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ABSTRACT

It has been demonstrated that almost all polymer-clay nanocomposites show higher temperature sta-
bility than that of pure polymer, which is attributed to the active exfoliated clay nanosheet firmly
adsorbed onto the polymer chains, due to polerization and nucleation effect, the clay nanosheets could
protect the polymer chains from destroying. To prove such mechanism, the water-soluble polymer
nanocomposites (AAA/SLS-MMT) were synthesized by the in-situ polymerization of 2-acrylamide-2-
methyl-propane sulfonic acid, acrylamide, 4-acryloylmorpholine, and organically modified montmoril-
lonite. The techniques of nuclear magnetic resonance, atomic force microscopy and scanning electron
microscopy etc., clearly characterized the successful synthesized of sample's structure, the exfoliated
MMT nanosheet adsorbed polymer chain's scale, and well-dispersed morphology, espectively. The
adsorption model, X-ray photoelectron spectroscopy presented the existence of strong adsorption, while
molecular simulation calculations first concluded that the strong adsorption energy was —13032.06 kcal/
mol. Thermo-gravimetric-analysis proved the temperature of maximum thermal degradation of powder
sample (AAA/1.0 wt% SLS-MMT) was over 298 °C. After ageing at 180 °C for 4 h, the apparent viscosity of
5 g/L AAA/1.0 wt% SLS-MMT aqueous solution was 326.7 mPa-s, while that of pure polymer (AAA) was
only 8.3 mPa-s. This optimized sample has the smallest FLap; value at all test temperatures from 180 to
220 °C in both fresh and salt water based drilling fluid. All the evidences of high temperature resistance
indicate that the strong adsorption can enhance the thickness of hydrated shell and adsorption of clay
particles in drilling fluid at high temperature. Such mechanism supplied the better way to design high-
temperature resistant fluid loss additives for deep and ultra-deep oil and gas formation engineering.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

to decreasing the operating time and increasing the efficacy of the
drilling process. Nevertheless, at high temperatures, the rheological

Currently, shallow gas and oil fields are gradually depleted, the
depth of exploration is increasing, and the temperature of the
bottom hole also goes up (Abdo and Haneef, 2013; Sepehri et al.,
2018; Liu et al., 2020). Developing high-temperature resistant
water-based drilling fluids (WBDFs) is necessary to meet the dril-
ling specifications for ultra-deep and deep wells (Aghdam et al.,
2020). The "blood” of drilling operations is drilling fluid. It can
avoid deposition, stabilize the borehole, maintain fluid loss control,
lubricate the drill pipe, and stop wall collapse (Baba Hamed and
Belhadri, 2009; Akpan et al., 2019; Mohamed et al., 2021). The
superior filtration and rheology characteristics of WBDFs are crucial
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characteristics of WBDFs degrade, leading to wellbore leakage, wall
collapse, stuck drilling tools, and other accidents (Epelle and
Gerogiorgis, 2019). It is imperative to develop WBDF additives
that are resistant to high temperatures and have exceptional
rheological characteristics and filtering capabilities at elevated
temperatures (Akhtarmanesh et al, 2013). Copolymer nano-
composites are employed as additives for WBDFs and have shown
excellent high-temperature resistance during ultra-deep and deep
well drilling operations (Hafshejani et al., 2016; Moslemizadeh
et al., 2017; Ma et al., 2018; Hao, 2019; Li et al., 2023). To facili-
tate frequent ultra-deep and deep well drilling operations, the su-
perior filtration loss performance and rheological characteristics of
the WBDFs can be maintained at high temperatures (Wang et al.,
2012; Yang et al., 2017b).
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Montmorillonite (MMT) is a two-dimensional layered silicate
known as a ‘universal material’ (Zhao et al., 2020; Huang et al.,
2021; Peng et al., 2021), which offers abundant availability, mini-
mal cost, and a distinctive electronegativity (Dziadkowiec et al.,
2017; Chen et al, 2020). MMT layers with strong cation
exchangeability can be developed into hydrophilic nanocomposites
(Ke, 2009; Yu et al., 2019; Xie et al., 2020; Quainoo et al., 2021).
Recently, there has been a growing utilization of MMT-based
nanocomposites as materials for WBDFs (Weng et al., 2016; Slany
et al.,, 2019).

Exfoliated MMT nanosheets possess a substantial length-to-
diameter ratio, significant specific surface area, and excellent
adsorption properties and chemical reactivity. Nanocomposites
with exfoliated MMT sheets have better high-temperature resis-
tance and nano-barrier and mechanical properties than pure
polymer (Chin et al., 2001; Zhu et al., 2019; Fekry et al., 2020; Abdel
Karim et al., 2021; Zhao et al., 2022). The exfoliated MMT nano-
sheets in nanocomposites can effectively adsorb on the polymer
surface, thereby enhancing the mechanical strength of the nano-
composite and functioning as a nano-barrier to protect the polymer
chain from degradation at high temperatures (Chiou et al., 2014;
Osman et al., 2015; Ejder Korucu et al., 2016; Yang et al., 2017a;
Alani et al., 2020).

