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and Najeebullah Lasharie

In the context of deep well drilling, the addition of functionalized additives into mud systems becomes

imperative due to the adverse impact of elevated borehole temperatures and salts on conventional

additives, causing them to compromise their intrinsic functionalities. Numerous biomaterials have

undergone modifications and have been evaluated in drilling muds. However, the addition of dually

modified tapioca starch in bentonite-free mud systems remains a notable gap within the existing

literature. This study aims to examine the performance of dually modified carboxymethyl irradiated

tapioca starch (CMITS) under high temperature and salt-containing conditions employing central

composite design approach; the study evaluates the modified starch's impact on mud rheology, thermal

stability, and salt resistance. The findings indicated that higher DS (0.66) and CMITS concentrations (8

ppb) improved plastic viscosity (PV), yield point (YP) and gel strength (GS), while increased salt and

temperature decreased it, demonstrating the complex interplay of these factors on mud rheology. The

developed empirical models suggested that DS 0.66 starch addition enhanced rheology, especially at

elevated temperatures, demonstrating improved borehole cleaning potential, supported by quadratic

model performance indicators in line with American Petroleum Institute (API) ranges. The optimized

samples showed a non-Newtonian behavior, and Power-law model fitting yields promising results for

improved cuttings transportation with starch additives.
Introduction

With the increasing demand for fossil fuels and the decrease in
the production rate in existing elds, more deep wells must be
drilled to full society's energy demand. The existence of high
temperatures and pressures in such deep formations demand
high-performance mud systems to drill a well successfully.1

Moreover, the environmental concerns regarding the conven-
tional chemicals used to improve the mud properties are
important. Green and sustainable additives could be intro-
duced in the oil industry which would reduce the cost and
detrimental effects on the environment.2

In the past decades, mud's suspension capabilities and uid
loss control properties have been an industry research focus.
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Numerous solutions have been suggested to enhance mud
properties, particularly mud rheology, for successful drilling
operation. It is considered one of the crucial parameters that
leads to completing a well in an efficient way.3–5 With the
increase in downhole temperature, the conventional mud
additives including biopolymers and cellulose derivatives
degrade, resulting in the deterioration of mud properties.6,7 In
order to address these identied limitations, investigations are
currently in progress aimed at identifying substitute materials
in lieu of the conventional mud additives.

In recent years, non-damaging bentonite-free water-based
muds have been used widely due to their better performance.8

The main additives for regulating rheological and ltration
properties of non-damaging muds are comprised primarily of
acid-soluble resources, such as biopolymers, cellulose, inhibi-
tors, and calcium carbonate. Such polymeric materials are
proven to enhance viscosity and gel strength even at low
concentrations. The starches, which are commonly used as
rheology modiers and uid loss control agents, possess lower
thermal stability and thus lose their basic functions when
exposed to high-temperature conditions.9 Thermal degradation
of starch and cold-water solubility are the costly pitfalls of
drilling operations, which lead to further operational problems,
including uid loss, barite sagging, drilling interruptions,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Experimental design flowchart.
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formation damage, and pipe sticking.10–12 Literature studies
showed that starch polymers lose their primary functions aer
249.8 °F.13 It is important to maintain the stability of non-
damaging muds' rheological characteristics at high tempera-
tures.14,15 In addition, the existence of excessive salts at the
subsurface also impairs the rheological properties of mud
containing starch and other biopolymers. The salt resistance
has a detrimental inuence on the mud's rheology, which
ultimately lowers the mud's ltration characteristics and leads
to higher uid loss into the formation. Recent research reported
that cross-linking and etherication are the better starch
modication approaches for thermal stability enhancement
without affecting its eco-friendly nature. In addition, when the
carboxymethyl functional group is added to starch, its bacterial
resistance also increases.15–17

Several researchers have emphasized the signicance of
modied starches,18–22 cellulose derivatives,7,23,24 and native
biomaterials25,26 for enhancing the rheological properties of mud.
Nevertheless, there remains a necessity to enhance the temper-
ature and salt resistance characteristics of these muds, particu-
larly for their application in deep well drilling. Therefore, further
investigation is required to explore and reveal advancements in
material structures for potential utilization in drilling uids.

The latest literature emphasizes the requirement for high-
performance mud systems in drilling deep wells to meet
growing energy demands while emphasizing environmental
concerns linked to conventional chemicals. The challenges of
temperature and salt resistance in starch-containing muds are
identied, but there's a need for detailed insights into existing
solutions and potential research gaps. In addition, the appli-
cation of etheried starch in water-based muds is mentioned,
but its rheological behavior in this context is not explored,
constituting a gap in the understanding of its performance.
Gamma irradiation is introduced as an environmentally
friendly process for modifying starch, additional information
on its applications and limitations in the oil industry is lacking.
Therefore, a more in-depth analysis of existing technologies,
recent research, and specic gaps in mud rheology, environ-
mental sustainability, and modied starch applications is
essential for a comprehensive understanding and further
advancements in drilling uid technologies.

The current work is an extension of our previous research,27

which is focused on the utilization of the dually modied
tapioca starch in water based drilling muds. The performance
of the modied starch has been assessed in terms of mud
rheological characteristics using central composite design
approach. The thermal and salt resistance capabilities have also
been investigated in this work. Finally, four empirical correla-
tions have been developed and the models were validated and
optimized through further experiments.

