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a b s t r a c t

Drilling through active shale formations has been a challenging practice in the oil and gas industry for a
long period of time, given the complexity of shale structure and its interaction with Water Based Muds
(WBMs). Although there have been many additives and methodologies proposed for a safe drilling
through shale formations using WBMs, little success has been reported to the application of these
methods once tested under different field conditions. In this paper, a new WBM formulated by nano-
materials was proposed to stabilize active shale layers during drilling. A series of rheological, density,
filtration loss, bentonite dispersion and shale recovery tests were conducted on the mud samples
formulated by nanosilica and Nano Glass Flakes (NGFs). The results indicated that NGF, as a cheap but
effective nanomaterial, is able to significantly reduce the flirtation loss without posing any significant
impacts on the density and the rheology of WBMs. It also appeared that the bentonite molecules were
incapable to either hydrate or disperse in the drilling fluid system in the presence of NGFs. It seems that
NGFs can stabilize clay minerals and reduce the filtration loss as remarkably efficient additive, but
caution must be taken to ensure that they are properly disperse in the WBMs.

© 2020 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Wellbore instability is a long-standing drilling issue worldwide
and costs over 1 Billon dollars per year [1]. It is generally estimated
that 75% of the formations drilled in every geological settings are
shale layers where 90% of borehole instability issues are observed
[2]. These shales are generally divided into two categories; brittle
and hydrable (ductile) rocks. Brittle shales are kaolinite, chlorite
and single layer illite which may disintegrate into fragment pieces

in the presence of water. Ductile shales, on the other hand, which
often have a significant amount of multi-layer illite or smectite, can
swell or disperse once exposed to Water Based Muds (WBMs) [3].

To resolve the issue of wellbore instability in shale layers, many
inhibitors have been developed such as cationic polymers, potas-
sium chloride, PHPA, HMDA, BHMT, POAM, or even CTAB [4e7], but
they are either toxic, expensive, harmful or unable to perform well
under different downhole conditions where pressure, temperature
and other parameters vary excessively [8,9].

Recently nanotechnology has been the subject of interest in
various studies [10,11], including the drilling fluid design given
their efficiency to improve the rheology and flirtation control
[8,12e14]. Such studies appear to improve borehole stability,
reduce the drag and torque during trip-in/out [8] and prevent stuck
pipes [12]. This is mainly because of the size of nanoparticles, their
surface charges and the surface to volume ratio, which can improve
the interaction in the colloidal systems and seal the pore throats of
formations such as shale. Nanoparticles can improve the filtration
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control and reduce the filtration loss by 70% in the presence of Loss
Circulation Materials (LCMs). This was further confirmed by many
other works [8,14e19]. There have also been other studies where
nanomaterials were used to stabilize shales in the laboratory
[20,21]. For instance, Akhtarmanesh et al. [22], formulated a new
WBM that could be used for drilling different types of shales. They
employed nanosilica and reported the stability of clays even under
High Pressure High Temperature (HPHT) conditions. Taraghikhah
et al. [23], attempted to enhance drilling in shale formations using
nanosilica and indicated that nanomaterials are a good choice to
stabilize shale based on the pore plugging mechanism [23]. Kang
et al. [24], worked on the formulation of WBMs to improve the
stability of active shales. They used nanosilica and concluded that
nanosilica can increase the plastic viscosity (PV) and yield point
(YP) of the mud with reduction in the filtration loss. Nanosilica was
also able to reduce the imbibition and the swelling rate of the mud
samples. Katende et al. [25], did a series of studies on Oil basedMud
(OBM) and WBM under elevated temperature and indicated that
nanosilica can improve the rheology and filtration control of the
drilling mud even under HPHT conditions. Vryzas and Kelessidis.,
[26], provided a review on the application of nanomaterials in the
drilling fluid design where they emphasised the potential chal-
lenges that must be resolved once nanomaterials are considered in
the mud formulation. This was the same conclusion by Elochukwu
et al. [27] and Guan [28] where they indicated that nanomaterials
must be modified for their surface charge to provide a good per-
formance once added to WBMs. It seems that more studies are
required to justify how nanomaterials can improve the wellbore
stability in active shale formations. The cost of these nanomaterials
and justification of their usage should also be properly addressed
before suggesting them for the field scale implementation.

