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ABSTRACT: Exploring deep and ultradeep wells has rapidly become more
significant to meet the global demand for oil and gas. The study of rheological and
filtration-loss properties is essential to designing drilling muds and determining
their performance under operational conditions. Rheological and filtration-loss
properties of drilling muds were found to have a negative impact when exposed to
elevated temperatures in the wells. In this study, an amphoteric polymer
(abbreviated to PEX) was synthesized and characterized using a combination of
analyses: FTIR, SEM, 13CNMR, and TGA. The synthesized PEX was used as an
additive in water-based drilling muds to improve rheological properties and reduce
fluid loss at elevated temperatures (180−220 °C). The experimental results
demonstrated that inclusion of an optimal concentration of PEX (0.3 wt %) into
the drilling mud formulation increased the rheological properties by 62.3% and
decreased the filtration loss by 63.5% at an aging temperature of 180 °C.
Moreover, PEX was found to perform superbly compared to polyanionic cellulose
(PAC-LV) and polyacrylamide (PAM), the widely used drilling mud additives. PEX not only improved the rheological properties
and reduced the filtration loss behavior but also bolstered the thermostability of the drilling mud formulation. It was concluded that
the rigidity and amphoteric nature of PEX accounted for the exceptional performance and temperature resistance for PEX-drilling
mud formulations. Succinctly, PEX exhibits admirable properties in smart drilling mud formulations for drilling operations under
high-temperature geothermal conditions. Moreover, in terms of rheological models, the Herschel−Bulkley model adequately
described the rheological properties of all the studied drilling mud formulations.

1. INTRODUCTION

The success of drilling a well depends critically on the proper
choice of drilling mud to be used. Drilling muds can be broadly
classified into water-based muds (WBMs), oil-based muds
(OBMs), and foam-drilling fluids.1 Among these drilling muds,
WBMs are considered to be the most inexpensive, widely used,
and environmentally friendly.2 With regard to environmental
issues, the use of WBMs has been increasingly preferred
instead of the oil-based ones. According to the literature,1 the
utilization of WBMs in the drilling industry is estimated to be
80% worldwide. However, use of WBMs is associated with
some problems such as pipe sticking, increase in drag and
torque, erosion of boreholes, formation consolidation, gel
formation, lost circulation, shale swelling, and wellbore
instability.3 These challenges are eradicated by tailoring the
properties of drilling mud formulations through the addition of
additives.4

Bentonite, which is an absorbent clay consisting mostly of
montmorillonite, has been used to modify performance
properties of conventional WBM systems. Due to its inherent,
good rheological properties and ability to contribute to the

formation of a thin and low-permeability filter cake, bentonite
is used widely for drilling oil and gas wells.5 Nevertheless,
bentonite in WBM formulations by itself exhibits insufficient
rheological properties, not enough to transmit shear and
suspend cuttings satisfactorily during drilling operations.6

However, the unfeasible application of bentonite becomes
realistic in high-temperature environments. Montmorillonite
clay chemically breaks down when the vicinity temperature
begins to exceed 120 °C (250 °F).7 The degradation causes a
reduction in shear-thinning behavior and capacity to carry
drilled cuttings and increases the filtration-loss behavior of the
drilling mud,8 consequently rendering the drilling mud
ineffective at elevated temperatures.
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Rheology and fluid-loss properties are very important
aspects of drilling muds. Rheology refers to the deformation
and flow behavior of all forms of matter. It is an important
drilling mud property for removal of the drill cuttings and
influences drilling progress in many other ways. Unsatisfactory
mud rheology can lead to serious problems such as bridging
the hole, filling the bottom of the hole with drill cuttings,
reduced penetration rate, borehole enlargement, stuck pipe,
loss of circulation, and even a blowout.9 Meanwhile, fluid loss
refers to the volume of the filtrate lost to the permeable
material due to the process of filtration. Fluid-loss prevention is
a crucial performance attribute of drilling muds. Excessive fluid
loss leads to several challenges from formation damage due to
the invasion of the mud filtrate to formation and instability of
the borehole due to an irreversible change in the drilling fluid
properties, for example, density and rheology.10−13

Several studies have been conducted to improve the
rheology10,11,14−16 and filtration-loss properties8,17−19 of drill-
ing fluids. Drilling mud additives (nonpolymeric and polymeric
additives) have been successfully applied in combination with
bentonite to enhance mud performance under harsh drilling
conditions. These additives have the potential to better the
performance of drilling muds to meet the functional require-
ments such as appropriate mud rheology, density, mud activity,
and fluid loss.20 Naturally occurring polymers (for example,
cellulose, starch, xanthan gum, and guar gum) and modified
natural polymers (for example, polyanionic cellulose (PAC),
carboxymethyl cellulose (CMC), nanocellulose, and nano-
starch) have been used extensively with bentonite to achieve
desirable drilling mud properties.21,22 The extensive use of
these additives is attractive due to their environmental
friendliness, availability, and low cost. However, natural
polymers and their modified forms are susceptible to microbial
degradation and low stability at temperatures above 115 °C.12

