
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12517-022-09800-1

ORIGINAL PAPER

Influence of graphene oxide on salt‑polymer mud rheology 
and Pakistan shale swelling inhibition behavior

Shaine Mohammadali Lalji1,2   · Syed Imran Ali1,2 · Rqfiq Ahmed2,3 · Saud Hashmi2,3 · Zahoor Ul Hussain Awan2,4 · 
Syed Wajahat Ali Qazi2,5

Received: 21 December 2021 / Accepted: 19 February 2022 
© Saudi Society for Geosciences 2022

Abstract
Nanoparticle adaption in comparison with micron particles reveals a relatively conducive impact on the stability of the drilling 
mud. Hence, the use of these particles can be a solution for the improvement of shale inhibition along with the rheological 
properties of water-based drilling fluid (WBDF). Salt polymer–based mud and five other samples with varying concentration 
of graphene oxide (GO) ranging from 0.1 to 0.5 wt% was analyzed as a shale swelling inhibitor during this study. Influence 
of these nanoparticles on rheological properties, filtrate volume loss, shale stability, and swelling was investigated during the 
experimental work. Results revealed that at different temperatures, improvement in the rheological properties of the samples 
was observed as the concentration of graphene oxide increases. However, at 0.5 wt%, a critical limit was observed, which 
indicates that  further increase in the concentration of nanoparticles beyond this limit causes poor cutting carrying capac-
ity of the mud system. Furthermore, coefficient of friction was also found to reduce at 0.4 wt% concentration. This clearly 
shows the formation of a slippery layer onto the interface after the addition of this particle. The results also demonstrate an 
improvement in shale immersion and swelling test after the addition of the GO. The sample exhibits less possibility of erosion, 
cracks, and disintegration after it established contact with GO mud. Additionally, an improvement in overall bulk hardness 
was further observed by the used of this particle. During the swelling test, it was found that the swelling characteristics of 
the shale sample mitigated to a great extent with the use of GO. A decrease of almost 12% in swelling was observed when 
the fluid system was changed from fresh water to nanoparticle mud system and change in 3% swelling, when this particle is 
added in the based mud system. Overall, graphene oxide proves to be a better option in improving the WBDF characteristics.
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Nomenclature
WBDF	� Water-base drilling fluid
GO	� Graphene oxide

PHPA	� Partially hydrolyzed polyacrylamide
CMC	� Carboxymethyl cellulose
ROP	� Rate of penetration
PAC-L	� Poly-anionic cellulose grade L
SEM	� Scanning electron microscope
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CEC	� Cation exchange capacity
SDS	� Sodium dodecyl sulphate
CoF	� Coefficient of friction
CF	� Correction factor
PV 	� Plastic viscosity
YP	� Yield point
NPs	� Nanoparticles
TEM	� Transmission electron microscope
KCL	� Potassium chloride

Introduction

Drilling fluid is the most imperative part in the drilling indus-
try. It is used in petroleum sector to provide various functions 
that includes cool and lubricate the drilling bit (Zakaria 2013), 
(Mortatha Al-Yasiri 2019), (Ali Esfandyari Bayata et al. 
2018), (Abdo and Haneef 2011), (Hui Mao 2015), removal 
of drill cutting from the bottom of the hole and carry it up to 
the surface, maintaining the hydrostatic pressure, and help 
in transmission of data during well logging (Zakaria 2013), 
(Mortatha Al-Yasiri 2019), (Abdo and Haneef 2011), (Hui 
Mao 2015).  Drilling fluid is primarily classified into three 
distinctive groups, namely, water based mud system, oil-based 
mud system, and synthetic based drilling fluids (Ali Esfand-
yari Bayata et al. 2018). As a result of environmental incom-
petence, the latter two mud systems are not mostly used in the 
oil and gas sectors (Ali Esfandyari Bayata et al. 2018), (Riley 
et al. 2012), (Sharma et al. 2012), (Khodja et al. 2010). Conse-
quently, the focus is on the water based drilling fluid as these 
fluids are considered to be fairly inexpensive and eco-friendly 
(Mobeen Murtaza et al. 2020), (Aftab, et al. 2020), (Aftab 
et al. 2017a). Nevertheless, this mud system suffers from some 
shortcomings when they are been used in shale formations, 
as these formations have the tendency to swell and slough 
when comes in contact with water (Ali Esfandyari Bayata 
et al. 2018), (Aftab, et al. 2020), (Al-Ansari et al. 2017).