Materials and methods
Materials

In housed dually modied carboxymethyl starch with various
degrees of substitution (DS: 0.56, 0.64 and 0.66) have been used.
Premium-grade xanthan gum (XG), and polyanionic cellulose
© 2023 The Author(s). Published by the Royal Society of Chemistry
(PAC) were precured from Scomi Oiltools and have been used
without further process. Calcium carbonate, sodium hydroxide
(NaOH), and salt (sodium chloride) were purchased from A&M.
Experimental design

Design expert is a statistical soware package that provides
powerful tools to plan an ideal experiment on a process,
mixture, or combination of factors and components. The
graphical tools can aid in identifying the impact of each factor
on the desired responses and reveal abnormalities in the data.
In the current work, response surface methodology (RSM) was
applied, which is a user-friendly statistical tool for designing,
analyzing, optimizing, and validating experimental ndings.28

The current design used the RSM based on the central
composite design (CCD) to obtain the mathematical correlation
between selected factors and responses describing factors'
interactions. Four parameters were considered as factors,
including the starch degree of substitution (0.56, 0.64 and 0.66),
starch dosage (0–8 ppb), salt concentration (0–6 M NaCl), and
temperature (70–300 °F). The DS values were selected based on
the three highest values obtained from carboxymethylation. In
addition, plastic viscosity (PV), yield point (YP), and gel strength
(both 10 s and 10 min) were selected as responses. The ow-
chart of RSM is given in Fig. 1. The levels of factors and the
corresponding codes of different independent variables are
shown in Table 1.

The process performance was assessed by evaluating the
responses based on the input factors X1, X2,.Xn. The general
relation between response parameters and input process
parameters is described by eqn (1):

Y = f(X1, X2, X3,.Xn) + error (1)

where f represents the actual response function and error
describes the differentiation.
RSC Adv., 2023, 13, 32904–32917 | 32905
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Table 1 Factor's design and corresponding codes

Factor Units Codes

Levels

Low High −alpha +alpha

Degree of substitution — X1 0.56 0.66 0.56 0.66
CMITS concentration ppb X2 0 8 0 8
Salt concentration ppb X3 0 6 0 6
Temperature °F X4 70 300 70 300
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In order to predict optimum conditions, the quadratic
equation model of the response Y derived is a function of the
levels of independent variables represented according to eqn
(2). It is a second-order polynomial equation model for pre-
dicting the optimum point between factors and responses.29

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biixi
2 þ

Xk

ti¼j

Xk

j

bijxixj þ.e (2)

where b is the regression coefficient, i and j are the linear and
quadratic coefficients, respectively, k represents the number of
examined factors optimized by the experiment while e repre-
sents the random error.30

Design expert was used for empirical model development,
optimization, and conrmation of the models. The optimiza-
tion module searches for a combination of factor levels that
simultaneously satisfy the criteria placed on each of the
responses and factors. It uses the models to search the factor
space for the best trade-offs to achieve multiple goals.
Mud preparation

All the mud blends were prepared considering the standard
procedure dened by API. Initially, the multimixer cup was
cleaned and lled with 350 mL of deionized water, with a pH
maintained at 9.0–9.5 by adding sodium hydroxide. Xanthan
gum was then added to the water at a concentration of 1.5 ppb.
It was mixed for 30 minutes at 11 500 RPM using Fann Multi-
mixer (Fann Model 9B) to ensure a homogenous mixture while
intermittently dislodging any clinging to the wall of the mixing
cup. Fluid loss control agents, including polyanionic cellulose
(2 ppb) andmodied starch (dened by DOE), were added to the
mixture. Sodium chloride was added according to the DOE, and
nally, 120 ppb of sized calcium carbonate was added to the
mixture to achieve the required mud weight. The mixture was
again mixed for 20 minutes. The base mud was composed of all
the mentioned additives except CMITS.
Performance evaluation

Several experimental equipment was used to evaluate the
potential of modied starch for drilling uid applications. The
main apparatuses used in this experimental study include
a rheometer (Discovery HR-1 TA Instruments, USA), viscometer
(Fann 35A), and hot roll oven (Fann Model: 705ET). Mud
samples were subjected under a wide range of shear rates (0.01–
1200 s−1). The concentric cylindrical geometry was used for
testing the muds, as such geometries are generally used for low
32906 | RSC Adv., 2023, 13, 32904–32917
viscosity uids.31 The obtained data were examined by tting
the experimental data with the three frequently used models,
including Bingham plastic, Power law, and Harshal Bulkley
models to understand the best-tted model for the selected
mud samples.

Drilling uid viscosity was measured using the API rotary
viscometer. It is an industrial API recommended viscometer
with coaxial cylinders. The uid was placed between a rotor
(sleeve) and a bob (solid cone). During rheology measurements,
the viscous drag force applied by the uid causes a torque on
the bob, and a transducer evaluates the bob's deection.
According to American Petroleum Institute (API) standards, the
mud rheological performance was measured in terms of plastic
viscosity, yield point, and gel strength. The formulated mud
sample was placed in the annular space between two concentric
cylinders, and a steady rotational velocity was applied. Each
experimental run was repeated three times to conrm its
repeatability.