At elevated temperatures, these additives degrade, reducing the
active components, and consequently, the drilling muds are
likely to exhibit undesirable properties.23 The loss of
rheological properties and fluid loss control of the drilling
mud may cause serious operational problems such as barite sag
and fluid invasion, thereby increasing drilling costs signifi-
cantly.
To overcome the aforementioned technical challenges, the

application of synthetic additives, in particular, synthetic
polymers, has attracted attention.24,25 Academics and drilling
practitioners have been attentively focusing on synthetic
polymers as a promising rheology enhancer and fluid-loss
reducer of drilling muds.12,25,26 Synthetic polymers are more
thermally stable than natural polymers and their modified
forms; they are suitable to use in formulating smart drilling
fluids at elevated temperatures.
Jain et al.24 studied the effect of synthesized graft

copolymers on inhibitive water-based drilling fluid systems.
In their study, they compared the performance of the graft

copolymer with that of CMC, which is the modified cellulose.
It was found that the synthesized graft copolymer had the
favorable rheological and filtration properties required for
optimal performance in the oil−gas well drilling industry. The
synthesized polymer exhibited better thermostability than
CMC. They predicted that the synthesized graft polymer can
be used for the drilling of water-sensitive shale formations.
Quan et al.27 synthesized a ternary copolymer and studied it as
a fluid-loss additive for drilling fluids with high salt and calcium
contents. The synthetic polymer demonstrated high thermal
resistance and salt tolerance, and it was effective in controlling
fluid loss at high temperatures (220 °C). Moreover, Chu and
Lin25 studied a series of synthetic polymers as drilling fluid
additives for controlling rheological and filtration properties. In
their study, they investigated the effect of molecular flexibility
on the rheological and filtration properties of synthetic
polymers in WBMs. The studied polymers demonstrated
better thermal stabilities, and the rigidity of the polymer
molecule was found to increase the thermostability.
In this study, a newly developed amphoteric polymer was

synthesized, characterized, and systematically studied as a
rheology enhancer and fluid-loss control agent for WBMs at
elevated temperatures. The novel amphoteric polymer was
designed not only to boost its thermostability but also to
enhance drilling mud performance (viscosity and filtration
properties) under high-temperature geothermal conditions.
Amphoteric polymers represent a novel class of drilling mud
additives that are more efficient and more resistant to salt
contamination and high temperatures.28−31 The existence of
both cationic and anionic functionalities aids the amphoteric
polymers in maintaining higher viscosity unlike an anionic
polymer in saline solution due to the antipolyelectrolyte
effect.29,30 Additionally, amphoteric polymers are believed to
impart a strong charge attraction force on the negatively
charged bentonite layers, thereby enhancing the performance
in terms of fluid loss control in WBMs.28 Moreover, the novel
amphoteric polymer is incorporated with rigid monomeric
units (aryl groups) to bolster its internal flow resistance and
consequently increase its thermostability.25

2. EXPERIMENTAL SECTION
2.1. Materials. Disodium ethylenediamine tetraacetate

(Na2EDTA), α,α′-dichloro-p-xylene (DPX), N,N-dimethylfor-
mamide (DMF), and acetone with purities >98% were
purchased from Aladdin Co., Shanghai, China. Other
chemicals and materials used were kindly provided by Jingzhou
Jiahua Technology Ltd., China. All reagents and solvents were
analytically pure.

2.2. Synthesis of the Amphoteric Polymer (PEX). PEX
was synthesized through quaternization of Na2EDTA by
reacting with a DPX quaternizing agent in DMF under
controlled thermal conditions,32 Figure 1. Succinctly, equi-
molar amounts of reagents were loaded onto a round-bottom

Figure 1. Synthesis schematic of PEX.
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flask followed by addition of solvent. The reaction was allowed
to occur under optimal conditions for a sufficient time to
ensure optimal yield. After a definite time, the reaction was
stopped and the reaction mixture was cooled. In the reaction
mixture, distilled water was added and allowed to settle. The
mixture was separated to obtain PEX that was washed twice
with acetone and dried to obtain a practically dry product. The
product obtained (PEX) weighed 20.08 g, which was
equivalent to 92% of the theoretical yield.
2.3. Characterization of PEX. The synthesized PEX was

analyzed using a Fourier transform infrared spectroscope
(FTIR; model: Bruker Tensor 27), a 13C nuclear magnetic
resonance spectroscope (13CNMR; model: Bruker 400-MHz),
a scanning electron microscope (SEM; model: SU 8010), and
a thermogravimetric analysis instrument (TGA; model:
NETZSCH TG 209F1 Libra). Both FTIR and 13CNMR
were used to elucidate the chemical structure of PEX. SEM was
used to acquire information on the morphological structure
and particle size distribution, while TGA provided information
about the thermostability of PEX.
2.4. Preparation of Drilling Muds. Drilling muds were

prepared using the components described in Table 1: the
drilling mud formulation was designed to possess the desired
mud density and pH. The preparations involved the following
consecutive steps: Briefly, bentonite (3 wt %) was added in
350 mL of freshwater and stirred at a speed of 10,000 rpm for
30 min using a Hamilton Beach mixer (model: GJ-1).
Rheology enhancers (0.3 wt %) and fluid-loss control agents,
i.e., polyanionic cellulose (PAC), polyacrylamide (PAM), and
PEX, were added slowly under continuous stirring for 20 min
in separate cups. Then, 1 wt % sodium hydroxide (NaOH) was
added to adjust the mud pH. Other additives such as barite,
dispersing agents, and antioxidants were added to increase
mud density, prevent settling of particles, and aid in improving
thermal stability,33 respectively. A mud density of 1.2 g cm−3