Over a past few decades, the major contemplation in the 
petroleum industry has been to develop a water-based drilling 
fluid (WBDF) drilling fluid that minimizes the wellbore insta-
bility problems, improves rheological properties, and shows 
high performance in drilling shale formations (Ismail et al. 
2016). Sloughing of shale was preliminary tackled by the use 
of brine mud systems. These mud systems comprise of larger 
radii ions of potassium (K+), sodium (Na+), or calcium (Ca2+), 
which helps in developing resistance against shale swelling 
by reducing the swelling pressure (Khodja et al. 2010), (Oort 
2003). Nevertheless, their performance fails in constraining the 
mud pressure penetration in the shale formation (Oort 2003). 
Moreover, if the concentration of these ions increases beyond 
a certain limit, then phase separation will also observe in the 
WBDF (Aftab et al. 2017a), (Chang and Leong 2014). As a 
result, the application of the development of polymer-based 

drilling fluids was widened. These fluids help in maintaining 
rheological properties of drilling fluid and preventing swell-
ing of shale formation (Aftab et al. 2017a). In the early 1990s, 
the use of cationic polymer was at its peak. This mud system 
exhibits effective cutting transportation mechanism (Gholami 
et al. 2018), (Fink 2015),nevertheless, wellbore stability prob-
lems and shale hydration issues were the major inadequacies 
for this mud (Gholami et al. 2018). This cationic mud system 
was then replaced with polymer-based mud having long chain, 
particularly, partially hydrolyzed polyacrylamide (PHPA). This 
chemical encapsulates the drill cutting by adhering onto the 
surface, thereby maintaining the size of the cutting up to the 
surface (Gholami et al. 2018). The encapsulation of the cutting 
was performed both physically and chemically (Paiva et al. 
2008), (Mballa et al. 2013), (Ali et al. 2009), (He et al. 2005), 
which ensures the compatibility between clay mineral in shale 
and the polymer. Nevertheless, PHPA chemical can only be 
used in hard shale formation, as soft shale disintegrate easily, 
which consume the polymer at a rapid pace (Gholami et al. 
2018), (Mballa et al. 2013). Another problem that is associated 
with the use of this polymer is its degradation at high thermal 
gradient (Hui Mao 2015), (Aftab et al. 2017a). Similar prob-
lem was encountered in the use of expensive polymers such 
as,carboxymethyl cellulose (CMC) and xanthan gum (Sade-
ghalvaad and Sabbaghi 2015). As a result, petroleum industry 
focuses on the development of smart drilling fluid, which has 
multi-functionality, stability, and is environmentally friendly in 
all aspects of drilling operations (Aftab et al. 2017a), (Amanul-
lah 2009), (Zakaria and H.M., Harland G, 2012).

Formulation of smart drilling fluid is reliant upon the nano-
technology, as it unlocks a new opportunity in petroleum sec-
tor. The nanomaterials exhibit different interaction mechanism, 
in terms of, chemical, thermal, and mechanical properties as 
to those of their parent material (Aftab et al. 2017a), (Abdo 
and Hanneef 2013), (Amanullah and Al-Tahini 2009). Several 
nanoparticles (NPs) are used as an additive in drilling fluid in 
order to enhance the rheological properties (Aftab et al. 2017a; 
Aftab et al. 2017b), (Ismail et al. 2016), (Needaa Al-Malki 
et al. 2016), inhibiting shale swelling (Aftab et al. 2017a), 
(Ismail et al. 2016), (Kai Wang et al. 2020), providing wellbore 
stability (Kai Wang et al. 2020), (Ismail and M.S.A.R.a.B.T, 
2018), (Zakaria et al. 2012), and minimizing the filtration loss 
(Aftab et al. 2017b), (Ismail et al., 2018). These particles are 
1–100 nm in size (Zakaria et al. 2012), which combines with 
other additives to form an improved material having better 
physical and chemical properties (Alvi et al. 2018). Several 
studies are performed on the use of nanotechnology in oil and 
gas sector. The nanoparticles used in drilling operations pro-
vide an extremely high surface area to volume ratio, which 
significantly enhances the thermal conductivity of drilling 
fluid (Zakaria et al. 2012), (Amanullah et al. 2011). Moreo-
ver, NP-based fluids have higher heat transfer coefficient, 
which helps in dissipating heat at a faster rate on the surface, 
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thereby, minimizing the failure of equipment from thermal 
degradation (Amanullah et al. 2011). Apart from surface area 
to volume ratio, nanoparticles show negligible kinetic energy 
impact because of their nanosizes, which ultimately results in 
less abrasion of the downhole tools (Amanullah et al. 2011). 
The most important application for the use of nanoparticles is 
their application in the shale formation. Numerous inhibitors 
are developed for the inhibition process in shale,however, their 
performances fail up to a certain extent.