To mimic the reservoir conditions, the samples were sub-
jected to high temperature in hot roll oven for 16 hours. Later,
the mud rheology was measured to understand the inuence of
high temperature on the mud rheology.
Results and discussion
Effect on mud rheological properties

Various parameters signicantly inuence the mud's rheolog-
ical properties, including the degree of substation (DS), CMITS
concentration, salt concentration, and temperature. The
following sections discuss three mud rheological properties,
including plastic viscosity, yield point, and gel strength (10 s
and 10 min).
Plastic viscosity

The inuence of both degrees of substitution and CMITS
concentration of the CMITS (DS 0.66) starch on the plastic
viscosity of the mud is assessed and shown in Fig. 2(a). It can be
observed that the increase in DS value also enhanced the plastic
viscosity of the mud. The base mud showed a PV value of 16 cP.
Considering the maximum CMITS concentration at 8 ppb, and
salt concentration at 0 ppb at 70 °F, the PV for DS 0.56, 0.64 and
0.66, was 22, 27 and 29 cP, respectively. This increase corre-
sponds to 47 and 80, and 93% increase when compared with the
sample without starch. The ndings show a direct relationship
between CMITS dosage and the PV.

The sample without CMITS depicted the lowest PV because
the given viscosity is due to the presence of xanthan gum and
PAC, which supported the other mud additives to form a viscous
mud. In contrast, the mud viscosity was increased due to the
addition of high DS CMITS, where more carboxyl groups are
attached to the starch. The carboxymethyl group concentration
in modied starch molecules increased with increasing its
degree of substitution (DS), resulting in the carboxymethyl
group's hydrophilic characteristics, which further aids CMITS
molecules in dissolving and extending in solution. It is known
that biopolymers improve the rheology of mud due to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Influence of (a) DS and CMITS dosage, (b) DS and salt dosage, (c) DS and temperature, (d) CMITS and salt dosage, (e) CMITS dosage and
temperature, and (f) salt dosage and temperature on the plastic viscosity.
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absorption and development of solvation shells, and these were
further increased in the carboxymethylation.

Fig. 2(b) shows the combined effect of salt and CMITS
concentration on the PV. The mud without salt showed better
performance in terms of rheology. However, a downward shi
in the PV was observed when the salt concentration was
increased. The PV at zero salt concentration and maximum salt
concentration (6 M NaCl) was 29 and 25 cP for the highest DS
© 2023 The Author(s). Published by the Royal Society of Chemistry
starch, which showed a decrease of 14% at 70 °F. Compared
with the DS 0.56, the PV was reduced from 23 to 19 cP, which is
17% decrease. The ndings showed that the increase in salt
content in the mud declines the viscosity, and a higher effect
can be observed at the lower DS. This decline is attributed to the
salt electrolyte weakening of the intramolecular ionic bonding,
causing the molecular chain conformation to shi from curly
spherical to exible. With the rising electrolyte content of
RSC Adv., 2023, 13, 32904–32917 | 32907
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Fig. 3 Influence of (a) DS and CMITS dosage, (b) DS and salt dosage, (c) DS and temperature, (d) CMITS and salt dosage, (e) CMITS dosage and
temperature, and (f) salt dosage and temperature on the yield point.
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sodium chloride, this effect becamemore severe in the presence
of high temperatures.

The performance of the CMITS in the presence of higher
temperatures is shown in Fig. 2(c). It is revealed that for CMITS
0.56, the PV declined from 22 to 9 cP when the temperature was
increased from 70 to 300 °F. This is a 59% reduction. While
under the same conditions, the DS 0.66 showed reduced PV
32908 | RSC Adv., 2023, 13, 32904–32917
from 29 to 16 cP, corresponding to a 45% decrease. The ndings
show that higher DS starch can sustain in a high-temperature
environment. Although the PV of all the CMITS-based mud
samples progressively declined as the NaCl concentrations
increased, but the higher degree of substitution starch showed
enhanced performance.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2(d) shows the inuence of salt and CMITS concentra-
tion. It is observed that the base uid showed 16 cP plastic
viscosity without salt concentration. When the salt concentra-
tion was increased to 6 M NaCl, the PV was reduced to 14. On
the other hand, the PV of the CMITS 0.66 increased to 29 cP at
8 ppb concentration. Similarly, at the highest salt concentration
(6 M NaCl), the PV of the 8 ppb CMITS starch was recorded as 25
cP. These ndings demonstrated that CMITS-based uids were
salt resistant to a signicant degree. This is attributed to the fact
that a thick layer of hydration was developed around the
macromolecule, shielding the counter ion and improving the
CMITS drilling uid's salt resistance. Moreover, the introduc-
tion of the carboxymethyl group to native starch, combined with
gamma irradiation, resulted in a considerable increase in
charge number and steric hindrance.