was achieved for each formulation. The drilling fluids
formulated were hot-rolled at different temperatures (180,
200, and 220 °C) for 16 h.
2.5. Rheological Measurement. Rheological properties

of the drilling fluid have a great impact on drilling parameters
such as its carrying capacity, hole cleaning, and regulating the
pressure drop. In this study, the rheological properties of the
base fluid (BF), PAC-LV-, PAM-, and PEX-drilling fluids were
tested at 60 °C using a rotational viscometer (model: 1103).
The viscosity measurements were recorded at speeds of 600,
300, 200, 100, 6, and 3 rpm. The rheological properties,
namely, plastic viscosity (PV), yield point (YP), and apparent

viscosity (AV) of the drilling mud formulations, were
calculated using the following equations4

θ=AV 0.5 (mPa s)600 (1)

θ θ= −PV (mPa s)600 300 (2)

θ θ= −YP 0.5 (Pa)300 600 (3)

where θ600 and θ300 are dial readings at 600 and 300 rpm,
respectively. Furthermore, the gel strengths were measured at
different time intervals. The drilling fluid was allowed to rest
for 10 s and 10 min, and then after, the dial readings 10 s (Gel
10 s) and 10 min (Gel 10 min) after were recorded at 3 rpm.

2.6. Rheological Models. The rheology of the drilling
fluid depends on the shear stress−shear rate relation of the
fluid. Recently, many models have been used to describe the
shear stress−shear rate behavior of drilling muds. In this paper,
Bingham plastic and Herschel−Bulkley models were used to
study the shear-thinning behavior of the drilling fluids
formulated. The Bingham plastic model (eq 4) includes both
yield stress and limiting viscosity at the finite shear rate, which
the power law model fails to consider.34 On the other hand,
the Herschel−Bulkley model, which is a combination of the
Bingham plastic model and the power law model, can be
represented mathematically as eq 535,36

τ τ μ γ= + × ̇0 p (4)

τ τ γ= + × ̇k n
0 (5)

where τ is the shear stress (Pa), τ0 is the yield point or yield
stress (Pa), μp is the plastic viscosity (Pa s), γ̇ is the shear rate
(s−1), k is the flow consistency coefficient (Pa sn), and n is the
flow behavior index (dimensionless).

2.7. Filtration-Loss Measurement. The filtration-loss
behaviors of the drilling fluids were studied following the API
procedures. The filtration test for drilling fluids was conducted
using a standard API filter press (model: SD 4) at room
temperature under a pressure of 100 psi (0.69 MPa) for 30
min according to the API standard (13B-1 2017 API). The
filtrate was collected in a measuring cylinder after 30 min and
its volume (in mL) was recorded. The filter paper used had a
particle size retention of 45 μm. Finally, each filter cake was
gently rinsed with water to remove any excess fluid, and its
thickness was recorded in millimeters (mm). The fluid-loss
volumes at varying times were obtained using eq 64

= ×f f T
T1

1 (6)

Table 1. Drilling Fluid Components Used in This Study
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where f is the volume of the known filtrate at a time interval of
T and f1 is the volume of the unknown filtrate at a time interval
of T1.
Moreover, high-temperature high-pressure (HTHP) filtra-

tion-loss volumes were measured using a portable HTHP filter
press (model: GGS 42-24) and filter paper (pore size of 2−5
μm) at a differential pressure of 500 psi and temperatures of
180 and 200 °C for the drilling fluid. The filtrate volume was
collected after 30 min for each of the samples following the
API standard.8

2.8. Determination of the Permeability of the Filter
Cake. The filtration behavior of a generated filter cake is
measured using two parameters: the permeability of the filter
cake and the specific volume (which is the filter cake volume
divided by the filtrate volume). Superior filtration performance
comes along with the formation of a compact/thin filter cake
with low permeability. In order to investigate the permeability
(Kc) of the filter cake, Darcy’s law in the form of eq 7 was
employed for calculations8

μ= × × ×
× ×

K Q l
P F t

( )
1

2tc t (7)

where Qt is the quantity of the filtrate volume (cm3) separated
after time t, lt is the thickness of the filter cake (cm), μ is the
viscosity of the filtrate (cP), P is the filtration pressure (atm), t
is the time (s), and F is the effective filter surface (cm2).

3. RESULTS AND DISCUSSION
3.1. Characterization of PEX. The chemical and

morphological structures and thermal stability of PEX were

studied. IR and 13CNMR spectroscopy confirmed the chemical
structure of PEX. SEM and TG-derivative thermogravimetry
(DTG) analyses elucidated the morphological structure and
thermal degradation property, respectively.
3.1.1. FTIR Analysis. The FTIR spectrum of PEX is depicted

in Figure 2. The spectrum displayed distinctive absorption
bands for hydroxyl (OH), carboxylate (COO), methylene
(CH2), and methine (CH−) as the main functional groups
in PEX. The vibration bands at 3519−3394 and 2771−2569
cm−1 were observed due to the OH and CH2 vibrations,
respectively. The occurrence of multiple vibrations for OH and
CH2 functionalities was believed to be the result of different
chemical environments due to the polymeric nature of PEX.
The absorption band at 3016 cm−1 was due to the CH
functionality, while the absorption band at 1393 cm−1 was due
to the OH bending vibration mode. Moreover, the absorption
bands at 1738 and 1624 cm−1 showed the existence of CO
and CC functionalities in PEX. In general, the absorption

bands distinctly represented the functional groups in PEX and
ascertained the success of the reaction.