The aim of this paper is to formulate a new WBM using nano-
particles to stabilize active shale formations. The application of
Nano Glass Flakes (NGFs) as a relatively cheap but effective additive
for the mud design is highlighted. For a better comparison, nano-
silica is considered and its performance is compared with that of
NGFs. These two nanoparticles were used in earlier studies [27,28]
and provided a good performance in terms of rheology and filtra-
tion control under different conditions.

2. Materials and methods

2.1. Nanosilica

Nanosilica (NS) was used for this study given its potential
application as an additive, which can improve the filtration control
and inhibit swelling of shales. This nanomaterial had a purity of
99.5% with the particle size of 15 nme20 nm and a surface area of
170e2000 m2/g. It had a density of 2.40 g/cm3 with a melting
temperature of 1600 �C. Thus, it could be a great asset for the HPHT

drilling conditions. However, nanosilica is a hydrophilic material
which can adsorbwater and increase the viscosity of themud. Thus,
caution must be taken to prevent significant rheological changes or
circulation issues once NS is added. It would also be a wise practice
to ensure that the amount of the added nanosilica will not signif-
icantly increase the cost of the drilling mud. Fig. 1 shows the
transmission electron microscope (TEM) image of NS in the solu-
tion without dispersion. As it is observed in this Figure, a proper
dispersion method would be required to prevent agglomeration of
NS particles in the solution.

2.2. Nano glass flakes

Nano glass flakes (NGF) are transparent planar platelets with
smooth surfaces which are made of silicon dioxide (SiO2). NGFs
used in this study were in 100 nm particle size with a nominal
thickness of 1 mm, as donated by Glassflakes limited, England. They
have a density of 2.60 g/cm3 and melting temperature of 950 �C.
They are able to resist the abrasion and technically recognized as a
corrosive barrier for chemical and moisture interactions [29]. Given
the structure arrangement and parallel configuration of this
nanomaterial, it can create a compact impermeable layer around
the solid surfaces and reduce the filtration control during drilling.
Moreover, it can close the nano pore throats, reduce water hydra-
tion and improve the wellbore stability particularly in shale for-
mations [28]. Thus, they can be a good choice for the mud
formulation. A TEM image of NGFs are shown in the right side of
Fig. 1.

2.3. Shale samples

Shales, either brittle or ductile, may disintegrate, disperse or
swell (osmotic and crystalline) in the presence of WBMs. For the
purpose of this study, attempts were made to test both shale types
and expose them to the newly formulated WBMs. Table 1 gives the
mineralogical compositions of the samples while Fig. 2 shows the
Scanning Electron Microscope (SEM) images of the samples used in
this study.

Cation exchange capacity (CEC) of the samples were measured
by the Methylene Blue Test (MBT) as per the API recommendation
practice [30]. The results indicated that shale A has the CEC of 13
meq/100 g while shale B is more active with the CEC of 65 meq/
100 g.

2.4. Basic mud samples

To prepare the base mud, 15 g of bentonite was mixed with
350 ml of deionized water using the Multi Mixer FANN Model 9B.
The mixture was blended for 10 min at a constant speed of 11,500
RPM to ensure the bentonite dispersion. Table 2 gives the materials

Fig. 1. Nanosilica (left) and nano glass flakes (right) under transmission electron microscope (TEM).
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and chemical additives used together with their purity, brand, cost
and purpose of usage.

Potassium chloride (KCl), Poly-Plus and Resinex-EH were added
into the base mud by 3 wt%, 5 kg/m3, and 5.7 kg/m3, respectively as
per the recommendation of the suppliers. The mixture was stirred
for 5 min at a constant speed of 11,500 RPM before the measure-
ments. Table 3 gives the list of apparatuses used for testing the
formulated mud samples.

2.5. Nano mud samples

2.5.1. Nano-solution stability
Zeta potential indicates the surface charge and physical stability

of nanoparticles in a solution. The term stability here is referred to
as the tendency of particles to aggregate in an aqueousmedium. For
the purpose of this study, Marven ZetaSizer Nano ZS apparatus was
used to measure the zeta potential of the solutions with NS and
NGFs in different pH conditions. Fig. 3 shows the results obtained
from these measurements.

The results indicated that NGFs are negatively charged at all
conditions. However, they would have a strong negative surface
charge of more than �30 mV when the pH varies from 5 to 11. At
the pH of 9, the solution has the highest negative charge value

of �43 mV. It was concluded that NGFs are more stable under
alkaline environment although they have favorable negative sur-
face charges even under acidic conditions.

