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ABSTRACT

In this study, hydrothermal carbon nanospheres (HCNs) were prepared by hydrothermal carbonization
using glucose as the precursor, and introduced to improve the properties of water-based drilling fluid for
the first time. The variation in rheological and filtration characteristics of water-based drilling fluid with
varying concentrations of HCNs were compared between the cases before and after thermal aging. The
results demonstrated that HCNs had little influence on the rheological properties of bentonite base mud,
but could effectively reduce its filtration loss after thermal aging at 220 °C. For polymer-based drilling
fluid, HCNs also exhibited minor influence on the rheology. The H-B model was the best fitting model for
the rheological curves before thermal aging. After hot rolling at 220 °C, the viscosity retention rate
increased from 29% to 63%—90% with addition of HCNs, and the filtration loss decreased by 78% with 1.0
w/v% HCNs. Meanwhile, the polymer-based drilling fluid with 0.5 w/v% HCNs maintained relatively
stable rheology and low filtration loss after statically thermal aging at 200 °C for 96 h. For a bentonite-
free water-based drilling fluid prepared mainly with modified natural polymers, the viscosity retention
increased from 21% to 74% after hot rolling at 150 °C with 0.5 w/v% HCNs, and was further improved
when HCNs and potassium formate were used in combination. The mechanism study revealed that,
HCNs could trap dissolved oxygen, scavenge the free radicals and cross link with polymers, which
prevented thermal oxidative degradation of polymers and improved the thermal stability of water-based
drilling fluid. Meanwhile, HCNs could inhibit clay hydration and swelling in synergy with partially hy-
drolyzed polyacrylamide by physically sealing the micropores, contributing to shale formation stability.
Furthermore, HCNs could effectively improve the lubrication and anti-wear performance of drilling fluid.
This study indicated that HCNs could act as green, sustainable, and versatile additives in water-based
drilling fluid.
© 2025 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

challenging reservoirs such as deep/ultra-deep formations and
unconventional shale oil/gas formations (Hassiba and Amani,

Although stunning progress in renewable alternative energy
resources has been made during the past decades, it is predicted
that the hydrocarbon-based fuels including oil and gas are still the
primary energy sources in the future (Rana et al., 2021). The high
demand on oil and gas and increased depletion of surface reservoir
around the world drive the petroleum industry to hunt for more
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2012). Drilling fluids, as the blood of drilling engineering, play an
important role in ensuring safe, efficient and successful drilling
target. Drilling fluids have multifunction including circulating and
transporting the drilling cuttings, stabilizing wellbore and
balancing the formation pressure, cooling and lubricating the drill
bit and transmission of hydrodynamic force (Aftab et al., 2017).
Drilling fluids are generally sorted into water-based drilling fluid
and oil-based drilling fluid. Because of high temperature stability,
excellent shale hydration inhibition and lubricity, oil-based drilling
fluids are preferred in complicated and challenging formations,
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however, the relatively high cost and adverse effect on the envi-
ronment restrict their wide use.

Water-based drilling fluid is typically consisted of bentonite,
polymers, surfactants, inorganic salts and weighting materials.
Various types of polymers are widely used in water-based drilling
fluid to control the rheology, filtration loss, shale stability and lu-
bricity. However, when complicated formation conditions are
encountered, conventional water-based drilling fluids are inade-
quate to acquire satisfactory properties. For example, to maintain
the wellbore stability of unconventional shale formations with
nano-pores and extremely low permeability, suitable nanoparticles
are essential to build an internal filter cake and thereby reduce the
fluid invasion into the shale because the size of solids in conven-
tional water-based drilling fluid is too large to plug the nano-pores
(Sensoy et al., 2009). Another case is the extended reach well and
horizontal well drilling. The coefficient of friction for a water-based
drilling fluid typically ranges from 0.25 to 0.35 (Akaighe et al,
2023). The high friction and drag are the key factor limiting hori-
zontal displacement. Although numerous lubricants have been
developed to reduce the friction and torque, the performance of
these lubricants at downhole elevated temperature environments
is often inconsistent (Zhou et al., 2023). In addition, more and more
deep and ultra-deep wells and geothermal wells with high tem-
perature high pressure (HTHP) conditions have been drilled in
recent years. Conventional water-based drilling fluids using bio-
polymers and their derivatives generally become unstable above
150 °C due to oxidative and hydrolytic processes (Ezell et al., 2010).
Therefore, as the above extreme field environments are encoun-
tered more frequently than before, the oil and gas industry call for a
new generation of high performance water-based drilling fluids,
which can provide better drilling hydraulics, shale stabilization and
lubrication, high-temperature rheology and filtration loss control
similar to oil-based drilling fluids (Teherani et al., 2007), but at the
same time to be environmentally friendly (Affede et al., 2023).