Fig. 2(e) demonstrates the plastic viscosity response when
various CMITS concentrations were used at different temperature
conditions. The CMITS concentration showed a better response
at ambient (70 °F) and higher temperatures (300 °F). The PV at 70
°F without CMITS concentration was 16 cP, while at 300 °F, the
PV was 4 cP, which decreased by 75%. On the other hand, the
increase up to 2 ppb CMITS concentration resulted in PV of 20 cP
and 8 cP at 70 and 300 °F, respectively. This decrease corresponds
to 60%. Similarly, the PV value of the 8 ppb CMITS concentration
was 29 and 16 cP at 70 and 300 °F, respectively. This is a decrease
of 45%, which is the lowest decrease out of the studied samples.
In the current work, the lowest value of PV at 300 °F is still
acceptable according to API recommendations. It is considered
that an optimum PV could enhance the rate of penetration and
demand the least pump load. The ndings revealed that the
modied starch enhanced the plastic viscosity even at higher
temperature conditions. The rheological properties of water-
based mud are susceptible to higher temperatures; thus, the
optimum properties are very important to be obtained under
such harsh conditions. In the current study, gamma irradiation
and carboxymethylation enhanced starch thermal stability,
improving mud rheology at higher temperatures.

The stability of the mud viscosity in the presence of salt was
used to determine their salt resistance. Fig. 2(f) presents the
combined effect of temperature and salt concentration on the
mud viscosity when CMITS (DS 0.66) was added. At 70 °F and
without salt concentration, the PV was the highest (29 cP), while
it reduced to 25 cP (14% decrease) when the salt concentration
increased to 6 M NaCl. However, when the temperature rose to
300 °F, the plastic viscosity reduced to 16 cP and 12 cP with
0 and 6 M NaCl concentrations. This corresponds to a 25%
decrease. It shows that the combined effect of salt and
temperature degrades the starch's thermal resistance, reducing
the overall thermal stability of the mud. Although the highest
DS starch performed better, but the longer exposure to the
temperature reduced the capabilities of themud in the presence
of excess salts.
Yield point

The yield point of mud is a very important parameter and, at
owing conditions is determined by the electrochemical
© 2023 The Author(s). Published by the Royal Society of Chemistry
charges in the mud. Chemical additives are generally added
into the mud to control yield stress.32 The yield stress is caused
due to the particle–particle interaction. The mud particles
might be charged to attract each other, resulting in a high yield
point, or they could be similarly charged, leading to a reduced
yield point. It is worth mentioning that the yield stress is related
to plastic viscosity; thus, almost similar trends have been
observed as PV. Fig. 3 shows the effect of different parameters
on the yield point. In Fig. 3(a), at 70 °F, without salt and CMITS
concentration, the base mud resulted in a YP value of 22 lb/100
2. For the same temperature, the 2 ppb starch with DS 0.56,
0.64 and 0.66 resulted in the yield stress of 25, 27 and 33 lb/100
2, respectively. The results show a positive trend with CMITS
degree of substitution, increasing 14, 23 and 50% for the
studied starches. Similarly, with the increase in starch
concentration to 8 ppb, YP was reported as 35, 45 and 51 lb/100
2 for DS 0.56, 0.64 and 0.66, respectively. These correspond to
59, 104 and 132% increase for DS 0.56, 0.64, and 0.66,
respectively.

On the other hand, the salt concentration reduced YP values,
as shown in Fig. 3(b). It was noted that without salt concen-
tration, the DS 0.56 resulted in the YP value of 35 lb/100 2. At
0.64 and 0.66, the YP was recorded as 45 and 51 lb/100 2,
showing an increase in the yield stress. When the salt concen-
tration was increased to 6 M NaCl, the YP was reduced to 30, 38
and 44 lb/100 2 for DS 0.56, 0.64 and 0.66, respectively. It
shows a 14, 16 and 13% decrease for the studied starches. It is
attributed to the damaged network structure between the starch
and other mud additives. This damage to the network structure
between starch and other additives induced by NaCl in a drilling
uid system can be attributed to multiple factors. The ionic
nature of NaCl, leading to the dissociation of sodium ions (Na+)
and chloride ions (Cl−), disrupts the electrostatic interactions
between charged functional groups in starch molecules and
other additives. This interference weakens cohesive forces
within the network structure. Additionally, NaCl induces
a “salting out” effect, reducing the solubility of polymers and
potentially causing their precipitation or aggregation, further
impacting the overall structure of the uid. Alterations in water
activity due to the presence of NaCl inuence the hydration and
swelling behavior of starch molecules, contributing to changes
in the network structure and viscosity of the drilling uid.
Moreover, osmotic effects induced by NaCl result in water
movement across the polymer network, exerting stress that
disrupts intermolecular interactions within the starch and
other additives. Collectively, these mechanisms highlight the
intricate ways in which NaCl can detrimentally affect the
network structure of a drilling uid.

