graphite with unique
chemical and physical properties (Moraes et al. 2020). Itis a
light-weighted compound with a relatively high surface area
of 2600 m*/g. This material exhibits pronounced tribological
properties (Moraes et al. 2020; Dasari et al. 2017), high ten-
sile strength, thermal conductivity and is a good conductor
of heat and electricity (James and Tour 2012). Neverthe-
less, because of its hydrophobic nature, this particles demon-
strates difficulty in the formulation of nano-sheets solutions
in different solvents especially in water (Moraes et al. 2020).
Subsequently, an alternate compound named graphene oxide
(GO), which is normally used as a precursor in the produc-
tion of graphene is widely used in different drilling applica-
tions (Wang et al. 2020). GO has a two-dimensional (2D)
structure comprising of sheets of 1 nm in thickness (Wang
et al. 2020). Moreover, these sheets are soft and flexible in
nature and when used as an additive in drilling fluid shows a
vast variation in rheological properties (Soares et al. 2020).
Different studies also shows that GO develops a fine thin
filter cake around any formation that drastically reduces the
filtration loss (Kosynkin et al. 2012). It also offers a better
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thermal stability along with shear thinning effect at higher
temperature in contrast with conventional clay additives such
as bentonite (Ghafuri and Talebi 2016). These interesting
properties of GO encourage its use in the drilling fluid, par-
ticularly when drilling shale formation.

Several researchers have worked on the preparation of GO
and at the same time demonstrates its application in improv-
ing the rheological properties, filtration loss and providing
lubricity to WBDFs (Kusrini et al. 2020). Dmitry et.al in a
research also showed that GO are well-exfoliated and their
substantially lower concentration develops a more desirable
performance in drilling fluid in comparison with the conven-
tional clay additives (Kosynkin et al. 2012). Furthermore,
particles of GO combines with each other to form a large
surface film with interconnected layered structure, which
is effective in controlling the fluid loss and produces a fine
thin integrated film of filter cake on the surface of wellbore,
which helps in preventing the flow of water in the formation
(Xuan et al. 2014). An et al. studied the interaction of GO
and Smectite, with the intention to elucidate the interaction
mechanism of these two particles (Yuxiu et al. 2016). In con-
trast to GO, study related to Pure-bore is relatively limited
in drilling industry. Xianyu et al. studied the shale inhibi-
tion mechanism for Pure-bore. It was reported that using
Pure-bore with NaCl salt, inhibition in shale increases up to
61.93%, which further upgraded to 62.4%, if a larger ionic
radius salt such as KCl is used with it (Yang et al. 2017). The
study also shows that the combination of different brines and
Pure-bore exhibits a some strong volatility characteristics
(Yang et al. 2017).

The main reason behind this study is to examine the per-
formance of GO and Pure-bore containing drilling fluids
in Murree shale formation that is situated in the Northern
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region of Pakistan. The particles are characterized by Fou-
rier-transformed infrared spectroscopy (FTIR), QXRD
analysis and SEM imaging. Filtration test was also carried
out to demonstrate the plugging performance of these two
particles in shale formation. Additionally, Linear Dynamic
swell meter test was performed on Murree formation with
three different mud samples that comprises of GO mud,
Pure-bore mud, and fresh water. The research work in this
paper is carried out at ambient condition. The scope of the
work is to check the compatibility of WBDF in the Murree
shale, with the intention of reducing the non-productive time
(NPT) and to improve the drilling efficiency especially in the
Northern region of Pakistan.

Materials and methods
Materials for mud preparation

The materials used in the preparation of drilling muds
were acquired from different sources. Graphene nano-par-
ticles were purchased from Xi’an Lyphar Biotech Co. Ltd.
(Shaanxi Province, China). Pure-bore (PB) was acquired
from a drilling company located in Pakistan. Polyanionic
cellulose (L) technical grade, sodium carbonate (Na, COs,
also known as soda ash), amine and Barite were all obtained
from the labs of Petroleum Engineering Department, NED
University of Engineering & Technology. Xanthan gum used
as viscosifiers, was attained from a service company operat-
ing in Pakistan. Samples of Murree shale formation were
collected from the Northern part of Pakistan with the help
of a drilling company working in Pakistan. The experimental
design/methodology is given in Fig. 1
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Characteristics of both particles

