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Abstract

This research presents a comparative study of the rheological properties of amphoteric terpolymer (ATP-1) and high-viscosity
polyanionic cellulose (PAC-HV) as rheology modifiers across various salinity levels. Thermogravimetric analysis shows ATP-|
has better high-temperature resistance than PAC-HV. The viscosity of ATP-I doubles from 0.02 to 0.04 Pa-s at 100 s™" as salinity
increases from 23.2 to 25%, at concentrations between 0.5 and 2.0 wt.%, ATP-I, and PAC-HV have similar viscosities, both
polymers demonstrating high salinity tolerance. Although, in a 35 wt.% NaCl solution, the viscosity of 2.0 wt.% ATP-I is 44%
higher than that of 2.0 wt.% PAC-HV. The viscoelastic properties of ATP-I improve with increasing salinity from 1 to 35 wt.%
NaCl: shear stress rises from 0.6 to 1.34 Pa and from 38.5 to 90 Pa with increasing shear rates from 1 to 1000 s, respectively.
PAC-HV shows lower shear stress under similar conditions, indicating lower viscoelasticity. Polymer formulations with
bentonite (BT) exhibit decreased viscosity, gel strength, and flow behavior at low salinity. However, when NaCl concentration
exceeds 15 wt.%, the ATP-I/BT formulation shows improved properties. These findings highlight the significant differences in
the rheological behavior of these polymer formulations for use in drilling fluids across a wide salinity range.
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1. Introduction and effectiveness.[81 Apparent and plastic viscosities are

Different types of polymers, both natural (such as xanthan
gum, starch, guar gum, cellulose) and synthetic
(polyacrylamide, polyethylene glycol, polyacrylates) as well
as semi-synthetic polymers (high viscosity polyanionic
cellulose (PAC-HV), carboxymethyl cellulose (CMC),
nanocellulose, and nanostars) are employed in the
formulation of drilling fluid systems.[*S1 Water-based
drilling fluids (WBDFs) are more commonly employed than
oil-based drilling fluids (OBDFs) because of their lower
environmental impact, ease of handling, relatively lower cost,
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fundamental rheological characteristics of drilling fluids.
Continuous monitoring of these properties during drilling
operations is imperative to preempt any potential drilling
challenges and achieve successful drilling operations.

Furthermore, temperature and salinity are the primary
factors that influence the stability of WBDFs.'011 Water-
based mud rheology is controlled by adding Na*-
montmorillonite, also known as bentonite, which provides
viscosity, gel strength, and fluid-loss controls. The influence
of NaCl and KCI at three low concentration levels 3%, 5%,
and 7wt.% and their impact on shear stress rate relation under
extremely high pressure and high temperature (HPHT)
conditions has been studied.l2:3 The Hershel-Bulkely model
exhibited the optimal alignment with the experimental data
and proved to be the most accurate in forecasting the observed
rheological characteristics of drilling fluids.[**

Although PAC-HV is widely used for its effective
rheology-enhancing properties, it faces challenges such as
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sensitivity to salinity (due to electrolyte effects), temperature,
and contaminants. It is also susceptible to biodegradation and
raises environmental concerns. These limitations can reduce
its effectiveness in specific drilling conditions, such as deep
wells and high-temperature operations, where more robust
alternatives or additional additives may be required to
overcome these disadvantages.[*>¢ In this regard, amphoteric
polymers are used as a polymeric additive for drilling fluids in
increased salinity conditions, around 15 to 20 wt.% NaCl
concentration has received relatively little attention except for
some research. 71l

Amphoteric polymers can enhance the tolerance of
WBDFs to high salinity levels, especially under elevated
temperatures.'*?  In this context, polyampholytes are
particularly intriguing due to their capacity to elevate viscosity
in response to rising salinity levels.?*??l Furthermore,
amphoteric polymers can attract negatively charged bentonite
layers through electrostatic interactions, leading to a decrease
in  fluid loss.®®l Moreover, a solution containing
BT/amphoteric polymer exhibits superior shear-thinning and
thixotropic properties, along with reduced fluid loss.?! Lately,
temperature-resistant and salt-tolerant polyampholyte gels
have been employed as additives to mitigate fluid loss in
WBDFs. 125281

In this study, a new AAmM/AMPS/APTAC ternary
polyampholytes were assessed as a potential rheological
enhancer for WBDF across a broad salinity range (1-35 wt.%
NaCl). The TPA was designed to enhance salt tolerance
compared to PAC-HV, aiming to improve the overall
performance of the drilling fluids.

2. Experimental

2.1 Materials

2.1.1 Monomers and chemical reagents

Acrylamide (AAm, 97%  purity), 2-acrylamido-2-
methylpropanesulfonic acid sodium salt (AMPS, 50 wt.%), (3-
acrylamidopropyl ) trimethylammonium chloride (APTAC, 75
wt.% in water) were purchased from Sigma-Aldrich Chemical
Co. (USA) and used without further purification. Ammonium
persulfate  (APS, 98% purity), N, N, N, N'"-
tetramethylethylenediamine (TMEDA, purity 95%), caustic
soda (NaOH, purity 97%) were purchased from Sigma-
Aldrich Chemical Co. (USA) and used without further
purification to control the pH levels of the drilling fluid to
approximately 9-9.5.

magnesium chloride - MgCl, (purity 99%) were purchased
from “Titan Biotech LTD” (Rajasthan, India), which were
used in the mass concentration range from 1 to 35 wt.%.
Compositions of synthetic brines with different salinities are
listed in Table 1.