3.1.2. 13CNMR Analysis. 13CNMR analysis is an imperative
explicative technique that gives information on the chemical
connectivity of carbon atoms within the molecule. The
13CNMR spectrum of PEX is depicted in Figure 3. The
different chemical shifts due to dissimilar chemical environ-
ments within PEX molecules were apparently displayed. The
doublet signals at 127.61−127.67 ppm and singlet signals at
133.16 and 139.98 ppm were ascribed to the carbon atoms
within the benzene ring. The singlet signal at 179.83 ppm was
assigned to the carbon atoms of the carboxylate groups. The
chemical shifts of the methylene (CH2) groups in PEX were at
51.87, 58.80, and ∼68 ppm. Besides, weak vibrational signals
were observed and were presumed to be due to the end
groups. The comprehensive assignments for chemical shifts are
shown in Figure 3. Convincingly, the presence of chemical
shifts due to the benzene ring and carboxylate groups proved
the occurrence of the reaction. Hence, the isolated product was
the targeted PEX.

3.1.3. SEM Analysis. The SEM micrographs of PEX
recorded under varying magnifications are depicted in Figure
4a−c. The micrographs depict that PEX is composed of mostly
irregular granules of different sizes. The sample was composed
of polygonal, elongated, and wormlike granules that appeared
to be somewhat fissured. The SEM results indicated the
possible ability of PEX to self-assemble in solution forming
entangled structures that are significant for enhancing
rheological properties,37−39 which is of paramount importance
in improving drilling fluid properties for successful drilling
operations.

3.1.4. TG-DTG Analyses. Thermostability is an important
parameter to be considered during the selection of drilling mud
additives for high-temperature applications. We investigated
herein the thermal stability of PEX using TG-DTG analyses,
which have been proven to be suitable methods for
investigating the thermostability and decomposition of
polymeric compounds.40 Figure 5 depicts the TG-DTG
thermograms of the thermal degradation process of PEX at a
temperature range from 32 to 500 °C in a N2 atmosphere. It
can be clearly understood that there are two main distinctive
degradation steps in the decomposition process of PEX under
thermal conditions. The first step as seen in the DTG curve,
between 70 and 200 °C, was attributed to the elimination of
water during the hydration process, where PEX had a weight
loss of 6.08%. The DTG curve of PEX then remained stable up
to 225 °C; meanwhile, the second step (step 2; 55.63% weight
loss) represents the main thermal decomposition process for
the polymeric chains in PEX. The decomposition process
clearly commenced from 245 to about 470 °C, and it was
attributed to the stepwise decarboxylation of carboxylate
groups and cleavage of C−N and C−C linkages. In the DTG
thermogram, it is clearly observed that the main decomposition
involved three degradation temperatures, 245, 320, and 358
°C. The decomposition temperature of PEX was confirmed to
be high enough for it to be sustained at high temperatures
under geothermal conditions;41 thus, it may be suitable as the
drilling fluid additive at high temperatures.

3.2. Rheological Properties of Drilling Fluids.
3.2.1. Viscosities and Shear-Thinning Behavior. Figure 6a−
c shows the viscosities of formulated muds versus shear strain
rate. Addition of PAC-LV, PAM, and PEX effectively increased
the viscosity of DF compared to the BF and led to shear-

Figure 2. FTIR spectrum of PEX.
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thinning behavior, which is more desirable for drilling fluid
applications. It was found that the drilling fluid composed of
PEX exhibited maximum viscosities at all temperatures at the
same shear rate (Figure 6). Meanwhile, BF demonstrated
minimal viscosities under the same experimental conditions.

PAM and PAC-LV exhibited intermediate viscosities, which
were fairly comparable excluding the viscosity at 200 °C. The
good rheological enhancing ability of PEX is associated with its
rigidity due to the incorporation of rigid monomers. The
rigidity effectually diminished the vibrational degree of

Figure 3. 13CNMR spectrum of PEX.

Figure 4. (a−c) SEM micrographs of PEX at different magnifications.
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freedom of the molecular chain, thereby reducing the
movement velocity and incidence of unwinding of the
polymeric chain.25 These phenomena presumably enhanced
the interactions between PEX molecular chains and mud
components. Moreover, all DF samples had high viscosities at a
low shear rate (5 s−1), but the viscosity decreased as the shear
rate increased. This phenomenon feasibly occurred because of
microstructural transition from a state dominated by thermal
Brownian motion, occurring normally at low shear rates, to a
state where the hydrodynamics balance with thermal forces at
high shear rates.42 The decrement in viscosity with the increase

Figure 5. TG-DTG curves for the nonisothermal thermal degradation
process of PEX under a N2 atmosphere.

Figure 6. Viscosities as a function of shear strain rate at different
temperatures.