Graphene oxide (GO) comprises of 99.7% carbon content
that was determined with the help of Burming method. Con-
ductivity test was carried out on the GO sample using sheet
square resistance which showed a conductivity of 925 S/cm
(Wang et al. 2018; Eda et al. 2008; Kobayashi et al. 2010).
The GO sample also demonstrated 0.08 g/cm® and 0.12 g/
cm?® of apparent and tap density from vibrating density meter
whereas the thickness of this nano-particle ranges from 2 to
7 nm. Fourier-transform infrared spectroscopy (FTIR) of
graphene oxide and Pure-bore was recorded using Bruker
ALPHA 1I spectrometer (IAC, Karachi), with the spectral
range from 500 to 6000 cm~!, and a resolution of better
than 2 cm™~!. High-resolution transmission electron micros-
copy (HRTEM) was conducted on thin layer of graphene
nano-plates for the purpose of attaining the number of plies.
3-7 numbers of plies were gathered from the test data. Fur-
thermore, characteristics of both particles were conducted
using QXRD analysis. This analysis was performed using
XPERT-PRO Diffractometer system using Ni-filtered
radiation (1=1.54060 A). The scan range (°2Th.) starts at
10.0125°-79.9875°. Both the samples were placed in pow-
der form in the cells, respectively. Additionally, morphology
of both the particles was studied using scanning electron
microscope (SEM), situated in IAC Karachi.

Preparation of nano-based mud and micron-based mud

One Barrel of water-based drilling mud (350 cc), consid-
ered equivalent to 1 barrel of field mud, was prepared by
mixing soda ash, PAC-L, Xanthan gum, Barite and amine.
The preparation was designed with the purpose of achiev-
ing a mud weight of 10 ppg. To make the base mud, 0.25 g
of soda ash was added in 303 cc of distilled water and the
mixture was stirred for 2 min. After 2 min, 5 g of PAC-L was
added in the solution and the mixture was again mixed from
5 min. Then, 1 g of Xanthan gum was added and the solu-
tion was blended again for 5 min. 7% of amine was added in
the mixture and was stirred for 2 min. Lastly, 60 g of Barite
as a weighing agent was added and the solution was again
mixed in Hamilton Beach Mixer for 30 min to achieve uni-
form mixture. According to API standard (API-1608), the
mud was kept at room temperature (27 °C) for 16 h before
any testing. All the testing of the water-based drilling fluids
was conducted according to API Recommended Practice
13B-1. Both of the particles were then added in dry pow-
der form to the base mud in different concentrations rang-
ing from 0.1 to 0.5 wt%. The mud was again agitated for
30 min in the Hamilton Beach Mixer and 40 min in heavy
duty mixture at 10,000 rpm to obtain a proper consistency.
It can be perceived from Fig. 2 that all the prepared mud
samples proved to be stable and there was no sign of phase
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segregation observed after 24 h. For rheological property
experimentation, API 13D was scrupulously followed.

Rheological properties

Rheological properties of water-based drilling fluid, which
includes plastic viscosity (PV) in centipoise (cP), appar-
ent viscosity (AV) in cP, yield point (YP) in 1b./100 ft?, gel
strength (GS) measured at 10 s and 10 min, were measured
using Fann Rheometer Model 286 at standard condition. Fil-
tration loss was determined using the Series 300 API Low
Pressure Low Temperature (LPLT) Filter Press at 100 psig.
All the tests including filtration test and tests for mud rheo-
logical properties were carried out using APl Recommended
Practice 13B-1 and 13B-2. Figure 3 shows the API filter
press schematic that was used during the testing. Readings
at 600, 300, 200, 100, 6 and 3 revolutions per minute (RPM),
were gathered.

These values were then used to determine the rheological
parameters as indicated in Eq. 1 till Eq. 3. For GS at 10 s and
10 min, the fluid was first rotated at 600 RPM for 10 s, and
then was left undisturbed for 10 s and 10 min, respectively,
before shifting the dial to gel and recording the deflection.

. . _ 6o
Apparent viscosity(cP) = - Q8
Yield Point< Ib. > = 0.511(05yp) — PV) 3)
0/

Figure 4 shows the graphically representation of shear
stress (Ib. /100ft?) against the shear rate (RPM) for the based
fluid without nano-particles at standard condition. It was
observed that the behavior of the drilling fluid exhibits the
Herschel Buckley non-Newtonian model (William et al.
2014). The model also confirms that the fluid requires cer-
tain minimum shear stress to initiate the flow. The math-
ematical expression for the model that relates the shear stress
and shear rate is given in Eq. 4, where K and n are defined
as the consistency index and power law index.