Fig. 3(c) demonstrates the combined effect of temperature
and degree of substitution on the YP values. When the
temperature was raised from 70 °F to 300 °F, the YP declined
from 35 to 11 lb/100 2 for DS 0.56. While for DS 0.64, the YP
declined from 45 to 17 lb/100 2. Similarly, the YP was reduced
from 51 to 22 lb/100 2 for DS 0.66. The percent decrease for DS
0.56, 0.64 and 0.66 samples were 69%, 62% and 57% respec-
tively. It depicts that the higher DS starch performs superior at
high-temperature conditions. Temperature is considered one of
RSC Adv., 2023, 13, 32904–32917 | 32909
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the critical factors which have a more detrimental effect on
WBM than OBM. This effect was further increased when the
mud was exposed under pressurized conditions for a longer
time. It is evident from the results that with an increase in
temperature, the overall viscosity of themud was reduced due to
the destruction of the complex network structure developed
among the mud additives in the presence of water. It is due to
the fact that more water diffuses into the starch granules and
causes weakness in the hydrogen bonds in the amorphous
region of the starch granules.

The combined effect of starch and salt concentration is
shown in Fig. 3(d). As the concentration of starch increases
from 2 ppb to 8 ppb, the yield stress also increases, showing
a positive trend. For the base uid, the YP was 27 when the salt
concentration was zero. At the same time, at 6 M NaCl
concentration, the YP reduced to 24, showing that the bioma-
terials, including xanthan gum, partially degraded with the
addition of salt. When the CMITS 0.66 was added to the mud
with a 2 ppb concentration, the YP raised to 32 and 28 lb/100 2

for zero and 6 M NaCl concentration. With a further increase in
CMITS concentration to 8 ppb, the YP was raised to 51 and 44
lb/100 2 for 0 and 6 M NaCl concentrations. The results
showed that the higher degree CMITS performs better in terms
of starch resistance at ambient conditions.

Fig. 3(e) illustrates the effect of temperature and CMITS
concentration on yield stress. It shows a decrease from 27 to 6
lb/100 2 for the base sample from 70 to 300 °F. When the
concentration of CMITS was 2 ppb, it rose to 32 and 9 lb/100 2

for the same temperatures, which is an increase of 19% and
50% for 70 and 300 °F, respectively. By increasing the CMITS
concentration to 8 ppb, the YP increases to 51 and 22 lb/100 2

at 70 and 300 °F, respectively. Compared with the base mud,
this is the highest value of the YP, and the percent increase in
YP is 89 and 267% for the selected temperatures. From the
current results, it is noticed that better performance in terms of
YP was obtained both at low and high temperatures when the
higher DS CMITS was used as an additive.

The combined effect of salt concentration in the presence of
temperature is shown in Fig. 3(f). At 70 and 300 °F, the mud
without salt showed the YP values of 51 and 22 lb/100 2.
However, when the salt concentration increased to 6 M NaCl,
the YP declined to 44 and 16 lb/100 2 for the studied temper-
atures. This corresponds to a percent decrease from 14 and 27%
for 70 and 300 °F, which shows that still, the mud is capable of
carrying cuttings in such harsh conditions of temperature and
salt concentration.
Gel strength

The results of gel strength (both 10 s and 10 min) for the
formulated mud are presented in Fig. 4 and 5. Fig. 4(a) shows
that the gel strength of the base mud without CMITS concen-
tration was 10 lb/100 2 at 70 °F. When a 2 ppb CMITS 0.56
concentration was added, the GS value increased to 12 lb/100
2. With a further increase in starch concentration to 8 ppb,
the GS (10 s) was recorded as 16 lb/100 2. Likewise, the CMITS
0.64 and 0.66 were tested for the same temperature conditions,
32910 | RSC Adv., 2023, 13, 32904–32917
where the GS was raised to 23 lb/100 2 and 26 lb/100 2 with
the 8 ppb CMITS concentration. This is an increase of 60, 130
and 160% for DS 0.56, 0.64 and 0.66 with a dosage of 8 ppb
CMITS. From the results, it is observed that the CMITS and the
degree of substitution positively affect the gel strength of the
mud.

Fig. 4(b) demonstrates the combined effect of salt concen-
tration and degree of substitution on mud's gel strength (10 s).
When the salt concentration was zero and CMITS concentration
was 8 ppb, the gel strength was observed as 16, 23 and 26 for DS
0.56, 0.64 and 0.66, showing an improvement in the gel strength
due to the higher DS starch. However, when the same sample
was tested by adding salt with 6 M NaCl concentration, the GS
reduced to 14, 19 and 22 lb/100 2 for DS 0.56, 0.64 and 0.66,
respectively. It shows a decrease of 12.5%, 17% and 15%. This
revealed that the modied starch is more salt-tolerant than the
base mud. Although the reduction in the gel strength was
observed due to the addition of salt, the changes in the GS
values are still acceptable according to the API
recommendations.

Similarly, Fig. 4(c) illustrates the effect of the degree of
substitution and temperature on the gel strength. At 70 °F, the
CMITS starch with DS 0.56, 0.64 and 0.66 resulted in a GS of 13,
23 and 26 lb/100 2, respectively. While at higher temperatures
(300 °F), the same starches showed 3, 7 and 10 lb/100 2,
respectively. It shows that the percentage reduction was 77, 69
and 61% for the studied starches. The gelling property of the
mud deteriorated because of the more prolonged exposure to
high temperatures. Although there is an overall reduction in the
GS, but the minimum reduction was observed when DS 0.66
starch was added to the mud. This shows that the higher DS
(0.66) starch can sustain high temperatures compared to the
lower DS (0.56) starch and base mud.