Shale is mainly classified as a clastic sedimentary rock 
(Gholami et al. 2018), (Díaz-Pérez et al. 2007) that mainly 
consists of silt, clay, and mud (Gholami et al. 2018), (Kai 
Wang et al. 2020), (Moslemizadeh et al. 2015), (Lalji et al. 
2022; Lalji et al. 2021a; Lalji et al. 2021b). The high content 
of the clay mineral can be in the form of lamination (Díaz-
Pérez et al. 2007), (Moslemizadeh et al. 2015), structural, or 
dispersed. Almost 90% of wellbore instability problems are 
as a result of these high clay contents (Moslemizadeh et al. 
2015), (Steiger and Peter 1992). The clay minerals are elec-
tronegative in nature (Yuxiu An 2015), (Bonini et al. 2009) 
and are consisting of crystal platelets that are tetrahedral and 
octahedral in shape and are link with oxygen atoms (Mos-
lemizadeh et al. 2015). Swelling and disintegration of clay 
normally arise resulting from the weak bonding between 
different tetrahedral sheets (Gholami et al. 2018), Van der 
Waals attraction, and the in situ stresses (Oort 2003). Based 
on the structure of these sheets and their surface charges, 
shale rock is classified into three distinct categories such as 
kaolinite, illite, and montmorillonite (Aftab et al. 2017a). 
Out of these three minerals, montmorillonite have the great-
est tendency to swell because of the wide gap that exists 
between its unit as shown in Figure 1 (Aftab et al. 2017b), 
(Moslemizadeh et al. 2015), (Aftab, et al. 2020). No hydro-
gen bonding exists between the two outer tetrahedral sheets 
in this clay mineral. Therefore, when water molecules move 
into montmorillonite, the weak Van de Waals forces are una-
ble to hold the structure of this clay mineral, which results in 
swelling and produces instability concerns in the wellbore 
(Aftab et al. 2017b).

The instability gives rises to problems such as shale 
sloughing, washout, caving, and finally reducing cutting car-
rying capacity for the drilling fluid (Saleh 2019), (Azeem 
Rana 2019). The swelling of shale also reduces the rate of 
penetration (ROP) as hydratable clay minerals are relatively 
soft and creates bit balling phenomena during drilling opera-
tions (Saleh 2019).

In general, there are three major mechanisms that plays vital 
part in the instability of a shale formation when it comes in 
contact with a drilling fluid (Oort 2003). Firstly, there is a rise 
in formation pressure as a result of drilling fluid invasion. This 
movement reduces the effective stresses of the formation and 
develops instabilities issues (Oort 2003). Secondly, increase 
in swelling-pressure that arises from the nonstoichiometry of 
the ions on the clay surface (Oort 2003), (Swai 2020). Lastly, 
the weakening of the bonds from the chemical alteration which 
reduces the effective stresses around the wellbore (Oort 2003). 
All these factors escalate the problems such as cutting disinte-
gration, wellbore instability, and bit balling (Zhang et al. 2019). 
Hydrostatic pressure that is also known as mud pressure acts as 
a compressive force, which maintains the integrity of the drill 
cutting,however, during the transportation of the cutting up to 
the surface, there is a reduction in hydrostatic pressure (Oort 
2003). The dropping of the mud pressure results in invasion of 
water molecules in the cutting, thereby, progressively taking 
the cutting from the dry zone to either plastic or liquid zone, 
where they dispersed and cause bit balling effect (Oort 2003). 
Apart from that, the permeability of shale is relatively on the 
lower side (Saleh 2019),consequently, the formation of filter 
cake on the face of the formation is difficult to established. To 
prevent all these factors, proper encapsulation of the shale is 
required through the formation of mud cake.

In this study, experimental work has been performed to 
inhibit the shale swelling using graphene oxide nanoparticles 
and salt polymer mud system. Changes in the rheological behav-
ior of the conventional salt polymer mud system under study are 
also analyzed after the addition of nanoparticles. It was evident 
from the study that if this particle is used in the salt polymer 
mud system, then it will enhance the shale plugging behavior, 

Fig. 1   Schematic showing the 
structure of montmorillonite
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improve the rheological properties, increase the cutting carry-
ing capacity of the base mud, and most importantly increase 
the overall hardness of the shale. All these properties result in a 
better filtration control and wellbore stability, thus reducing the 
non-productive time events during drilling operations.

Methodology and sampling

The method discussed in this article primarily comprises 
of laboratory experimentation. Figure 2 illustrates the 
flowchart of the experimentation carried out in this study. 
All the testing on the water-based drilling fluid was carried 

out under the recommended practice of API-13B-1. A total 
of six (06) samples were prepared as shown in Table 1, 
which comprises of varying concentration of NPs.

Formulation of water‑based drilling fluid

In the laboratory, 1 barrel of mud that is equivalent to 350 cc 
was formulated. To prepare the base mud, 0.25 g of soda 
ash (Na2CO3) was added in 319 mL of distilled water. After 
a circulation of 2 min, 18 g of potassium chloride (KCL) 
was added to achieve strong inhibition properties. The mix-
ture was again agitated in Hamilton Beach Mixer for 2 min 

Fig. 2   Flowchart of the methodology carried out during the study
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before adding 3 g of poly-anionic cellulose grade L (PAC-
L). The solution was stirred 5 min before adding 0.75 g 
of Xanthan gum for desired rheological properties. Next, 
2 × 106 molecular weight of 0.5 g of partially hydrolyzed 
polyacrylamide (PHPA) was added and the solution was 
again mixed for 2 min for better consistency. Finally, 80 g 
of barite as a weighing agent was mixed in the solution with 
the intention of getting a mud weight of 10 ppg. This final 
solution was again stirred in the mixture for 30 min so as to 
get a better stability. During the formulation of the WBDF, 
API 13B-2 was followed conscientiously. For the testing of 
drilling mud, recommended practice of API 13B-1 was fol-
lowed diligently.