During the past decades, various types of additives have been
employed to formulate efficient drilling fluid systems. Among these
additives, nanoparticles, because of their ultrafine size, high surface
area to volume ratio, and excellent thermal conductivity, have
attracted much attention and been introduced into drilling fluids to
achieve desirable properties, such as adjusting rheological and
filtration properties, plugging the micro and nano-pores, enhancing
thermal stability, thermal and electrical conductivities, and lu-
bricity (Beg et al, 2019; Rafati et al., 2018). In addition, smart
drilling fluids can be designed using specially-made nanoparticles
to solve specific problems in the process of drilling (Murtaza et al.,
2023).

It is worth noting that, carbon-based nanomaterials, mainly
including graphenes and their derivatives, carbon nanotubes and
fullerenes, exhibit extraordinary physical, mechanical, chemical
and electronic properties, have been the research focus in recent
years (Rana et al., 2021). For example, nano graphene provides
superior lubricity and thermal stability to water-based drilling fluid
(Taha and Lee, 2015). Being ultrathin and flexible, it is easy for
graphene oxide to deform and plug various shapes and sizes of
nanopore (Kamal et al,, 2023). Wang et al. (2020) prepared gra-
phene oxide and found that large and unbroken graphene oxide
sheets could form a protective film. The small sheets could deform
and seal micropores of shale. Halali et al. (2016) investigated the
effect of carbon nanotubes on the properties of water-based drilling
fluid. The results indicated that carbon nanotubes could maintain
the thermal stability of biopolymers. The HTHP filtration loss was
reduced by 93.3% and the thermal conductivity was enhanced by
12% with the addition of carbon nanotubes. Murtaza et al. (2023)
incorporated graphite nanoparticles into water-based drilling
fluid and found the addition of nanoparticles maintained the
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stability of drilling fluids at HTHP conditions and resulted in a
stable rheological profile. However, the preparation conditions of
graphene oxide and carbon nanotube are demanding and complex,
meanwhile their cost are relatively high, which limit their extensive
application.

When biomass is dispersed in water and subjected to temper-
atures ranging from 180 to 280 °C under self-generated pressures, it
experiences a series of complex reactions—such as hydrolysis,
dehydration, decarboxylation, condensation, polymerization and
aromatization (Ischia et al., 2022) —a process known as hydro-
thermal carbonization (Saha et al., 2019). This process produces a
type of carbonaceous materials called hydrothermal carbon
spheres, or hydrochars. These hydrochars, characterized by abun-
dant oxygen-containing functional groups on their surface, excep-
tional chemical and thermal stability, adjustable sizes (ranging
from hundreds of nanometers to a few micrometers) and struc-
tures, exhibit remarkable properties. They have shown potential in
various research areas, including heavy metal ion adsorption,
capacitive electrode materials, gas storage, and catalysts for organic
synthesis reactions (Fang et al., 2022; Jaruwat et al., 2018). What is
more, the HTC process is a “green synthesis” strategy without the
need to use any hazardous solvents, which allows the production of
hydrothermal carbon spheres to be an easy and scalable route
(Titirici and Antonietti, 2010).