Fig. 4(d) shows the combined effect of salt concentration and
CMITS loading. It is observed from the results that the base
uid yielded a GS of 14 lb/100 2, while when the salt concen-
tration was increased to 6 MNaCl, the value was reduced to 8 lb/
100 2. The GS was increased from 14 to 17 when the 2 ppb
concentration was added without the salt, while the value was
reduced to 11 at 6 M NaCl concentration. At 8 ppb CMITS
concentration, the GS was found 26 and 21 lb/100 2 for 0 and
6 M NaCl concentrations. It revealed that the GS has also been
affected by salt concentration. But the highest DS (0.66) starch
has less reduction than the others. The CMITS concentration
also contributed signicantly, and the resultant GS values are
still acceptable according to the API standards.

Likewise, the effect of CMITS concentration and temperature
is shown in Fig. 4(e). At 70 °F, the base uid shows the GS of 14,
while at high temperature (300 °F), it reduced to 3 lb/100 2. On
the other hand, when the starch concentration was raised to 2
ppb, the GS also increased to 16 and 4 at 70 and 300 °F,
respectively. With a further increase in starch concentration to 8
ppb, the highest GS was obtained at 26 and 10 for 70 and 300 °F,
respectively.

Fig. 4(f) shows the effect of temperature and salt concen-
tration on the GS. At 70 °F and 0 salt concentration, the GS was
26, while at 6 M NaCl concentration, it reduced to 22,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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corresponding to a decrease of 15%. When the temperature was
increased to 300 °F, the 0 salt concentration showed 10 lb/100
2, while at 6 M NaCl, it reduced to 9, a decrease of 10%.

From the current ndings, it can be concluded that the salt
concentration and temperature have a negative impact on the
rheological properties of the mud. In contrast, CMITS
Fig. 4 Influence of (a) DS and CMITS dosage, (b) DS and salt dosage, (c)
temperature, and (f) salt dosage and temperature on the gel strength (10

© 2023 The Author(s). Published by the Royal Society of Chemistry
concentration and degree of substitution positively inuenced
the mud properties. Furthermore, when compared with the
base uid, it is noticed that signicant improvements have been
seen in the rheological properties. From the literature,33,34 it has
been noted that a properly formulated drilling uid should have
a 10 s gel strength greater than at least 4 lb/100 2, and the
DS and temperature, (d) CMITS and salt dosage, (e) CMITS dosage and
′).

RSC Adv., 2023, 13, 32904–32917 | 32911
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Fig. 5 Influence of (a) DS and CMITS dosage, (b) DS and salt dosage, (c) DS and temperature, (d) CMITS and salt dosage, (e) CMITS dosage and
temperature, and (f) salt dosage and temperature on the gel strength (10′).
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10 min gel strength should be higher than a minimum of 6 lb/
100 2. The current ndings are in agreement with the literature
because all the values lie in the range.

Similar to the 10 s gel strength, Fig. 5 generally shows similar
trends for 10 minutes gel strength for all the selected
parameters.
32912 | RSC Adv., 2023, 13, 32904–32917
Statistical analysis: analysis of variance

Analysis of Variance (ANOVA) was used as the testing method in
the current work. The F-test was used to determine the p-values.
Aer conducting ANOVA, the p-value of all the selected factors
was less than 0.05. This implies that an increase in both the
CMITS dosage and degree of substitution enhances the selected
© 2023 The Author(s). Published by the Royal Society of Chemistry
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properties of the mud. In comparison, the salt concentration
and temperature showed a negative trend for the studied
samples. Moreover, the salt resistance of the higher DS starch
(0.66) was higher as compared to the lower DS starch (0.56).

The following equations (eqn (3)–(6)) have been developed
based on the ANOVA analysis by considering the quadratic
model, resulting in the highest R2 and least p-values.

PV = 20.4264 + 1.8A + 4.4B − 1.2C − 6.2D + AB − 0.1AC

− 0.1AD − 0.6BC − 0.3BD + 0.1CD + 0.3A2 − 1.4B2

+ 0.1C2 − 6.4D2 (3)

YP = 20.3 + 3.2A + 6.1B − 1.9C − 10.9D + 3AB − 0.38AC

− 1.5AD − 0.95BC −2.1BD + 0.3CD + 5.1A2 + 0.8B2

− 1.65C2 − 3.7D2 (4)

GS (10 s) = 5.3 + 2.1A + 3.6B − 0.96C − 5.2D + 1.6AB

− 0.7AC − 0.8AD + 0.3BC − 1.3BD + CD + 1.8A2

+ 1.4B2 − 1.1C2 + 1.9D2 (5)

GS (10 min) = 9.86 + 1.6A + 4.5B − 1.4C − 8D + AB

− 0.4AC − 0.1AD + BC − 1.9BD + 1.5CD

+ 1.6A2 + 2.6B2 − 1.4C2 + 1.6 − 1.65D2 (6)

where A, B, C, and D represent the degree of substitution, CMITS
concentration, salt concentration, and system temperature,
respectively.