The results also indicated that the negatively charged nanosilica
are more stable at the pH of 8e10 while they may lose their surface
charges once the environment becomes acidic. According to Leo-
navi�cius et al. [31], ultrasonic treatment can activate water and
destroy the hydrogen bonds whichmay increase the pH and help to
have an alkaline environment. This would create a favorable con-
dition to have a stable nanofluid solution. Thus, a sonication
method was used in this study to prepare nano mud samples.

2.5.2. Mud samples
To add nanomaterials into the mud, NGFs and NS were mixed

with 350 ml of deionized water with the concentration of less than
1 wt% to maintain the cost of the mud formulation. The mixture
was stirred by Silverson Homogenizer under a constant speed of
2000 RPM for 10 min, followed by sonication using LSP-500 Lab-
oratory Scale Ultrasonic Liquid Processor for another 15 min to
ensure that the nano particles are well dispersed. The dispersed
solution was then mixed with bentonite and other additives for
another 10 min at the rate of 11,500 RPM. It should be noted that
none of these two nanomaterials were modified for their surface
charges and surfactants were not considered as a part of this study.
Table 4 presents the composition of the mud samples formulated
according to the procedure explained.

2.6. Mud sample characterization

2.6.1. Density
To measure the density of the mud samples and ensure that the

additives used do not pose any formation integrity issues, the FANN
mud balance model 140 was used. The cup was cleaned and fully
filled with the prepared drilling fluid samples. The filled cup was
sealed and pressurized with the lid to ensure that trapped air is

Table 1
Mineralogical composition of the shale samples used in this study.

Shale sample

Mineralogy Shale A (Brittle) Shale B (Ductile)

Quartz (wt%) 33.56 23.00
Muscovite (wt%) 0.68 8.90
Smectite (wt%) 8.46 51.00
Illite (wt%) 18.95 5.40
Chlorite (wt%) 28.07 6.80
Kaolinite (wt%) 2.38 0.00
Total Clay Present (wt%) 57.86 63.20

Fig. 2. Brittle (left) and ductile (right) shale samples used for the purpose of this study.

Table 2
Materials and chemical additives used in this study for the mud formulation.

Materials/Chemicals Purity (%) Supplier Purpose Price

Deionized water NA NA Hydration fluid e

Bentonite 80e95 MI e SWACO Viscosifier Free
Resinex EH NA MI e SWACO Fluid Loss Control Free
Poly-Plus NA MI e SWACO Shale inhibitor Free
Potassium Chloride >99.99 SIGMA e ALDRICH Shale inhibitor 25 USD/Kg
Nanosilica >98 US Research Nanomaterials, Inc. Shale inhibitor 200 USD/Kg
Nano Glass Flakes 99.5 Glassflake Limited Shale inhibitor 50 USD/Kg

R. Gholami, A. Raza, M. Rabiei et al. Petroleum 7 (2021) 24e32

26



released. The filled mud balance was then placed on the fulcrum
and the density was recorded in ppg.

2.6.2. Rheology
The rheology of the mud samples was determined using the

FANN Model 35 Viscometer in different rotational speed of up to
600 rpm as per the API standard recommended practices [30]. The
two mathematical models, Bingham plastic and Power law,
commonly used in the industry to determine the rheology ofWBMs
were used for the purpose of this study. The Bingham plastic is a
linear rheological model which can give the plastic viscosity and
the yield point of the mud samples while the power law is defined
by the consistency index (k) and the behaviour index (n) which are
related to the apparent viscosity and the degree of the non-
Newtonian behaviour in drilling fluids respectively.

To determine the gel strength, the mud samples were stirred for
10 s at the speed of 600 RPM. The samples were undisturbed for 10s
and then the maximum reading was recorded at the rotation speed
of 3 RPM. This was followed by the re-stirring at 600 RPM for 10s

and 10min of non-disturbance. Finally, the maximum reading was
recorded as the 10-min gel strength.

2.6.3. Filtration control
FANN Model 175CT and Series 300 were used to measure the

filtration loss under HPHT and LPLT conditions. In the LPLT test, the
measurements were done in the room temperature of 77 �F and the
pressure of 100psi per the API standard recommended practices
[30]. To do the HPHT test, on the other hand, the pressure of the
regulator was set at 600 psi with the back pressure of 100 psi while
the temperature was set at 250 �F. The bottom valve was then
opened to collect the fluid loss for 30 min. This was followed by
retrieving the filter mud cake once the cell cools down. The mud
cake was washed with a gentle stream of water before being
measured in millimetre.