Table 1. Total salinity and chemical composition of synthetic
brine and 1-35 wt.% NaCl brines.

Chemical Total salinity, wt.%

composition 35 25 1 7 15 25 35
of salts, g

NaCl 2088 225 10 70 150 250 350
CaCl2 11.6 125 - - - - -
MgCl2 11.6 125 - - - - -

2.1.3 Bentonite clay

Bentonite clay (purity 98%) was supplied from BENTO LUX
LLC, Tatarstan, Russia. It is widely used for drilling wells in
the oilfields of Kazakhstan. The chemical composition of
bentonite clay is listed in Table 2.

2.2 Methods

2.2.1 Differential
thermogravimetric analysis (TGA)

10 mg of AAm-co-AMPS-co-APTAC terpolymer and PAC-
HV powder was placed in a cuvette for thermogravimetric
analyses (TGA) tested using a synchronous thermal analyzer
SKZ1060A (China), at a temperature range of 30 to 500 °C
and heating rate of 5 °C/min in air.

scanning calorimetry (DSC) and

2.2.2 Viscosity and rheological study

The apparent viscosity (AV), shear stress of 2 wt.%
polymer ATP-I/BT and PAC-HV/BT polymer solutions, as
well as the viscoelasticity of both polymers with 4 wt.%
bentonite dispersions in 1-35 wt.% NaCl brine at 25+1°C
was determined using an Anton Paar Rheolab QC rotational
rheometer (Austria). The gel strength measurements of
ATP- I/BT and PAC-HV/BT fluids were conducted with a
cylindrical measuring system (CC39/QC-LTD). Shear
stress (1) and viscosity (1) were determined over a wide
range of shear rates (y= 1-1000 s') at 25 °C. The
rheological ~ properties of the  bentonite and
bentonite/polymer formulations were analyzed using the
Herschel-Bulkley model.[*428

2.1.2 Brines
Sodium chloride - NaCl, calcium chloride - CaCl;, and TR @) 1)
Table 2. Chemical composition of bentonite clay.
Metal oxides SiO2 Fe203 AlLOs K>O CaO MgO TiO2 P304 FeO MnO>
wt. % 25.5 7.92 6.8 3.28 1.57 0.92 0.71 0.46 0.19 0.052
Metal oxides V4(0)} SrO Rb20 Cr20s3 ZnO V205 Ni203 CuO Y203 Gax03
wt.% 0.032 0.025 0.022 0.016 0.015 0.018 0.007 0.005 0.005 0.004
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where K (Pa-s"), n, and 1, (Pa) are the consistency coefficient,
flow behavior index, and yield stress, respectively.[4]

Gel strength (GS) was measured using the API (American
Petroleum Institute) standard procedure at a low shear rate of
5.1 s”'. Before measuring the GSi¢ s, the samples were pre-
sheared for 1 min at 510 s™' and left undisturbed for 10 s. Then,
the sample was left undisturbed for 10 min before measuring
the GS10 min.[?®

2.2.3. Preparation of basic and bentonite/polymer-based
drilling fluids

At the initial step, 2 wt.% polymer solutions were
meticulously prepared within 1-35 wt.% NaCl brines utilizing
a magnetic stirrer. These solutions underwent stirring for 24
hours at 1000 rpm to ensure thorough homogenization.
Subsequently, the solutions were subjected to static conditions
for an additional 24 hours to facilitate complete polymer
hydration. This protocol was implemented to guarantee
optimal polymer performance and consistency in subsequent
experimental ~ procedures. In  the second  step,
bentonite/polymer dispersions were prepared by gradually
introducing 4 wt.% of bentonite powders into the polymer
solutions while stirring. Each bentonite/polymer fluid was
then transferred to a covered container and left to stand
statically for 24 hours, allowing the bentonite clay to swell
fully at room temperature.4%%1 As a result, multiple ATP- I/BT
and PAC-HV/BT fluids were prepared using brines with
various NaCl concentrations. Additionally, bentonite mixtures
(without polymer) were prepared in both deionized water
(basic fluid) and a 35 wt.% NaCl brine to compare their
rheological properties with those of bentonite/polymer-based
drilling fluids. To ensure uniform suspension of bentonite
particles in the drilling fluid before rheological testing, the
samples were agitated for one hour.[*”]

The pH of the bentonite/polymer solutions was adjusted
with NaOH to 9.5+0.04, which is unfavorable for stabilizing
the drilling fluid system. This is attributed to the negative
charges of both bentonite particles (-16 mV, as per zeta-
potential measurements) and PAC-HV, categorized as an
anionic polyelectrolyte. However, in the case of the ATP-
I/bentonite formulation, the presence of 10 mol.% of the
positively charged monomer APTAC may improve stability
due to the anti-polyelectrolyte effect. The positively charged
APTAC component can help stabilize the bentonite particles.

