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a b s t r a c t

Smart low-solid drilling fluids (SLSDFs) with thermo-controllable rheological properties and attractive
thickening characteristics have recently captivated profound attention due to their low formation
damage and enhanced cuttings lifting capacity. However, their applications to deep hole drilling at high
temperatures have remained limited because of the thermal instability and environmental constraints of
the thermo-associating polymers as additives. This work explored the synergistic benefits of thermo-
associating polymer and biogenic nano-silica (B-SiNP) extracted from rice husk to improve the
thermo-stability of SLSDF. This study shows that the nano-hybrid, TAP-S based on vinyl-terminated B-
SiNP could potentially mitigate the limiting performance of conventional LSDF (F-2) caused by the failure
of thermo-associating copolymers under elevated temperatures. TAP-S bearing drilling fluid (F-3) could
preserve more than 5.6-fold of its initial properties (ca. apparent viscosity, plastic viscosity, yield point,
and gel strength) with a nearly flat-gel profile in the temperature range of 25e230 �C, which was higher
than those of the counterpart F-2 and base fluid according to the results of rheological tests analysis. In
addition, TAP-S exhibited an abrupt thermo-thickening characteristic with a magnitude declining by only
1.05-fold and the activation Gibbs free energy of 1339 kJ/mol above the plateau (ca. 130 �C), reflecting its
less sensitivity compared to F-2 under a continuous heating process. As a result, a lower temperature was
required to drive the dehydration of the residual fraction of lower critical solution temperature (LCST) in
nano-hybrid structures than TAP according to the results of DSC analysis. Thus, lower energy was ex-
pected to disintegrate the residual hydrogen bonds formed between the LCST chains and surrounding
water molecules at elevated temperatures. Moreover, TAP-S formed a solid-micro-crosslinking structure
network which exhibited a more stable hydrodynamic diameter as revealed by DLS analysis. Compared
with TAP, TAP-S consisted of a larger composite B-SiNP-TAP integrated spatial network structure based
on the results of environmental scanning electron microscope, which conferred a degree of thermal
conductivity characteristic for improved temperature resistance. This contributed to the effective binding
onto bentonite particles for protection and maintained a relatively stable bentonite particle dispersion
according to the results of EPM and particle size distribution analyses. Consequently, TAP-S fortified
drilling fluid demonstrates improved rheological and filtration performance under severe downhole
conditions. Therefore, TAP-S, the thermo-associating copolymer integrated with B-SiNP could find po-
tential application as an eco-friendly viscosifier in LSDFs for deep-well drilling operations.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
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1. Introduction

The inherent merits of bentonite clay such as cost attractiveness,
desirable wellbore cleaning ability, and filtrate control ignite its
preferential use in conventional water-based drilling fluids
(WBDFs) (Oseh et al., 2019; Temraz and Hassanien, 2016). However,
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high content of bentonite clay in drilling fluids can compromise the
fluid performance because of temperature-inducing clay floccula-
tion and gelation under high-temperature and high-pressure
(HTHP) conditions. This unwanted phenomenon causes excessive
torque and drag, increasing chances of differential stuck pipe issues,
decreasing the rate of penetration (ROP), and formation damage,
which present a host of challenges during drilling operations (Li
et al., 2018; Salami and Plank, 2016). Therefore, developing low-
solid drilling fluids (LSDFs) is envisioned to exhibit a consistently
predictable flow behavior and a higher quality mud filter cake,
which are utmost desirable to inhibit formation damage under
HTHP conditions.

Over the years, much attention was given to the substitution of
bentonite clay with additives that impart an attractive thickening
characteristic in aqueous solution. For most WBDFs, an exhaustive
range of polymers could be used to mitigate the negative effect of
bentonite clay while preserving satisfactory performance compa-
rable to those of conventional drilling fluids. These polymers
including biopolymers (xanthan gum, scleroglucan, and starches),
chemically modified cellulose, and acrylamide-based polymers,
among others have been reported to provide the desired rheolog-
ical and filtration properties in WBDFs (Jain and Mahto, 2017; Li
et al., 2015, 2016; Song et al., 2016b). However, the molecular
chains of these polymers would adopt a random spiral conforma-
tion and even degrade when exposed to harsh conditions, leading
to disastrous viscosity defects that affect the subsequent drilling
process (Stamatakis et al., 2013; Tehrani et al., 2009). Although
various stabilizing additives such as oxygen scavengers have been
used to extend the thermal window, the lifespan of drilling fluids
has not yet been significantly extended during deep-well drilling
operations.

To overcome these inherent shortcomings, researchers have
developed diverse functional polymers such as hydrophobically
modified copolymers, super-high molecular weight poly-
acrylamide, temperature resistancemodified polymers, amphoteric
polymers, and comb-shaped polymers, etc., to improve the ther-
mal, physical, and chemical properties of polymers over a certain
ramp of conditions (Song et al., 2016a, 2016b; Zhong et al., 2022).
Due to the low chemical and physical stability of the viscosity
precursor under HTHP conditions, the thermal stability is still
limited, leading to technical difficulties during drilling operations.

The oil and gas sectors have recently seen the advent of thermo-
associating polymers as a viable contender to overcome the fatal
viscosity fault of conventional polymers (Li et al., 2017; Ma et al.,
2020; Tchameni et al., 2021b, 2024a, 2024b; Xie et al., 2023). The
basic structure of this family of polymers consists of a hydrophilic
backbone on which are grafted some few thermo-responsive side-
chains (Guo et al., 2015; Petit et al., 2007b; Tchameni et al., 2021a)
(characterized by a Lower Critical Solution Temperature, LCST) for
temperature responsivity. The viscosity of typical polymers fol-
lowed the Arrhenius relationship below the threshold tempera-
tures (Tcass); however, when heated above the Tcass, thermo-
associating polymers displayed an abrupt macroscopic behavior.
This phenomenon was essentially linked to the switch of LCST
precursors of thermo-associating polymers from hydrophilic
character to hydrophobic character upon heating, which would
induce a hydrophobic association effect and reinforce the network
structure, and eventually the response in solution viscosity (Durand
and Hourdet, 1999; Guo et al., 2015; Hourdet et al., 1994).

As previously reported, these appealing properties sparked in-
terest in using thermo-associating polymers as efficient precursor
viscosities for developing engineerable LSDFs to meet the technical
challenges of the oil and gas industry (Xie et al., 2016; Xie and Liu,
2017). However, up to date, there are not only very limited works
based on LSDFs that coped with HTHP conditions but also the
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currently reported precursor viscosities are benzene-based poly-
mers which display some level of toxicity and might pose a serious
threat to the flora as a consequence to restrain their wide spectrum
of applications (Xie et al., 2016; Xie and Liu, 2017). Therefore,
exploring the feasibility of preparing a thermo-associating polymer
with expanded temperature limitations while also mitigating the
negative environmental impacts is urgently needed to develop
technically reliable LSDFs, that are suitable for deep well drilling.

At present, there is a growing demand to developmaterials with
collective properties, which are not found in even one. The com-
bination of materials with distinctive properties to acquire new
products, generally known as “nano-hybrids” is perceived as a
promising alternative in several industrial applications (Cao et al.,
2018a, 2019; Li et al., 2024). It has been demonstrated that incor-
porating nanomaterials (NPs) into polymer molecular chains can
result in a final product with micro-cross-linked structures that
significantly improve thermal stability and mechanical properties
under certain conditions (Martín-Alfonso et al., 2021; Zhang et al.,
2021). These anticipated characteristics were ascribed to certain
interactions between the host polymer and NPs (Cao et al., 2019;
Zhu et al., 2014). Nano-hybrids are particularly of great interest
where enhanced properties including flowability, wettability
alteration, heat conductivity, and optical properties are requisite for
the facile processability and flexibility of polymer structure,
resulting in a material with exceptional chemical and thermal
stability (Miranda et al., 2012; Roustaei et al., 2013). Literature is
endowed with various nano-hybrids with an unrestricted range of
NPs which have been incorporated into the molecular structures of
polymers to improve the thermal stability, rheological and filtration
loss properties of the drilling fluid, the thermal stability, reduce
torque and drag, and maintainwellbore stability. These NPs include
titanium dioxide (TiO2) (Sadeghalvaad and Sabbaghi, 2015), zinc
oxide (ZnO), copper oxide (CuO) (William et al., 2014), iron oxide
(Fe2O3), silica (SiO2) (Salih et al., 2016). Prominently reported
among them, is silica nanoparticle (SiNP) because of its greater
surface area, ordered structure, and advanced production process
as well as its significantly beneficial impact on the rheological and
filtration loss properties of WBDFs (Salih et al., 2016; Xie et al.,
2023; Cao et al., 2018b, 2019). Xie et al. (2023) exploited the syn-
ergistic effect between the thermo-associating polymer (CGBA) and
SiNP to develop an organic/inorganic hybrid system that enhanced
the rheological properties (AV, PV, and YP) of bentonite-free drilling
fluid by about 16-fold compared to CGBA-bearing bentonite-free at
200 �C. Mao et al. (2015) proposed a hydrophobic-associated
polymer-based SiNP composite with a core-shell structure that
could not only improve the HTHP filtration loss and rheological
properties of drilling fluid at 230 �C, but also showed certain
tolerance to saline-alkaline environments. Wandji Djouonkep et al.
(2024) reported on an amphoteric polymer nanocomposite (Nano-
DAVD) with SiNP that did not remarkably only better control the
filtration loss properties of WBDF in the presence of 15% NaCl but
also improved the quality of the mud filter-cake compared to the
free-SiNP polymer counterpart at 240 �C. Additionally, the authors
also found that Nano-DAVD slight improvement in the rheological
properties at high temperatures (Djouonkep et al., 2024). Liu et al.
(2021) did a study on the polymer with a core-shell structure based
on SiNP as a filtration loss reducer (NS-DA) in WBDFs. They re-
ported that when NS-DSwas added to the drilling fluid, its filtration
loss volume was favourably as low as 5.6 mL at 180 �C, which was
far better than that of some commercial filtrate reducers (such as
Driscal D, PAC-Lv, and CMC) under the same conditions. Another
relevant study done by Pang et al. (2025) revealed a zwitterionic
polymer nanocomposite (AAND-S) based on SiNP acting as a filtrate
reducer inWBDFs at high temperatures. They observed that AAND-
S did not only reduce the filtration loss volume of the base fluid
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from 44 to 12.25 mL but also demonstrated favorable tolerance to
sodium chloride contamination up to 25% at 220 �C. Leveraging on
the extraordinarily charming and beneficial aforementioned
properties, there are versatile synthesis routes to produce a variety
of nano-hybrid structures that unify thermo-associating polymers
such as poly(N-alkylacrylamide) and polyethers through interac-
tion with the surface of SiNP to form a nano-hybrid network with
viscoelasticity comparable to chemical gels (Sanchez et al., 2005;
Petit et al., 2007a; Vallejo et al., 2019).