Characterization of graphene NPs 
and formulation of nano‑based drilling fluid

Graphene oxide particles were acquired from China. Char-
acterization of GO such as FTIR and XRD analysis are 
already performed in published paper (Lalji et al. 2021c). 
However, in this, the morphology of the purchased material 
was analyzed using scanning electron microscope (SEM) 
and transmission electron microscope (TEM). Furthermore, 
dispersion of GO particles in different polar protic and polar 
aprotic solvents was also analyzed. Moreover, the thickness 
of particle in this study is 5 nm.

These nanoparticles were added in base mud system 
after the addition of barite. The particles were added 
in varying concentration of 0.1–0.5 wt% (0.35–1.75 g), 
respectively. However, this time they were added in wet 
form. Before adding nanoparticles in based mud system, 
a solution of sodium dodecyl sulphate (SDS) and distilled 
water was prepared, in which GO particle powder was 
added in desired concentration. The dispersed solution was 
agitated for 30 min in a heavy duty mixture at 10,000 rpm 
in order to obtain a homogenous and consistent mixture 
of nanoparticles. This mixture was then added into the 
based mud, in order to formulate the nanoparticle-based 
drilling fluid.

To see the effect of segregation in all the mud system, it 
was decided to place them at room temperature for 24 h. It 
was observed that there were no signs of mud separation in 

any of the samples, thus indicating a sound stability of the 
mud system.

Murree shale formation and its 
characterization

Figure 2 shows the appearance of Murree shale formation 
that belongs to Miocene age. The sample is collected from 
the Hazara Kashmir Syntaxis that is situated in the north-
ern region of Pakistan (Bossart and Ottiger 1989), (Mughal 
et al. 2018). The red powder color as shown in Figure 2 is 
resulting from the presence of hematite, which is primarily 
a cementing mineral (Mughal et al. 2018). Figure 3 shows 
the geographical location of Murree shale formation. Moreo-
ver, the morphology of the shale sample was analyzed using 
scanning electron microscope. This test was carried out in 
centralized science laboratories using JSM-6380 high per-
formance instrument. The QXRD of the shale sample was 
already performed in the previous study (Lalji et al. 2021c). 
For the reactivity of the shale sample, cation exchange 
capacity (CEC) test was performed. Methylene blue solution 
is added to the test sample until the endpoint is reached. Dur-
ing this test, API RECOMMENDED PRACTICE 13B-1/
ISO 10414–1 was methodically followed.

Rheological properties

The rheological properties such as plastic viscosity (PV), 
yield point (YP), and gel strength (10 s, 10 min) for all the 
samples were measured using the Fann Rheometer Model 
286. All the rheological properties were measured at three 
different temperatures of 300 K, 310 K, and 338 K. The 
Series 300 API ambient condition filter press was used to 
determine the filtration volume loss of all the samples. The 
API filter press in this study is performed at 100 psi for a 
standard time of 30 min (Medhi et al. 2021). During testing, 
API-recommended practices 13B-1 and 13B-2 were rigor-
ously followed. For the behavior of the mud system, viscom-
eter reading at different rpm was gathered. Figure 4 illustrates 
the non-Newtonian behavior of the base drilling fluid.

Shale swelling and immersion test

For both immersion and swelling tests, shale sample was 
first crushed into the powder form. The powder form was 
than compacted in the OFITE compactor (Model 150–80-
230 V) at 8000 psi for 1.5 h (Lalji et al. 2021c). Once the 
powder form is transformed into a pellet, it was then ready 

Table 1   Sampling of the mud under investigation

Sample 1 Salt polymer mud Base mud
Sample 2 Nanoparticle mud Base Mud + 0.1 wt% GO
Sample 3 Nanoparticle mud Base Mud + 0.2 wt% GO
Sample 4 Nanoparticle mud Base Mud + 0.3 wt% GO
Sample 5 Nanoparticle mud Base Mud + 0.4 wt% GO
Sample 6 Nanoparticle mud Base Mud + 0.5 wt% GO
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Fig. 3   Murree shale formation 
geographical location (Ali et al. 
2015)

Fig. 4   Pseudo plastic behavior 
of the based mud system at 
300 K
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for the use in the swell meter for the swelling determina-
tion. Three pellets were placed in the three different swell 
meter cells. These cells were already calibrated using 
the proper calibration procedure. Each cell comprises 
of 20 mL of drilling fluid (Lalji et al. 2021c) in which 
shale samples were placed till the steady state condition 
is achieved, with no further change in sample height. Cell 
1 comprises of fresh water, whereas cell 2 comprises of 
Sample 5, while Sample 1 was in cell 3. Change in height, 
as recorded by the transducer, is then converted into per-
centage swelling, which was plotted against the experi-
mentation time.