2.2.4. Fluid loss tests

Fluid-loss tests were performed according to the laboratory
methods for each test that followed the API RP 131 standard
(2009).1 The results were expressed as the mean for each
formulation, assessed in triplicate. The standard deviation of
the experimental data quantified the reproducibility of the tests,
which is the standard procedure for evaluating DFs [,

3. Results and discussion
The impact of synthetic polyampholyte and semi-synthetic

© Engineered Science Publisher LLC 2024

polyanionic cellulose on the gel stability and rheology of
polymer/bentonite suspensions in brine through comparative
experiments was examined. The linear polymer dispersed in
the slurry stabilizes the dispersion of clay particles. The
resulting weak gel formed by the polymer and mud in brine
enhances the viscosity and stability of the bentonite
suspension, preventing the accumulation and settling of
bentonite particles.

3.1 Synthesis of AAmM/AMPS/APTAC terpolymer

The synthesis and characterization of  the
AAmM/AMPS/APTAC terpolymer, consisting of AAm (80
mol.%), AMPS (10 mol.%), and APTAC (10 mol.%) were
comprehensively described previously in Fig. 1), This
terpolymer was used as a polymeric additive in SWDF.
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Fig. 1 Synthetic protocol of amphoteric terpolymer (ATP-
[=80:10:10 mol.%).

3.2 PAC-HYV (Polyanionic cellulose high viscosity)
PAC-HV purchased from Yutian Chemical Co., Ltd, Feicheng
as an OBM drilling fluid additive, with a degree of substitution
(DS) is 0.85, viscosity is 1600 mPa-s was used without further
purification as a polymeric additive to prepare SWDF. The
repeating monomeric unit of PAC is shown in Fig. 2.
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Fig. 2 Repeating monomeric unit of polyanionic cellulose.
Reproduced with permission from [31], copyright 2020 Elsevier
Ltd.

3.3 Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC) of polymers

Figure 3 displays the TGA and DSC curves of the ATP-I (blue
line) and PAC-HV (red line) recorded under a nitrogen
atmosphere. The mass loss of the polymers is broken down
into several stages indicated by downward arrows (Fig. 3 (a)).
In the first stage, the PAC-HV sample shows a steady decrease
in mass loss, while the ATP-I sample experiences a rapid
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Fig. 3 The TGA (a) and DSC (b) curves versus temperature of the ATP-I (blue line) and PAC-HV (red line).

decrease, with a total mass loss of 14.5% between 29 and
248 °C, attributed to the evaporation of moisture in the
samples. In the second stage, between 248 and 361 °C, the
polymer flakes exhibit a significant mass loss of about
24.65 %. However, during this stage, the ATP-I sample shows
a lower mass loss rate compared to the PAC-HV sample,
suggesting greater stability. This may correspond to the
cleavage of the amide group in the amphoteric terpolymer. In
the third stage, as the temperature increases from 361 to
500 °C, the mass loss for ATP-I and PAC-HV samples
decreases by two different values, resulting in a 24.13 %
weight loss for ATP-I and 36.51 % for PAC-HV. This may be
linked to the decomposition of sulfonic groups and the C-C
main links of the polymer chain, leading to complete
carbonization. It can be concluded that ATP exhibits
significantly higher thermal stability compared to PAC-HV.
Therefore, it is likely suitable as a temperature-resistant
polymer additive to prepare water-based drilling fluids.
Figure 3 (b) shows the DSC scan (1.62 °C/min) for ATP-I
(blue line) and PAC-HV (red line) samples that were melted
from the crystal at the normal rate and cooled. The plot ATP-I
(blue line) illustrates the exothermic and endothermic thermal
events during temperature scans from 29 to 500 °C. The
endothermic step change (glass transition) first occurs in the
scan at 114, 304, and 337 °C. Due to "cold" the exothermic
peak appears from 114 to 304 °C. The endothermic peak due

1_

—le— ATPH in 23.2vt.% Syn.Brine
—w— PACHWin23.2wi % Syn Brine|
—&— ATP4 in 25 wi% Syn.Brine

(a

i

Viscogity (Pa=s)

0,01

1 Shear rate (1/3) |

to heating is continuously observed from 337 to 500 °C.

The scan plot for the PAC-HV samples (red line) shows a
predominantly endothermic condition during temperature
scans from 29 to 500 °C. An endothermic step change (glass
transition) first occurs in the scan from 29 to 89 °C, followed
by an exothermic peak due to "cold" at 405 and 431 °C, and
then another exothermic peak at 421 °C due to a slight cooling.
It can be observed that the endothermic property of the PAC-
HV sample is higher than that of the ATP-I sample.