To date, exfoliated MMT nanosheets have been prepared by
physical or chemical methods (Luckham and Rossi, 1999; Ma and
Sasaki, 2010; Coleman et al., 2011; Huang et al., 2016). The main
physical methods include grinding, ultrasonication, freeze-drying,
and their combinations (Chaudhary and Liu, 2013; Galimberti
et al,, 2014; Chen et al., 2019). Melt, solution, and in situ polymer-
ization exfoliation are examples of chemical exfoliating techniques.
In situ polymerization exfoliation is the most used method and has
been extensively studied (Roghani Mamagani et al., 2011; Gunning
et al, 2014; Zhang et al., 2015; Wang et al., 2023). For example, Hu
and Ke (2019) prepared a high-temperature resistant polymer
nanocomposite oil repellent with a single sheet of MMT nanosheets
using in situ polymerization. Similarly, Xing et al. (2019) synthe-
sized a high-temperature WBDF nanocomposite as a drag reducer
with an exfoliated MMT nanosheet. Wang et al. (2022a) developed
a fluid loss reducer by incorporating exfoliated MMT nanosheets
into a polymer nanocomposite. In a typical process of in situ
polymerization, a surfactant solution is first added to an MMT
suspension to expand the spacing between the MMT interlayers.
Next, the monomer enters the MMT interlayer and undergoes a
polymerization reaction (Briesenick and Bremser, 2015; Hojiyev
et al., 2017). Finally, an organic-modified MMT nanosheet is uni-
formly dispersed in a polymer matrix.

When exposed to high temperatures, the natural polymers in
WBDFs undergo rapid degradation, causing a significant decrease
in their apparent viscosity (AV). This lead to poor filtration perfor-
mance. To solve this problem, various synthetic polymers, such as
polyacrylonitrile, polyacrylamide, and polyacrylic acid (Yu, 2015;
Saboori et al., 2019; Xing et al., 2020), have been introduced as
additives. However, these traditional homopolymers have poor
resistance to temperature, salt, and shear. Hence, the copolymeri-
zation of various functional monomers is a promising approach to
producing polymers resistant to high temperatures (Huo et al.,
2018; Luo et al., 2018). Drilling fluids can effectively be thickened
with acrylamide (AM), a water-soluble substance, owing to its
ability to hydrogen bond with NH, groups. Because 2-acrylamido-
2-methyl-1-propanesulfonic acid (AMPS) has a sulfonic acid group,
it has a high thermal resistance. The six-ring rigid structure of 4-
acryloylmorpholine (ACMO) renders it exceptionally stable when
exposed to high temperatures.

In this study, AM, AMPS, ACMO,
dodecanesulfonate (SLS)-intercalated MMT
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prepared the water-soluble copolymerized nanocomposite (AAA/
SLS-MMT). The adsorption energies among the polymer chains and
the nanosheets of exfoliated silicate were calculated. Furthermore,
the efficacy of the nanocomposites at elevated temperatures in
deionized water (DI) and drilling fluids was evaluated. Finally, the
filtrate volume of American Petroleum Institute (API) standard
conditions (FLap;) was measured, and the stability of the nano-
composite at elevated temperatures was investigated. The results
indicate that AAA/SLS-MMT has the potential to reduce fluid loss in
WBDFs for ultra-deep and deep wells.

2. Material and methods
2.1. Materials

Na-MMT (one mol/kg of cation exchange capacity) was pro-
duced by Huaian Saibei Technology Co., Ltd. (Zhangjiakou, China).
1-Dodecanesulfonic acid sodium salt (SLS, 98%) and acrylamide
(AM, 98%) were purchased from Tianjin Guangfu Fine Chemical
Research Institute (Tianjin, China). 2-Acrylamide-2-methyl-pro-
pane sulfonic acid (AMPS, 99%) and 4-acryloylmorpholine (ACMO,
98%) were acquired from Aladdin Biochemical Co., Ltd. (Shanghai,
China). Triallyl isocyanurate (TAIC, 98%) was provided by Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Ammonium per-
sulfate ((NH4)2S20s, 98%), sodium hydroxide (NaOH, 96%), absolute
ethanol (CH3CH,0H, 99.7%), and sodium bisulfite (NaHSO3, 98%)
were obtained from Tianjin Fuchen Fine Chemical Research Insti-
tute (Tianjin, China).

2.2. Methods

2.2.1. Synthesis of nano-intermediates

SLS-MMT was synthesized using a previously reported method
(Wang et al., 2022a). Na-MMT (10.00 g) was put in a flask con-
taining DI water (150 mL). The flask was then allowed to heat at
30 °C and agitated mechanically for 30 min. Then, the pH of the
mixture was adjust to 1 by HCL. After bringing it to 80 °C, it was
agitated for 30 min. The resultant mixture was subsequently
continuously stirred for 12 h, while the SLS solution (3.27 g) was
incorporated dropwise into the aforementioned mixture. The
sample was then obtained by centrifugation, and it was washed
until the supernatant fluid's pH was almost 7. Finally, the product
(SLS-MMT) was vacuum dried at 70 °C for 24 h. The sample was
crushed and sieved with the help of a 200 mesh screen. The
preparation procedure is illustrated in Fig. 1.

2.2.2. Preparation of nanocomposites

To fabricate AAA/SLS-MMT nanocomposites, in situ free radical
polymerization was implemented. After dispersing the aforemen-
tioned SLS-MMT in DI water (75 mL) using ultrasound for 10 min,
the resulting mixture was agitated at 25 °C for 30 min. After that,
AM (12.25 g), AMPS (7.50 g), and ACMO (5.25 g) were added to the
three-necked flask. After that, the mixture was agitated for 30 min
in a nitrogen environment after the pH had been adjusted to 6.
Subsequently, NaHSO3; and (NH4)S20s (0.3 wt%, molar ratio:1:1)
was added as initiator. After a 6 h reaction, the temperature was
finally raised to 50 °C. The product was rinsed to eliminate excess
initiators and monomers. Then, the obtained samples were crushed
and dried for 24 h at 70 °C. The final sample was ground and sieved
with 200 mesh. Based on the amount of SLS-MMT (0.25 or 0.50 g),
the samples are denoted as AAA/1.0 wt% SLS-MMT and AAA/2.0 wt%
SLS-MMT, respectively. The AAA was synthesized without adding
SLS-MMT. The synthesis process is exhibited in Fig. 2.
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Fig. 1. Schematic of the preparation of SLS-MMT.
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Fig. 2. Schematic illustrating the fabrication process of AAA/SLS-MMT nanocomposites.