Among the biomass materials, glucose is the most abundant
sugar unit and inexpensive saccharide available. It is the major
product of acidic hydrolysis of lignocellulosic biomass and usually
employed as a model for hydrothermal carbonization (Aydincak
et al.,, 2012; Ischia et al., 2022). Therefore, in the present study,
the hydrothermal carbon nanospheres (HCNs) were synthesized
from glucose with HTC. The potential of HCNs in improving the
properties of water-based drilling fluid was systematically studied
for the first time. Firstly, the chemical properties and morphology
of HCNs were analyzed using various techniques, including Fourier
transform infrared (FT-IR) spectroscopy, Raman spectroscopy, X-ray
diffraction (XRD), thermogravimetric analysis (TGA), scanning
electron microscopy (SEM), and transmission electron microscopy
(TEM). Then the effects of HCNs on the rheology, filtration loss,
shale stabilization, and lubricity properties of water-based drilling
fluid were investigated. Extensive laboratory measurements
including rheological and filtration properties before and after
dynamic thermal aging, long-term static thermal aging, shale linear
swelling, modified filtration test, extreme pressure lubrication and
four ball friction testing were carried out to validate the HCNs’
performance. Especially, the improvement in thermal stability of
water-based drilling fluid was probed from the aspects of dissolved
oxygen scavenging, free radical quenching, and interactions with
polymers. This study offers a comprehensive assessment of the
benefits of HCNs employment in water-based drilling fluids.

2. Materials and methods
2.1. Materials

Glucose, hydrochloric acid, sodium hydroxide, ferrous sulfate
heptahydrate (FeSO4-7H0), hydrogen peroxide (H202, 30 w/w%),
methyl violet (MV) and 5,5-dimethyl-1-pyrroline N-Oxide (DMPO),
all of analytical grade, were obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd. A high temperature resistant
synthetic polymer (HTSP) using for filtration control was gener-
ously provided by Drilling Specialties Company. Sodium bentonite
was supplied by Shengli Oilfield Boyou Mud Technology Co., Ltd.
The formulation of the bentonite-free water-based drilling fluid is
detailed in Table 1.
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Table 1

Bentonite-free water-based drilling fluid formulation.
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Component Function Concentration, g
Fluid 1# Fluid 2# Fluid 3# Fluid 4#

Fresh water — 400 400 400 400
Caustic soda Adjusting pH value 0.8 0.8 0.8 0.8
Sodium carbonate Adjusting pH value 0.8 0.8 0.8 0.8
Xanthan gum Rheological regulator 1.2 1.2 1.2 1.2
Modified starch Filtration reducer 4 4 4 4
Polyanionic cellulose with low viscosity (PAC-LV) Filtration reducer 1.2 1.2 1.2 1.2
Polyamine Shale inhibitor 8 8 8 8
Lubricant Lubrication 8 8 8 8
No. 1 calcium carbonate (average particle size = 44 pm) Temporary plugging agent 8 8 8 8
No. 2 calcium carbonate (average particle size = 6.5 um) Temporary plugging agent 4 4 4 4
HCOOK Weighting material - - 300 300
HCNs — 2 — 2

2.2. Synthesis and characterization of HCNs

In a typical HCNs synthesis procedure, glucose solution
(10 w/v%) was poured into a Teflon-line autoclave with a filling
degree of 80%. Subsequently the autoclave was put in an oven and
aged at 180 °C for a predetermined time of 12 h. After reaching the
setting reaction time, the cell was soaked in water and cooled down
to room temperature. The solid liquid separation of the mixture in
the autoclave was achieved by centrifugation at 10,000 rpm for
30 min. Then the obtained solid products were thoroughly washed
with ethanol and deionized water for at least three cycles. Followed
by drying in the oven at 80 °C for 24 h and grinding, tawny HCN
powders were obtained (Fig. 1). The productivity of HCNs was 28%.