3.4 Rheological properties of polymer solutions in
synthetic brine

Figure 4 shows the changes in viscosity across a wide range of
shear rates for the amphoteric terpolymer ATP-I and PAC-HV
samples in two different synthetic brines with concentrations
of 23.2 and 25 wt.% at room temperature. As shown in Fig.
4(a), the viscosities of the ATP-I and PAC-HV with a
concentration of 0.5 wt.% are generally similar across a wide
range of shear rates (1-1000 s'), with only slightly higher
viscosity values ranging from 0.04-0.01 Pa-s, at an all-shear
range. However, when the salinity is 25 wt.%, ATP-I aqueous
solutions under similar conditions show significantly higher
viscosity values, from 0.06-0.02 Pa-s, in the 10-1000 s™! shear
rate range. These measurements indicate that the viscosity of
the amphoteric terpolymer solution gradually increases as the
salt concentration rises from 23.2 to 25 wt.%.

10

ATP-lin25wt % Syn.brine

PAC-HV in 25 wt.% Syn.brine|

(b)

= Viscosity (P as)

. .
10 100
Shearrate (1/5)

1000

Fig. 4 Viscosity changes of ATP-I and PAC-HV solutions at 0.5 wt.% (a) and 2.0 wt.% (b) versus shear rate in synthetic brines at

25 °C.
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To optimize the results, the polymer concentration was
increased from 0.5 % to 2 wt.% for both ATP-I and PAC-HV
polymers in 25 wt.% synthetic brine, as shown in Fig. 4(b).

This adjustment ensured minimal differences in viscosity
changes at concentration 2.0 wt.%, ATP-I ranged from 0.275
to 0.091 Pa-s and PAC-HV from 0.248 to 0.079 Pa-s across a
wide shear rate range of 1-1000 s™!, which is approximately 10
times higher than that observed at 0.5 wt.% polymer
concentrations. However, a slight increase in viscosity values
was observed only for the ATP-I aqueous solution. Based on
these results, the viscosity and rheological properties of a
homogeneous NaCl solution with a high salinity of up to 35
wt.% were studied internally to evaluate the salt resistance of
two different polymers.

3.5 Rheological properties of polymer solutions in NaCl
brine

As shown in Fig. 5(a), the viscosity of ATP-I solutions in 1 and
7 wt.% NaCl brines increase from 0.08 to 0.2 Pa‘s with the
increase of NaCl concentration in the range of 15-35 wt.%.
The viscosity of PAC-HV solution is also seen to increase with
salinity especially within the low shear rate range (1-10 s™).
For example, the increase of NaCl concentration from 1 to 35
wt.% results in the increase of apparent viscosity of PAC-HV
from 0.09 to 0.8 Pa-s (11.25fold increased) at a shear rate of 1
s'!. However, at a high shear rate of 1000 s°!, there is only a 2-
fold increase in viscosity (from 0.04 to 0.08 Pa-s) with the
increase in salinity. In 35 wt.% NaCl brine at a shear rate of 1
s!, there is a substantial difference in viscosity values between
the polymer solutions, ranging from 1.14 to 0.79 Pa-s for ATP-
I and PAC-HYV, respectively. These results demonstrate that in
high salinity conditions (in 35 wt.% NacCl) the viscosity of
ATP-I is notably higher than those of PAC-HV at low and
high shear rates.

The flow curves (shear stress versus shear rate) of ATP-I
and PAC-HV polymer solutions are depicted in Fig. 6(a) and
Fig. 6(b). At a constant shear rate of 5.1 s™' (API standard
procedure), the PAC-HV exhibits lower shear stress compared
to the ATP-1, the shear stress values of ATP-I and PAC-HV in

10 T T

(@) "ATP-I" —a— 1wt.% NaCl brine
—e— 7wt.% NaCl brine
—A— 15wt.% NaCl brine
—v— 25wt.% NaCl brine
10 35wt.% NaCl brine| |

o Apparent Viscosity (Pas)

[N

0,01 L L
1 0 100
Shear rate (1/s)

1000

a 35 wt.% NaCl brine is equal to 3.67 Pa and 3.2 Pa,
respectively. Over a wide range of shear rates (1-1000 s™!), the
shear stress values observed for ATP-I solutions prepared in 1-
35 wt.% NaCl brines show a consistent increase as the salinity
of the brine increases (see Fig. 6(a)). Specifically, the shear
stress at shear rates of 1 and 1000 s™! were equal to 0.6 and
38.5 Pa, 0.38 and 34.7 Pa for 1 and 7 wt.% NaCl brines,
respectively. When the salinity increased up to 35 wt.%, the
shear stress of the amphoteric polymer solution at the shear
rates of 1 and 1000 s! reached 1.34 and 90.9 Pa, respectively,
showing a substantial increase compared to low salinity (1 and
7 wt.% NaCl ). This finding indicates that the viscoelastic
properties of amphoteric terpolymers improve with the salinity.
The shear stress values observed for PAC-HV polymer
solutions prepared in brine, with varying salinity levels and at
the same shear rates as ATP-I, show a consistent increase as
the salinity increases (see Fig. 6(b)). When the salinity reaches
35 wt.% NaCl, the shear stress of the PAC-HV at shear rates
of 1 and 1000 s reaches 0.79 and 79 Pa, respectively. The
observed shear stress values for these high salinity solutions
(35 wt.% NaCl) are significantly lower than those observed
for amphoteric terpolymer solutions prepared with similar
high salinity. Notably, this indicates that the viscoelastic
properties of the PAC-HV are lower compared to the
amphoteric terpolymer.