T=1,+Ky". 4)

Swelling characteristics

It is extremely important to design a fluid that provides
the wellbore stability. Wellbore instability can occur as a
result of (1) mechanical failure of the formation, (2) ten-
sile failure of the formation, (3) compressive failure of the
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(a)

Fig.2 24 h Stability test for the based mud having varying concentrations of nano- and micron particles (a) GO mud, b GO mud after 24 h, ¢

pure-bore mud and d pure-bore mud after 24 h

formation and (4) swelling. Formations that are rich in clay
minerals are the potential source of swelling (Wang et al.
2020). The swelling characteristic of Murree formation
was determined using the OFITE Dynamic Linear Swell
Meter with compactor (Model 150-80-230 V). According
to standard OFITE testing procedure, fifteen grams of Mur-
ree formation was placed in compactor at 8000 psi for 1.5 h
(Aftab et al. 2016) to get four pellets ready for testing.
Once the samples were ready, all three cells for Swell meter
were calibrated using calibration procedure.

Once the calibration process was completed, the pellets
were then placed in the swell meter cell. In each cup, 20 mL of
drilling fluid was introduced. Three shale pellets were tested
simultaneously with three different drilling fluids. The linear

dynamic swell meter has capacity of testing maximum of four
samples at the same time. The swelling test was conducted for
18 h before the sample was removed. In Cell 1, the shale sample
was tested with Pure Bore mud, in cell 2, graphene oxide (GO)
mud was used, whereas cell 3comprises of fresh water sample.

The main principle behind the apparatus is to record any
change in height of the sample once it comes in contact with the
fluid. The change in height is recorded by a transducer (Aftab
2020) that is the part of the equipment. The greater the migration
of ions inside the shale platelets, the greater will be the swelling
recorded against the time. Equation 5 (Aftab et al. 2020a) shows
the formula for the % swelling that is been calculated from the
linear swell meter. The % swelling was then plotted against the
time and it was observed that greater the swelling % poor will be
the inhibition quality of the fluid (Aftab et al.2020a).

Swelling (%) =

sample height initially at timez,

sample height at timet — sample height initially at timet,
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Results and discussion
Murree formation characterization

Murree formation mainly comprises of fine red shale along
with thick layer of mudstone. The QXRD of this formation
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was conducted by the Diffractometer (XPERT-PRO), using
Cu filter and wavelength of 1.54060 A.The 0.5 g of sam-
ple was air dried in moisture extraction oven (UE 200)
before being ready for QXRD. Figure 5 shows the QXRD
result of Murree formation. The first strong peak at 2°
Theta=20.90° corresponds to an interlayered spacing of
4.25 nm that is referred to as Kaolinite (Butt 2012). The
most powerful peak was observed at 2° Theta=26.65° that
provide the interlayered spacing of 3.35 nm, which accord-
ing to Bragg’s equation is referred to as Quartz (Butt
2012). The peak at 2° Theta=27.78° is stated as Diopside.
Another strong peak was observed at 2° Theta=44.71°,
corresponding to an interlayer spacing of 2.02 nm, which
relates to an interlayered spacing range of Montmorillonite
(Fukushima 1984). This clay mineral is more susceptible
to swelling as it comprises of higher content of Smectite
(Aftab et al. 2020a, 2016; Asef and Farrokhrouz 2013).
Table 1 indicates the detail of the Murree formation min-
eralogy that was obtained from QXRD analysis.

Based on the result from QXRD, the minerals were con-
gregated into four major sections, which includes silicates,
clay, iron ores and carbonates. It was perceived that this
formation comprises of 63% of silicates, 26% clay contents
that comprises of 13.6% Smectite, 6.7% Kaolinite and 5.7%
is Illite. The remaining two sections are carbonates and iron
ores, which are 6% and 5%, respectively.