For the immersion test, shale pellets were immersed in 
Samples 1 and 5 for at least 20 h (Aftab et al. 2017b). The 
purpose of the test was to investigate the rock fluid inter-
action and stability of the sample, which will be helpful 
during drilling operations.

Lubricity measurements

Lubricity of the mud was tested for 5 varying concentra-
tions ranging from 0.1 to 0.5 wt% using the OFITE lubric-
ity tester as shown in Figure 2. The rotating cup is first 
clean for 10 min with deionized water, in order to remove 
any impurity that exists from the previous test. The test 
mud samples were then placed in sample cup, and 150 
inch-pound of torque is applied to the test sample to meas-
ure the coefficient of friction (CoF) µ. Equations 1 and 
2 were used to determine the lubricity coefficient (Aftab 
et al. 2017).

(1)Correction Factor (CF) =
34

Av. Reading

(2)Lubricity Coeff icient =
Meter Reading ∗ CF

100

Qualitative hardness test

The qualitative hardness test was conducted on the sam-
ple after the rock fluid interaction. The purpose of this test 
was to measure the force required to disintegrate the sample 
after it has been exposed to mud system. The samples were 
exposed to different masses ranging from 3 to 15 kg. The 
masses were gradually increased until the sample starts to 
crack. The total mass required to break the shale sample was 
then recorded.

Results and discussion

Characterization of shale sample

Scanning electron microscope (SEM), both instinctively and 
quantitatively, provides the information related to shale pore 
size and its morphology. Figure 5 shows the SEM image 
of the shale sample. Irregularities can be observed on the 
surface of the shale sample. Apart for that, undulations can 
also be witnessed, thus signifying the crystalline type of 
structure on its surface. Moreover, because of montmoril-
lonite, there is significant stacking of sheet that exists in the 
material (Sengupta et al. 2008). Another reflection that can 
be made from Figure 5 is the presence of large number of 
micropores, which ultimately results in a large surface area 
of this formation. The mineral found in this shale formation 
are mostly quartz, smectite, diopside, kaolinite, illite, pyrite, 
hematite, and magnetite (Mughal et al. 2018). Figure 6 indi-
cates the ternary plot for the sample of shale developed from 
QXRD result. This ternary plot indicates 62% of quartz, 26% 
of clay, and remaining 12% of iron mineral. A total of 62% 
of the quartz indicates that the sample of shale is highly 
siliceous (Mughal et al. 2018). The presence of iron minerals 
are indication of the weathering and deposition of hydrother-
mal veins in the shale sample (Mughal et al. 2018). Exactly 
26% of the clay minerals that exist within this formation are 

Fig. 5   SEM analysis of shale 
sample
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because of the weathering of the primary minerals (Mughal 
et al. 2018).

Once the QXRD of the sample was performed, the shale 
sample was then tested for its cation exchange capacity 
(CEC). It was experimentally investigated that the sample of 
shale has the CEC of 17 meq

/

100gm . This value indicates 
a very high percentage of exchangeable ions on the surface 
of the clay mineral. Out of 26% of the clay mineral, 13.6% 
is a hydratable clay mineral smectite that is also known as 
montmorillonite. This mineral has the largest surface area 
of around 700–800 m2/g (Khan, et al. 2020) and comprises 
of large proportion of exchangeable ions on its surface. 
Moreover, illite has a surface area in range of 100–200 m2/g, 
which is also utterly responsible for this high CEC value 
(Khan, et al. 2020) in this shale formation.

Characterization of graphene oxide

Figure 7 shows the scanning electron microscope (SEM) 
analysis of graphene oxide. The image clearly demonstrates 
the wrinkled characteristics morphology of the sample. It 
further appears that different random sheets with distinct 
boundaries are combined together to form these wrinkled 

surface. Moreover, it is visible that exfoliation and folding of 
graphene oxide results from these crumpled surfaces.

Furthermore, as shown in Figure 8, the dispersion effect 
of GO was analyzed in three different solvents. GO was 
dissolve in solvents such as polar protic solution of deion-
ized water and 1-proponal and a polar aprotic solution of 
acetone with 45 min sonication to see the dispersion effect 
(Ravi Kumar 2019). It was observed that after 45 min, a 
colloidal suspension was obtained in deionized water. On 
the contrary, acetone and 1-propanol show poor dispersion 
effect of GO (Johnson and Karl 2015). Both the solvents 
demonstrate segregation of GO at the bottom of the test 
tube. It was further noticed that after the period of 3 days, 
all the three liquids show a formation of clear solvent and 
the settling of GO at the bottom, which indicates poor 
dispersibility of GO in these solvents.