The chemical groups present in HCNs were identified using a
Fourier transform infrared (FT-IR) spectrometer (Thermo Scientific
Nicolet iS20, USA). Spectra were recorded with the KBr pellet

method, covering a wave number range from 4000—400 cm ™. The
crystal structures of the HCNs were analyzed using an X-ray
diffractometer (X'pert PRO MPD, Panalytical, Netherlands) oper-
ating at 42 kV and 40 mA with Cu-Ka radiation (1.5406 nm) at a
scanning rate of 8 °/min, ranging from 5° to 75°. The morphology of
the HCNs was observed with field-emission scanning electron mi-
croscopy (FEI Nova nanoSEM 450, USA) and transmission electron
microscopy (JEOL JEM-2100Plus, Japan). Surface chemical compo-
sition and state were characterized by X-ray photoelectron spec-
troscopy (XPS) (Thermo Scientific, USA) using an Al Ko radiation
source with an energy of 1486.6 eV. Thermal stability was evaluated
using a thermogravimetric analyzer (Netzsch STA 449F3, Germany),
heating the sample from 30 to 1000 °C at a rate of 10 °C/min under a
nitrogen atmosphere. Raman spectra were obtained with a Raman
spectrometer (Horiba LabRAM HR Evolution, Japan) using a 532 nm
excitation wavelength. Particle size distribution and zeta potential
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Fig. 1. Scheme of hydrothermal carbonization of glucose.
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of HCNs suspensions at various pH levels were measured using a
nanoparticle size and zeta potential analyzer (NanoBrook Omni,
Brookhaven Instruments, USA).

2.3. Drilling fluid preparation

The bentonite base mud was prepared by mixing 16 g sodium
bentonite, 0.8 g NaOH and 400 mL deionized water together in a
Hamilton Beach mixer, followed by hydration for at least 24 h.
Polymer-based drilling fluids were made by mixing HTSP (4 g) with
the bentonite base mud (400 mL) for 30 min, then were allowed to
incubate for 24 h. Bentonite-free water-based drilling fluids were
prepared by sequentially adding various additives into the water
with agitation, allowing each additive to be mixed for 10 min before
adding the next. All fluids were mixed at a consistent agitation rate
of 10,000 rpm to ensure uniformity.

2.4. Rheological properties measurement

HCNs with varying concentrations were mixed into the
bentonite base mud and polymer-based drilling fluid, respectively.
After agitation for 30 min, the rheological properties were
measured immediately with an Anton Paar rheometer MCR 301
equipped with coaxial cylinders at 25 °C (outer radius is 38 mm,
inner radius is 28 mm, height of the inner cylinder is 79 mm).
Several rheological models are generally used to describe the
rheological behavior of drilling fluids as follows:
Bingham mode : 7=7g + u,Y (1)
Power — law 2)
model : 7 = Ky"

Herschel — Bulkley (H — B)
model : 7 = 79 + K"

(3)

For the above three models, 7 is the shear stress, and 7 is the
shear rate. For Bingham model, the fluids are described by a yield
stress (7o) and plastic viscosity (up). For Power-law model, it is
defined by consistency coefficient (K) and flow behavior index (n).
For H-B model, it is described by three parameters of 79, K and n
(Abu-Jdayil, 2011).

In order to evaluate the thermal stability, the prepared drilling
fluid samples were dynamically aged at a setting temperature for
16 h. A ZNN-D6 six speed rotational viscometer (Qingdao Hai-
tongda Special Instrument Co., Ltd) was used to measure the
rheological parameters of the drilling fluid in both cases of before
hot rolling (BHR) and after hot rolling (AHR). The steady dial
reading at 600 and 300 RPM in viscometer were used to determine
the apparent viscosity (AV), plastic viscosity (PV) and yield point
(YP) by the following equations:

Apparent viscosity (AV) = #600/2 (mPa-s) (4)
Plastic viscosity (PV) = $600—®300 (mPa-s) (5)
Yield point (YP) = (#300—PV)/2 (Pa) (6)