Extraction of silica from agricultural waste is attracting para-
mount attention as it could be perceived as amore environmentally
and economically sustainable strategy for broad ramp of industrial
applications than commercial SiNPs which not only demonstrate
some level of toxicity but also require high operational cost and
stringent synthesis conditions. In recent years, exhaustive studies
have tended to focus on the extraction of biogenic-nanosilica in rice
husks (RHs) attributed to its high content compared to other
agricultural disposed waste (Keshavarz Moraveji et al., 2020; Liou,
2004; Okon et al., 2014). Thus, RHs can be used as raw materials
to extract amorphous or crystalline SNPs based on the annealing
temperatures (Umeda and Kondoh, 2010). The nanomaterials (ca.
biogenic-SiNPs) are gradually attracting special interest for tech-
nologically innovative solutions in the petroleum sectors (Gautam
and Guria, 2020; Umeda and Kondoh, 2010). Raipuria et al. (2018)
demonstrated that the biogenic-SiNPs were almost as effective
compared to the traditional SiNP in terms of controlling the rheo-
logical flow and filtration loss properties in drilling fluids at high
temperatures (Raipuria et al., 2018). Owing to their uniform
dispersion and defined morphology, the biogenic-SiNPs enhanced
the oil recovery efficiency by roughly 5%e7% relative to the tradi-
tional SiNPs (Zamani et al., 2020). However, as the biogenic-SiNPs
(B-SiNPs) display identical inherent characteristics to that of the
commercial SiNPs, their dispersion state might be compromised
under harsh environmental conditions, which thus erects the ne-
cessity of surface modification of optimal nanodispersion.

Given the possibility of polymer molecules binding to the sur-
face of nanomaterials, we used vinyl triethoxysilane (VTES) to
modify the surface of B-SiNPs, which was prepared by our research
team (Tchameni et al., 2025) and then synthesized the thermo-
associating polymer nano-hybrid materials (TAP-S) by in-situ
free-radical polymerization technique. The molecular structure of
TAP-S was designed as follows: AMPS monomer which had been
widely employed in oilfield operations for its attractive thermal and
hydrolytic stability, and high reactivity was chosen to afford a
relatively rigid copolymer molecular chain; thermos-sensitive
monomer NVCL, whose corresponding polymer (PNVCL) solution
segregate into two distinctive phases when heated above the LCST
(ca. around 32 �C), was used to improve the rigidity of the polymer
molecular chain and increase the viscosifying properties and
structural strength of polymer in drilling fluids at high tempera-
ture; cross-linking monomer MBAwas employed to afford polymer
conformation with micro-crosslinkages to improve the viscosity
and structural strength; vinyl-terminated biogenic nanosilica (VB-
SiNPs) was incorporated to reinforce the micro-crosslinked struc-
ture and improved the temperature conductivity characteristic of
the polymer. Meanwhile, a thermo-associating polymer (TAP) was
also prepared as a control sample under the same conditions. In
each case, we investigated the feasibility of incorporating B-SiNP
into the molecular skeleton of TAP with respect to the fluid rheo-
logical controlling ability at HTHP conditions. In relation to the
macroscopic properties of the fluids, the DSC, DLS, ESEM, EPM,
particle size distribution, and SEM were used to elucidate the
distinctive mechanisms driving rheological controlling ability in
LSDF under deep well drilling operations. For the first time, the
feasibility of incorporating B-SiNPs into the molecular skeleton of
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the thermo-associating polymer was explored in this study as a
high-performance eco-friendly, and economically viable precursor
viscosity in LSDFs for optimal performance during deep well dril-
ling operation.

2. Experimental

2.1. Materials

Based on previous work, the B-SiNPs with an average particle
size in the range of 25e45 nm, and a specific surface area of 525m2/
g with a total pore volume of 1.13 cm3/g were extracted from rice
husks via the sol-gel method (Tchameni et al., 2025). The reagents
used for the extractionwere as follows, husks (RHs) acquired from a
rice mill in Wanzhou in Chongqing (China), sodium hydroxide
(NaOH), sodium sulfite (Na2SO3, 98%), sodium carbonate (Na2CO3,
98%), anhydrous ethanol (EtOH) and hydrochloric acid (36%e38%)
were from Tianjin Beilian Fine Chemicals Development Co. Ltd. N-
vinylcaprolactam (NVCL, 98%), 2-acrylamido-methylpropane sul-
fonic acid (AMPS, 99%), vinyl triethoxysilane (VTES, 98%), 2,20-
azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (AIBI, 99%),
N,N0-methylenebis (acrylamide) (MBA, 99%), trimethylamine (TEA,
99%), and sodium montmorillonite (Mt) were all acquired from
Shanghai Macklin Biomedical Co. Ltd. The bentonite which was
according to the API standard as well as calcium carbonate (CaCO3),
and DSP-1 were procured from Jingzhou Jiahua Technology Co. Ltd.
In all the tests, the electric heating water distiller (Biobase Meihua
Trading, Model WD-A20) was used for the distillation of water.

2.2. Synthesis methods

B-SiNP-TAP was prepared based on a two-step reaction as
schematically illustrated in Scheme 1.

2.2.1. Synthesis of vinyl-terminated B-SiNP (VB-SiNP)
The surface modification process for B-SiNP was adapted from a

procedure proposed by Cao et al. (2018a). In detail, dried SiNP (4 g)
was first dissolved in EtOH (100mL) with a pH value controlled to 8
using TEA. After 60 min of intensive ultrasonication at ambient
temperature, a desired amount of VTES contained in a small volume
of EtOH was added dropwise to B-SiNP/EtOH dispersion and mixed
evenly. The reaction was carried out at 85 �C for 10 h under
refluxing. VB-SiNP was recovered by centrifugation after repeated
washing with EtOH at least four times to remove the unreacted
coupling agents and TEA (4000 rpm for 30 min, at ambient tem-
perature), and oven-dried overnight. A series of VB-SiNP based on
the distinctive content of VTES were prepared in this study and
their parameters are compiled in Table 2.

2.2.2. Synthesis of thermo-associating copolymer nano-hybrid
materials

A series of nano-hybrid materials were prepared by in-situ
polymerization in distilled water using comonomers of NVCL,
AMPS, and MBA. At room temperature, the comonomers were
mixed with the nanomaterials priorly intensively ultrasonicated in
a small volume of EtOH to attain a total monomers concentration of
10 wt% and the pH value was controlled between 8 and 9 using a
concentrated NaOH solution. The mixture was then stirred in a
three-necked flask equipped with an electric stirrer under a ni-
trogen atmosphere for 1 h and the reaction temperature was
controlled with a thermostatic water bath. Subsequently, a
degassed stock solution of AIBI (1 wt/v% based on the total mass of
comonomers) was introduced to the mixture to induce the poly-
merization and the reaction was left to proceed under continuous
nitrogen injection at the reaction temperature for 8 h. After the



Scheme. 1. Two-step reaction of TAP-S.

Table 1
Composition of LSDFs.

Additive Function Concentration, wt%

F-1 F-2 F-3

Tap water Continuous phase 400 400 400
Bentonite clay Viscosifier 3 3 3
FC-Amihib Shale inhibitor 3 3 3
Fine CaCO3 Filtration loss reducer 3 3 3
DSP-1 Filtration loss reducer 1 1 1
TAP Viscosifier / 1.5 /
TAP-S Viscosifier / / 1.5
Na2SO3 Oxygen scavenger 0.5 0.5 0.5
Barite Weighting agent As needed As needed As needed
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reaction, the viscous solutions were repeatedly washedwith a large
volume of acetone/water (v/v, 4/1), and then freeze-dried to obtain
the target products. TAP, which refers to thermo-associating
copolymer free-B-SiNP was also synthesized under identical con-
ditions for comparison. The chemical structure of TAP-S is indicated
in Fig. 1.
2.3. Characterization of nanomaterials and nano-hybrid materials

FT-IR analysis was performed on an FT-IR 650 (Tianjin, China) in
the frequency range of 4000e400 cm�1. Elemental analysis (C, H, S,
and N) was carried out on the Vario Micro 28 cube elemental
analyzer. The thermal stability was tested on a Pyris 1 thermogra-
vimetric analyzer with a heating rate of 10 �C/min from room
temperature to 900 �C under N2 gas. The morphology of nano-
materials was observed by transmission electronmicroscopy (TEM)
Table 2
Physicochemical parameters of nanomaterials.