2.3. Characterisation

The Bruker D8 Advance, equipped with a nickel-filtered Cu-Ka
radiation source (A = 0.1540 nm), was utilized to obtain X-ray
diffraction (XRD) patterns of the materials. FT-IR spectra
(4000—400 cm~ ') were recorded using a PerkinElmer Spectrum GX
spectrophotometer (Waltham, MA, USA). The 'H-nuclear magnetic
resonance (NMR) spectroscopy (Bruker, Avance, 400 MHz, Billerica,
MA, USA) of AAA was tested. Thermogravimetric analysis (TGA;
Netzch STA409PC, Selb, Germany) was used to record the weight
losses of samples. The morphologies of polymer nanocomposites
and filter cakes were examined by scanning electron microscopy
(SU8010, Hitachi, Tokyo, Japan). Transmission electron microscopy
(TEM; FEI Tecnai F20; Hillsboro, OR, USA) images were obtained
with a 200 kV accelerating voltage. VG-ESCALAB250Xi, a Thermo
Fisher Scientific device calibrated with the C 1s peak at 284.6 eV,
was employed to conduct X-ray photoelectron spectroscopy (XPS).
Detailed surface information on the polymer nanocomposites was
determined through atomic force microscopy (AFM; Keysight 5500,
Agilent, USA).

From the XRD patterns, the distance between the silicate layers
could be calculated by the Bragg's law:
2dsin § = ni (1)

where n, 4, d, 26 represent the reflection order (n = 1), wavelength
of the X-ray, diffraction interplanar distance (nm) and diffraction
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angle (°), respectively.
2.4. Rheology measurements

The viscometer, Brookfield DV-II + Pro (Rotor speed: 60 rpm;
Middleboro, MA, USA), was applied to measure the apparent vis-
cosity. AV measurements were performed at various ageing tem-
peratures and ageing times using aqueous solutions (5 g/L).

The AV of water-based drilling fluid system was tested by six-
speed rotational viscometer (MOD.ZNN-D6, Qingdao Haitongda
Special Instrument Co., Ltd., Qingdao, China). The values at 600
(fs00) were employed to calculate the AV, using Eq. (2) according to
the API standard, and the units of AV was mPa-s.

AV = fg00/2 (2)

2.5. Fluid loss in simulated drilling fluid

NayCO3 (3.5 wt% Na-MMT-based), Na-MMT (4.0 wt% DI water-
based), and AAA/1.0 wt% SLS-MMT (0 or 0.5 wt%) were added to
DI water (400 mL) to prepare a simulated drilling fluid based on
fresh water. After that, the mixture was being agitated continuously
for 20 min at 10,000 rpm, then kept at 25 °C for 24 h.

The system of saturated brine drilling fluid was produced by
adding NaCl (37.0 wt%) to the fresh water-based simulated drilling
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fluid described above. To make the composite brine drilling fluid,
CaCl; (2.60 g), MgCl; (6.90 g), and NaCl (16.00 g) were dissolved in
the same fluid.

The high temperatures and pressure filtering device
(MOD.GGS42-2A, Qingdao, China: Shande Petroleum Instrument
Co., Ltd.) was utilized to measure the volume of filtrate (FLap;).

2.6. Measurements of zeta potential

A simulated drilling fluid system's stability was evaluated by
utilizing a zeta potential analyzer (Malvern Zetasizer Nano ZS
ZEN3600, (Malvern, UK)/Malvern Instruments Ltd.). The 100-fold
dilution of the colloid of simulated drilling fluid was performed
prior to the measurements.

2.7. Calculation of adsorption energy

The strong adsorption between the polymer and the exfoliated
MMT nanosheet was verified using Materials Studio molecular
simulation software. An amorphous Cell and Forcite were used for
the model construction, geometric optimization, molecular dy-
namics balance, and mechanical property evaluation of the exfoli-
ated MMT—polymer nanocomposite. Firstly, a monoclinic cell (C2/
m) of symmetry type (L2PC) was built, and the lattice constant
(a x b x c) was 5.23 x 9.06 x 12.50 A. Secondly, the spatial co-
ordinates and charge amount of atoms were added (Li et al., 2016).
Thirdly, the supercell (4a x 2b x 1c) was established by symmetry.
Finally, according to the principle of substitution, the crystal model
of MMT was obtained, and the initial lattice parameters was
a=2092A b=1812A,c=1250A, o =y =90°, § = 99°. Due to the
universal force field (UFF) was a pure diagonal harmonic force field,
and suitable for almost all elements of the periodic table. So, the
UFF was used and the number of polymer chains was set as 4. The
mole ratio between monomers (AM:AMPS:ACMO) was the ratio
used in the experiment (5:2:3). The total energy of the exfoliated
MMT nanosheet and the polymer chain (Ega1), the energy of the
exfoliated MMT nanosheet (Ee-mvr), and the energy of the polymer
chain (Epolymer) Were calculated. The adsorption energy between
the MMT and polymer chains (AEjy;) was calculated by Eq. (3).

a: MMT

b: SLS-MMT

c:AAA

d: AAA/1.0 wt% SLS-MMT
e: AAA/2.0 wt% SLS-MMT

Intensity, a.u.