2.6.4. Shale recovery
Shale recovery test was conducted to examine the efficiency of

shale inhibitors used in the mud formulations. The inhibition

Table 3
List of apparatuses used for the purpose of this study.

Equipment Purpose

FANN Multimixer 9B To blend the bentonite with the solution
Silverson Homogenizer To stir the mixture of NGFs with distilled water
LSP-500 Laboratory Scale Ultrasonic Liquid Processor To sonicate the nano solution and create a dispersed solution
FANN Viscometer 35SA To examine the rheological properties of the mud samples
FANN Four Cells LPLT Filter Press Series 300 To determine the filtrate volume and thickness of the mud cake
FANN HPHT Filter Press 175CT To determine the filtrate volume and thickness of the mud cake

Fig. 3. Zeta potential of NGFs (left) and nanosilica (right) in different pH conditions.

Table 4
Different mud samples formulated for the purpose of this study.

Mud Sample Water (mL) Bentonite (g) KCl (g) Resinex EH (g) Poly Plus (g) Nanosilica (g) Nano Glass Flake (g)

Base fluid 350 15 e e e e e

Base fluid þ KCl 350 15 10 e e e e

Base fluid þ KCl þ Resinex 350 15 10 2 e e e

Base fluid þ KCl þ Poly Plus 350 15 10 e 2 e e

Base fluid þ KCl þ SiO2 350 15 10 e e 3
Base fluid þ KCl þ NGF 350 15 10 e e e 3
Base fluid þ Resinex 350 15 e 2 e e e

Base fluid þ Resinex þ SiO2 350 15 e 2 e 3 e

Base fluid þ Resinex þ NGF 350 15 e 2 e e 3
Base fluid þ Poly Plus 350 15 e e 2 e e

Base fluid þ Poly Plus þ SiO2 350 14 e e 2 3 e

Base fluid þ Poly Plus þ NGF 350 14 e e 2 e 3
Base fluid þ SiO2 350 14 e e e 3 e

Base fluid þ NGF 350 14 e e e e 3
Base fluid þ KCl þ Resinex þ SiO2 350 14 10 2 e 3 e

Base fluid þ KCl þ Poly Plus þ SiO2 350 14 10 e 2 3 e

Base fluid þ KCl þ Resinex þ NGF 350 14 10 2 e e 3
Base fluid þ KCl þ Poly Plus þ NGF 350 14 10 e 2 e 3
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behaviour was evaluated in terms of shale hydration, dispersion
and disintegration in the drilling fluid according to the API
recommend practice for WBMs [30]. The test involved exposing
25 g of shale sample A and 21 g of shale sample B to the formulated
drilling fluids in a shaking incubator. The shale samples were
exposed to the mud samples in the FANN hot rolling oven Model
802P with the speed of 22 RPM for 2 h at the temperature of 80 �C.
After cooling to the room temperature, a 23 mm mesh sieve was
used to recover the samples which were further washed, weighed,
and dried for 24 h. The percentage difference was then calculated
based on the weight loss before and after exposure.

2.6.5. Bentonite inhibition
Bentonite inhibition evaluates the efficiency of shale inhibitors

against the bentonite swelling in the aqueous states. This test is
carried out to simulate a steady integration of yielding clays in the
bentonite fluid. It should be noted that the plastic viscosity and
even yield point increase as the bentonite clay hydrates. Thus, if the
inhibitors can reduce the bentonite hydration, the rate of increase
in the rheology of the samples decreases. This test is done by the
help of bentonite clay and shale samples are not required. In the
test, 5 g of bentonite was added to the mud samples in each step
while the samples were mixed and aged at the atmospheric con-
ditions. The rheological properties of the samples were measured
in each step and tests were continued until the viscosity of the mud
samples could no longer be recorded.

3. Results and discussions

3.1. Density

Determination of mud density is crucial to ensure that kicks or
mud loss will not take place during drilling. The results obtained
from the density tests on the formulated mud samples are given in
Table 5. Looking at Table 5, It appears that the density of the
samples does not change significantly by the additives used,
especially nanomaterials. This might be linked to the small quantity
of the additives used and their minor interactionwith water. Thus, a
weighting additive such as barite might be required to drill the
deeper sections of wells using these mud samples.