FTIR and QXRD analysis of graphene oxide
and pure-bore

To determine the functional groups associated with any sam-
ple, FTIR spectroscopy is a useful tool. The FTIR spectrum
for both the GO and Pure-bore is shown in Fig. 6. From the
figure, it is evident that there are more than five absorp-
tion bands in both the particles, hence both of these parti-
cles can be referred to as a complex molecule (Nandiyanto
et al. 2019). The peak in Fig. 6a at 3185 cm™' confirms
the presence of O—H bond. The band at 1718 cm™! indi-
cates the presence of C=0 bond. The characteristics band
at 1612 cm™! indicates the presence of C=C. The absorption
band at 1041 cm™! reflects the fingerprint of C—O bond.
The result gathered from FTIR analysis confirms the pres-
ence of oxygen functionalized group. The FTIR analysis of
Pure-bore is illustrated in Fig. 6b. The absorption peaks at
3278cm™, 1717 cm™, 1595 cm™, 1017 cm™' and 698 cm™
were assigned to O—H bond, C=0 bond, carboxylate, fin-
gerprint of C—O bond and stretching vibration of Aliphatic
chloro-carbon (Nandiyanto et al. 2019).

The QXRD analysis for both Pure-bore and graphene oxide
are shown in Fig. 7a and b, respectively. The strong peak in
Fig. 7a at 26=31.67° shows the presence of Na, the peaks at
20=44.64° and 45.44° in the curve shows carbon and oxy-
gen, which according to Bragg’s equation corresponds to the
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Table 1 Weight % of minerals

. : . Mineral from QXRD  wt. (%)

in Murree formation obtained

from QXRD report Quartz 51.1
Smectite 13.6
Diopside 11.5
Kaolinite 6.7
Calcite 6.2
Illite 5.7
Pyrite 22
Hematite 1.7
Magnetite 1.3
Total 100

interlayer spacing of 2.02 A and 1.99 A. Similarly, Fig. 7b
shows the peak at 260 =11.63° (d=0.76 nm) that corresponds
to GO (Vuet al. 2015).

Figure 8a and b illustrates the SEM images of GO and Pure-
bore, respectively. Figure 8a exemplifies that how flaskes of
GO are closely related with each other. Figure 8b comprehend
that Pure-bore has a needle like morphology. This elongated
structure of Pure-bore results in an inimitable colloidal proper-
ties exclusively in filtration loss.

Exp
Calc. (exp. peaks) (Rp=52.9 %)
[96-900-5019] 02 Si Quartz (51.2%)

4156] Al0.06 Ca0.01 Fe2.06 Mg0.1 Mn0.02 04 Si0.01 Ti0.73 V0.01 Magnetite (1.3%

60.00 70.00 75.00 I oe00
2theta

Effect of GO and Pure-bore on the rheological
properties of the based mud

Effect on plastic viscosity (PV cP) and apparent viscosity (AV
cP)

Plastic viscosity (PV) is defined as viscosity that is meas-
ured at an infinite shear rate using Bingham plastic model
(Giineyisi et al. 2016). In general, drilling fluid with a higher
value of PV exhibits a higher pumping rate, which is not
always preferred for drilling activities (Bayat et al. 2018).
Lower the value of PV more efficient will be the drilling rate
(Ismail et al. 2016) as this will demonstrates a low viscos-
ity at the drilling bit. However, drilling fluids that displays
a lower magnitude of viscosity will yield a lower value of
hydrostatic pressure that is not always considered as an
effective outcome (Bayat et al. 2018). The PV and the mud
weight for the base mud used in this research were measured
to be 17 cP and 10 ppg, respectively. In contrast, the PV and
AV for both particles showed an increasing trend at various
concentration levels (0.1-0.5 wt%) as depicted in Fig. 9.
Figure 9a illustrates the graphically representation of PV
for the two particles. During the experimentation, it was
observed that PV was raised from 19 to 21 cp with the addi-
tion of graphene oxide at ambient condition. For the case of
Pure-bore, PV value shows a continuous increase in trend.
It was perceived that when the PV increased to 25 cP, it was
almost 47% of an increase in PV in comparison with the base
mud. PV is mainly a function of solids concentration and
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Fig.6 FTIR analysis of a Graphene oxide and b pure-bore

their configuration (Aftab et al. 2016; Paritosh Dhiman et al.
2018). Recently, Ismail and Rashid (2018) used graphene
nano-platelets (GNP) in WBDF and found that the targeted
PV was achieved at 0.02 ppb concentration, similarly, Husin
et al. (2018) also reported the PV for the GNP to be in range
of 20-24 cp for similar concentration that is been used in
this study. The results of this study for PV are compatible
with the Husin et al. (2018) as it shows similar range of
PV values for the same concentration. The improvement in
PV values in the presence of GO nano-particles is observed
largely because of the well dispersion of this particle in base
mud. Furthermore, this nano-particle has a larger surface
area per unit volume, hence, the interaction of this particle
with the drilling fluid matrix further improves the PV (Salam
et al. 2018).