Sample SiNP, g VTES, g Mole ratio of eOH/VTES Elemental an

C,
%

H,
%

VB-SiNP-1 4 0.8 1:1 3.46 1.4
VB-SiNP-2 4 1.2 1:2 4.07 1.8
VB-SiNP-3 4 1.6 1:4 5.12 1.9
VB-SiNP-4 4 2.0 1:8 4.23 1.6

a Determined by elemental analysis.
b Estimated by BET analysis.
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(JEM-2100UHR, JEOL, Japan). The particle size was examined by
collecting aliquots of nanodispersions whose variation in particle
size was studied on a particle size analyzer (BT-9300LD, Betttersize,
Shanghai, China). The specific surface area of the nanomaterial was
studied through Brunauer-Emmett-Teller (BET) (Autosorb AS-1 MP
Surface area and pore size analyzer, USA) using nitrogen adsorption
and desorption techniques. The colloidal stability of the nano-
dispersions was further tracked using the Formulaction Turbiscan
LAB (MA 2000, France). In all the tests, the measurements were
taken in triplicate and averaged to obtain the final results.
2.4. Application of thermo-associating polymer nano-hybrid in
LSDF

2.4.1. Sample preparation
A low-fresh solid slurry was prepared by mixing bentonite clay,

Na2CO3, and tap water (3:0.5:100 ratio by weight), and allowed to
pre-hydrate for 24 h at ambient temperature. Subsequently, all the
additives listed in Table 1 were added sequentially to the slurry
under mechanical stirring at 3000 rpm for 20 min to formulate the
LSDFs. F-1 was considered as the base fluid, providing information
on the thermo-stability of the prepared drilling fluid while F-2, and
F-3 containing TAP and TAP-S, respectively, previously synthesized
in-situ, following the procedure provided in Section 2.2, were
prepared in the descending order of the formulations. The thermal
stability of the formulated fluid samples was monitored by the hot-
rolling process at different temperatures (ca. 170, 200, 230 �C) up to
230 �C to simulate the bottom hole temperature in the buried hill
field in Jidong Oilfield of Bohai Sea Bay Basin which can reach
220 �C (Mao et al., 2016).
alysis Vinyl group density, mmol/ga Specific surface area, m2/gb

N,
%

4 0.21 0.53 525
1 0.20 1.03 555
1 0.22 1.85 590
5 0.23 1.71 585



Fig. 1. Chemical structure of TAP-S.
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2.4.2. Rheological measurement
Two types of viscometers were used to examine the viscosity of

the fluid samples. First, the fluids were hot-rolled (OFI Testing
Equipment, US) at set temperatures for 16 h, then cooled to room
temperature. Subsequently, the rheological parameters including,
the apparent viscosity (AV), plastic viscosity (PV), yield point (YP),
and gel strengths (ca. 10-min and 10-sec gel strengths) were
determined from the dial readings at a rotor speed of 600 rpm and
300 rpm viscometer readings taken using ZNN-D6B six-speed ro-
tary viscometer (Qingdao Shande Petroleum Instrument, China)
based on API 2009 guideline 13B-1 for field testing of water-based
drilling fluids (API Recommended Practice, 2009).

A Physica MCR 302 (Anton Paar) rotational rheometer equipped
with Searle-type concentric cylinder geometry was used for both
shear viscosity and oscillatory rheological measurements at distinct
temperatures. The measurements were conducted between 25 and
210 �C at a fixed shear rate of 10 s�1. The heating runs were per-
formed at 5 �C/min with the necessary precautions to ensure
repeatability and reproducibility. The dynamic moduli parameters
(G' and G'') of the fluids were also recorded bymonitoring the stress
and using concentric cylinder geometry. Before taking the mea-
surements, the strain amplitudewas adjusted to make sure that the
test was conducted in a linear viscoelastic regime at temperatures
of 25, 170, 200, and 230 �C. In addition, the shear steady viscosity
ðhÞ, normal stress ðN1Þ, and relaxation time ðqÞ were also
determined.
2.4.3. Filtration control test
The standard filtration loss properties of the fluids were deter-

mined at ambient temperature and 0.7 MPa with a nitrogen-
applied medium pressure apparatus while the HTHP filtration
loss was carried out at a temperature of 180 �C and pressure of
3.5 MPa in compliance with API 2009 guideline 13B-1 (API
Recommended Practice, 2009). Besides noting the filtration vol-
umes, the filter cakes were vacuo-dried, and the surface micro-
morphology was observed by a Zeiss Gemini SEM-HRSEM. All the
apparatus used for the tests were supplied by Qingdao Haitongda
Specialized Instrument Company.
2888
2.5. Regulation of fluid rheological properties

2.5.1. Differential scanning calorimetry experiments
The phase segregation was tracked by Netzsch Differential

scanning calorimetry (DSC) 204 F1 Phoenix analyzer in the tem-
perature range between 20 and 90 �C at a heating rate of 1 �C/min.
The endothermic peak could be integrated to obtain the cumulated
enthalpy (H) using the temperature dependence of the heat flow.
Subsequently, the transition enthalpy permole of repeating units of
NVCL (DH) was taken as the higher value of this cumulated
enthalpy (H).

2.5.2. Dynamic light scattering (DLS) measurement
The hydrodynamic diameter of nano-hybrid materials in an

aqueous solution was determined using a Multi-detector light
scattering unit (DAWN HELEOS, Wyatt Technology Corporation,
US).

2.5.3. Environmental scanning electron microscope test
The microscopic morphology of nano-hybrid materials in

aqueous solutions was visualized by environmental scanning
electron microscope (FEI ESEM Quanta 450) as per the previous
reports (Chen et al., 2013; Tchameni et al., 2021a).

2.5.4. Electrophoretic mobility (EPM) measurement
Malvern Instruments Zetasizer Nano Z was employed to inves-

tigate the effect of polymeric materials on the EPM of Mt fluids, and
the concentration of the sample was set at 0.1 wt/v% with a pH
value adjusted to 8 using NaOH.

3. Results and discussion

3.1. Characterization of nanomaterials

A series of vinyl-terminated B-SiNP based on the distinctive
content of the coupling agent (ca. VTES) was first prepared via
surface modification in EtOH, and the molecular structural char-
acterization was conducted using elemental analysis, particle size
measurement, wettability, EPM, FT-IR, and TEM analyses.

3.1.1. Elemental analysis, particle size distribution, and wettability
measurements

As can be seen in Table 2, the optimal vinyl deposition layers
onto the B-SiNP surface were obtained as 1.85 mmol/g (ca. VB-
SiNP), which is prominently higher than that reported in previous
works (Cao et al., 2018a; Xie et al., 2023), presumably ascribed to a
prolonged reaction time, which contributed to the deposition of a
thicker vinyl multi-layers (Vandenberg et al., 1991). The deposition
of vinyl groups onto the surface of B-SiNP increased proportionally
with the feed amount of VTES, and monotonically attained satu-
ration at 1:4. Further increase in the VTES feed amount (ca. 1:8)
compromised the deposition layer, which is consistent with a
previous study (Zhao et al., 2012; Traciak and _Zyła, 2022). In our
previous work, the particle size of B-SiNP ranged from 25 to 45 nm,
but surprisingly, it increased to 245 nm presumably due to strong
flocculation propensities in aqueous medium. Nevertheless, as
indicated in Fig. 2(a), the particle size gradually reduced with
increasing VTES feed amount, suggesting better dispensability,
which corroborated the findings of the specific surface area. The
electrical potential was examined by tracking the electrophoretic
mobility (EPM) of the nanodispersion with respect to feed amount
of VTES as presented in Fig. 2(b). It was obvious that the deposition
of the coupling agent induced amore negatively charged surface up



Fig. 2. (a) Particle size distribution and (b) EPM of nanomaterials.
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to the optimal value at VB-SiNP-3, which was also indicative of the
surface saturation under the investigated conditions. Simulta-
neously, the surface hydrophobicity of B-SiNP was reinforced as
indicated in the inset Fig. 2(b). Further increase in the feed amount
of VTES (ca. VB-SiNP-4) led to a gradual diminution of the EPM as
well as the contact angle, which could irreversibly promote nano-
dispersion stability defect as VTES could not transcend the satu-
ration limit (Traciak and _Zyła, 2022).
3.1.2. FT-IR analysis
FT-IR spectra of B-SiNP, and vinyl-terminated B-SiNP are shown

in Fig. 3. The broad peak at 3411 cm�1 was due to OeH stretching
vibration from B-SiNP and VB-SiNP. Compared to B-SiNP, several
new peaks appeared on the surface of vinyl-terminated B-SiNP. The
peak around 2912 cm�1 which is attributed to the CeH stretching
vibration of the coupling agent became prominent with increasing
Fig. 3. FT-IR of nanomaterials.
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feed amount in the VTES. Similarly, the characteristic peak at
1593 cm�1 was attributed to the C¼C vibration of VTES. For all the
nanomaterials, the asymmetrical stretching of SieOeSi vibrated at
1111 and 477 cm�1 (Al-Oweini and El-Rassy, 2009).
3.1.3. TEM analysis
The morphologies of B-SiNP, vinyl terminated B-SiNP dispersed

in distilled water were visualized by Transmission Electron
Microscopic (TEM), as depicted in Fig. 4. It can be observed that B-
SiNP was more intensely aggregated than VB-SiNP, which exhibited
a comparatively loose structure and slightly uniform dispersion.
After the silanization process of B-SiNP, the surface energy between
the particles is reduced driving weakening effect of van der Waals
interactions, which causes the aggregation tendency (Guo et al.,
2008).
3.2. Colloidal stability