3.6 Rheological properties of Polymer/Bentonite-based
drilling fluids

Before describing the rheological behavior of each
formulation in detail at a low shear rate, the overall effect of
bentonite on the rheology of ATP-I and PAC-HV is
demonstrated in Fig. 7. As can be seen, under low salinity
conditions, the addition of bentonite increases the viscosity of
both polymers: from 200 to 1560 mPa-s for ATP-I and from
160 to 2040 mPa's for PAC-HV. With the salinity increases,
there is a substantial decrease in viscosity for both polymer
formulations containing bentonite. However, for the ATP-I/BT
formulation, the viscosity decrease is observed only up to 15
wt.% NaCl; beyond this point, further increases in salinity

10 T T

—&— 1wt.% NacCl brine
—o— 7wt.% NaCl brine
—A— 15wt.% NaCl brine|
—w— 25wt.% NaCl brine|
35wt.% NaCl brine|

(b) "PAC-HV"

Apparent Viscosity (Pass)
-
T
L

o
-

0,01 L L
1 10

Shear Rate (1/s)

1000

Fig. 5 Apparent viscosity of 2 wt.% ATP-I (a) and PAC-HV (b) solutions versus shear rate in 1-35 wt.% NaCl brine at 25 °C.
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Fig. 6 Flow curves of ATP-I (a) and PAC-HV (b) aqueous polymer
at 25 °C.
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result in a reversal of this trend. In contrast, the PAC-HV/BT
formulation shows a consistent decrease in viscosity across the
same salinity range.

2200 r T T r T T
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Fig. 7 Apparent viscosity of 2 wt.% ATP-I and PAC-HV
depending on NacCl salinity and 4 wt.% bentonite presences at a
low shear rate (at 5.1 s7).

The comparative shear stability of ATP-I and PAC-HV
polymer solutions with ATP-I/BT and PAC-HV/BT drilling
fluid formulations was examined at 25 °C, over a wide range
of salinity at a high shear rate, as shown in Fig. 8. At low
salinity from 1 to 15 wt.% and high shear rate, the viscosity of
both bentonite-free polymers increases with increasing salinity,
from 34.8 to 90 mPa-s for ATP-I and from 38.8 to 79 mPa-s
for PAC-HV. As salinity increases, the apparent viscosity of
both polymer formulations with bentonite decreases
significantly, from 56.3 to 14.7 mPa-s for ATP-I/BT and from
75 to 47 mPa-s for PAC-HV/BT. However, for ATP-I/BT, a
decrease in viscosity is observed only up to 15 wt.% NacCl,
beyond this point, further increases in salinity reverse this
trend, reaching an apparent viscosity value of 86.1 mPa-s at
the highest salinity of 35 wt.%. In contrast, PAC-HV/BT does
not show a significant increase in viscosity in the range of 15-

6 | Eng. Sci., 2024, 31, 1262

400 600 800
Shear rate (1/s)

1000

solutions (shear stress versus shear rate) in 1-35 wt.% NaCl brine

35 wt.% salinity.

Figure 9(a) illustrates the steady shear viscosity of ATP-
I/BT dispersion as a function of shear rate. A detailed
comparison between Figs. 5(a) and 9(a) reveal that
incorporating of bentonite into the ATP-I solution significantly
increases the viscosity of the formulations in a 35 wt.% NaCl
brine at a shear rate of 1 s, from 1.14 to 3.83 Pa-s. Comparing
Figs. 5(b) and 9(b), at a shear rate of 5.1 s™' in a 35 wt.% NaCl
solution, the apparent viscosity was equal to 0.62 Pas (PAC-
HYV polymer solution) and 0.4 Pa-s (PAC-HV/BT), indicating
that PAC-HV did not significantly affect the viscosity of the
bentonite; rather, the viscosity values of the drilling fluid
decreased. As shown in Fig. 9(b), the viscosity fluctuated
across a wide range of shear rates from 7.19 to 0.75 Pa-s at 1
wt.% salinity and from 6.9 to 0.73 Pa-s at 7 wt.% salinity, with
the highest values observed at lower salinity. It is evident that
as salinity and shear rate increase, the viscosity rapidly
decreases, indicating that, compared to the ATP-I/BT drilling
fluid, it is less tolerant to high salinity and shear stress.

100 T T T T T T

80

@
o]
o
€
L~ 60 i
%)
o
o
o
-
= 40 -
>
< —a— ATP-|
—=— ATP-I/BT
20 - —e— PAC-HV b
PAC-HV/BT

Salinity, NaCl wt.%

Fig. 8 Apparent viscosity of 2 wt.% ATP-I and PAC-HV
depending on NaCl salinity and 4 wt.% bentonite presence at a
high shear rate (at 1000 s™').
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Fig. 9 Apparent viscosity of 2 wt.% ATP-I/BT (a) and PAC-HV/BT (b) dispersions over a wide range of shear rates and NaCl

concentrations at 25 °C.