Figure 9b depicts the apparent viscosity (AV) variation
when the two particles concentrations varies from 0.1 to
0.5 wt%. For the base mud, the AV was measured to be 28
cp. For GO, apparent viscosity almost remained constant at
17 cp. However, for the case of Pure-bore, the AV increased
from 17 cp at 0.1 wt% to 26 cp at 0.5 wt%. According to
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Fig.7 QXRD analysis of a Pure-bore, b graphene oxide

Yang et al. (2017), the AV achieved after the use of Pure-
bore was 46 cp at 25 °C. However, in the current study,
the maximum AV value that was achieved is 27 cp at the
same temperature condition. In all the cases, the mud weight
remained relatively constant. For GO, it was maintaining
9.65 ppg whereas for Pure-bore, it was 9.68 ppg.

Effect on yield point (YP Ib./100 ft?)

Yield point (YP) is basically defined as the minimum shear
stress required by a fluid to flow (Noah et al. 2016). It is
the measure of force of attraction that develops in drilling
mud as a result of positive and negative charges (Aftab et al.
2016; Abduo et al. 2015). An increase in yield point will
result in an increase in efficiency of transportation of the
drilling cutting up to the surface (Ismail et al. 2016). How-
ever, an increase in YP beyond a certain limit will auto-
matically develop an excessive pump pressure, effect the
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Fig.8 SEM images of a GO and b pure-bore
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circulation transition point and productivity of cutting trans-
portation mechanism (Ismail et al. 2016; Noah et al. 2016).
The YP of the base mud was measured to be 20 1b./100 ft2.
The effect of addition of these two particles on YP is dem-
onstrated in Fig. 10.

The YP for Pure-bore shows an increasing trend with an
increase in concentration. The value of YP is almost dou-
ble to what it was at the initial concentration of 0.1 wt%.
The maximum value of YP in the case of Pure-bore is
55 1b./100 ft> at the concentration of 0.5 wt%. However,
the YP of GO approximately remains constant throughout
the variation in concentration and reaches to a maximum

value of 31 1b./100 ft?> at 0.3 wt%.According to a study
by Husin et al. (2018) and Ismail and Rashid (2018) they
found the YP for GNP to be in range of 24-22 1b./100
ft? at 0.1-0.5 wt% and 0.01-0.04 ppb, respectively. The
result in this study shows the compatibility with Husin
et al. (2018) for the GO. On the other hand, Pure-bore as
reported by Yang et al. (2017) found the YP value of 25
at 25 °C which is half of what it is attained in the present
study. Both the particles showed an increase in YP in com-
parison to the base mud. In regard to surface interaction,
it could be explained that both GO and Pure-bore exhibits
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Fig. 10 Yield point for the based mud when 0.1-0.5 wt% concentra-
tions of two nano-particles are added

attractive surface force when dispersed in the base mud,
which results in a higher YP values (Salam et al. 2018).

Effect on gel strength (GS Ib./100 ft?)

Gel strength (GS) is basically defined as the ability of the
drilling fluid to make the drill cutting suspended when in
stationary condition (Bayat et al. 2018). In general, it is the
attraction within the drilling fluid that helps in suspension of
the cutting (Bayat et al. 2018). Figure 11a and b exhibits the
effect on gel strength after 10 s and 10 min when both parti-
cles are added in different concentrations. For the base mud,
the gel strength at 10 s and 10 min was 6 and 8 1b./100 ft?,
respectively. The gel strength for the base mud showed an
increasing trend when there is an increase in concentration
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of Pure-bore. At 0.5 wt% of Pure-bore, the gel strength
at 10 s and 10 min are almost 2.5-fold of what it was for
the base mud. In presence of GO, the gel strength at 10 s
showed a relatively smaller increase in value, as it showed
a change of 2 1b./100 ft*> when concentration increased from
0.1 to 0.5 wt%. On the other hand, for 10 min gel strength,
it remained fairly constant at 8 1b./100 ft> except at 0.2 wt%
where it declined slightly to 6 1b./100 ft2.