25 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

26, degree

Fig. 3. XRD patterns of a: MMT; b: SLS-MMT; c: AAA; d: AAA/1.0 wt% SLS-MMT and e:
AAA/[2.0 wt% SLS-MMT.
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3)

AEint = Etotal - Epolymer — Ee_mmr

3. Results and discussion
3.1. XRD

XRD was employed to examine the lamellar gap between the
silicate layers. Fig. 3 presents the XRD patterns of MMT, SLS-MMT,
AAA, AAA/1.0 wt% SLS-MMT, and AAA/2.0 wt% SLS-MMT. The
diffraction pattern of MMT (Fig. 3(a)) has a characteristic diffraction
peak (7.19°), this corresponds to 1.23 nm d-spacing. The peaks of
SLS-MMT exhibit at 2.90° and 5.72° (Fig. 3(b)), which correspond to
the d-spacing of 3.04 and 1.54 nm, respectively. The increased
interlayer distance compared to that in pure MMT indicates that
SLS-MMT was successfully prepared using SLS treatment. However,
the AAA/SLS-MMT nanocomposites did not observe diffraction
peaks (Fig. 3(d)—(e)). Owing to the heat of polymerization further
expands the interlayer spacing of SLS-MMT, facilitating their uni-
form distribution in the polymer matrix. The formation of polymer
nanocomposites and SLS-MMT was successfully verified by the
XRD data.

3.2. FI-IR

The chemical composition as well as molecular structure of the
samples were examined using FT-IR spectroscopy. In the MMT
layers, the stretching vibration of O—H belonging to Si—OH and
Al—OH is linked to the absorption peak at 3611 cm™! in Fig. 4(a).
The hydroxyl stretching vibration absorption peak of free water in
MMT is at 3423 cm™ . The sharp peak at 1630 cm ™' in MMT ascribes
to the bending vibrations of interlayer water molecules H—O—H.
The distinctive peaks at 1040, 524, and 471 cm~! are ascribed to
stretching vibrations Si—O-—Si. Si—O—Al stretching vibration is
correlated with the peak at 795 cm~'. The SLS-MMT FI-IR spectrum
(Fig. 4(b)) exhibits two prominent peaks at 2848 and 2918 cm ™,
which correspond to both the asymmetric and symmetric SLS —CH,
telescopic vibrations, respectively. The peak at 1676 cm™! of AAA
corresponds to the C=0 group in AM, as illustrated in Fig. 4(c). For

839

Transmittance, %

d: AAA/1.Owt% SLS-MMT 1630

c:AAA
b: SLS-MMT
a: MMT

3423

524
471
T

1040
T

4000 2500 2000 1500 1000 500

Wavenumber, cm~’

Fig. 4. FT-IR spectrum of a: MMT; b: SLS-MMT; c: AAA and d: AAA/1.0 wt% SLS-MMT.
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the CONH; group belonging to AM, the N—H stretching vibration
was detected at 3194 cm~'. The peaks observed at 2924 and
2862 cm™! corresponded to the CH; stretching vibrations (asym-
metric and symmetric) in AM. Furthermore, the sulfonic acid group
peak was detected at around 1186 cm~!, whereas the distinctive
peak at 1112 cm ™! represents S=0's asymmetric stretching vibra-
tion in SO5™. These findings support the existence of the AMPS
structure in AAA. Furthermore, a six-membered ring structure is
characterized by a peak at 1616 cm~! while the peak at 1447 cm™!
represents the six-membered ring's stretching vibration of C—N,
while the fingerprint region's peak at 1037 cm~! represents the
C—O group in the same ring. These peaks confirm the ACMO in AAA.
As the content of SLS-MMT is very low, the exfoliated silicate
nanosheets will be of very sparse distribution, so the peaks of
Si—0—Si bond's bending vibrations in the spectra of AAA/1.0 wt%
SLS-MMT sample may be weak of covered (Fig. 4(d)). In short, the
FT-IR findings support the successful preparation of SLS-MMT, AAA,
and AAA/1.0 wt% SLS-MMT (Liu et al., 2018; Tian et al., 2019).

3.3. 'H-NMR analysis

TH-NMR is used to determine the molecular structure based on
the chemical shift of hydrogen in the molecule. The prominent
signal at 4.69 ppm in Fig. 5 illustrates the residual protons in D,0.
The main chain protons of CH; are represented by the distinctive
peak at 1.91 ppm (1). The single peak at 2.40 ppm (2) is ascribed to
the CH proton present in the main chain. The double peak of 3.60,
3.47 ppm (8,9) represents the protons on the six-membered ring of
ACMO. In addition, the broad peaks at 4.78, 4.53 ppm (4,3) repre-
sent the NH and NH; protons in AMPS and AM, respectively. The
shoulder peak at 2.99 ppm (6) corresponds to the proton of the CH,
group in the AMPS side chain. The characteristic peak at
1.27-1.15 ppm (5) represents the protons of CH3 in AMPS. Maybe,
the active hydrogen proton (7) of SOsH in AMPS is not present.
Owing to the active hydrogen proton (7) occurs proton-exchange
reaction with D,0. In conclusion, the TH-NMR results confirm the
successful synthesis of AAA.

3.4. SEM-EDS analysis

The elemental composition was ascertained by EDS, while SEM
revealed the surface shape of the polymer nanocomposite. The SEM
images as well as EDS analysis of AAA and AAA/1.0 wt% SLS-MMT
are presented in Fig. 6. In Fig. 6(a), the macromolecular chain of

M@ (1)@

~3.60
~3.47
-2.99
-2.40
-1.91
~1.27
~1.15

C.

HN"0 ¢

(@) S0

HN

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

f1, ppm

Fig. 5. "H-NMR spectrum of pure AAA in D,0.
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AAA is very thin and fragile, and the surface is smooth. From
Fig. 6(b)—(c)) show the results of AAA/1.0 wt% SLS-MMT. Compared
to AAA, the molecular chains of the nanocomposite are thicker and
tougher and the porosity of the network structure is lower. More-
over, AAA/1.0 wt% SLS-MMT had a substantially rougher surface
than AAA. Because of the adsorption of many SLS-MMT nanosheets
on the surface of the polymer chain (Fig. 6(d)). The strongly
adsorbed SLS-MMT can function as thermally insulating and salt-
resistant nanobarriers to prevent the rapid degradation of the
polymer. Si, Na, Al, and Mg were found in the MMT nanosheets,
while O, C, N, and S were confirmed to be present in the polymer by
EDS analysis of AAA/1.0 wt% SLS-MMT (Fig. 6(d)—(e) and Table 1).
The aforementioned findings collectively demonstrate the strong
adsorption of SLS-MMT nanosheets onto the chains of the polymer.