Moreover, the structural characterization of graphene 
oxide was performed through transmission electron micro-
scope (TEM) imaging as shown in Figure 9. The dark areas 
in the figure indicate the stacking of several nanolayering 
of graphene oxide. On the other hand, the area with higher 
transparency indicates the stacking of few layers of gra-
phene oxide nanostructure exfoliation.

Fig. 6   Ternary plot develop 
from QXRD result showing 
the mineral composition of the 
shale formation
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Rheogram of nanoparticle‑based drilling 
fluid at different temperature

Figure 10 shows the Rheogram of water based drilling fluid 
having varying concentrations of nanoparticles are three dif-
ferent temperatures. All the plots indicate the shear thinning 

behavior at all temperatures. This pseudo plastic nature of 
the drilling fluid clear indicates towards the gel network that 
GO form inside the drilling mud. It was further evident from 
Fig. 10a–e that an increase in temperature causes a reduction 
in shear stress of the drilling fluid (Wang et al. 2012), (Zhao 
et al. 2008). Additionally, increasing the concentration of 
NPs in the mud system causes an increase in shear stress of 
the drilling fluid (Ahmed et al. 2020).

The flow behavior of the mud system at all three tem-
peratures follows non-Newtonian pattern. Hence, the shear 
stress versus shear rate is best tailored with Power law 
model. Furthermore, Figure11 shows the graphically rep-
resentation of the consistency index and fluid flow index 
of the drilling fluid at varying temperature and concentra-
tion of NPs. It is apparent from Figure 11a that increase 
in weight percentage of NPs in the base mud causes an 
increase in fluid consistency index (Messaoudi et  al. 
2018). This parameter further reveals the thickness of the 
mud that is form during drilling operations. Moreover, 
fluid low index is shown in Figure 11b. For shear thin-
ning behavior of the drilling fluid, this index is less than 
1 (Messaoudi et al. 2018). It was observed that for all 
concentrations of GO, this parameters remain below 1, 

Fig. 7   SEM analysis of gra-
phene nanoplatelet obtained 
from China-based company

Fig. 8   Dispersion effect of gra-
phene oxide in different solvent 
a after sonication, b 45 min, and 
c 3 days after sonication

(a) (b) (c)

Fig. 9   TEM images of graphene oxide
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(a) (b)

(c) (d)

(e)

Fig. 10   a–e (0.1-0.5 wt%) Rheogram of nanoparticle-based drilling fluid at different concentrations (Extreme left column for 300 K, middle col-
umn for 311 K and right column for 338 K at each shear rate). 
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which proves that this fluid does not loses its shear thin-
ning ability at all temperatures and concentration of GO.

Rheological properties and filtration test 
of drilling fluid

Effect of particle concentration and temperature 
on plastic viscosity

Figure 12 illustrates the effect of changing the tempera-
tures on the plastic viscosity of nanoparticles mud system. 

Generally, a higher value of PV for a drilling fluid will cause 
an increase in pumping rate for that fluid (Ali Esfandyari 
Bayata et al. 2018), (Lalji et al. 2021c), (Aramendiz and 
Imqam 2020). This property also describes the mechanical 
interaction that develops between the particles in the drill-
ing fluid (Aramendiz and Imqam 2020). It was observed 
that as the temperature increases, PV decreases (Aramendiz 
and Imqam 2020). Furthermore, it is apparent that increase 
in concentration of nanoparticles shows an increase in PV 
(Ahmed et al. 2020). This is because of the increase in total 
dispersed concentration of the solid particles in the mud 
system. Moreover, plastic viscosity was improved with the 

(a) (b)

Fig. 11   Power law model parameters: a consistency index; b fluid flow index

Fig. 12   Effect of temperatures 
along with nanoparticle concen-
trations on PV
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addition of GO. It was experimental investigated that at 
300 K, 311 K, and 338 K,the base mud had a plastic vis-
cosity of 19, 12, and 10 cP, respectively. However, at all 
three temperatures, PV values were increased that signifies 
the improvements in PV by using GO. It may be owing to 
resistance that develops by GO and the liquid medium of the 
drilling fluid (Aftab et al. 2017b). It is further evident that 
there is no considerable increase in PV, while the concentra-
tion of nanoparticles was change. This is because of the fact 
that there is no substantial change in the solid concentration 
in the base mud system.