In this subsection, the long-term colloidal stability of the
nanomaterials with respect to surface modification was studied
with emphasis on the proper integration of the nanomaterials into
the copolymer molecular architecture for improved thermal-
conductivity characteristics, to ultimately extend the thermal
resistance of working fluids. Preliminary results on comparative
colloidal stability between the B-SiNP and series of vinyl-
terminated B-SiNP via visual observation over 10 days in distilled
water at neutral conditions (ca. pH 7) are indicated in Fig. 5(a). The
nanomaterials maintained a certain dispersion in distilled water on
the first day as no obvious sign of sedimentation was noticed.
However, the VB-SiNP demonstrated better dispersion as the so-
lutions were more transparent than the parent B-SiNP, which could
be ascribed to the randommotion of nanoparticles in the dispersed
aqueous medium (ca. so-called Brownian motion) as VB-SiNP
reached equilibrium under the investigated conditions (Harish
and Sivakumar, 2021; Hayat et al., 2017). From the same figure, it
is obvious that B-SiNP underwent sedimentation after 5 days and
the dispersed medium became totally transparent. A similar
observation was made for VB-SiNP-1 nanodispersion as strong
flocculation tendencies arising from the hydroxyl groups governing
the system and contributing to their partially wetting characteris-
tics after 10 days (which was obvious earlier in the wettability



Fig. 4. TEM of nanomaterials dispersed in distilled water. Note: (a) B-SiNP and (b) VB-SiNP-3.

Fig. 5. Colloidal stability of nanomaterials: (a) Photographs of nanomaterials dispersed in distilled water; (b) TSI of nanomaterials.
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analysis). Comparatively, VB-SiNP-2, VB-SiNP-3, and VB-SiNP-4
nanomaterials apparently maintained relative stability over 10
days and it was quite uncertain to precisely characterize their
colloidal stability through visual observation. For this purpose, the
colloidal stability of the nanodispersions was intuitively tracked
using the Turbiscan stability index (TSI), whose quantity is
conversely proportional to the stability of materials, and the results
are presented in Fig. 5(b). As observed, the deposition of VTES
noticeably influences the colloidal stability of the nanodispersion
with reference to the corresponding TSI. B-SiNP had the fastest
increasing rate of the TSI followed by VB-SiNP-1 and VB-SiNP-2,
inferring that the nanomaterials gradually lost their stability due
to their low hydrophobic characteristics. The lowest TSI of VB-SiNP-
3 (ca. 0.55), indicates its favorable stability and hydrophobic char-
acter over time. Further increases in VTES feeding amount (ca VB-
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SiNP-4) compromised the deposition of thicker vinyl multi-layers
owned to unwanted cross-linking processes, which favored not
only a high chance of electrostatic instability but also nanomaterial
sedimentation, and ultimately increased TSI (ca. 0.67). The favor-
able colloidal stability demonstrated by VB-SiNP-3 was consistent
with the results of the wettability testing, therefore, this nano-
material was selected for subsequent synthesis experiments.
3.3. Synthesis and characterization of thermo-associating polymer
nano-hybrid TAP-S

3.3.1. Synthesis of thermo-associating copolymer nano-hybrid TAP-
S

Nanosilica-hybrid material TAP-S was prepared based on the
two-step reaction as illustrated in Scheme 1. The products were
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prepared by in-situ polymerization using comonomers of AMPS,
NVCL, and cross-linking MBA in distilled water in the presence of
AIBI. During the synthesis reaction, the key factors including
monomers feed ratio, content of nanomaterials, reaction temper-
ature, and reaction time were found to prominently influence the
performance efficiency of the target products. Therefore, an
orthogonal array L9 (34) was designed for the optimization of the
synthesis process. The key factors and levels of this synthesis re-
action are listed in Table 3. As the characterization of rheological
properties of drilling fluids implied the identification of the key
parameters including apparent viscosity (AV), plastic viscosity (PV),
and yield point (YP), the optimal synthesis conditions were iden-
tified according to the YP which refers to the amount of tension
necessary to initiate deformation in the drilling fluids to initiate its
flow whereas YP/PV ratio which denotes the shear-thinning
behavior as an index of drilled-cuttings transport. As stated in our
previous work (Xie et al., 2023), these two key parameters were
normalized (denoted YP and YP/PV as X and Y, respectively). Sub-
sequently, an identical weight fraction was applied to these two
rheological properties indicators. Specifically, the level of variation
in properties of the slurry was calculated by the relationships given
in Eqs. (1)e(3)

X¼ ðYP� YPminÞ
ðYPmax � YPminÞ

(1)

Y ¼
�ðYP=PVÞ � ðYP=PVÞmin

�
�ðYP=PVÞmax � ðYP=PVÞmin

� (2)

Z ¼ X þ Y (3)

The bigger the X value, the greater the YP and YP/PV ratio would
be for satisfactory fluid flow. In the course of the investigation, a
prehydrated low bentonite slurry (3 wt%) was incorporated with
1 wt% nanocomposite and 0.5 wt% oxygen scavenger Na2SO3 and
the key rheological indexes were collected after the hot-rolling
processes at 230 �C for 16 h.

Albeit the poor Z values, which reflect the instability of drilling
fluid samples (see Table 4) mainly attributed to the gradual
Table 3
Factors and levels of Orthogonal test array to fabricate the nanocomposite.

Factor level Comonomers feeding ratio AMPS/NVCL/MBA, mol% Conten

Level 1 45:55:0.7 3
Level 2 50:50:0.7 4
Level 3 55:45:0.7 5

Table 4
Orthogonal test array results of nanocomposites.

Sample Comonomers feeding ratio AMPS/NVCL/MBA, mol% Content of nanomateria

1 45:55:0.7 3
2 45:55:0.7 4
3 45:55:0.7 5
4 50:50:0.7 3
5 50:50:0.7 4
6 50:50:0.7 5
7 55:45:0.7 3
8 55:45:0.7 4
9 55:45:0.7 5
K1 0.343 0.330
K2 0.480 0.546
K3 0.553 0.480
R 0.459 0.452
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molecular deterioration of the polymeric material under the
continuous hot-rolling procedures. However, varying the key fac-
tors could potentially improve these values. Among the key factors,
the comonomers feed ratio had the most significant impact on the
optimization process. Based on the mean analysis findings, TAP-S
was prepared using the optimal synthesis conditions of AMPS/
NVCL/MBA¼ 55:45:0.7, theweight fraction of nanomaterial¼ 4wt/
v%, reaction temperature ¼ 50 �C, and reaction time ¼ 8 h. For
comparison purposes, the thermo-associating polymer free-
nanomaterial (ca. TAP) was synthesized under the same conditions.

3.3.2. Characterization of thermo-associating copolymer nano-
hybrid TAP-S

3.3.2.1. FT-IR and 1H-NMR spectra. The molecular structure of TAP
and TAP-S were proved using FT-IR as shown in Fig. 6(a). The
spectra of TAP showed adsorption peak characteristics as follows;
the stretching vibration of eCH2 appeared around 2977 cm�1. The
stretching vibration of C¼O contributed to the peak at 1720 cm�1.
The bending vibration absorption of eCH, eCH3, and eCH2 were
attributed to the peaks detected between 1338 and 1491 cm�1. The
adsorption peaks at 1212 cm�1 were due to the stretching vibration
of eSO3

�. Considering the nano-hybrid material TAP-S, in addition
to all the adsorption peaks characteristic of TAP, the key adsorption
peaks of silicate groups appeared at 883 and 493 cm�1 associated
with the SeO stretching and bending vibration, respectively (da Luz
et al., 2019).

The molecular structure of TAP-S was further elucidated by 1H-
NMR as indicated in Fig. 6(b). It can be readily seen that TAP and
TAP-S had a similar spectrum. Briefly, the hydrogens in theeCH2 (l)
of NVCL units appeared at 1.12 ppm. The hydrogens of [e(CH3)2Ce]
(b) in AMPS units and those in the eCH2 (m, k) of NVCL units were
assigned to the peak at 1.47 ppm. The signal between 2.16 and
1.99 ppmwas due to the hydrogens in eCH and eCH2 of the central
chain (c, d, e, f, h, i). The peak detected between 2.01 and 2.61 ppm
was attributed to the hydrogens in theeCH2 (j, n) of the NVCL units.
The hydrogens in eCH2 (a) in the AMPS units and those eCH2 (k) in
the NVCL units were detected at 3.31 ppm. The hydrogens in eCH2
(g) of MBA cross-linking were due to the peak at 3.32 ppm. The
peak between 7.43 and 7.62 ppm corresponded to the vinyl protons
anchored to the surface of B-SiNP. The recorded peaks emerging
t of nanomaterial, wt% Reaction temperature, oC Reaction time, h

40 6
45 7
50 8

l, wt% Reaction temperature, oC Reaction time, h YP, Pa YP/PV ratio Z

40 6 6 0.17 0.050
45 7 7.5 0.29 0.47
50 8 8 0.37 0.51
45 7 7 0.26 0.41
40 8 9.5 0.50 0.60
50 6 7 0.25 0.43
50 6 8.5 0.40 0.53
45 8 9 0.45 0.57
40 7 8 0.36 0.50
0.383 0.337
0.483 0.460
0.490 0.547
0.452 0.448



Fig. 6. (a) FT-IR and (b) 1H-NMR spectra of polymeric materials.