According to Mohideen et al. (2019) for GO gel strength
was 25 and 28 1b./100 ft> at 10 s and 10 min, respec-
tively. On the other hand, Aftab (2016) and Ji et al. (2012)
reported the operating range of gel strength is between 5.5
and 10 1b./100 ft? that is similar to the one obtained in this
study. While for the Pure-bore, Yang et al. (2017) stated
gel strength to be 8.5/24 for 10 s/10 min, respectively, at
25 °C which is comparable to the one attained in this study.
It is apparent that because of gelation, the gel strength at
10 min is slightly than 10 s gel strength. Nevertheless, it
is extremely important for a fluid to maintain higher gel
strength so that drilling problem associated with accumula-
tion of drilling cutting at the bottom can be eluded.

Effect on filtrate loss (mL)

Overbalance drilling result in greater hydrostatic pressure
than the formation pore pressure. This phenomena result in
invasion of the drilling fluid in the pores of the formation,
which ultimately develops loss of circulation. The amount
of filtrate that is being lost into the formation during drilling
operations is not desirable. A number of different wellbore
problems such as shale swelling, loss of mud and well-
bore instability issues arise as a result of this loss (Deng
et al. 2015). In this study, two particles GO and Pure-bore
is added as filtrate loss material that prevents the loss of
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Fig. 11 Gel strength for the based mud when 0.1-0.5 wt% concentrations of two nano-particles are added a 10 s, b 10 min
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drilling fluid in the pore throat. The API filtrate loss in the
base mud was measured to be 25 mL/30 min. According
to Aftab et al. (2016), fluid loss of even 5.5 mL is highly
vulnerable in shale formation (Aftab et al. 2016). Figure 12
describes the API filer press test result conducted on two
different mud samples at varying concentrations. The filter
paper used during the study is having 115 pum thickness.
Results are plotted after API recommended 30 min of testing
in the low-pressure and low-temperature filter press equip-
ment. It was observed that the addition of NPs in the base
mud significantly reduces the filtrate volume. For GO, at 0.5
wt%, it was almost one-fifth of what it was observed for the
base mud. On the contrary, for Pure-bore, the filtrate volume
reduces to almost 15 mL at 0.5 wt%, but still it is considered
to be below par for the shale formation. According to Husin

25
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Fig. 12 Filtration loss in pure bore and graphene oxide at different
concentration wt%

[
>

Yt
o

bt
=y

bt
'S

-
=)

Swelling (%) of Murree Formation in different Mud Sample
—
>

et al. (2018) and Ismail and Rashid (2018), the filtrate vol-
ume the was obtained for GNP was in range of 3.5-5 mL,
which is also similar to the one that is been obtained during
this study. On the other hand, Yang et al. (2017) observed
filtrate volume of 4 mL at 25 °C in the case of Pure-bore that
is different of what is perceived during this study. Based on
the results, it was concluded that GO exhibits a better plug-
ging capacity especially in the shale formation where the
pore sizes are in nano-meter (nm) because of the strong force
of attraction and layered structure.

Linear dynamic swell meter analysis for pure-bore
and GO

The swelling test was performed using OFITE Linear
Dynamic Swell meter. Three samples of 20 g were placed
in the three different cells that were calibrated before test-
ing. The samples were placed in the cells initially for 18 h.
However, to notice any further increase in swelling trend,
the time period for the testing was increased to 23 h. It was
discerned that after recommended time period of 18 h. of
testing, the samples showed almost a linear trend in their
swelling % and change in height.

Figure 13a shows the swelling % of Murree formation in
three different systems. It was observed that the GO mud
sample shows the minimum swelling characteristics of
9.81% after the test. 9% of the swelling was achieved within
7 h of testing; however, remaining 0.81% was attained after
16 h. Similarly for Pure-bore, the swelling % after 23 h of
testing was 10.77%, though similarly after 7 h of testing the
sample shows almost 10.06% of swelling behavior. On the
other hand, the interaction between the fresh water and Mur-
ree formation proved to be most lethal, as within in 3 h of
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testing the sample showed 17.4% of swelling which almost
50% greater swelling compared with GO and Pure-bore
samples. Figure 13b) illustrates the corresponding change
in height of the samples. Initially, the height of samples in
Cell 1, 2, and 3 were 13.31 mm, 14.08 mm, and 14.92 mm,
respectively. The final height of the samples after 23 h of
testing was 14.74, 15.48 mm, and 17.79 mm. Using Eq. 5,
these heights were then transformed to swelling % as indi-
cated in Fig. 13a. It is clearly evident that addition of NPs in
the mud system drastically reduces the swelling % of Mur-
ree formation. This indicates that the NPs adsorbed on the
surface of the formation and developed a membrane-like
structure thereby preventing the migration of smaller H*
ions from the water in the shale sample, resulting in decrease
in swelling percentage.