Figure 7. Influence of PEX on rheological properties (aging
temperature of 180 °C, 16 h).

Figure 8. (a−c) Rheological properties of drilling fluids at different
temperatures.

Table 2. Gel Strength for Drilling Mud Formulations at
Different Temperatures

180 °C 200 °C 220 °C

mud
gel-
10 s

gel-
10 min

gel-
10 s

gel-
10 min

gel-
10 s

gel-
10 min

base fluid 5 5 4 5 2 3
PAC-LV 6 7 4 5 5 5
PAM 5 7 6 7 5 6
PEX 8 8 6 8 6 7
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of share rate defines the shear-thinning (pseudoplastic)
behavior exhibited by the formulated drilling fluids. Pseudo-
plastic drilling fluids play a momentous role in cleaning the
drill path from the cuttings. This phenomenon enhances the
viscosity in the annular space and flattens the speed profile,
thereby increasing the cleaning efficiency of the well by the
drilling fluid.43 Thus, PEX exhibited entangled structures (3D
network structures), which increased the flow resistance, hence
increasing the viscosity. For drilling operations, a drilling fluid
with an appropriate viscosity is desired for increasing the
efficiency to carry drill cuttings, thereby eradicating problems
related to cutting settling such as pipe sticking and cutting
redrilling.
3.2.2. Influence of PEX Concentration on Rheological

Properties. The concentration of PEX was observed to
significantly influence the performance of the drilling mud
formulation. Figure 7 depicts the evolution of the main
rheological parameters (AV, PV, and YP) of muds as a function
of the PEX concentration. As clearly shown, the rheological
parameters increased significantly prior to the optimal
concentration (0.3 wt %), and beyond which, substantial
decreasing trends were observed. The observed trends were
attributed to two phenomenal interactions in the mud system
due to the addition of PEX. On the one hand, the anionic and
cationic groups in the PEX molecule provided good dispersion
in mud formulation and led to an increased friction between
the particles, thereby increasing particle interactions within the
system. The increased interactions were believed to improve
the rheological properties of the drilling muds44 and increased
more with increasing concentration of PEX just before the
optimal concentration (0.3 wt %). On the other hand, the

higher concentrations of PEX were unfavorable for enhancing
the rheological properties beyond the optimal concentration.
Beyond 0.3 wt %, the PEX molecules presumably agglom-
erated, reducing the active concentration of PEX in the mud
systems. The agglomeration of PEX resulted in weak
interaction between the particles and consequently poor
rheological properties exhibited by the muds.

3.2.3. Influence of Temperature on Rheological Proper-
ties. Rheological properties PV, YP, AV, and gel strength are

Table 3. Rheological Model Parameters

Bingham plastic model Herschel−Bulkley model

drilling fluid temp (°C) τ (Pa) μ (Pa s) R2 RMSE τ (Pa) K (Pa sn) n R2 RMSE

BF 180 4.442 0.0521 0.985 2.746 1.497 0.260 0.770 0.999 0.781
200 2.986 0.0260 0.975 1.783 0.874 0.215 0.699 0.999 0.196
220 1.677 0.011 0.988 0.517 1.273 0.034 0.835 0.994 0.404

PAC-LV 180 5.367 0.0707 0.982 4.126 0.761 0.426 0.744 0.999 0.943
200 3.904 0.0467 0.987 2.287 1.421 0.216 0.781 0.999 0.478
220 3.636 0.0421 0.989 1.863 1.648 0.169 0.800 0.999 0.447

PAM 180 6.028 0.0626 0.982 3.679 1.825 0.391 0.738 0.999 0.346
200 5.583 0.0548 0.982 3.166 2.040 0.326 0.745 0.999 0.599
220 4.109 0.0412 0.987 2.006 1.897 0.193 0.779 0.999 0.232

PEX 180 8.474 0.0838 0.978 5.477 2.112 0.627 0.713 0.999 0.692
200 6.374 0.0604 0.981 3.594 2.330 0.378 0.738 0.999 0.677
220 5.456 0.0432 0.969 3.357 2.098 0.338 0.707 0.989 2.260

Figure 9. API filtration loss volumes as a function of PEX
concentration (aging temperature 180 °C, 16 h).

Figure 10. Filtration-loss volume of BF, PAC-LV-, PAM-, and PEX-
drilling fluids.
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important properties of drilling muds to carry and suspend
cuttings during drilling mud circulation when the pump is off.
PV and YP are the slope and intercept of the plot of the shear
stress versus the shear strain rate, respectively.45 In this study,
YP, PV, and AV were calculated from the rheological data
measured at different shear rates. Figure 8a−c shows the effect
of the rheology enhancer (PAC-LV, PAM, and PEX) on PV,
YP, AV, and gel strength at elevated temperatures (180, 200,
and 220 °C). Generally, the experimental results reflected two
distinctive observations. First, PEX influenced the rheological
properties optimally under the same experimental conditions.
Thus, PEX exhibited the best thermostability compared with
PAC-LV and PAM. The increased thermostability was
attributed to the rigidity of polymeric chains in PEX, which
prompted the formation of stable 3D network structures.25

Because of the stable 3D network structures formed in the
drilling fluid formulation, the thermostability of polymeric PEX
chains was improved and subsequently better resistance to
thermal degradation was observed. Second, the rheological
properties decreased with increasing temperature. The decline
in rheological properties was associated with the thermal
degradation of drilling fluid components, particularly benton-
ite, which is well known to start decomposing at temperatures
above 150 °C.6,46 Thermal degradation of some additives
reduced the active components in drilling fluids and
consequently lessened the rheological properties. Nevertheless,
drilling fluid formulation, which incorporated PEX, demon-
strated the best thermostability. Highly thermostable rheology
enhancers are important for controlling rheological properties
when drilling under high temperatures.