Table 5
Nomenclature of TAP and TAP-S

Sample Initial feed ratio of AMPS/NVCL/MBA, wt%a Content of nanomaterials, wt% Elemental analysis The final feed ratio of AMPS/BA/DVB, wt%b Grafting ratio. wt%c

C, wt% N, wt% S, wt%

TAP 55:45:07 / 36.15 7.31 6.42 62.43:36.75:0.52 73.50
TAP-S 50:45:0.7 4 32.78 6.47 6.05 62.90:36.45:0.55 72.90

a Initial mass percentage of comonomers.
b Determined by elemental analysis.
c Determined from the ratio final feed ratio of NVCL to the initial feed ratio of NVCL.
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from TAP-S and TAP proved their chemical structure and un-
doubtedly evidenced the successful integration of the nanomaterial
into the skeleton of TAP.
3.3.2.2. Elemental analysis. The results of the elemental analysis
are listed in Table 5. Interestingly, it was noticed a slight variation in
the actual mole ratio of AMPS, NVCL, andMBA for both copolymers.
These findings were consistent with those of 1H-NMR, inferring
that the addition of nanomaterials in bulk polymerization had a
minimal impact on the reactivity of monomers, and were consis-
tent with a previous report (Cao et al., 2018a).
3.3.2.3. TGA analysis. The thermal behavior of TPA and TAP-S are
indicated in Fig. 7(a). The two samples presented three stages of
weight loss upon heating. When heated up to 220 �C, all the sam-
ples exhibited almost identical weight loss attributed to the elim-
ination of free water adsorbed from the environments (Tchameni
et al., 2021b). The second stage of decomposition of TAP occur-
ring between 220 and 310 �C with a weight loss of 15.78% was
attributed to the degradation of sulfonyl groups, and the third stage
was over 311 �C. However, unlike TAP, the decomposition of the
TAP-S counterpart occurred at a relatively higher temperature with
a threshold thermal stability observed between 220 and 348 �C
with a weight loss of almost 16.60%. Further increase in tempera-
ture prompted remarkable stepwise decarboxylation of carboxylate
functional groups and cleavage of CeN and CeC linkages above
350 �C. The DTG thermogram shown in Fig. 7(b) clearly confirmed
the main decomposition temperatures of TAP and TAP-S were at
310 and 348 �C, respectively.
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3.4. Properties evaluation of TAP-S fortified LSDFs

Optimal drilling fluids properties are fundamentally necessary,
especially, for efficient and safe drilling operations of depth wells.
The key parameters of drilling fluids including density, rheological,
and filtration loss properties were used to examine the effect of
integrating B-SiNP into the molecular structure of thermo-
associating copolymer TAP with respect to drilling fluid
performance.
3.4.1. Rheological properties
The rheological stability of the drilling fluid samples fortified

with polymeric materials was examined by hot rolling at elevated
temperatures (ca. 170, 200, and 230 �C), and then cooled to room
temperature, and key parameters were measured. Results of the
rheological parameters (ca. AV, PV, YP, and Gel strengths) of the
drilling fluid samples are shown in Fig. 8(a) and (b). The drilling
fluids exhibited interesting characteristics in retaining their
rheology albeit their efficiencies decreased with rising oven-
treatment temperatures. The F-1 exhibited the lowest rheological
properties throughout the investigated temperature range, which
was expected for a polymer-free drilling fluid sample. The F-2 lost
almost 50% of its initial viscosity at 170 �C, and the AV prominently
diminished by almost 80% with increasing oven treatment up to
230 �C as indicated in Fig. 8(a), mainly because of deterioration of
TAP molecules caused by the exposure to prolonged hot-rolling
treatment for 16 h. This explanation may be connected to the
drastic drop in the PV and YP (Fig. 8(a)), and Gel strengths
(Fig. 8(b)). The rheological properties of TAP-S fortified fluids
shown in Fig. 8(a) and (b) indicate relative stability at 200 �C as it
almost retained 90% of their initial fluid properties (ca. AV, PV, and



Fig. 7. Thermal analysis of polymeric materials: (a) TGA and (b) DTG.

Fig. 8. Rheological properties of drilling fluids at different temperatures ( for F-1, for F-2, for F-3); Note: (a) AV, PV and YP, and (b) 10-sec gel strength and 10-min gel
strength.
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YP). As indicated in Fig. 8(a), the AV and PV of the TAP-S fluid
sample could maintain a nearly 5.6-fold property control compared
to F-2 under the same conditions, which revealed that TAP-S was
more resilient. This potent viscosifying stability emanating from
TAP-S could be attributed to its molecular structure embeddedwith
B-SiNP which contributed not only to reinforcing the thermal
conductivity of the viscosity precursor but also reducing the mo-
lecular chain motion, and ultimately improving the continuous
network in the fluid system. This was particularly beneficial in
promoting better particle dispersion and minimizing the floccula-
tion tendency, and eventually maintaining an excellent sweep ef-
ficiency under high temperatures (Xie et al., 2023). Similar to the
preceding scenario, F-3 could control roughly 6.1-fold of YP
compared to F-2, obviously related to the integration of B-SiNP into
the molecular skeleton of TAP, resulting in extending the temper-
ature stability of the viscosity precursor, and eventually enhancing
the ability of the drilling fluid to carry drill cuttings out of the hole.
The improved heat resistance characteristic of TAP-S, contributed
to the high flat gel strength trends as shown in Fig. 8(b). This is
particularly interesting as it is beneficial for spontaneous gel for-
mation characteristics with high Gel-10s and Gel-10min at 200 �C.
2893
Albeit the rheological properties of the drilling fluid reduced as the
temperature extended to 230 �C. The decline was however, mini-
mal under the experimental conditions. The favorable rheology
exhibited by F-3 was ascribed to the superior heat resistance
characteristic of TAP-S (as previously discussed under TGA anal-
ysis). TAP-S admirably improved the rheological properties of
LSDFs ascribed to the integration of VB-SiNP into the host TAP,
which led to the formation of a solid mixed nanosilica-TAP spatial
network structure (which was further explored in the DLS and
ESEM experiments).
3.4.2. Filtration loss properties
Drilling fluids with minimal filtration losses under severe con-

ditions is always desirable to avoid several detriments ranging from
reduced rock permeability to formation instability (Ezzat et al.,
2008; Ibrahim et al., 2017; Shu and Yan, 2008). The filtration
properties of TAP-S blended fluids were determined by collecting
both the API and HTHP filtration losses volumes and the results
were comparedwith other drilling fluids under identical conditions
as indicated in Fig. 9. Contrary to F-1, the filtration loss rate of
copolymer fortified fluids declined over time BHR, which was



Fig. 9. API filtration properties of drilling fluids at different temperatures (Note: the
HTHP filtration indicated in the inset figure).
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reflected in the slope of their corresponding experimental curves.
The exposure to high temperatures (ca. 230 �C) compromised the
filtration properties of the fluid samples and F-1 exhibited the
worst filtration controlling capability as it produced the highest
filtration loss volume of approximately 60 mL/30 min AHR (ca.
230 �C), followed by F-2 (45 mL) and F-3, which could achieve a 4-
fold control over F-1 under the same conditions. This trendwas also
observed under HTHP conditions where the FHTHP declined in the
following order: F-1>F-2>F-3 as depicted in the inset figure. From
the preceding findings, it can be interpreted that the filtrate loss
control properties were not only connected to the thermal stability
of the precursor viscosity but also to isolated ionic segments of the
host TAP, which interacted with bentonite clay in the fluid system
for preventing the flocculation phenomenon beneficial to induce
the formation of less permeable filter cake, impeding water intru-
sion into the formations. Thereby forming a tighter packing struc-
ture that can effectively block the voids between the micron-sized
particles. This effectively mitigated water ingress into the perme-
able formations and ultimately diminished the filtrate loss volume
(Oseh et al., 2019; Sadeghalvaad and Sabbaghi, 2015).
Fig. 10. Filter cake micro-morphology after AP
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Themicro-photographs of filter cake surface topographies of the
drilling fluid samples after the heat treatment were further visu-
alized using SEM and represented in Fig. 10. The filter cake surface
of the corresponding drilling fluids exhibited distinctive topogra-
phies. The high-temperature dehydration contributed to a high
degree of flocculation and swelling of bentonite particles with
micro-voids on the surface as illustrated in Fig. 10(a), which inev-
itably favored the intrusion of high-volume filtration loss during
the filtration tests. Comparatively, in Fig. 10(b) and (c), it was
obvious that the limited temperature conductivity characteristic of
TAP contributed to forming a more porous filter cake and less
dispersed particles under the studied conditions. Conversely, F-3
produced a well-dispersed bentonite particle decorated with VB-
SiNP particle, facilitating the formation of a much more com-
pacted filter cake structure that could clog the water intrusion
pathway during the filtration. Therefore, the TAP-S with a special
enhanced temperature characteristic could enable better fluid
retention of drilling fluid and maintained excellent performance of
filter cake to a large extent.
3.4.3. Fluid density
Mud density is a measure of the hydrostatic pressure which

tends to control the formation pressure and helps stabilize the
wellbore. The fluid samples were weighted to 15 lb/gal and the
related data of the fluid densities after the hot-rolling process (ca.
230 �C) were collected to estimate the sagging tendency at inclined
(45�) and vertical conditions under static conditions for 24 h ac-
cording to the density from top and bottom of the fluids using the
relationship given in Eq. (4) (Tchameni et al., 2024).