3.5. TEM analysis

The dispersion of exfoliated SLS-MMT nanosheets within the
polymer matrix was observed using TEM. The TEM images and EDS
maps are shown in Fig. 7. The exfoliated organic-modified MMT
nanosheets are observed in the polymer matrix (Fig. 7(a)). In the
magnified images (Fig. 7(b)—(c)), many black lines (indicated by red
arrows) corresponding to the exfoliated nanosheets are observed,
providing evidence that the SLS-MMT nanosheets are substantially
adsorbed on the polymer chains' surface and are uniformly
distributed throughout the polymer matrix. In addition, the EDS
maps (Fig. 7(d)) show N, S, C, and O in the polymer and Al, Mg, Si,
and Na in the nanosheets. This finding provides further evidence
that the exfoliated SLS-MMT nanosheets strongly adsorb to the
polymer's surface. The exfoliated and well-dispersed SLS-MMT
nanosheets are expected to improve the polymer nanocomposites'
resistance to high temperatures.

3.6. TGA

The thermal degradation behaviour of AAA and AAA/SLS-MMT,
studied by TGA, is shown in Fig. 8. The thermal degradation of
AAA and AAA/SLS-MMT occurs in five stages. Due to the thermal
decomposition of certain volatile components and free water,
initial-stage weight loss occurs in stage one (below 125 °C). The
minor reductions in weight during the second stage (125—250 °C)
of AAA and AAA/SLS-MMT can be ascribed to the thermal degra-
dation of bonded water in the samples. As the temperature in-
creases, the third stage (250—330 °C) weight losses of AAA and
AAA/SLS-MMT increase because of the thermal decomposition of
the carbonyl (—C=0) and acylamino (—CONH;) groups on the side
chains of the polymer. The temperatures corresponding to the
maximum thermal decomposition rate of AAA, AAA/1.0 wt% SLS-
MMT, and AAA/2.0 wt% SLS-MMT are 275, 298, and 280 °C,
respectively. The higher thermal decomposition temperature of
AAA/1.0 wt% SLS-MMT suggests that the exfoliated SLS-MMT
nanosheets on the surface can block the thermal degradation of
the polymer chains. In the fourth stage, the weight losses of AAA
and AAA/SLS-MMT are significant owing to the sulfonic acid group's
(—SO3H) thermal degradation, six-membered ring of sodium
dodecyl sulfonate, and polymer side chains. The minimal weight
loss observed during the fifth stage can be attributed to the thermal
degradation of the primary polymerization chain (—C—C-). In
summary, the exfoliated SLS-MMT nanosheets with strong adsor-
bed surfaces enhance the polymer's tolerance to elevated
temperatures.

3.7. XPS

XPS provides information on the molecular structure, chemical
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Fig. 6. SEM photographs of (a) AAA, (b)—(d) AAA/1.0 wt% SLS-MMT, and (e) EDS profile of AAA/1.0 wt% SLS-MMT.

Table 1
Energy dispersive spectrometer analysis of AAA/1.0 wt% SLS-MMT.

Element C N (6] S Na Mg Al Si
Content, wt% 41.00 11.10 3045 362 276 057 292 7.57

bonds, elemental composition, and chemical state of a material. The
survey spectra in Fig. 9(a) demonstrate that Al, O, and Si are present
in MMT, while Al O, C, Si, and S are present in SLS-MMT, indicating
that SLS is successfully intercalated between MMT sheets. The ex-
istence of N, S, C, and O in AAA is also verified, while AAA/1.0 wt%
SLS-MMT has additional Si, proving that the polymer

nanocomposite was successfully synthesized. The deconvoluted C
1s high-resolution spectrum of AAA is illustrated in Fig. 9(b). This
spectrum reveals three distinct peaks at 286.29, 287.69, and
284.64 eV, which are the respective indications of N—C=0, C-0,
and C—C groups. In comparison, the AAA/1.0 wt% SLS-MMT spec-
trum shows three distinct peaks at 284.49, 287.53, and 586.18 eV
(Zhao et al., 2020). In Fig. 9(c), the N 1s high-resolution spectrum of
AAA is deconvoluted into two characteristic peaks of 399.45 and
402.02 eV, which are attributed to NH/NH, and N—C=0 groups,
respectively, while the spectrum of AAA/1.0 wt% SLS-MMT shows
two characteristic peaks at 399.28 and 401.93 eV (Bensalem et al,,
2017). The O 1s peaks in the spectra of AAA and AAA/1.0 wt% SLS-
MMT are located at 531.34 and 531.14 eV, respectively (Fig. 9(d)).

Fig. 7. (a)—(c) TEM images and (d) EDS analysis of AAA/1.0 wt% SLS-MMT. The red arrows indicate exfoliated MMT nanosheets.
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Fig. 8. TGA curves of a: AAA; b: AAA/1.0 wt% SLS-MMT and c: AAA/2.0 wt% SLS-MMT.

Two distinctive peaks in the AAA S 2p high-resolution spectrum are
attributed to the S~ and SO groups, respectively, at 161.91 and
167.95 eV; in contrast, the AAA/1.0 wt% SLS-MMT spectrum exhibits
these same peaks at 161.90 and 167.76 eV (Fig. 9(e)) (Wang et al.,
2022b). In conclusion, compared with AAA, the characteristic O
1s,S 2p, N 1s, and C 1s XPS peaks of AAA/1.0 wt% SLS-MMT shift to
lower binding energies, possibly due to electron transfer from SLS-
MMT to AAA in the nanocomposites. The XPS data further reveal
strong adsorption between AAA and the exfoliated SLS-MMT
nanosheets (Zhang et al., 2021), where adsorption may occur via
hydrogen bonds, intermolecular forces, and van der Waals forces.