The viscoelastic properties of ATP-I/BT and PAC-HV/BT
suspensions at 25 °C are shown in Figs. 10(a) and 10(b),
respectively.  All  graphs  display = non-Newtonian
(pseudoplastic) shear thinning behavior. The shear stress of
ATP-I/BT terpolymer dispersions is significantly higher
compared to PAC-HV/BT dispersions. Notably, in the ATP-
based drilling fluid, the shear stress increases with higher
shear rates in 25 and 35 wt.% NaCl brines. Conversely, in the
PAC-HV-based drilling fluid, the shear stress is higher at lower
salinity levels of 1 and 7 wt.%, whereas its viscoelastic
properties decrease significantly at higher salinity levels from
15-35 wt.% NacCl salinity.

The rheological parameters obtained using the Herschel-
Bulkley model for bentonite/polymer dispersions are detailed
in Table 3. The consistency coefficient K reflects the
relationship between shear stress and shear rate, the
interactions among the drilling fluid components, and its
cleaning efficiency. With regards to the K, in the case of ATP-
I/BT, the increase of salinity from 1 to 15 wt.% NaCl resulted
in the decrease of K from 1.54 to 0.54 Pa-s". However, there
was a further increase in salinity of up to 35 wt.% NaCl
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""f" -
< ‘Y .
o i T —=— 1wt.% NaCl brine
P ;’,/V e 7wt.% NaCl brine
= 10 [ 194 —4— 15wt.% NacCl brine
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s v 35wt.% NaCl brine
5 ¥
B
k
|
1 1 1 1 1
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Shear Rate (1/s)

resulted in the increase of K to the value of 1.1 Pa-s®. Of note,
in the case of PAC-HV/BT, it was observed that the K value
varied significantly across different salt concentrations,
showing higher values of 2.0 and 1.7 Pa's over 1 and 7 wt.%
salt, respectively. However, as the salinity increased up to 35
wt.%, the "K" value decreased to 0.51 Pa-s. Meanwhile, the

Table 3. Parameters of Herschel-Bulkley model for
bentonite/polymer-based drilling fluids prepared in different
brines at 25 °C.

Concentration of brine, 1 7 15 25 35
wt. %
ATP-I/IBT  YS(pa) 408 168 113 529 2.99
K(pasy 154 1.06 054 114 1.1
n 0.53 0.75 0.65 0.35 0.50
PAC- YS(pa) 441 508 -0.89 -131 -0.32
HVIBT K(pas") 20 17 046 048 051
n 0.65 1.06 1.20 1.26 1.06

*YS - yield stress, K - consistency coefficient, n - flow
behavior index, GS - gel strength.
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Fig. 10 Viscoelastic (flow) behaviors of the ATP-I/BT (a) and PAC-HV/BT (b) polymer dispersions across a wide range of shear

rates and NaCl concentrations at 25 °C.
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flow behavior index (n) increased linearly from 1 to 35 wt.%
salt, reaching from 0.65 to 1.06. The yield stress (YS) values
at zero shear rate for ATP-I/BT suspensions were observed to
be highest at 5.29 Pa and 2.99 Pa in 25 and 35 wt.% NaCl
solutions, respectively. In contrast, PAC-HV/BT suspensions
showed notably low YS values of -1.31 and -0.32 Pa in the
same salinity (Table 3).

A high YS value is an important factor for the application
of drilling fluid in drilling well operations, as it facilitates the
easy transport of shale cuttings to the surface of the hole and
improves the efficiency of cleaning the drilling well. A higher
consistency coefficient (K) is advantageous for drilling
operations because drilling fluids with elevated K wvalues
exhibit excellent hole-cleaning efficiency. Additionally, a
reduction in the flow behavior index (n) suggests that the
developed drilling fluid formulation demonstrates enhanced
shear thinning properties at elevated temperatures (Table. 3).
This characteristic is confirmed by the viscosity versus shear
rate graph for the developed drilling fluid formulations in high
salinity brine (see Fig. 9(a)), which shows a reduction in
viscosity at higher shear rates. This might be attributed to the
flexible segments of the ATP-I with bentonite composite in the
drilling fluid formulations, which demonstrate shear-thinning
flow behavior. With increasing shear rate, the microstructure
aligns completely with the flow direction, which decreases
local drag. Conversely, at lower shear rates, polymer
entanglement and the formation of aggregates due to hydrogen
bonding increase shear viscosity. The shear thinning
characteristic is beneficial for drilling fluids exposed to

fluctuating shear rates, enabling them to effectively handle
diverse tasks across varying shear conditions.®*%2 While being
mixed and pumped, drilling fluid ideally exhibits low viscosity;
upon return from the borehole to the surface, it should
manifest high viscosity under low shear conditions to
effectively carry drilled cuttings to the surface. Moreover, a
lower flow index (n) signifies a uniform annular velocity
profile, which is advantageous for drilling fluids to ensure
thorough hole cleaning.