Sag factor¼ bottom density
bottom densityþ top density

(4)

As noticed in Fig. 11, for both inclined and vertical conditions, F-
3 had a sag factor confined between 0.50 and 0.53, which report-
edly corresponds to the acceptable range (Tchameni et al., 2024b),
whereas the sagging effect is more obvious in F-2 and F-1, indicated
by the sag factor over 0.53 mainly attributed to the weakening of
intermolecular forces in TAP caused by the thermal deterioration of
its molecules under extreme conditions (Hale and Mody, 1993; Liao
and Siems, 1990). However, F-3 exhibited a comparatively weaker
sagging effect presumably due to the thermal disturbance of the
particles (Gupta et al., 2016; Smith et al., 2018). In general, TAP-S
demonstrated a certain tendency to reduce the sagging phenom-
enon in the drilling fluids.
I filtration tests; (a) F-1; (b) F-2; (c) F-3.



Fig. 11. Density of drilling fluids at different temperatures.

Fig. 12. Thermo-associating behaviour of different viscosity precursors bearing fluids
(shear rate ¼ 10 s�1, heating rate ¼ 5 �C/min).

Table 6
Values of the activation Gibbs free energies.

Fluid samples Temperature range, ºC DG; kJ/mol R2

F-1 20e200 6220 0.939
F-2 20e74 1510 0.935

130e200 4430 0.965
F-3 20e65 448 0.712

130e200 1339 0.812
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3.5. Thermo-responsive characteristics of drilling fluid under
downhole conditions

In this subsection, the thermo-responsive characteristics of F-3
were assessed in terms of rheological properties, steady shear
viscosity, and viscoelasticity and compared with those of F-2 and F-
1 under the same conditions to understand the contribution of VB-
SiNP on flow properties.
3.5.1. Rheological properties of drilling fluids
The viscosities of drilling fluids containing conventional co-

polymers gradually reduce with increasing temperature according
to the Arrhenius-type relationship. This behaviour compromises
the lifting capacity of drilled cuttings from the underneath of the
wellbore to the surface. However, thermo-associating polymers
demonstrate abrupt macroscopic properties with increasing tem-
peratures to offset the above-stated deficiencies to some extent, but
environmental concerns were still persistent. To address these
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deficiencies, the synergistic effect between biogenic nanomaterials
and thermo-associating polymers was explored to improve the
thermo-stability of drilling fluids. Given the possibility of physically
or chemically combining nanomaterials with polymer to produce
nano-hybrid materials, it was worth studying the influence of TAP-
S on the rheological properties of LSDFs at high temperatures and
comparing the results with that of TAP-bearing fluid under iden-
tical conditions.

As the corresponding curves of all the samples shown in Fig. 12
presented regions in which the viscosity gradually diminished
upon increasing temperatures ascribed to the in-homogeneities of
the phase transition throughout the process, the activation Gibbs
energy could be estimated from the well-known Arrhenius rela-
tionship given in Eqs. (5) and (6) (Petit et al., 2007a; Portehault
et al., 2006).

v¼ v∞e

�
DG
RT

�
(5)

The linearized form is given as:

ln v¼ ln v∞ þ DG
RT

(6)

where v represents the viscosity of the fluid; DG denotes the molar
activation Gibbs free energy; v∞ represents the pre-exponential
term related to the fluid viscosity at “infinite” temperature; R is
the universal gas constant; and T is thermodynamic temperature.

As indicated in Fig. 12, the viscosity of fluid F-1 decreased with
increasing temperature according to the Arrhenius law, character-
ized by the highest activation Gibbs free energy (ca. 6220 kJ/mol) as
indicated in Table 6, which is expected for fluid incorporated with
conventional polymer acting as a viscosity precursor. Conversely,
both F-2 and F-3 fluid samples showed thermo-thickening char-
acteristics attributed to the thermo-assembly of LCST precursor of
copolymer. The remarkable macroscopic properties were report-
edly ascribed to the progressive switch from hydrophilic character
to the hydrophobic character of LCST precursors of copolymer ad-
ditives, which favours hydrophobic association between the
thermo-responsive molecular chains (Tchameni et al., 2020). For
both experimented fluids, their viscosities reduced with increasing
temperature below the threshold (Tcass) according to the Arrhenius-
type relationship. Moreover, the corresponding DG of F-3 wasmuch
lower than F-2 as listed in Table 6, suggesting that the integration of
B-SiNP into the molecular structure of TAP contributed to mini-
mizing a certain energy barrier during the thermo-thinning pro-
cess. As the temperature increases above the Tcass, both F-2 and F-3
exhibited thermo-thickening behaviour with a viscosity reaching
the plateau, inferring the formation of a gel-like structure
(Portehault et al., 2006). However, the magnitude of the thermo-
thickening effect in the F-3 differed from that in F-2 within the
temperature range as shown in the same figure. As it can be
deduced, the integration of VB-SiNP not only contributed to
diminishing the Tcass by 9 �C (ca. F-2 and F-3 were 77 and 66.5 �C,
respectively) but also the slope of F-3 rose due to the additional
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hydrophobicity arising from the integration nanomaterial. Albeit,
both fluids systems reached a plateau at 130 �C, the magnitudes of
the thermo-thickening effect of F-2 and F-3 declined by 1.20-fold
and 1.05-fold above this region, respectively. In addition, the DG
of F-3 was still lower than that of F-2, suggesting that the formed
gel-like micro-structures in F-3 are more ordered, and it became
less plausible for NVCL molecular side chains to leave the formed
associated structure (Petit et al., 2007a; Portehault et al., 2006).
TAP-S fortified fluid exhibited better macroscopic properties in the
whole temperature spectrum emanated from VB-SiNP which
induced a solid nano-hybrid micro-cross-linked molecular chain
structure, simultaneously resulting in improving heat conductivity
characteristic of TAP. Thus, mitigating the excessive copolymer
molecular motion, which drives not only the formation of larger
hydrophobic domains, but also the instability of the hydrophobic
associated structure, and ultimately a weaker spatial network
structure at elevated temperatures (Xie and Liu, 2017).

3.5.2. Steady shear viscosity
Typical steady shear viscosities of the fluid samples are shown

in Fig. 13. As noticed, F-3 exhibited the highest steady shear vis-
cosity and consistency plots compared to F-2 and F-1 at room
temperature and HTHP conditions mainly due to the addition of
nanocomposite, which formed solid cross-linked structures with
Fig. 13. Steady shear viscosities/shear stress versus shear rate of drilling fluids at different te
( ); F-3 ( ).
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individual TAP molecular chains in the fluid systems, driving
increased steady shear viscosity. Nevertheless, all the fluid systems
experienced a decrease in viscosities with no appearance of an
obvious plateau with a rising shear rate up to 1200 s�1, indicating
an attractive shear thinning (pseudoplastic) behaviour. Compara-
tively, F-1 was very much sensitive to the increasing temperatures
(see Fig. 13 (from (a)e(d)), whereas both F-2 and F-3 systems
showed certain thermo-thickening characteristics, which wasmore
obvious in F-3 as a consequence of improving the steady shear
viscosity (ca. above 200 �C) as indicated in Fig. 13(d). From the same
plots, it can be noticed that F-2 gradually lost its shear thinning
behaviour attributable to the deterioration of viscosity precursor
TAP. TAP-S referring to TAP with nanomaterials integrated into
molecular structures showed enhanced temperature conductivity
characteristics resulting to not only in reinforcing the formed
continuous network structure in the fluid system, but also mitigate
the deleterious of high temperatures on drilling fluids properties,
and ultimate prominent improvement of the steady shear viscosity
response at high temperatures, especially in the high shear rates
region as represented in Fig. 13 ((a) through (d)). Among the
studied fluid systems, F-1 defect shear thinning behaviour in a
lower shear rate region, that is 0.01e1 s�1 with increasing tem-
peratures, whilst that of F-2 exhibited a sharper drop of this char-
acteristic when exposed to prolonged heat treatment above 200 �C
mperatures. Note: (a) room temperature; (b) 170 �C; (c) 200 �C; (d) 230 �C; F-1 ( ); F-2
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than F-3, which showed a level of insensitivity upon heating near
the zero-shear value, indicating the ability of the nanocomposite
to regulate the shear thinning behaviour near the borehole wall.
The shear thinning behaviour near thewall aids the control of wall
drag that enhances the fluid’s lubricity and drives slippage of
viscosity precursors in the fluid system at elevated temperatures
(Gautam and Guria, 2020). Moreover, a satisfactory thickening
effect is believed to increase the viscosity in the annular space,
thereby boosting the drilling fluid cleaning efficiency of the
wellbore by lifting the cuttings from the drill path while drilling
operations (Li et al., 2024; Werner et al., 2017). The low-shear-rate
viscosity is essential as it predicts the suspension, mitigates radial
slip of drilled cuttings, and minimizes any likelihood for the
agglomeration of cuttings beds in the lower part of the wellbore
when fluid circulation is ceased in horizontal and extended reach
wells (Powell et al., 1991).

In this study, we further attempted to precisely characterize
the shear viscosity in this region of shear rate, that is the zero-
shear viscosity (moÞ; the infinite-shear viscosity (m∞Þ; and the
flow-behaviour index (n). In total, 3 rheological models were also
used to statistically examine the rheological properties of the
drilling fluids. Herschel-Bulkley model (Eq. (7)), Cross model (Eq.
(8)), and Prandtl-Eyring model (Eq. (9)), which have been used for
a quantitative description of drilling fluids rheological properties
were applied (Agwu et al., 2021; Tchameni et al., 2021b).

t¼ to1 þ k _gn (7)

t¼ _g

�
m∞ þ mo � m∞

1þ ðl _gÞn
�

(8)

t¼ to2 þ Asin h�1
� _g

B

	
(9)

where t is the shear stress in Pa; to1; to2 are the yield stress in Pa;
_g is the shear deformation in s�1; k is the consistency index in
Pa$sn; mo is the zero shear viscosity in Pa$s; m∞ is infinite shear
viscosity in Pa$s; l is a natural-time constant; A and B are
adjustable constants; n is the flow behaviour index
(dimensionless).