Effect of particle concentration and temperature 
on yield point

Figure 13 demonstrates the effect of changing the tem-
perature along with nanoparticle concentration on yield 
point. In general, this rheological parameter is indispensa-
ble for efficient drill cutting transportation. It also exhibits 
the ability of the drilling fluid to remove the drill cutting 
from underneath the drill bit and carry it up to the sur-
face (Ismail et al. 2016), (Ahmed et al. 2020). As there is 
increase in temperature, a decrease in YP was observed 
(Aramendiz and Imqam 2020). Moreover, a direct rela-
tionship was observed between the NPs concentration and 
YP, which further indicates an improve removal of cutting 
from the wellbore up to the surface (Ahmed et al. 2020). 
However, critical zone begins at temperature of 338 K 
in Sample 6. This is the zone where PV is greater than 
YP,thus, at this point, the cutting carrying capacity of the 
drilling fluid vanishes that ultimately leads to problems 

such as high pump pressure or even packoff (Aramendiz 
and Imqam 2020). This problem is at a higher tempera-
ture than normal, which might be possible as a result of 
hydrolysis of the polymer used in the base mud (Aramendiz 
and Imqam 2020). However, before this point, the system 
works below the critical zone at all concentrations and tem-
peratures. Furthermore, it is evident that in Sample 5, there 
is a reduction in YP,nevertheless, it still under the critical 
zone. It can be explain that at this concentration, there is 
less coagulation of the particles.

Effect of particle concentration and temperature 
on gel strength

Gel strength is defined as the quantitative measure of the 
existence of electrochemical forces within drilling fluid 
when it is in static condition (Aramendiz and Imqam 
2020). When the pumps are turned off, drilling fluid has 
an ability to form a gel like structure that prevents drill 
cutting from settling down under the action of gravity 
(Lalji et al. 2021c), (Aramendiz and Imqam 2020). Fig-
ure 14a–b summarizes the results of gel strength at dif-
ferent temperature and varying concentration of NPs. It 
was observe that at both 10 s and 10 min, there is a slight 
increase in gel strength at all three temperatures (Ara-
mendiz and Imqam 2020). This ability of drilling fluid 
is considered as a positive feature as higher gel values 
complicate the process of cutting separation at the sur-
face (Aramendiz and Imqam 2020). The result for both 
gel strength demonstrated by Sample 2 was similar to A. 
Aftab et al. (Aftab et al. 2017b).

Fig. 13   Effect of temperature 
along with nanoparticle concen-
tration on YP
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Effect of particle concentration and temperature 
on API filter press

Figure 15a shows the filtration volume of mud with vary-
ing concentrations of NPs. It was observed that Sample 1 
resulted in 11.8 mL of filtrate volume, which reduces to 
5.5 mL for the Sample 5. The smaller size of the nano-
particles improves structures and viscoelastic properties 
that are responsible for the reduction of fluid volume loss 
(Aftab et al. 2017b), (Medhi et al. 2021). Furthermore, it 
was perceived that there was a negative impact on filtration 
volume once the concentration of NPs increases beyond 0.4 
wt% (Aramendiz et al. 2019). This is possible because of 

the aggregation of the NPs at higher concentration, which 
reduces the spacing between the particles and cause high 
permeable filter cake (Aramendiz et al. 2019). Addition-
ally, SEM analysis in Figure 15b was performed for the 
most optimized concentration of NP drilling fluid in order 
to evaluate the quality of the mud cake. The quality of the 
mud cake was analyzed based on toughness, hardness, and 
its durability (Lalji et al. 2021c), (Bayat et al. 2018). These 
factors ensure that using drilling operation wellbore integ-
rity should be maintained by reducing filtrate volume. It 
was observed that the mud cake form using the NP was 
smooth, which can form an effective seal and controls the 
filtrate volume loss.

(a) (b)

Fig. 14   Effect of temperature and nanoparticle concentration on gel strength: a 10 s and b 10 min

(a) (b)

Fig. 15   Effect of NP concentration on a low-pressure low-temperature (LPLT) API filter press and b SEM analysis for Sample 5
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Effect of particle concentration on lubricity 
measurement

One of the most important functions of drilling fluid is to 
lubricate the drill bit and drill string (Ismail et al. 2016). Fig-
ure 16 illustrates coefficient of friction (CoF) for the drilling 
fluid in this study. It was observed that CoF slightly decrease 
after the addition of NP in the base mud. For the Sample 5, 
CoF of the drilling fluid was low, thus indicating a better 
performance at this concentration. It is implicit that at this 
concentration, a slippery layer was developed between the 
borehole wall and the drill string, thereby minimizing the 
friction. This phenomenon is interesting because the shapes 
of the NPs play an important role in reducing the friction 
between the components. A. Aftab et al. in 2016 (Aftab et al. 
2017b) investigated better lubricity of the drilling mud with 
almost same additives. However, that study only reported 
lubricity at 0.1 ppb of concentration. At that concentration, 
the CoF reported was almost similar to 0.4 wt% concentra-
tion CoF in this study.

Shale‑fluid interaction

Immersion test and SEM analysis

A total of 15 g of shale samples were placed in compactor 
to form shale pellet. These samples were then immersed in 

salt polymer mud and nanoparticle mud system as shown in 
Figure 17a and b. The samples were placed for 20 h (Aftab 
et al. 2017b) in order to analyze the rock fluid interaction 
mechanism. It was notice that in Sample 1 (Figure 17a), 
high erosion and cracks were observed at the boundaries 
of the sample. This similar behavior of the mud was also 
witness by A. Aftab et al. (Aftab et al. 2017b) in their study, 
while minimum wearing and cracks were noticed in Fig-
ure 17b when the shale was immersion in Sample 5.