Gel strengths (GS) of ATP-I/BT and PAC-HV/BT
formulations prepared in 1, 7, 15, 25, and 35 wt.% brines are
shown in Fig. 11. As depicted in Fig. 11(a), both the 10-second
and 10-minute gel strength (GS) values decrease as salinity
increases from 1 to 15 wt.% NaCl. However, salinity was
further increasing to 35 wt.% NaCl causes an increase in GS
values. Notably, the ATP-I/BT formulation did not meet the
GS requirement specified by the API standard only at 15 wt.%
NaCl. In contrast, the GS values were approximately five-fold
higher than the standard requirements for the other NaCl
concentrations from 1-35 wt.%. Fig.11(b) shows that the GS
of PAC-HV/BT measured under similar conditions across a
wide range of salinity changes as GSi¢s 9.99 and 10.3 Pa, and
as GSiomin 11.51 and 10.3 Pa at initial low salinity of 1 and 7
wt.%, respectively. There was a slight increase in the gel
strength index between 2.21-2.48 Pa in the range of 15-35 wt.%
salinity, which did not exceed the API standard value. This
result confirms that PAC-HV/BT formulations exhibit high gel
strength at low salinity, but show decreased performance at
higher salinity (in 15-35 wt.% NacCl brine).

Table 4. Effect of the amphoteric terpolymer on the rheological property of a developed base fluid system (2.0 % ATP-I with 4 wt.%

bentonite in 1-35 wt.% NaCl brine).

Fluid types 2 % ATP-I solutions 2 % ATP-1/ 4 % BT drilling fluids
Salinity NaCl, wt.% 1 7 15 25 35 1 7 15 25 35
d, g/lem? - - - - - 1.04 1.05 1.09 111 1.13
pH - - - - - 9.5 9.5 9.5 9.5 9.5
*AV, mPa s 192 226 717 674 734 1550 1060 540 1140 1090
SS (1), Pa 0.9 11 3.6 34 3.7 7.74 5.29 2.69 5.69 6.1
YS (pa) 0.41 0.12 0.11 -0.7 -0.1 4.08 1.68 1.13 5.29 2.99
GSio0s, Pa - - - - - 18.8 1.14 3.54 10.7 20.5
GSiomin, Pa - - - - - 25.8 1.1 3.68 11.1 21.0

Table 5. Effect of the polyanionic cellulose polymer on the rheological property of a developed base fluid system (2.0 % PAC-HV

with 4 wt.% bentonite in 1-35 wt.% NaCl brine)

Fluid types 2 % PAC-HV solutions 2 % PAC-HV/4 % BT drilling fluids
Salinity NaCl, wt.% 1 7 15 25 35 1 7 15 25 35

d, g/em?3 - - - - - 1.03 105 107  1.09 1.11
pH - - - - - 9.5 9.5 9.5 9.5 9.5
AV, mPa s 152 185 304 414 557 2.03 1.74 0.47 0.48 0.52
SS (1), Pa 0.7 0.95 1.55 1.76 3.1 10.2 8.68 2.35 2.42 2.59
YS (pa) -0.25 -0.44 -1.13 -112  -0.77 441  5.08 -0.89 -1.31 -0.32
GSaio0s, Pa - - - - - 9.99 10.3 221 2.28 2.42
GSiomin, Pa - - - - - 1151 7.92 2.34 2.36 2.48

Note: All the rheological measurements were performed using a 28-35 mm cylinder rotary rheometer (Rheolab QC, Anton Paar) at a constant 5.1
s shear rate (using Herschel-Bulkley model) and 25 1 <C temperature.
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Fig. 11 The gel strength of ATP-I/ BT (a) and PAC-HV/ BT (b) drilling fluid systems under a wide range of NaCl concentration at

25 °C. (*According to the industry standard, the GS
(https://www.drillingmanual.com/gel-strength-drilling-mud/)).

The effect of ATP-1 and PAC-HV in salinity and density (D)
and the rheological parameters apparent viscosity (AV), Shear
stress (SS) yield stress (YS), gel strength (GS) of developed
drilling fluid formulations is shown in Tables 4 and 5.

Indeed, the value of the n indicates that all ATP-I/BT
formulations exhibit shear-thinning (pseudo-plastic) behavior
within the salinity range of 1-35 wt.% NaCl. This confirms
that the bentonite/terpolymer composites display shear-
thinning behavior at high concentrations of NaCl. These
rheological properties make the ATP suitable for use in
combination with bentonite as a rheology modifier in brine
salt-resistant WBDFs. The ability to control the rheological
behavior of drilling fluids is crucial for efficient drilling
operations, and the incorporation of ATP can contribute to
achieving the desired flow characteristics under high salinity
and temperatures.

The amphoteric terpolymer can impart rheological
properties to the developed drilling fluid system under high
salinity and shear stress conditions. Its performance as a
rheology modifier is compared to that of high-viscosity
polyanionic cellulose polymer, which is widely used in the oil
and gas industry as a drilling fluid additive. Comparative
results are presented in Table 4. It is evident from the data that
the synthesized amphoteric terpolymer has a greater impact on
the rheological parameters of the developed drilling fluid
system than PAC-HV polymer. The ATP-I/BT suspension also
exhibits superior fluid-loss control properties over PAC-HV
polymer. Low fluid loss volume is desirable for drilling fluids
when drilling clay-bearing rock formations.