3.2.3.1. Plastic Viscosity. Plastic viscosity (PV) is defined as
the friction between the fluid layers and the friction between
the solid particles with the fluid layers.47 The results in Figure
8a−c show that the addition of viscosifiers increased the PV of
the drilling mud. The PV of the PEX-drilling fluid is
significantly optimal compared to those of the rest; the trend
was as follows: PEX > PAC-LV > PAM > BF. The PV values
were found to decrease with increasing temperature for all mud
formulations. PEX prompted strong molecular and particule
interactions that increased the friction between fluid layers
and/or solid particles, thereby increasing the PV.

3.2.3.2. Yield Point (Yield Stress). The yield point (YP) is a
measure of the thixotropic properties of the drilling mud at
flow conditions. The yield point depends on electrochemical
charges in the drilling mud, and when these charges attract
each other, the yield point increases.45 Figure 8a−c clearly

Figure 11. API filtration-loss volumes versus temperature.

Figure 12. HTHP filtration loss of the drilling fluids.

Table 4. Filter Cake Properties for Drilling Mud
Formulations

temperature
(°C)

drilling
fluids

quantity of
filtrate volume

(cm3)

thickness of
filter cake
(cm)

permeability of
filter cake (D)

180 base 9.3 0.077 6.39 × 10−7

PAC-
LV

4.6 0.027 1.11 × 10−7

PAM 4.2 0.017 6.37 × 10−8

PEX 3.2 0.017 4.85 × 10−8

200 base 14.4 0.050 6.42 × 10−7

PAC-
LV

9.1 0.060 4.87 × 10−7

PAM 8.4 0.050 3.75 × 10−7

PEX 7.9 0.040 2.88 × 10−7

220 base 11.8 0.150 1.58 × 10−6

PAC-
LV

12.6 0.080 8.99 × 10−7

PAM 11.9 0.080 8.49 × 10−7

PEX 11.9 0.060 6.37 × 10−7

Figure 13. Filter cake permeability versus temperature of drilling
fluids.

Figure 14. Filter cake thickness of BF, PAC-LV, PAM and PEX at
different temperatures.
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shows that the addition of PEX to the drilling mud increased
the yield stress compared to other drilling muds at 180 °C. At
this temperature, the highest yield stress was that of PEX-
drilling mud (22 Pa) and the lowest was of the base fluid (13
Pa). The higher YP for PEX-drilling fluid was associated with
larger internal flow resistance due to the structural rigidity of
PEX. The increased internal flow resistance required extra
force to breakdown before any movement can occur, thereby
increasing the YP. As is known, in a drilling operation, a fluid
with high yield stress is desirable as it has better capacity to
carry drill cuttings. The general trend for YP at all
temperatures was PEX > PAC-LV > PAM > BF. The results
showed that an increase in temperature significantly reduced
the yield stress.
3.2.3.3. Apparent Viscosity. Apparent viscosity reflects the

internal friction of the fluid. The friction becomes apparent
when the layer of the fluid displaced is dependent upon
another layer. Figure 8a−c shows the effect of viscosifiers on
the AV of drilling muds. The addition of PAC-LV, PAM, and
PEX to the drilling mud led to an increase of AV. At all
temperatures, i.e., 180, 200, and 220 °C, PEX-drilling mud had
higher AVs compared to the other drilling muds. The
incorporated rigid groups (aryl groups) presumably triggered
the temperature-resistance ability for PEX. High AV is
imperative for drilling muds to prevent various drilling
problems and improve well cleaning efficiency.
3.2.3.4. Gel Strength. The gel strength describes the

attractive forces between the particles in the drilling mud
under static conditions.48 Table 2 shows the effect of PAC-LV,
PAM, and PEX on gel strength at temperatures of 180, 200,

and 220 °C. The results indicated that PEX-drilling mud had
higher gel strength at both 10 s and 10 min compared to other
muds. The increase of gel strength revealed the greater ability
of PEX to improve the gel strength properties of water-based
muds. This will prevent problems such as mechanical pipe
sticking and hole pack-off by developing and maintaining an
adequate gel profile in the event of cessation of drilling
operations.11 It is known that high temperature results in
degradation of polymers and other additives. However, PEX
would not undergo degradation or decomposition at similar
temperatures; thus, it shows much better gel strength
properties at higher temperatures.