Figure 18 illustrates SEM analysis of the interaction 
between the NP mud and the shale formation. Before the 
interaction as shown in Figure 5, a large number of nano-
spacing was observed in the shale sample. However, after 
the treatment with Sample 5, it was observed that the nano-
particles effectively dispersed on the surface of the shale 
formation, thereby covering the nanospacing in the shale. It 
was further noticed that a stable structure was shaped during 
this rock fluid interaction.

Qualitative bulk hardness test

Table 2 depicts the qualitative hardness test of the shale 
sample when it comes in contact with the mud. During this 
test, two samples of shale that were used in the immersion 
test were used. On these samples, different weights were 
placed and qualitative hardness was evaluated. The results 
clearly show that the sample exposed to the salt polymer 
mud system was comparatively weaker than the sample 

Fig. 16   Effect of NPs concen-
tration on lubricity
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which was exposed to 0.4 wt% of NP. The sample exposed 
to salt polymer mud starts to crack when 6 kg of weight 
was placed on the sample, and it was permanently dam-
aged on 9 kg of weight. On the other hand, NP mud sample 
was almost 67% stronger and was completely disintegrate 
on 15 kg weight.

Figure 19 represents the schematic of the interaction 
between the GO and montmorillonite mineral in shale for-
mation. The active groups present in graphene oxide sheet 
such as hydroxyl, carboxyl, and epoxy interacts with the 
active functional groups of montmorillonite such as hydroxyl 

through hydrogen bonding (An et al. 2018). Moreover, GO 
is hydrophilic is nature, hence, this part attracts the hydro-
philic part of montmorillonite. This interaction makes the 
surface of clay mineral hydrophobic, which prevents further 
migration of water molecules and provides necessary stabil-
ity to the formation (Rana et al. 2020), (Lv, et al. 2020). Fur-
thermore, this communication helps nanoparticle to adsorb 
on the mineral surface and provide necessary hardness and 
strength.

Swelling test

Figure 20 shows the behavior of the shale sample when 
it was interacted with three different types of fluids, fresh 
water, Sample 1, and Sample 5. The samples were placed 
in linear dynamic swell-meter for the testing of shale swell-
ing behavior. The shale sample used in the study comprises 
of 26% of clay mineral as shown in Figure 6. A total of 
50% of 26% clay mineral is smectite, which demonstrates 
a very high swelling tendency because of large interlayer 
spacing and weak Vander’s Waals forces between its plate-
lets. When the pellet of shale was exposed to fresh water, 
the sample demonstrates a swelling percentage of almost 
20% at the end of 23 h. Moreover, the shale sample shows 
11.07% of swelling in Sample 1. This system comprises of 
18 g of KCL, which is acting as a shale swelling inhibitor. 
On the contrary, higher concentration of this compound can 
cause some serious environmental issues (Aftab et al. 2017). 

Fig. 17   Immersion test of shale 
sample in a base mud and b 
NP mud

(a) (b)

Fig. 18   SEM analysis of the shale sample after immersion test

Table 2   Qualitative bulk 
hardness test of shale sample

NC no change

S. no Sample 3 kg 6 kg 9 kg 12 kg 15 kg

1 Salt polymer mud NC Partially broken Broken –– ––
2 Sample 5 NC NC NC Partially Broken
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Furthermore, the swelling reduces to 8% when the sample 
comes in contact with Sample 5. We can conclude that the 
nanoparticle used in this study acts as a better clay swelling 
stabilizer, because it coats the shale pellet bodies and protect 
it from swelling and cracking.

Conclusion

In this work, the performance of nanoparticle-based 
mud system was evaluated, with the purpose of creat-
ing a favorable environment of drilling shale formation. 
Shale stability was assessed on the basis of immersion, 
swelling, and bulk hardness test. It was evident from 
the result that when the shale sample was immersed in 

nanoparticle mud system, it causes less erosion and cracks 
onto its surface. This is due to a reason that graphene 
oxide nanoparticles interrelates montmorillonite present in 
the shale sample with the help of chemical and hydrogen 
bonding. This communication provides a sound stability 
to the shale sample and retarded the diffusion phenom-
enon of water molecules. In addition, improvement in 
rheological properties was also observed by the addition 
of nanoparticles in the based mud system. Moreover, the 
mud system with nanoparticles yields high cutting carry-
ing capacity. This property found to be extremely useful 
when drilling a directional well having inclination greater 
than 30°, because at this inclination, cutting tends to settle 
down under the action of gravity if they are not properly 
suspended.

Fig. 19   Schematic of NP adhering mechanism in shale sample

Fig. 20   Swelling of shale 
sample using linear dynamic 
swell-meter
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