Figure 14 shows the schematic of the GO material adheres
on the surface of the shale formation thereby improving its
stability when it is contact with the water. Montmorillonite
has 2:1 structure as demonstrated in Fig. 14. Since the outer
layers are tetrahedral in nature, so there is no likelihood of
hydrogen bonding (Chen and Peng 2018). This arrangement

Fig. 14 Adhering mechanism of
two-dimensional GO on the sur-
face of Shale formation thereby
providing stability (Chen and
Peng 2018; An et al. 2018)

T sheet, oo HO
o Sheet"""\-::
i : E H,0

Mantmorillonite

of Montmorillonite exhibits weak van der Waals forces and
thereby an H+ion from the water molecules easily pene-
trates into the loosely held structure and cause swelling. To
mitigate this effect, the active functional group especially
hydroxyl and carboxyl in GO interacts with the active group
present in the Montmorillonite clay mineral with the help of
hydrogen and chemical bonds(An et al. 2018), thus reducing
the swelling of shale and improving its stability.

The quality of mud cake

The quality of the mud cake should be analyzed based on
the stiffness, smoothness and durability. It is considered as
an important factor during drilling operation (Bayat et al.
2018). The quality of the mud cake is the characteristic
factor, which ensures the wellbore stability by preventing
the amount of filtrate loss inside the formation (Bayat et al.
2018). Different fluid loss additives are added in the drill-
ing fluid so as to minimize the amount of filtrate loss. Fig-
ure 15 demonstrates the SEM analysis of the mud cake that
was developed during the API filter press of mud system
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Fig. 15 SEM analysis for the quality of mud cake developed from a GO base mud, b pure-bore base mud

comprises of GO and Pure-bore. From the SEM results in
Fig. 15a, it was observed that GO forms a smooth mud cake
that proves to be an effective seal for the filtrate loss. This
was also verified by the API filter press results in Fig. 13.
In contrast, Pure-bore filter cake exhibits a low-quality cake
that can be observed in Fig. 15b. It was perceived that still
some void space left as indicated by the circles in the fig-
ure. These part proves to be the zone from where filtration
occur, as a result filter volume for this particle is greater in
comparison to GO.

Conclusion

During this study, the experimental work was performed to
find out the effect of NP graphene oxide and micron par-
ticle Pure-bore on Murree shale formation obtained from
the Northern region of Pakistan. According to QXRD, this
formation comprises of 26% of the clay contents in which
13.6% is Smectite, 6.7% Kaolinite and 5.7% is Illite. This
13.6% because of weak Van der Waals forces is utterly
responsible for the swelling characteristics of the formation.
It was perceived that the addition of these particles does not
significantly compromise the mud weight of the base system,
and at the same time also improves the rheological proper-
ties of the WBDF. Both the particles increase the plastic
viscosity of the mud. However, Pure-bore increases 47% of
the PV in comparison with the base mud. Similarly, both the
particles increased the YP of the base mud. For Pure-bore,
it reaches a maximum value of 55 1b./100 ft> at 0.5 wt%,
while GO it reaches a maximum value of 31 1b./100 ft? at
0.3 wt%. Gel strength of the mud was also increased by
adding these two particles, which exhibits a better carrying

capacity of the mud. It was further observed that both the
particles displays a better filtrate control, however, for GO
filtrate volume was under acceptable limit of what it should
be in shale formations. Likewise, the swelling % describes
that both the particles are effective in this shale formation
as both of them significantly reduces the swelling of the
formation. However, GO illustrates a better swelling control
in contrast to Pure-bore, since this particle interrelates with
the functional group present in the Montmorillonite with
the help of hydrogen and chemical bonding and provides a
sound stability to the Murree formation. These two materials
can prove to be a vital addition to the drilling fluid industry,
as they can help in mitigating the sloughing of shale forma-
tion, which minimizing the NPT events.
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