3.7 Fluid loss tests

In all filtration tests, the resulting filtrate was colorless,
suggesting it was primarily water. However, the initial fluid-
loss filtration test with BT+35 wt.% NaCl brine failed. The
filter cake formation was insufficient, causing a complete loss
of water from the bentonite/brine dispersion. This failure

© Engineered Science Publisher LLC 2024

should be 2.35 Pa at 10s and 4.7 Pa at 10 min

might be due to the presence of a channel in the center of the
filter cake.
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Fig. 12 Fluid loss volume vs time for Base fluid, ATP-I/BT, and
PAC-HV/BT drilling fluid systems in 35 wt.% NaCl at 25 °C.

Figure 12 shows the fluid loss over time for different
formulations. The results indicate a significantly higher initial
filtration rate in the first 5 minutes, due to the lack of a filter
cake structure at the start of the filtration process. After this,
the filtration rate gradually decreases in 5-minute intervals,
suggesting the progressive formation of the filter cake. Among
the various formulations, the basic fluid dispersion exhibits the
highest fluid loss. This finding implies that adding polymers
to the bentonite dispersion improves filtration performance
and reduces fluid loss.

In the fluid loss tests with base fluid, the filter cake had
small pores and channels, allowing increased water flow and
resulting in a high volume of filtrate. However, when polymers
were added to the bentonite dispersions, the filtration rate and
total fluid loss significantly decreased. This reduction in fluid
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loss is due to the adsorption of polymer molecules onto the
bentonite platelets. The macromolecular chains of the
terpolymer prevent water penetration through the filter cake,
forming a stable, thin layer that blocks the filter cake pores.
This is illustrated in Fig. 12. The filtration performance of the
bentonite and bentonite/polymer dispersions showed a distinct
trend in fluid-loss values. Specifically, for a filtration duration
of 30 minutes, the trend observed was: ATP-I/BT < PAC-
HV/BT < Base fluid (4% BT in distilled water).

The ATP-I/BT formulation in a high salinity environment
showed a markedly reduced fluid-loss volume of only 3.5 mL,
well below the API standard limit. Additionally, the filter cake
thickness was 0.09 cm, with a permeability of 1.17 mD. The
thin and low-permeability filter cake contributed to the
minimal fluid loss. These findings indicate that the novel ATP-
I polymer has significant potential for reducing fluid loss in
SWBDF under high salinity and shear stress.

4. Conclusions

1. PAC-HV and ATP-I demonstrated high tolerance to high
salinity and shear rate. The increase of salinity from 7 to 35
wt.% resulted in the viscosity increase from 190 to 624 mPa-s
and from 230 to 735 cp for PAC-HV and ATP-I, respectively,
at 5.1 s’!. A similar behavior was observed at 1000 s™'.

2. Adding 4 wt.% bentonite to 2 wt.% polymer solutions in
low salinity water increases viscosity from 200 to 1560 cP for
ATP-I and from 160 to 2040 cP for PAC-HV at 5.1 s™'. With
increasing salinity, both polymer formulations with bentonite
show a substantial decrease in viscosity. For the ATP-I/BT
formulation, this decrease continues up to 15 wt.% NaCl, after
which the trend reverses. Conversely, the PAC-HV/BT
formulation exhibits a consistent decrease in viscosity across
the same high salinity range.

3. The PAC-HV/BT formulation's 10-second and 10-minute
gel strengths slightly exceeded industry standards (GS10sec =
2.35 Pa, GS10min = 4.7 Pa) only at 1 and 7 wt.% NaCl
concentrations. Further increases in salinity resulted in an
unacceptable decrease in gel strength. In contrast, for all ATP-
I/BT formulations, the 10-second gel strength significantly
exceeded industry standards across the entire salinity range of
1-35 wt.% NaCl. However, the 10-minute gel strength fell
below the industry standard (4.7 Pa), equaling GS10min =
3.68 Pa, only at a 15 wt.% NaCl concentration.

4. In drilling fluid formulation, add 4 wt.% bentonite to 2.0
wt.% ATP-I or PAC-HV solutions resulted in a viscosity
decrease of 1.42 and 4 times, respectively, with the salinity
change from 1 to 35wt.% NaCl.

In a high salinity condition (35 wt.% NaCl), the ATP-I/BT
formulation significantly reduced fluid loss to only 3.5 mL,
well below the API standard limit of 12 mL. After 30 minutes
of filtration, the fluid loss for the PAC-HV/BT composition
increased significantly from 5.43 mL to 12.18 mL. These
results indicate that the new ATP-I polymer has significant
potential not only as a rheology enhancer for salt water-based

10| Eng. Sci., 2024, 31, 1262

drilling fluids under high salinity and shear stress conditions,
but also for reducing drilling fluid loss.
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