From Table 7, which lists all the fitting results, the Cross model
consistently produces the maximal correlation coefficient (R2)
reflecting its accuracy in describing the flow behaviour of the
studied fluids compared to other rheological models. From the
same table, it can be clearly noticed that, the key parameters
including mo, m∞, and l of F-2 significantly varied than those of F-3,
indicating the relative stability of the latter when tested in severe
geothermal conditions.
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3.5.3. Viscoelasticity

3.5.3.1. Dynamic modulus versus angular frequency. Presented in
Fig. 14 is the dynamic modulus (G' and G'') versus angular fre-
quency (w) for TAP-S or TAP comprising fluids at 25 �C and HTHP
conditions (ca. 170, 200, and 230 �C). As can be seen, compared to
F-2, F-3 raised the dynamic modulus at 25 �C, which considerably
reduced the dependence on angular frequency. This clearly in-
dicates the formation of a hybrid network structure composed of
TAP and nanomaterials, which is beneficial for the formation of a
stronger mechanical network structure in the fluids. Moreover,
the exposure to high temperature also raised the dynamic moduli
(~170 �C), indicating the existence of thermo-association behav-
iour. This contributes to the building of micro-cross-linked
network structures driving enhanced viscoelastic character and
rheological controlling ability of the fluids under these conditions.
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Fig. 15. Normal stress versus shear rate of fluid samples.Fig. 14. Dynamic moduli versus angular frequency of fluid samples.
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From the same plot (ca. Fig. 14), the corresponding curves of elastic
modulus G' exceeded that of viscous modulus G'' for both investi-
gated fluids, reflecting the formation of a gel-like structure under
these conditions. In general, the dynamic modulus of F-3 was
higher than those of F-2 ascribed to the substantial hydrophobicity
of the B-SiNP, which contributed to reinforcing the strength of the
hydrophobic association to a certain extent aroused from the
interaction between LCST precursor. Further heat treatment up to
230 �C prominently reduced the dynamic modulus, characterized
by the loss of the elastic property as the corresponding curves of the
loss modulus (G'') overtook those of the storage modulus (G') in F-2
under the studied conditions. Comparatively, albeit the F-3 grad-
ually reduced the dynamic modulus when tested under the same
conditions, the elastic property was still dominant in the fluid.
These findings infer that the integration of VB-SiNP could enhance
the formation of continuous micro-structure in the fluid system.
This type of behaviour was indicative of the formation of a complex
network structure mainly originating from stronger interaction
between the LCST precursor in TAP and VB-SiNP-3, which exhibited
better dispersion in aqueous medium (which was indicated in TEM
analysis). Therefore, the relatively stable formed gel-like structure
might improve the fluid rheological flow, which is beneficial to
promote better-drilled cuttings lifting capacity with a significant
reduction in annular friction pressure drop at high temperatures.
Fig. 16. Relation time versus shear rate of fluid samples.
3.5.3.2. Normal stress. The quantification of elastic energies
generated by TAP-S and TAP was studied by comparing the normal
stress-shear rate profile of both fluid samples as represented in
Fig. 15. It is noticed that the normal stress responses of F-3 were
considerably higher compared to those of F-2 confirming that the
former is dominated with stronger elastic structures throughout
the studied temperatures. In this study, we further attempted to
correlate the elastic character of the formed network structure to
the relaxation time (q) using the mathematical expression given in
Eq. (10).

q¼ N1

2h _g

�
1
_g

�
(10)

where N1 is the first normal stress difference in Pa, h is the shear
viscosity in mPa$s, and _g is the shear rate in s�1.
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3.5.3.3. Relaxation time. The estimated relaxation time versus the
shear rate of both fluid samples were compared in Fig. 16. It was
noted that the value of q diminished with increasing _g throughout
the studied ramp of temperature. Comparatively, the q of F-3
demonstrated considerably the least dependence on hot rolling
treatment. Consequently, we could expect a marginal difference
between the time required for this fluid to relax at high tempera-
tures and room temperature after being stressed during fluid cir-
culation. This is particularly advantageous in the formation of an
instantaneous gel characteristic with a flat rheological profile at
high temperatures (see Fig. 8(a) and (b)).
3.6. Mechanism of rheology regulation

In this subsection, the integration of VB-SiNP into the molecular
structure of TAP with respect to the thermo-stability mechanism in
aqueous medium was first elucidated, followed by the clarification
in bentonite fluid.



Fig. 18. Hydrodynamic size of polymer and nano-hybrid materials solutions versus
aging temperatures.

Fig. 17. DSC analysis of TAP and TAP-S aqueous solutions (Cp ¼ 1.5 wt%, heating
rate ¼ 2 �C/min; dash-dot line for TAP and dash line for TAP-S).
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3.6.1. Thermo-stability mechanism in aqueous medium

3.6.1.1. DSC analysis. The thermo-associative process of LCST-based
copolymers is apparently endothermic where the transition
enthalpy could be used to study the dynamic behaviour of thermo-
responsive chains. Therefore, the DSC analysis was used to hy-
pothesize the thermo-associative process by tracking the impact of
VB-SiNP on the phase segregation and transition heat of TAP
solution.

As indicated in Fig. 17, both the transition enthalpy and phase
segregation temperature (LCST) of the nanohybrid materials solu-
tions were compared with that of the TAP solution under similar
conditions. Compared with TAP (DH ¼ 2.76 kJ/mol of NVCL), TAP-S
produced a higher transition enthalpy of approximately, 3.16 kJ/mol
of NVCL. The LCST of TAP-S and TAP solutions were y62.5 �C and
72 �C, respectively. The preceding values of LCST were consistently
lower than that of Tcass obtained by rheological analysis in Fig. 11
probably due to a certain steric hindrance aroused by the drilling
fluid additives (Tchameni et al., 2021b). As VB-SiNP nanomaterials
with a certain level of hydrophobicity were covalently bound to
TAP, the nano-hybrid not only demonstrated a substantial hydro-
phobicity contributed to reinforcing the hydrophobic association
phenomenon. Consequently, the LCST was observed at a relatively
low temperature. In this regard, a lower temperature is required to
drive dehydration of the residual fraction of LCST in nano-hybrid
structures than TAP. Thus, lower energy was expected to disinte-
grate the residual hydrogen bonds formed between the LCSTchains
and surrounding water molecules at elevated temperatures since
the transition enthalpy is largely connected to this energy.

3.6.1.2. DLS analysis. From the DLS results indicated in Fig. 18, the
HD of TAP-S was lower than TAP, which agreed with the profile of
the viscosity enhancement of the drilling fluid as earlier observed.
The experimental data revealed that the temperature at which an
obvious reduction in HD occurredwas not identical to the inflection
point temperature of the fluid rheological curves shown in Fig. 8.
The dissimilarity between these two temperatures plausibly orig-
inated from the addition of oxygen scavengers (Na2SO3) to drilling
fluids, which was frequently introduced in the polymer fluids to
minimize the thermo-oxidative deterioration of polymer molecule,
thereby boosting the thermo-stability of fluids to greater extent.
However, comparing Figs. 8 and 9, it was evidently noticed that the
role of Na2SO3 was restricted. As indicated in Fig. 18, it was noted
that AMS-CGBA preserved more than half (~59.34%) of its initial HD
up to the oven-treatment temperature of 230 �C, which was su-
perior to that of TAP (~29.29%) when tested under the same
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conditions. The preceding results indicate that the covalently
bounded VB-SiNP to TAP was predisposed to retard the cleavage of
the polymer molecular backbone. Thereby, strengthening the heat
transfer characteristic of TAP.

3.6.1.3. Micro-morphology analysis. The ESEM micro-photographs
of TAP and TAP-S solutions are depicted in Fig. 19. Compared to
the corresponding micro-photographs of TAP, that of TAP-S clearly
ascertained the presence of continuously aggregated morphologies
with several interesting features. The 3D-network structures
decorated with nanomaterials could be observed in the solution.
These formed mixed B-SiNP-TAP network structures which
prompted an enhanced heat transfer characteristic of the 3D-
network structures. This phenomenon was beneficial for preser-
ving the thickening properties at high temperatures. Compared to
Fig. 19(a) and (b) demonstrated obviously integrated 3D-network
structure, which promoted attractive thickening properties and
formed a solid nano-hybrid network structure. This presumably
meant that TAP was chemically cross-linked by VB-SiNP via strong
covalent bounding. The phenomenon effectively retards the reac-
tion on the amide group between Hþ and OH� at elevated tem-
peratures, reduced the heat sensitivity of key functional groups,
and ultimately conferred potent protection in the host TAP mo-
lecular structure (Cao et al., 2018a). Thus, improving the thermal
stability, and eventually the preservation of certain thickening
properties in aqueous solutions. The preceding results were
consistent with those obtained in rheological analysis (As seen in
Fig. 8).