3.3. Rheological Models. Establishing a suitable con-
stitutive rheological model is of paramount importance for a
quantitative description of the rheological properties of drilling
muds. To date, many constitutive rheological models (for
example, Bingham plastic, power law, Carson, or Herschel−
Bulkley models) have been used to describe the rheological
properties of drilling muds.40 In this work, Bingham plastic and
Herschel−Bulkley models were studied as the constitutive
models for describing the rheological behaviors of the
formulated muds. These models are widely applied in the
drilling industry to describe the rheological properties of
drilling muds. Bingham plastic and Herschel−Bulkley models
(Table 3) were fitted to the experimental data of the drilling
muds to predict shear stress−shear strain rate relationships and
provide information on the suitability of the mud for drilling
operations (Supporting Information). The Herschel−Bulkley
model performs better in describing the rheological behavior of
all drilling fluids at different temperatures due to the high value

Figure 15. SEM images of filter cakes at 200 °C: (a) BF, (b) PAC-LV, (c) PAM, and (d) PEX.
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of R2 (close to 1) and low values of RMSE compared to those
of the Bingham plastic model. For the Herschel−Bulkley
model, the calculated values of the flow index (n), consistency
index (k), and yield stress (τ0) of the muds are listed in Table
2. According to the results, the PEX-drilling fluid had a higher
yield stress than other drilling fluids. The higher yield stress
implies a higher flow threshold of the drilling fluid, which
causes the drilling mud to flow at higher pump pressures.49 We
observed a decrease in the flow consistency index for all
drilling fluids with an increase in temperature. The PEX-
drilling fluid had the optimal consistency index compared to
other drilling fluids. A high consistency index leads to high
viscosity and carrying capacity of drilling fluids, which results
in better bottom hole cleaning and larger drilling efficiency.
Moreover, the flow index (n) describes the fluid behavior;

when n < 1, the fluid exhibits a shear-thinning (pseudoplastic)
behavior, and when n > 1, the fluid exhibits a shear-thickening
behavior.36,50 The results in Table 2 show n < 1 for each
drilling mud at all temperatures, thus indicating a shear-
thinning behavior. The flow behaviors revealed by the
Herschel−Bulkley model were in good agreement with those
observed experimentally (see the Viscosities and Shear-
thinning Behavior section).
3.4. Filtration Property. The filtration rate is often the

most important property of drilling fluids, particularly when
drilling permeable formations where the hydrostatic pressure
exceeds the formation pressure. Proper control of filtration can
prevent or minimize wall sticking and drag and, in some cases,
improve borehole stability.51 A suitable drilling mud has
desirable filtration properties, i.e., low filtrate volume and a thin
filter cake. Figure 9 depicts the API filtration loss volume as a
function of PEX concentration in drilling mud formulations. As
shown, the addition of different concentrations of PEX to the
drilling muds affected the filtration loss volumes. The addition
of PEX significantly decreased the filtration loss of the drilling
mud at lower concentrations. At relatively higher concen-
trations of PEX (beyond 0.3 wt %), the filtration loss was
found to increase with the increase in the concentration of
PEX. At lower concentrations (below 0.3 wt %), PEX
molecules were dispersed in the drilling mud formulations,
thereby greatly clogging the pores and subsequently reducing
the filtration loss behavior. When the concentration of PEX
was beyond 0.3 wt %, PEX molecules presumably agglom-
erated, causing ineffective pore clogging due to the reduction
of actively dispersed molecules. This resulted in an increase in
the filtration loss behavior, and it increased with the increase in
concentration of PEX beyond 0.3 wt %. Thus, 0.3 wt % was
revealed to be the optimal concentration for PEX to function
effectively as the fluid-loss reducer.
3.4.1. Influence of Temperature on the Filtration-Loss

Property. The API filtration results for samples containing
PAC-LV, PAM, and PEX are shown in Figures 9a−c and 10.
The addition of PAC-LV, PAM, and PEX caused reduction of
fluid loss for all samples. More specifically, the PEX-drilling
fluid had a lower filtrate volume at all temperatures. Figure 10
shows the filtrate-loss volume versus temperature. Temper-
ature elevation significantly increased the filtrate volumes. At
180 °C, the filtrate volumes were 9.3, 4.6, 4.2, and 3.2 mL for
BF, PAC-LV-, PAM-, and PEX-drilling fluid, respectively. At a
temperature of 200 °C, the filtrate volumes were 14.4, 9.1, 8.4,
and 7.9 mL for BF, PAC-LV, PAM, and PEX-drilling fluid,
respectively. Likewise, at a temperature of 220 °C, the filtrate
volumes were 19.5, 12.6, 11.9, and 11.8 mL for BF, PAC-LV-,

PAM-, and PEX-drilling fluids, respectively. Figure 11 shows
the accumulation of API filtration loss. Generally, the PEX-
drilling fluid had a lower filtrate volume compared to other
drilling muds even at elevated temperatures. The PEX-drilling
fluid showed the best performance in terms of reducing filtrate
loss even at elevated temperatures. It was believed that the
dispersed PEX acted as a plaster between the particles and
sealed the permeable filter cake at higher temperature to
reduce the fluid loss.52 Thus, the addition of PEX to the
drilling mud not only resulted in enhancement of the
rheological properties but also decreased the filtration loss.
Moreover, the HTHP filtration-loss results for BF, PAC-LV-,

PAM-, and PEX CNP-drilling fluids are shown in Figure 12.
The addition of additives to the drilling fluids caused the
reduction of fluid-loss volumes at experimental temperatures.
Specifically, the PEX-drilling fluid had a lower filtrate volume
at all temperatures compared to other drilling fluids. Besides,
an increase in temperature resulted in an increase in the
filtration rate because of the adverse effects of temperature on
filtration control agents and decreased the fluid phase viscosity.
Also, high temperature was believed to increase the solubility
of contaminants, thus decreasing the effectiveness of filtrate-
loss control. The higher filtration volume of the BF was
attributed to the fact that bentonite forms a weaker structure
under high temperatures, leading to a less compacted and more
permeable filter cake that allows more fluid to escape from the
filter medium.