3.2. Rheology

An accurate knowledge of the rheological behaviour is required
to ensure that hole cleaning is properly in place and the Equivalent
Circulation Density (ECD) does not initiate any mud loss. Fig. 4 and
Table 6 give the results obtained from the rheological tests on the
mud samples.

As observed in Fig. 2 and Table 6, KCl and Poly-Plus, which are
basically a shale inhibitor, significantly change the rheology of the
mud and increases the viscosity. However, the highest plastic vis-
cosity was observed in the samples with nanosilica and Poly-Plus.
This could be due to the size of nanoparticles and their high sur-
face to volume ratio which increases the friction between particles
and absorb water. Given the fact that the particle size of nanosilica
(15e20 nm) was smaller than NGFs (100 nm), the mud samples
with nanosilica had a higher increase in the viscosity compared to
those with NGFs, despite the important role of Poly-plus. According
to Jain et al. [32] and Ismail et al. [19], the plastic viscosity of the
mud samples with nanoparticles should not exceed 18 to 29 cP at
78 �F to ensure that they can be properly circulated in the annulus.
Accordingly, none of the samples with the nanoparticles had a
viscosity that exceeded this threshold.

Yield point is changed by the electrochemical activities of the
colloidal particles in the drilling fluid. Thus, the surface charge of

the dispersed particles changes the yield point in a variety of
different ways. For instance, the strong repulsion force between the
negatively charged nanomaterials and the negatively charged
bentonite particles may increase the yield point. According to Barry
et al. [18], the strong electrostatic repulsion between negatively
charged particles (clays and nanoparticles) prevents coagulation
and create a strong clay platelet network in the drilling fluid system
which increases the viscosity and the yield point. Looking at
Table 6, it also appears that nanoparticles and Poly-Plus are able to
improve the capacity of the mud to carry more cuttings but may
need a huge shear stress to circulate in the annulus space. Given the
range of the yield point which should be between 15 lb/100 ft2 to 20
lb/100 ft2, those samples without poly-plus or with a combination
of KCl and Resinex appear to be a good choice for drilling
operations.

Gel strength indicates whether or not the cuttings will be sus-
pended by the mud once the pump is off for tripping or workover
operations. According to Ismail et al. [19], the gel strength of the
drilling fluids with nanoparticles should be within the range of
6e10 lb/100 ft2 in the first 10 s of the measurement. Thus, the
samples without poly-plus or with a combination of KCl and Res-
inex appear to be a good choice for drilling operations. It was also
observed that nanosilica can increase the yield point severely than
NGFs, but NGFs are capable of increasing the gel strength signifi-
cantly in long term due to the parallel and wedge type shape of
NGFs, which can agglomerate faster once the circulation stops.

3.3. Filtration loss

Filtration loss/control tests under LPLT and HPHT conditions
were done on the mud samples to determine the amount of mud
loss/invasion into the formations and obtain the thickness of the
cake generated during drilling in permeable formations. It should
be noted that the fluid control of the mud samples can be improved
by adding fluid loss additives such as polymers (Resinex) which can
help to close the pore throats of formations and provide encapsu-
lation. Many of these additives also have a surface charge with a
short chain structure. This surface charge can help de-flocculation
of clay (bentonite) particles. As a result, clay particles will be
properly dispersed in the solution and can reduce the filtration loss
by creating a thin mud cake. Nanomaterials can do the same by
blocking the pore throats of subsurface formations and inducing
negative surface charges to the colloidal solution. Thus, they might
be a good substitute for polymers, although their interactions in the

Table 5
Density of mud samples formulated in this study.

Test fluid Density (ppg)

Base fluid 8.5
Base fluid þ KCl 8.4
Base fluid þ KCl þ Resinex 8.5
Base fluid þ KCl þ Poly Plus 8.5
Base fluid þ KCl þ SiO2 8.65
Base fluid þ KCl þ NGF 8.65
Base fluid þ Resinex 8.45
Base fluid þ Resinex þ SiO2 8.5
Base fluid þ Resinex þ NGF 8.65
Base fluid þ Poly Plus 8.5
Base fluid þ Poly Plus þ SiO2 8.6
Base fluid þ Poly Plus þ NGF 8.5
Base fluid þ SiO2 8.5
Base fluid þ NGF 8.1
Base fluid þ KCl þ Resinex þ SiO2 8.5
Base fluid þ KCl þ Poly Plus þ SiO2 8.55
Base fluid þ KCl þ Resinex þ NGF 8.5
Base fluid þ KCl þ Poly Plus þ NGF 8.55
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nano-scale would be more complicated. Table 7 gives the results
obtained from performing a series of filtration tests on the mud
samples formulated while Fig. 5 shows a few mud cakes obtained.