The viscosity retention rate was calculated by the ratio of AV
after hot rolling to AV before hot rolling. Generally, the viscosity
retention rate above 50% suggested that testing fluid can withstand
the temperature and meet the thermal stability requirement
(Howard and Downs, 2015).
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2.5. Filtration loss measurement and filter cake morphology
observation

Before the filtration loss measurement, the drilling fluid was
agitated by the Hamilton Beach mixer for 10 min to reach adequate
dispersion. Then the API filtration loss volume was monitored with
a standard medium pressure filter press apparatus (ZNS-2, Qingdao
Haitongda Special Instrument Co., Ltd) with 0.7 MPa differential
pressure at 25 °C. After collecting the filtrate with a graduate cyl-
inder for 30 min, the fresh filter cake was obtained and its thickness
was measured using a Vernier caliper. To preserve the original
structure of the mud cake, it was rapidly frozen in liquid nitrogen
for 1 h, then transferred to a lyophilizer and dried at —50 °C.
Following the drying process, the morphology of the filter cake was
analyzed using SEM.

2.6. Soluble oxygen measurement

The dissolved oxygen content can be used to monitor the per-
formance of antioxidant. In this study, the dissolved oxygen content
of drilling fluid before and after dynamical aging was measured
using a dissolved oxygen meter (Multi 3510 IDS SET 4, WTW,
Germany). For the case of after dynamic aging, the aging cell was
firstly cooled to ambient temperature. At the moment the cover
was opened, the aging cell was quickly sealed with a plastic film to
avoid the contact between the drilling fluid and air. Then the probe
of the dissolved oxygen tester was passed through the plastic film.
The dissolved oxygen content in the drilling fluid was determined
(Fig. 2). The sensitivity of the probe was +0.5% in liquid phase.

2.7. Ultraviolet spectrophotometry

The reaction between oxygen and residual initiators in com-
mercial polymer products results in the formation of hydroxyl
radicals, which are capable of attacking the backbone of polymers
(Ashetal., 1983; Song et al., 2020). Hydroxyl radicals (-OH) are high
reactive and can react with several hundred organic molecules
without selectivity (Lankone et al., 2020). Scavenging the hydroxyl
radicals can prevent the degradation of polymers and maintain the
thermal stability.

Due to their short life and high reactivity, an indirect UV-Vis
spectroscopy method was utilized to quantify the hydroxyl radi-
cals. Methyl violet has the maximum absorbance at 582 nm. A
typical Fenton reaction was performed to generate highly reactive
hydroxyl radicals, which can decolorize methyl violet by oxidation
reaction at pH 3.5, resulting in the reduction of absorbance.

WTW

0.032 mg/L
25 °C

r I Plastic film

Drilling fluid

Dissolved
oxygen meter

Stainless-steel
aging cell

Fig. 2. Scheme of soluble oxygen concentration measurement.
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Therefore, changes in absorbance can indirectly indicate the
amount of hydroxyl radicals generated.

Firstly, the variation of absorbance as a function of MV con-
centration was calibrated (Fig. 3). HCNs aqueous suspension with
varying concentrations (0.4 mL) was prepared and transferred into
a quartz tube. Followed by addition of 0.4 mL of 1.0 mM FeSO4
solution, 4.0 mM H;0; solution, Tri-HCI buffer solution (pH = 3.7)
and 2.0 mL of deionized water respectively, the absorbance (Aex-
periment) Was detected with UV1750 UV—visible spectrophotometer
(SHIMADZU, Japan) after the reaction of mixture solution for 5 min.
The absorbance of control group (Acontrol) Was detected using equal
volume of deionized water to replace HCNs suspension. The
absorbance of blank group (Aplank) Was determined using just
4.0 mL of MV solution (0.2 mM). The hydroxyl radicals scavenging
rate was calculated as follows (Chen et al., 2023):