3.6.2. Thermal stability in bentonite fluids
3.6.2.1. EPM analysis. The colloidal dispersion stability was also
studied by tracking the EPM of Mt particles in the presence of
polymeric materials. The results were compared with the free-
polymeric materials system in the temperature range of
25e230 �C as indicated in Fig. 20. It was clearly noticed that the
addition of polymeric materials into Mt dispersion increased the
EPM, which was expected as the edge charges of Mt platelets were
screened with anionic groups in the polymeric molecular structure,
leading to the electrostatic repulsion between the colloidal parti-
cles, and ultimately a more dispersed state (Tchameni et al., 2024b).
The exposure to heat treatment up to 230 �C had a detrimental



Fig. 19. Micro-morphology of polymeric materials in distilled water. (a) TAP and (b) TAP-S.

Fig. 20. EPM of polymeric materials in bentonite fluids.
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impact on Mt dispersion as the EPM reduced by more than half (ca
from�1.25 to�0.45� 10�8 m2/Vs) due to significant suppression of
the thickness of the electric double layer causing particle floccu-
lation and settling. The Mt/TAP systemwas not exempted from this
phenomenon as the corresponding EPM shares the same pattern
with those of Mt because of the deterioration of TAP molecular
structures (which was investigated in the previous DLS analysis).
Albeit theMt/TAP-S system also showed a certain reduction in EPM,
it consistently maintained the highest values at each studied tem-
perature, reflecting its better dispersal stability due to the solid-
hybrid network structure, enabling the interactions between the
ionic groups along the molecular chains and Mt platelets, which
conferred potent protection onMt platelets as a result of mitigating
fluid ingress and maintaining rheological flow stability.

3.6.2.2. Particle size distribution analysis. The results of particle size
distribution measurements at 25 and 230 �C displayed in Fig. 21(a)
and (b) revealed that the addition of polymeric materials into
2900
bentonite reduced the mean particle size compared to the
bentonite system alone at 25 �C with a much greater effect in Bent/
TAP-S due to the smaller particle size of TAP-S relative to TAP
(which was examined in the previous DLS). In both scenarios, it
could be speculated that the polymeric materials could bind to the
surface of bentonite particles without altering the particle sizes.
After the heat treatment at 230 �C for 16 h, a noticeable increase in
the mean particle size was observed owing to the deterioration of
TAP. Under this circumstance, the high-temperature dehydration
effect simultaneously promoted particle flocculation, which was
also connected to the increasing tendency in particle size in the
bentonite system alone. In contrast, the bent/TAP-S showed relative
stability of the capability of TAP-S to effectively disperse bentonite
particles, thus mitigating the flocculation for effective rheological
flow at high temperatures.
3.7. Rheological stabilization mechanism

Based on the preceding findings, the characteristic of thermo-
associating nano-hybrid structures is shown in Fig. 22. Clay parti-
cles are composed of platelets with negatively charged sites, edges,
and its electrical potential depending on the pH of the fluids. The
edges of bentonite platelets become positively charged (AleOH2þ),
while it becomes electrically neutral (AleOH) at pH¼ 7 and change
to AleO� at a pH > 7 (Tchameni et al., 2024a). On the one hand, it
can be hypothesized that, as B-SiNP nanomaterial was chemically
bounded to TAP via strong covalent bonding creating a solid nano-
hybrid system (which was investigated early in DLS analysis) with
not only favorable temperature stability ascribed to a potent heat
transfer characteristic, but also thickening characteristics aroused
from both thermo-association processes by the hydrophobic
interaction (which was also studied in the DSC analysis). This
permitted the formation of a mixed complex continuous network
structure B-SiNP-TAP network structures, which was particularly
advantageous to enhancing the thermal conductivity leading to
mitigate the deleterious effect of prolonged heat treatments in the
fluid. On the other hand, as sulfonyl functional groups in the AMPS
subunits of nano-hybrid material could specifically interact with
bentonite platelets via electrostatic attractions (Shaikh et al., 2018),
TAP-S could wrap onto the clay particles conferring a certain pro-
tection against the thermal deterioration, and simultaneously



Fig. 22. Proposed mechanism of rheological stabilization with TAP-S.

Fig. 21. (a) Intensity; (b) cumulative of polymeric materials in bentonite fluids.
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enhancing the hydration shell of clay particles, which partially
contributed to fluid viscosification for better suspension capacity of
the fluid additives, for simultaneously attractive rheological flow,
filtration loss control, and optimal performance at high
temperatures.

TAP-S considerably improved the ability of LSDFs to withstand
the gradual increase rise in temperature while flowing in the
wellbore and reduce heat as the fluids return to the surface, and it
ultimately expected to show great efficiency in regulating the
rheology, and filtration loss of the fluid while also mitigating the
2901
negative impact to the environment during deep-well drilling
operations.

3.8. Economic perspective of biogenic-SiNP over commercial
synthetic SiNP

At present, albeit production is at the laboratory stage, biogenic-
SiNP showed economic feasibility in many aspects. Firstly, their
sources especially RH is inexpensive and widely available as well as
an environmentally friendly waste used for the preparation of
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biogenic-SiNP under relatively lower temperatures (ca. 700 �C)
than the commercial synthetic SiNP which are produced from
expensive precursors (ca. sodium silica and tetra ethyl silica) at
1300 �C and required toxic chemical, and stringent reaction con-
ditions for a prolonged period. Therefore, the energy and cost im-
plications related to the extraction of commercial synthetic SiNP
are quite high compared to more cost-effective approach for
biogenic-SiNP (Mor et al., 2017). In this regard, the cost of raw
materials and energy consumption for the production of SiNP from
RH having a particle size ranging between 10 and 20 nm and pu-
rity> 98% reportedly had a net profit of 65.75 $ compared to the
commercial ones (Mor et al., 2017). Secondly, a large quantity of
Greenhouse gas (GHG) is emitted (ca. CO2) during the preparation
process of the commercial synthetic SiNP, causing global warming.
Contrarily, the net emission from the calcination of RHs is consid-
ered zero as per IPCC guidelines (Mor et al., 2017). Thus, the
extraction of biogenic-SiNP could significantly minimize GHG
emissions and ultimately help attain the Paris Agreement's goals
(International Energy Agency, 2020). Based on the above cogent
reasons, the biogenic-SiNP is well positioned as a versatile and
suitable NPs for a wide spectrum of industrial applications.
4. Conclusions

This work discloses the feasibility of using biogenic nanosilica to
strengthen the molecular structure of thermo-associating polymer
as additives in LSDFs at high temperatures. A thermo-associating
copolymer nano-hybrid material TAP-S was successfully synthe-
sized by in-situ polymerization, and the molecular structure was
characterized by FT-IR, 1H-NMR, elemental analysis, TGA, and zeta
potential measurement. F-3 demonstrated higher steady shear
viscosity throughout the studied temperature range than its
counterpart’s F-2. Moreover, F-3 practically maintained 80% of its
initial rheological properties with lower filtration loss volume and
was prone to less sagging phenomenon compared to F-2 and F-1
after the hot rolling process at 230 �C. Based on the rheological
properties, the thermo-thickening effect of F-3 became prominent
compared to F-2 in the temperature range of 70e210 �C because of
the strong synergistic effect between the thermo-associating
polymer and hydrophobic B-SiNP, which promoted a certain ther-
mal conductivity characteristic, binding onto the surface of
bentonite particles to mitigate the flocculation tendency at high
temperatures. This was responsible for mitigating the temperature
dependence of the h; N1;and q, which is particularly beneficial for
the formation of instantaneous gel while drilling operations. The
thermo-associating amended biogenic nanosilica could serve as a
potential candidate for regulating the rheological properties of
high-temperature low-solid drilling fluid while mitigating the
negative impact on the flora.
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Nomenclature

A, B Adjustable constants
AIBI 2,20-azobis[2-(2-imidazolin-2-yl)propane]

dihydrochloride
AMPS 2-acrylamido-2-methylpropane sulfonic acid
API American Institute of Petroleum
AV Apparent viscosity
B-SiNP Biogenic nanosilica
B-SiNP-TAP, TAP-S: Biogenic nanosilica-hybrid material
CaCO3 Calcium carbonate
DLS Dynamic light scattering
DSC Differential scanning calorimetry
EPM Electrophoretic mobility
ESEM Environmental scanning electron microscopic
EtOH Ethanol
F-1 Base fluid
F-2 Base fluid þ TAP
F-3 Base fluid þ TAP-S
G' Storage modulus
G'' Loss modulus
DG Molar activation Gibbs free energy
H Cumulated enthalpy
HD Hydrodynamic diameter
HTHP High temperature high pressure
k Consistency index
LCST Lower critical solution temperature
LSDF Low solid drilling fluid
l: Natural-time constant
MBA N,N0-methylenebisacrylamide
Mt Sodium montmorillonites
mo: Zero shear viscosity
m∞: Infinite shear viscosity
n Flow behaviour index
h Shear steady viscosity
N1 : Normal stress
NVCL: N-vinylcaprolactam
NaOH Sodium hydroxide
Na2CO3 Sodium carbonate
Na2SO3 Sodium sulfite
q Relaxation time
PV Plastic viscosity
R Universal gas constant
RHs Rice husks
ROP Rate of penetration
SLSDF Smart low-solid drilling fluid
SEM Scanning electron microscopy
VTES Vinyl triethoxysilane
TAP Thermo-associating polymer
v : Viscosity of the fluid
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v∞: Pre-exponential term related to the fluid viscosity at
“infinite” temperature

VB-SiNPs Vinyl-terminated biogenic nanosilica
WBDFs Water-based drilling fluids
T Temperature
t : Shear stress
to1;to2 : Yield stress
Tcass Threshold temperature
TEA Trimethylamine
TEM Transmission electron microscopy
TGA Thermal gravimetry analysis
TSI Turbiscan stability index
YP Yield point
_g : Shear deformation
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