Looking at Table 7 and Fig. 5, it seems that NGF has a significant
impact on the filtration control and can remarkably improve it. This
filtration control was further improved by 28% once Resinex was
added to the mud sample containing NGFs. NGF could also reduce
the thickness of the mud cake by 99.6% compared to the base fluid.
In contrast, the filtration loss of the base fluid was increased once
nanosilica was added. Although attempts were made to reduce this
loss by adding Resinex, the results obtained were not promising.

This could be explained by the agglomeration of particles in
nanoscale due to the electrostatic charges [27]. Thus, nanosilca may
need surface modification before being added to the mud. It should
be noted that NGFs had a larger particle size and did not reveal the
same behaviour.

The other mud samples may also provide a good filtration
control but their high viscosity would make them unreliable
choices. Thus, only those samples with a good rheology and
filtration control can be chosen and recommended for further
evaluation.

Fig. 4. The rheology of the mud samples formulated as a part of this study.

Table 6
The rheological properties of the mud samples formulated for this study.

Mud Sample 3
RPM

6
RPM

100
RPM

200
RPM

300
RPM

600
RPM

Plastic Viscosity
(cP)

Yield Point (lb/
100 ft2)

Gel Strength
(10sec)

Gel Strength
(10min)

Base fluid 3.0 6.0 8.0 11.0 14.0 19.0 5.0 9.0 3.0 9.0
Base fluid þ KCl 3.5 5.0 8.0 12.0 13.0 18.0 5.0 8.0 3.0 10.0
Base fluid þ KCl þ Resinex 4.0 6.0 10.0 13.0 16.0 22.0 6.0 10.0 5.0 14.0
Base fluid þ KCl þ Poly Plus 14.0 17.0 30.0 38.0 45.0 59.0 14.0 31.0 13.0 23.0
Base fluid þ KCl þ SiO2 6.5 9.0 19.0 30.0 36.0 43.0 7.0 29.0 22.0 26.0
Base fluid þ KCl þ NGF 5.0 8.0 12.0 17.0 21.0 33.0 12.0 9.0 7.0 48.0
Base fluid þ Resinex 6.0 8.0 10.0 12.0 15.0 19.5 4.5 10.5 8.0 12.0
Base fluid þ Resinex þ SiO2 4.0 7.0 9.0 14.0 19.0 23.0 4.0 15.0 10.0 27.0
Base fluid þ Resinex þ NGF 3.0 4.0 5.5 8.0 10.0 16.0 6.0 4.0 3.0 45.0
Base fluid þ Poly Plus 11.0 14.0 35.0 49.0 57.0 70.0 13.0 44.0 19.0 33.0
Base fluid þ Poly Plus þ SiO2 9.0 15.0 34.0 45.0 52.0 68.0 16.0 36.0 15.0 37.0
Base fluid þ Poly Plus þ NGF 13.0 16.0 37.0 50.0 59.0 73.0 14.0 45.0 19.0 29.0
Base fluid þ SiO2 5.0 7.0 10.0 15.0 20.0 25.0 5.0 15.0 6.0 14.0
Base fluid þ NGF 4.0 6.0 9.0 12.0 16.0 22.0 6.0 10.0 8.0 22.0
Base fluid þ KCl þ Resinex þ SiO2 15.0 20.0 45.0 61.0 74.0 90.0 16.0 58.0 14.0 38.0
Base fluidþ KClþ Poly Plusþ SiO2 22.0 25.0 52.0 65.0 82.0 100.0 18.0 64.0 23.0 39.0
Base fluid þ KCl þ Resinex þ NGF 11.0 19.0 37.0 49.0 58.0 71.0 13.0 45.0 7.0 16.0
Base fluidþ KClþ Poly Plusþ NGF 15.0 17.0 38.0 52.0 60.0 75.0 15.0 45.0 25.0 57.0
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3.4. Bentonite inhibition test

To evaluate the ability of the mud samples formulated with
nanomaterials, four mud samples were chosen for the bentonite
dispersion test. In this test, the application of nanoparticles as

potential shale inhibitors was evaluated and compared with that of
potassium chloride. It is known that Kþ ions released from KCl can
make a perfect fit in between the clay lattice and clay planar sur-
face, which significantly reduces the affinity of clay platelets to
attract water molecules [33]. The results obtained from the
bentonite dispersion tests were given in Table 8 and Table 9.