From the above equations, it can be observed that the degree
of substitution and CMITS concentration have a positive effect.
In contrast, the salt dosage and temperature have a negative
effect on the overall efficiency of the mud. It has been experi-
mentally conrmed that the mud rheological ndings showed
that the base mud depicted very unacceptable viscosity at
Table 2 Performance indicators of the developed models

Parameters PV YP GS (10 s)
GS (10
min)

R2 0.98 0.95 0.94 0.97
Adjusted R2 0.97 0.93 0.93 0.96
Predicted R2 0.96 0.91 0.90 0.93
Adeq. precision 40.73 29.36 28.99 33.65
Standard deviation 1.37 3.33 1.81 1.90
Mean 14.87 21.60 8.98 13.62
p-value 0.09 0.08 0.12 0.11

Table 3 Rheological parameters optimization criteria

Parameter

Factors Degree of substitution
CMITS concentration
Salt concentration, M NaCl
Temperature, °F

Responses Plastic viscosity, cP
Yield stress, lb/100 2

Gel strength (10 s), lb/100 2

Gel strength (10 min), lb/100 2

© 2023 The Author(s). Published by the Royal Society of Chemistry
elevated temperatures. This effect was further worsened when
salt was added to the mud. Aer adding starch with a higher DS
value, signicant results in terms of rheology improvements
were obtained, which is a good indication for borehole cleaning
due to proper cuttings transportation. The higher degree of
substitution improved the plastic viscosity because more
carboxyl groups were added to the starch chain, increasing its
solubility and resulting in the gelled uid. Additionally, better
performance was obtained from the highest DS sample when
exposed to the elevated temperature for a longer time (16
hours). It conrms that the presence of carboxyl groups
enhanced the stereo-hindrance effects and reduced the degree
of intramolecular rotation, resulting in easy curling. Thus, the
formulated mud samples demonstrated excellent temperature
resistance when exposed to higher temperatures for longer
times.

Table 2 shows the performance indicators for the developed
quadratic models. It is observed that all the parameters showed
an R2 value greater than 0.90, indicating that the models are
signicant. Similarly, the standard deviation and mean values
of the parameters are in the acceptable ranges of the API.
Additionally, the predicted R2 of all the studied parameters
reasonably agrees with the adjusted R2 values (the difference is
less than 0.2). The adequate precision that measures the signal-
to-noise ratio is found greater than 4, which is desirable. Thus,
the developed models can be used to navigate the design space.

Rheological modelling

It is vital to understand the correlation between shear stress and
shear rate in order to analyze the behavior of drilling mud and
its potential to suspend and carry drilled cuttings. The devel-
opment of an appropriate rheological model is essential for
Goal Lower limit Upper limit

Equal to 0.66 0.56 0.66
In range 2 8
In range 0 6
In range 70 300
In range 15 25
In range 20 35
In range 10 25
In range 12 30

Table 4 Selected mud blends for rheological modelling

Sample DS CMITS conc. Salt conc. Temp. Desirability

1 0.66 3.150 3.102 70 0.987
2 0.66 8.000 2.889 215 0.824
3 0.66 8.000 4.98 194 0.814
4 0.66 8.000 4.81 208 0.748
5 0.66 7.529 1.41 218 0.739
6 0.66 7.921 4.4 197 0.832
7 0.66 8.000 3.87 204 0.842
8 0.66 3.07 2.44 79 0.961

RSC Adv., 2023, 13, 32904–32917 | 32913
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a comprehensive description of the rheological properties of
drilling muds. Drilling uids are non-Newtonian in nature,
showing a non-linear relationship between shear rate and shear
Fig. 6 Rheological model fitting of optimized mud blends with the exis

32914 | RSC Adv., 2023, 13, 32904–32917
stress. In this work, eight mud blends were selected based on
the optimization performed by DOE soware. The criteria for
optimization were set as given in Table 3. The selected mud
ting models (based on Table 4).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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blends given in Table 4 were tested for their rheological
behavior.

All the model's data was plotted using the existing models,
including Bingham plastic (BPM), Power-law (PLM), and Her-
shal Bulkley (HBM) models, as shown in red, blue, and green
lines, respectively. The scattered points (black) show the
experimental data obtained from the rheometer.

The rheometer readings in terms of shear stress and shear
rate were plotted and presented in Fig. 6. All the tested samples
showed a nonlinear relationship between shear stress and shear
rate. From the rheograms, it was found that the shear stress
values of the mud containing 3.150 ppb CMITS and salt
concentration of 3.102 M NaCl at 70 °F showed a model best
tted with the Power-law model. Similarly, the 8 ppb CMITS
concentration with a salt concentration of 2.889 M NaCl at 215 °
F showed relatively less stress value. It is due to the effect of
temperature and salt concentration. Still, the mud was found
stable at this temperature. In sample 3, at 194 °F, the mud
containing CMITS concentration 8 ppb and salt concentration
4.98 M NaCl showed higher yield stress than other studied
samples. For sample 4, the rheograms showed a similar
performance as sample 1 but with a higher stress value. It is due
to the addition of more solid particles (CMITS and salts) to the
mud. Likewise, in the sample containing CMITS concentration
of 7.529 ppb and 1.41 M NaCl at 218 °F, the stress was reduced
sharply. In this case, the Bingham plastic model (red) line starts
nearly from zero, showing the least yield stress value. In sample
6, the CMITS concentration was 7.921 ppb, and the salt
concentration was 4.40 M NaCl, resulting in acceptable values
and tting with the Power-law model. Sample 7 containing
8 ppb CMITS and 3.87 M NaCl concentration was tested at 204 °
F, which also yielded a yield stress value of less than 10 Pa for
the Bingham model. Finally, the lowest CMITS dosage of
3.07 ppb and salt concentration of 2.44 M NaCl at 79 °F resulted
in a less than 2 Pa yield stress value.
Fig. 7 Shear rate vs. viscosity response of the optimized samples
(based on Table 4).