3.5. Permeability of Filter Cake. Table 4 shows the
permeability of BF, PAC-LV, PAM, and PEX. The results
showed that there was a decrease in filter cake permeability
and filter cake thickness when the viscosifying additives were
added. The permeability values of drilling muds followed the
trend KBF > KPAC − LV > KPAM > KPEX. The results in Figure 13
and Table 3 indicated that the PEX-drilling fluid had the
smallest filter cake permeability and thickness compared to
other drilling muds at all temperatures. The filter cake
permeability and filter cake thickness were found to increase
when the temperature was elevated. This phenomenon
explained the increasing trend in filtrate volumes as the
temperature increased. Nevertheless, the PEX-drilling mud
exhibited the smallest filter cake permeability and thickness,
which explains it having the smallest filtration loss at all
temperatures.

3.6. Morphological Analysis of the Filter Cake. In
order to prevent drilling and completion problems, the filter
cake quality and build-up characteristics are also very
important. The filter cake is built when the insoluble solid
section of the fluid slurry becomes deposited on a permeable
material as the slurry makes contact with the material under
pressure. When the fluid losses are high, thick filter cakes and
excessive filtration increase the liability of tight hole
occurrences while drilling due to the increased torque and
drag on the drill string. This increases the potential for pipe
sticking, lost circulation, poor-quality-well log data, and
formation damage.2,51 Figure 14 shows the thickness of the
filter cake of BF, PAC-LV, PAM, and PEX at different
temperatures. The results indicate a decrease in filter cake
thickness when viscosifiers were added. At a temperature of
180 °C, the thickness decreased by 65.7, 78.9, and 78.9% for
the filter cake that contains PAC-LV, PAM, and PEX,
respectively, when compared to the thickness of the cake of
the base fluid. Meanwhile, at a high temperature (200 °C), the
filter cake thicknesses of PAC-LV, PAM, and PEX reduced by
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46.6, 56, and 58%, respectively. It was observed that as the
temperature increased, the filter cake thickness of the DF also
increased. As can be observed, the filter cakes that contain PEX
were thinner compared to other filter cakes. The general trend
for filter cake thickness was PEX > PAM>PAC-LV > BF.
Figure 15 shows the surface morphologies of the filter cakes

of BF, PAC-LV-, PAM-, and PEX-drilling fluid at a temperature
of 220 °C. It was clearly understood that the addition of a
viscosifier (PAC-LV, PAM, and PEX) reduced the pore sizes of
the filter cake, resulting in low filtrate losses. An anionic
viscosifier works by increasing the negative charge density of
the filter cake and decreasing pore size, thus reducing filtrate
loss.53 The amphoteric polymer (PEX) has a cationic group
(sodium salt), a neutral group (amide), and an ionic group
(carboxylic salt). Via hydrogen bonding and ionic bonding,
PEX could adsorb on sodium bentonite (NaBT) layers
strongly and a strong net structure was formed. As a result,
NaBT-based mud could form a compact filtrate cake and
maintain a low filtrate loss.

4. CONCLUSIONS

In this study, an amphoteric polymer (PEX) was synthesized,
characterized, and used successfully in drilling muds at high
temperature (180−220 °C). The synthesized PEX was
investigated for enhancing the performance of drilling muds,
more specifically WBMs. The methodical investigations proved
that PEX performs excellently compared to PAC-LV, PAM,
and BF, which are extensively used as drilling additives. The
inclusion of a small amount of PEX (0.3 wt %) substantially
bolstered rheological properties and reduced fluid loss of the
drilling mud. The rheological properties (PV, YP, AV, and gel
strength) of the drilling mud were enhanced greatly due to the
addition of PEX. Meanwhile, the fluid loss under elevated
pressure and temperature conditions was decreased noticeably
owing to the inclusion of PEX in the mud formulation. In
addition, the permeability and thickness of PEX filter cakes
were lower compared to those of others (PAC-LV, PAM, and
BF). The incorporation of PEX not only improved rheological
properties and reduced filtration loss of WBMs but also
increased the thermostability of the drilling mud, providing
admirable performance in high-temperature vicinities. The
experimental findings concluded that PEX is an effective and
promising mud additive for controlling rheological and
filtration-loss properties in WBMs. The promising properties
exhibited by drilling mud formulations due to the addition of
PEX were ascribed to the well-designed structure of PEX. The
incorporation of rigid monomeric units in PEX and its
amphoteric nature presumably triggered molecular entangle-
ments and more particle interactions, giving exceptional
drilling mud performance. It can be concluded that PEX
performed superbly compared to PAC-LV and PAM, the
widely used mud additives to control the rheological and
filtration-loss properties of the drilling muds in the industry.
Moreover, the Herschel−Bulkley model was proven to perform
satisfactorily in predicting the rheological properties of the
studied drilling muds.
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