Tables 8 and 9 indicate that the yield point of the base sample
increases drastically by the gradual addition of bentonitewhile 29 g
of bentonite was enough to make it extremely viscous. It appeared
that KCl has a good inhibition efficiency and reduces the water
hydration of bentonite as expected. Comparing the inhibition posed
by KCl with those posed by nanomaterials, it was observed that
unlike nanosilica, which has a poor performance in the bentonite
clay mud, NGFs is a good choice to reduce clay hydration. Given the
fact that NGFs have not any unfavourable impact on the rheology
and could significantly reduce the filtration loss even under HPHT
conditions, NGFs will be a great choice as an additive for WBMs

Table 7
Filtration volume and mud cakes thickness obtained from LPLT and HPHT tests.

Mud Samples LPLT Filtration @ 30min HPHT Filtration @ 30min

Filtrate
Volume
(mL)

Mud cake
Thickness (/32
inch)

Filtrate
Volume
(mL)

Mud cake
Thickness (/32
inch)

Base fluid 20.8 3 19.4 1
Base fluid þ KCl 23.2 3 22.2 2
Base fluid þ KCl þ

Resinex
15.4 3 13.2 1

Base fluid þ KCl þ
Poly Plus

19.1 3 18.6 2

Base fluid þ KCl þ
SiO2

17.1 2 16.3 1

Base fluid þ KCl þ
NGF

15.2 3 14.4 1

Base fluid þ
Resinex

19.8 3 18.2 3

Base fluid þ
Resinex þ SiO2

24.0 3 22.9 2

Base fluid þ
Resinex þ NGF

14.8 3 12.3 2

Base fluid þ Poly
Plus

20.1 2 18.7 1

Base fluid þ Poly
Plus þ SiO2

19.2 3 18.1 2

Base fluid þ Poly
Plus þ NGF

18.8 2 18.2 1

Base fluid þ SiO2 28.0 3 27.1 2
Base fluid þ NGF 17.5 3 16.4 3
Base fluid þ KCl þ

Resinex þ SiO2

29.4 3 28.1 2

Base fluid þ KCl þ
Poly Plus þ SiO2

31.3 4 30.3 3

Base fluid þ KCl þ
Resinex þ NGF

12.6 3 11.1 3

Base fluid þ KCl þ
Poly Plus þ NGF

15.2 4 14.4 3

Fig. 5. Filter cakes formed under HPHT conditions: (a) base fluid, (b) BF þ Base mud þ Resinex, (c) base mud þ NGFs and (d) base mud þ KCl þ Resinex þ NGFs.

Table 8
Changes of viscosity in the samples during the bentonite dispersion tests.

Base Fluid BF þ KCl BF þ SiO2 BF þ NGF

14g of Bentonite 18.0 5.0 12.0 7.0
19g of Bentonite 29.0 11.0 35.0 23.0
24g of Bentonite 37.0 16.0 42.0 29.0
29g of Bentonite 43.0 22.0 NA 32.0
34g of Bentonite NA* 29.0 NA NA

NA: Could not be measured.

Table 9
Changes of yield point in the samples during the bentonite dispersion tests.

Base Fluid BF þ KCl BF þ SiO2 BF þ NGF

14g of Bentonite 13.0 4.0 39.5 4.0
19g of Bentonite 48.0 7.0 72.0 6.0
24g of Bentonite 58.0 10.0 152.0 9.0
29g of Bentonite 174.0 22.0 NA 32.0
34g of Bentonite NA* 46.0 NA NA

NA: Could not be measured.
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drilling in shale formation. This is further verified using shale re-
covery tests conducted on the same mud samples and the shale
samples.