© 2023 The Author(s). Published by the Royal Society of Chemistry
All the studied samples concluded that the temperature and
salt concentration affected the starch stability, but still, the
values were in an acceptable range. The addition of starch
content increased the ow resistance of the mud. Moreover,
most of the samples showed the best tting with the Power-law
model except a few, which were best tted with the Harshal
Bulkley model. None of the samples showed ttings with the
Bingham Plastic model, and the plots also resulted in an
undert R2 value (<0.5).

Similarly, the relationship between the viscosity and shear
rate is shown in Fig. 7. The variation in viscosity is due to the
addition of the modied starch and salts. More resistance has
been developed as a result of the addition of the particles.
Previous research has shown that when the proportion of solids
rises, so does the viscosity of the mud. The increased particle
frictional interaction resulting from this contact increases the
overall viscosity of the system. The studied mud blends showed
a shear-thinning behavior for all the cases where the value of n
was less than 1. This value was decreased with an increase in the
addition of starch into the mud, which is a positive indication
for better cuttings transportation.

The obtained modelling parameters of each model are given
in Table 5. The obtained data concluded that all studied
samples' data were best tted with the Power-law model (PLM)
with R2 values higher than 0.98. The ow behavior indices for
the samples were less than 1, while the consistency indices
varied with the CMITS and salt concentration in the presence of
applied temperatures. The value of the ow behavior index was
further observed to be reduced with an increase in CMITS
concentration. On the other hand, the introduction of starch
enhanced the consistency index of the blends. This behavior is
very important for better transport capacity. This also indicates
that the current mud formulations can transport the cuttings
from the bottom hole to the surface without using clayey
materials such as bentonite. The n and k values for the mud
blends showed almost the same shear thinning behavior (n < 1).

Comparative analysis

To compare the current mud formulation with the existing mud
formulations in the literature, Table 6 presents rheological
properties of various tested materials including XG-SiO2 nano-
particles, SnO2 nanoparticles, quadripolymer, drispac, silica
Table 5 Rheological modelling parameters

Sample

Model parameters (Power law
model: s = Kg

n)

K n

Sample 1 0.135 0.83
Sample 2 12.2365 0.225214
Sample 3 15.1169 0.278056
Sample 4 2.13 0.51
Sample 5 0.22 0.75
Sample 6 11.49 0.21
Sample 7 5.62 0.3
Sample 8 0.73 0.44
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Table 6 Comparison of existing bentonite-free mud formulations with the current mud

Material tested

Rheological properties

ReferencePV, cP YP, lb/100 2 AV, cP

GS

GS 10 s GS 10 min

XG–SiO2 nanoparticles ∼41 ∼29 — ∼5 ∼6 35
SnO2 nanoparticles ∼17.8 ∼28 ∼31.8 ∼6.3 ∼18.3 36
Quadripolymer 16 ∼19 25 — — 37
Drispac 17 ∼15 24 — — 37
Silica nanoparticles 0.37 8.94 — — — 35
Thermo-associating polymer/silica
nanocomposite (BFDF + 1%AMS-CGBA)

19 12 25 — — 38

Thermo-associating polymer/silica
nanocomposite (BFDF + 0.5% CGBA)

18 6 21 — — 38

CMITS 15 20 25 10 12 Current study
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nanoparticles, and thermo-associating polymer/silica nano-
composites at different concentrations. The properties include
Plastic Viscosity (PV), Yield Point (YP), Apparent Viscosity (AV),
Gel Strength (GS) at 10 seconds and 10 minutes. Finally, the
current mud formulation results have been included for
comparison. The ndings indicate that the current mud
formulation yields results falling within the recommended
ranges outlined by the American Petroleum Institute (API).

Conclusions

This study extensively examined the complicated rheological
behaviors of drilling muds under varying conditions of CMITS
concentration, salt content, temperature, and degree of
substitution. The investigation showcased the interplay of these
factors on mud properties, revealing both positive and negative
effects. Enhanced CMITS dosage and degree of substitution
contributed positively to mud efficiency and rheological char-
acteristics, leading to improved borehole cleaning potential and
better cuttings transportation. The developed quadratic models
exhibited strong correlation, as indicated by high R2 values, and
aligned well with API standards for mud performance indica-
tors. The non-Newtonian nature of drilling uids was evident
through nonlinear shear stress–shear rate relationships.
Importantly, the study demonstrated the feasibility of mud
formulations with heightened CMITS concentrations for effec-
tive cuttings transport without relying on conventional clay
additives. Overall, these ndings offer valuable insights into
optimizing drilling mud formulations for enhanced perfor-
mance in challenging downhole conditions.
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