3.8. AFM analysis

The exfoliated SLS-MMT nanosheets were found to be sub-
stantially adsorbed to the polymer chain surface upon AFM ex-
amination of AAA and AAA/1.0 wt% SLS-MMT. Fig. 10(a)—(b) show
the 3D morphology of AAA and AAA/1.0 wt% SLS-MMT, respectively.
The surface of AAA is smooth, while many bumps are observed on
the surface of AAA/1.0 wt% SLS-MMT due to the adsorption of the
exfoliated SLS-MMT nanosheets. Fig. 10(c)—(d) show potential
maps of AAA and AAA/1.0 wt% SLS-MMT, respectively. The average
heights of AAA and AAA/1.0 wt% SLS-MMT are 17.85 nm and
21.13 nm, respectively, as calculated using analysis software. The
observed height difference of 3.28 nm can be attributed to the
exfoliated SLS-MMT nanosheets, providing further evidence of the
strong adsorption of SLS-MMT nanosheets onto the chains of the
polymer.

3.9. Characteristics of nanocomposites in aqueous solutions

3.9.1. Temperature and concentration dependence of AV

Fig. 11(a) reveals that the AV values increased with concentra-
tion, reaching a maximum at concentrations greater than 5 g/L,
suggesting the fact that the adsorbed silicate nanosheets formed
crosslinked networks. Among the investigated concentrations,
AAA/1.0 wt% SLS-MMT exhibited the highest AV values, which is in
agreement with the SEM findings and indicates that it is capable of
forming the most effective crosslinked network structure. The AV
values of the AAA and AAA/SLS-MMT solutions are displayed in
Fig. 11(b), where it is observed that the AV values exhibit a decline
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as the temperature rises from 25 to 95 °C. At 95 °C, the AV values of
AAA, AAA/1.0 wt% SLS-MMT, and AAA/2.0 wt% SLS-MMT were
108.3, 150.0, and 141.7 mPa-s, respectively. The improved temper-
ature resistance of AAA/1.0 wt% SLS-MMT was demonstrated by its
consistently higher AV at all measured temperatures compared to
the other samples. Exfoliated and uniformly dispersed SLS-MMT
nanosheets function as nanobarriers, effectively impeding poly-
mer degradation by adsorbing strongly onto the surfaces of the
polymer chains. The results indicates that AAA/1.0 wt% SLS-MMT is
a promising polymer nanocomposite of high temperature
resistance.

3.9.2. Impact of ageing on AV of aqueous solution

The AV was examined at various ageing temperatures and times.
Fig. 12(a) shows the relationship between the AV and ageing tem-
perature at an ageing time of 4 h. The AV values of AAA and AAA/
1.0 wt% SLS-MMT increase with increasing temperature. A polymer
chain crosslinked at an appropriate temperature can increase the
AV. At a temperature of 150 °C, the AV of AAA/1.0 wt% SLS-MMT
reaches the maximum (1116.7 mPa-s). However, the highest AV of
AAA (727.0 mPa-s) is achieved at 140 °C. Compared to AAA, the
strongly adsorbed SLS-MMT nanosheets on AAA enhance the
temperature resistance of AAA/1.0 wt% SLS-MMT by 10 °C. With
increasing temperature, the movement of the polymer chains in-
tensifies and more polymer chains can interact with the exfoliated
MMT nanosheets to produce more nanobarriers and restrict the
thermal degradation of the nanocomposite. However, with a
further increase in temperature, the polymer chains are destroyed,
and the viscosity of the aqueous solution decreases rapidly.

The AV values of different ageing times are presented in
Fig. 12(b), and the ageing temperature is 160 °C. As the ageing time
increased from O to 3 h, the AV of AAA/1.0 wt% SLS-MMT rose from
376.7 to 1053.0 mPa s. The maximum AV of AAA (813.3 mPa s) was
observed at 2 h, after which it subsequently decreased. But, the AV
of AAA/1.0 wt% SLS-MMT is still higher than that of AAA for ageing
times of 3—8 h. AAA/1.0 wt% SLS-MMT exhibited an AV of
86.67 mPa s following 8 h of ageing. The AAA, however, measured
only 6.67 mPa s. Despite undergoing an extended period of ageing
(8 h)at 160 °C, the AAA/1.0 wt% SLS-MMT polymer chains remained
resistant to destruction at elevated temperatures due to the pro-
tective effect of the MMT. AAA/1.0 wt% SLS-MMT is therefore a
potentially effective additive for high-temperature WBDFs.

3.10. AV of aged WBDFs

Finally, the AV values of WBDFs containing 0.5 wt% AAA/1.0 wt%
SLS-MMT were evaluated using a six-speed rotational viscometer
after aging for 16 h at various temperatures. Fig. 13 shows that as
the aging temperature increases (180—220 °C), the AV values of
saturated brine and composite brine WBDF systems decreases
rapidly, from 11 to 3 mPa-s and from 8 to 2 mPa-s, respectively.
However, the corresponding decrease in the AV of the fresh water
system was minimal (5 mPa-s). The good high-temperature per-
formance in the freshwater system is attributed to the strongly
adsorbed exfoliated SLS-MMT nanosheets on the surface of poly-
mer chains. In contrast, Ca>* and Mg?* in the brine solutions
degrade the hydration shell and electric double layer of the WBDFs,
resulting in poor high-temperature resistance. The limited perfor-
mance of the developed additive in brine solutions should be
addressed in the future studies.