3.5. Shale recovery test

Shale recovery tests were performed on the shale samples A and
B . In this test, the shale samples were exposed to the mud samples
with KCl, nanosilica and nano glass flakes (NGFs). This evaluates the
efficiency of the nanomaterials against KCl which is knows as one of
the most effective inhibitors in the industry. Given the fact that
nanomaterials have an average particle size of 20e100 nm, they
might be able to physically plug the pore throats of shale samples
and prevent their hydration in the WBMs. The results obtained
from the shale recovery test are given Tables 10 and 11.

From Tables 10 and 11, the shale sample A provides a better
recovery compared to sample B, which is linked to the presence of
more reactive clays in the samples B. Technically, the base fluid
would cause a significant dispersion and hydrating of the shale
samples with a significant low recovery of 32% in the shale sample
B. As it was expected, the shale recovery increases when KCl was

added to the base fluid with a total recovery of 71% and 60% in the
sample A and Sample B, respectively. This could be linked to the
ability of potassium cations (Kþ) in filling the space between clay
platelets, which stabilize them and prevent dispersion (fine
migration) [33]. In the presence of nanoparticles, the shale recovery
was improved by almost 82% and 79% respectively in the presence
of nanosilica and NGFs for the shale sample A while the corre-
sponding recovery of the shale sample B could reach 74% and 65%. It
was observed that generally, nanosilica does better in the shale
recovery test which could be due to its size (15 nme20 nm) which
is significantly smaller than that of the NGFs (100 nm). NGFs, on the
hand, have a triangular sharp blade structure as shown in Fig. 1 and
their interaction with clays which have a thin planer structure may
cause disintegration and failure of clays. Fig. 6 shows the SEM im-
ages of the shale samples after exposure to WBMs.

Although NGFs may cause shale weakening due to their sharp
glassy structure, they can improve the filtration control and reduce
the shale interaction once exposed to WBMs. Given the price of
NGFs and their good performances in WBMs, they could be a very
good option as an effective additive during drilling operation.

Table 10
Results of shale recovery test obtained for shale sample A.

Test Fluid Initial Weight (g) Shale Recovered (g) Shale Recovery (%) Mud Filtrate Absorbed (g) Mud Filtrate Absorbed (%)

Wet Weight (g) Dry Weight (g)

BF 25 18.65 11.26 47.15 6.89 36.94
BF þ KCl 25 20.82 17.21 71.80 3.61 17.34
BF þ SiO2 25 22.77 20.16 81.98 2.61 11.46
BF þ NGF 25 22.8 19.44 78.96 2.94 13.14

Table 11
Results of shale recovery test obtained for shale sample B.

Test Fluid Initial Weight (g) Shale Recovered (g) Shale Recovery (%) Mud Filtrate Absorbed (g) Mud Filtrate Absorbed (%)

Wet Weight (g) Dry Weight (g)

BF 21 14.89 6.94 32.61 7.95 53.33
BF þ KCl 21 17.81 12.72 60.69 5.09 28.58
BF þ SiO2 21 19.62 15.94 74.38 3.68 18.76
BF þ NGF 21 18.44 14.25 65.61 4.19 22.72

Fig. 6. Shale sample A exposed to WBM with NGFs (left) and nanosilica (right) after exposure.
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4. Conclusions

In this paper, attempts were made to show the application of
nanomaterials in mud designs where reduction of filtration loss
and improvement of shale stability is a great concern. The results
obtained indicated that nanosilica may unfavourably increase the
viscosity and the yield point of theWBMswhichmight be related to
its surface charges and willingness to agglomerate. NGFs, on the
other hand, as a cheap nanomaterial with no impact on the
rheology, could reduce the filtration loss and inhibit shale swelling.
It is recommended to carry out further studies on the application of
NGFs in WBMs especially under HPHT conditions. It is also sug-
gested to see the performance of this nano particle once its size
reduces to 10e15 nm as the interaction may differ once the size of
particles decreases.
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Nomenclature

oF Degree Fahrenheit
g/cm3 Gram per centimetre cube
HPHT High Pressure high temperature
KCl Potassium chloride
m2/g Square meter per gram
ml Millilitre
min minute
NGFs Nano Glass Flakes
nm Nanometre
PV Plastic viscosity
ppg Parts per gallon
lb/100 ft2 pound per square feet
RPM Rotation per minute
s Second
WBMs Water Based Muds (WBMs)
wt% Weight percent
YP Yield Point

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.petlm.2020.01.001.
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