3.11. FLapp at high temperatures

3.11.1. AAA/1.0 wt¥ SLS-MMT in fresh WBDFs systems
The resistance of AAA and AAA/1.0 wt% SLS-MMT to high
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core levels.

temperatures was assessed using fluid loss experiments conducted
in accordance with API standard procedures. As illustrated in
Fig. 14, FLap; increases with increasing temperature from 180 to
220 °C. After adding the additives to a WBDFs system, FLap; de-
creases significantly, where the system with AAA/1.0 wt% SLS-MMT
has the smallest FLap; at all tested temperatures. The FLap; of the
initial drilling fluid system at 220 °C was 40 mL. In contrast, systems
containing 0.5 wt% AAA and 0.5 wt% AAA/1.0 wt% SLS-MMT had
significantly lower FLap; values of 15.6 and 11.8 mlL, respectively.
While both additives reduce the filtration loss, the previously dis-
cussed functionality provided by MMT further improves the per-
formance compared to the use of AAA alone. In addition to the
thermal and structural stability provided by SLS-MMT, these
nanosheets increase the molecular weight by increasing the num-
ber of polymer chains. In summary, AAA/1.0 wt% SLS-MMT can be
employed as a high-temperature-resistant fluid loss additive in
deep and ultra-deep reservoirs.
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3.11.2. AAA/1.0 wt% SLS-MMT in brine-based drilling fluid systems
To investigate the salt resistance of the polymer nanocomposite,
FLap; was measured in brine-based saturated and composite drilling
fluid systems, and the results are shown in Fig. 15. The saturated
brine system has a FLap; of 170 mL at 180 °C. The high FLap; value is
because Na™ ions can break the hydration membrane and destroy
the double electric layer, thereby causing the colloidal solution to
agglomerate and lose its colloidal performance. After the addition
of 0.5 wt% of AAA or AAA/1.0 wt% SLS-MMT to the saturated brine
system, the FLap; values decrease significantly to 13.6 mL and
8.4 ml, respectively. The nano-barrier effect of the SLS-MMT
nanosheets protects the colloids from Na* and thermal degrada-
tion. As shown in Fig. 15(a), FLap; increases as the temperature in-
creases, and 0.5 wt% AAA/1.0 wt% SLS-MMT always exhibits the
smallest FLap; of the saturated brine system, indicating that it is the
best filtration-loss-reducing agent for the saturated brine system.
Fig. 15(b) shows the FLap; values in a composite brine system con-
taining Na™, Ca®*, and Mg?*. Owing to the presence of additional
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Fig. 10. AFM images of (a), (c) AAA and (b), (d) AAA/1.0 wt% SLS-MMT.
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Fig. 11. AV plots of AAA, AAA/1.0 wt% SLS-MMT, and AAA/2.0 wt% SLS-MMT as functions of (a) concentration and (b) temperature.

Ca®* and Mg?™, FLap is further increased compared to that of the
solution containing only Na™. FLap; for the composite brine system
at 180 °C was 200 mlL, while FLap; for brine systems containing
0.5 wt% AAA and 0.5 wt% AAA/1.0 wt% SLS-MMT was 84 and 80 mL,
respectively. Compared with the saturated brine systems, the
significantly higher FLap; values of the composite systems indicate
that Ca>* and Mg?* cause more damage to the drilling fluid colloid.
Therefore, ways to improve the filtration capacity of composite
drilling fluid systems should necessarily be investigated in the
future. In conclusion, all findings indicated that AAA/1.0 wt% SLS-
MMT possesses the capacity to be applied in reservoirs with high
salt and temperature as a fluid loss-reducing agent.

3.11.3. Surface morphology of the filtrate cakes
Filter cakes were obtained following a 16 h ageing process at a
temperature of 220 °C in freshwater to further evaluate the
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filtration performance. In Fig. 16(a), the filter cake devoid of 0.5 wt%
AAA/1.0 wt% SLS-MMT is thick (4.86 mm) and inflexible and its
surface is uneven, with holes and bumps. The SEM image confirms
this surface morphology (Fig. 16(c)). The filtrate can pass freely
through the tiny pores, resulting in a substantial filtration loss of
40.0 mL. The filter cake containing 0.5 wt% AAA/1.0 wt% SLS-MMT,
on the other hand, possesses a smooth surface (Fig. 16(b) and (d))
and is thinner (0.81 mm) and more flexible (consistent with its
reduced filtration loss of 11.8 mL) because of the high adsorption
between the SLS-MMT layers and the polymer chains. Conse-
quently, AAA/1.0 wt% SLS-MMT maintains uniformity and stability
in WBDFs systems even at high temperatures.

3.12. Stability of fresh WBDFs system

An ideal drilling fluid colloid can improve the penetration rate
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and stabilize the wellbore during well drilling. Fig. 17 shows the
4.0 wt% freshwater-based simulated drilling fluid system left at
room temperature for 60 days. In the absence of 0.5 wt% AAA/1.0 wt
% SLS-MMT (Fig. 17(a)), the drilling fluid is unstable and significant
sedimentation occurs. However, the drilling fluid with 0.5 wt%
AAA/1.0 wt% SLS-MMT remains stable because the MMT nano-
sheets prevent the clay particles from bridging and agglomerating,
thereby keeping them in solution (Fig. 17(b)). A greater absolute
zeta potential typically signifies enhanced electrostatic repulsion
among colloidal particles, thereby contributing to a more stable
dispersion. Zeta potentials were determined for simulated
freshwater-based drilling fluid systems containing 4.0 wt% MMT
and 0 or 0.5 wt% AAA/1.0 wt% SLS-MMT. The system containing
AAA/1.0 wt% SLS-MMT exhibited a greater absolute zeta potential
(38.9 mV) in comparison to the control group (20.7 mV), displayed
in Table 2. The silicate nanosheets can be effectively adsorbed by
the functional groups present on AAA/1.0 wt% SLS-MMT, including
N, O, —OH, —NH>, and —SO3H on six-membered rings. Therefore, as
a consequence of the increased electrostatic repulsion among the
clay particles, the colloid became more stable, leading to excep-
tional filtration performance.

3.13. Adsorption energy between exfoliated nanosheets and
polymer chains

Materials Studio software was used to calculate the adsorption
energy between the SLS-MMT nanosheets and polymer chains.
First, a universal force field was selected. The model of the exfoli-
ated MMT nanosheet was established based on the reports of
Skipper et al. (1995) and Heinz et al. (2005). Subsequently, the
polymer and adsorption models were established and optimized in
sequence. According to the calculation, the total energy of the
entire system is 27060.06 kcal/mol and the energies of the exfoli-
ated MMT nanosheet and the polymer are 36243.72 kcal/mol and
3848.40 kcal/mol, respectively. According to Eq. (3), the energy
between the exfoliated MMT nanosheets and polymer
is —13032.06 kcal/mol. Oxygen-containing functional groups on
the exfoliated monolayer can combine with amino (NH;) and sul-
fonic acid (SO3H) groups as well as the N and O atoms in the six-
membered ring of the polymer side chain to form hydrogen
bonds (see Fig. 18). Strong interactions, such as intermolecular
forces and van der Waals forces, also impart polymer nano-
composites with good high-temperature resistance. These calcu-
lations confirm the results of the SEM, AFM, XPS, TEM, and zeta
potential investigations. The adsorption groups on the side chains



D.-Y. Wang, C.-E. Chen, E Ju et al.

(a) 300

m Saturated brine system
m Saturated brine system + 0.5 wt% AAA
250 4 - Saturated brine system + 0.5 wt% AAA/1.0 wt% SLS-MMT

200 4

170

150 o

FLpi, mL

100 A

50

Temperature, °C

Petroleum Science 21 (2024) 3630—3643

(b)

35

Composite brine system
| - Composite brine system + 0.5 wt% AAA
ZZ77) composite brine system + 0.5 wt% AAA/1.0 wt% SLS-MMT

298

300 A 7

250 A
230

S

200

200 4 2 186
o 179
Z 7

150 -

FLapi, mL

123

100 - 84 8

50 A

180 200 220

Temperature, °C

Fig. 15. FLap of () saturated and (b) composite brine-based drilling fluid systems.

Fig. 16. (a), (b) Photographs and (c), (d) SEM images of the filter cakes. (a), (c) Without and (b), (d) with 0.5 wt% AAA/1.0 wt% SLS-MMT.
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Fig. 17. Photographs of a simulated fresh WBDFs system (a) without and (b) with
0.5 wt% AAA/1.0 wt% SLS-MMT after being kept at room temperature for 60 days.

of polymer chains, such as NH5, SO3H, etc., strongly adsorb with the
exfoliated SLS-MMT. The strong adsorption can promote to form a
thick hydrated shell on the surface of clay particles in drilling fluid,
inhibiting their dehydration at high-temperature. At the same time,
this strong adsorption is able to restrain the desorption of clay
particles on their surface in the drilling fluid (Greesh et al., 2008). In
summary, exfoliated SLS-MMT nanosheets are strongly adsorbed
on the polymer chain to form a high-temperature resistant polymer
nanocomposite (AAA/SLS-MMT) with great potential as an additive
for WBDFs.

4. Conclusions

A water-soluble high-temperature resistant polymer nano-
composite (AAA/SLS-MMT) was synthesized by the free-radical in
situ polymerization of AM, AMPS, ACMO, and SLS-MMT. XRD, FT-IR,
and 'H-NMR analyses verified the successful synthesis of AAA/SLS-
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Table 2
Zeta potentials of simulated drilling fluid systems (4.0 wt%) containing freshwater.
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Addition amount of AAA/1.0 wt% SLS-MMT, wt%

Zeta potential, mV

1st 2nd 3rd Average
0 -20.7 -213 -20.1 -20.7
0.5 -39.6 -383 -38.9 -38.9

S
HC%

N o, -

CH, H. —/ ™ 2

o-H g

ey e g

HC—C | PO £

\ // 2

N-CCH,$—0 .

| \ (2]

CH, § \ @

- CH, OH -

HE 4 5

X 9% : k<t

H e O K]

HC—C— "R}y i
| o

CH,

Fig. 18. Calculation model of adsorption energy between the exfoliated nanosheet of SLS-MMT and polymer chains.

MMT. SEM, TEM, and AFM were employed to observe the strongly
adsorbed exfoliated SLS-MMT nanosheets on the polymer chains.
XPS, colloidal stability, and zeta potential experiments also
confirmed the strong adsorption between the polymer and the
exfoliated nanosheets. Moreover, molecular simulation software
was employed to determine the adsorption energy between the
polymer chain and the exfoliated nanosheets. Ageing and filtration
reduction experiments showed that AAA/1.0 wt% SLS-MMT notably
enhanced the resistance of WBDFs to elevated temperatures. The
strong adsorption was able to inhibit the dehydration and the
desorption of clay particles in drilling fluid at high temperatures.
Also, the exfoliated nanosheets demonstrated substantial adsorp-
tion on the polymer chains' surface and functioned as nanobarriers
to prevent the degradation of the polymer in high-temperature and
high-Na* conditions. However, in the presence of Ca** and Mg?™,
the reduction in filtration loss was poor, which requires further
study. In conclusion, AAA/1.0 wt% SLS-MMT is a promising filtrate-
loss-reducing additive for WBDFs in high-temperature and high-
salt reservoirs.
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