Scavengingrate= (Aexperiment *Ablank) / (Acontrol —Aplank) x 100%

(7)

2.8. Electron paramagnetic resonance (EPR)

Except the above UV-Vis spectroscopy method to indirectly
detect the concentration of hydroxyl radicals, another method us-
ing electron paramagnetic resonance was also used to directly
quantify the concentration of hydroxyl radicals. Because hydroxyl
radicals are short lived (=10~ s), a spin-trap agent DMPO was used
to react with the short-lived hydroxyl radicals and form relatively
stable and longer-lived radical adducts that can be directly detected
by EPR (Mittag et al., 2022). For the EPR measurement, 20 uL 5 mM
FeSOy4, 20 pL 0.5 M DMPO, 20 pL 0.05 M hydrogen peroxide, 40 puL
HCNs suspension and 300 uL deionized water were mixed and
initiated the reaction. After mixing, 100 pL sample solution was
transferred into a capillary (inner diameter 0.9—1.0 mm), then the
capillary was placed in a paramagnetic quartz tube (inner diameter
4 mm) for EPR detection. The EPR spectrum was recorded using an
EPR spectrometer (EMXnano, Bruker, Germany). Measurements
were carried out under the following conditions: center field
3420.00 Guass, sweep width 100.0 Guass, frequency 9.625 GHz,
power 3.162 mW, modulation frequency 100.00 kHz, sweep time
25.02 s, time const 1.28 ms, and temperature 20 °C. The hydroxyl
radicals scavenging rate [ was calculated as follows:
I = (ho—hy)/ho x 100% (8)
Here hg is the measured value of EPR spectrum signal intensity in
the control sample (the second characteristic peak height); hy is the
measured value of EPR signal intensity in the sample (the second
characteristic peak height).

2.9. Cryo-scanning electron microscopy (Cryo-SEM) observation

HTSP solution (1 w/v%) containing 0.5 w/v% HCNs and 0.1 w/v%
NaOH was mixed and dynamically aged at 180 °C for 16 h. The
morphology and structural changes of HTSP and HCNs before and
after aging were imaged by the cryo-SEM and compared. Firstly, the
sample was stuck on the conductive carbon glue and plunged into
slushed nitrogen for 30 s to obtain a rapid freezing. The sample was
then moved to the sample preparation chamber using a low-
temperature freezing transport system. After sublimation
at —90 °C for 10 min, the sample was gold-coated by sputtering at a
current of 10 mA for 60 s. The coated samples were analyzed with a
field emission scanning electron microscope (Regulus8220, Hitachi
High-tech Group) at an acceleration voltage of 5 kV, with the cold
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stage maintained at —140 °C using liquid nitrogen.
2.10. Structure characterization of HCNs after thermal aging

HCNs aqueous suspension (1 w/v%, pH = 10) was transferred
into a polytetrafluoroethylene cells with fitting degree of 80% and
thermally aged at 200 °C for 16 h. Followed by cooling, centrifu-
gation, washing and drying, the remaining HCN solids were
collected. The structure variation of HCNs before and after thermal
aging was characterized with 3C nuclear magnetic resonance (13C-
NMR), Raman spectra and XPS.

2.11. Shale stabilization properties

To evaluate the clay hydration and swelling inhibitive proper-
ties, linear swelling test was performed and referred to our previ-
ous work (Zhong et al., 2020). The difference is that calcium
bentonite was used in this experiment. A modified API filtration
test was used to evaluate the sealing properties of HCNs (Fig. 4).
Initially, 4.0 w/v% calcium bentonite suspension was filtered
through the API filter paper under pressure difference of 0.7 MPa at
room temperature for 30 min. When the test was finished, the
pressure was relived and the filtration cell was open. The remaining
calcium bentonite suspension in the filtration cell was gently
extracted to avoid destruction of the filter cake. Then a testing fluid
like deionized water or HCNs suspension was injected into the cell
and the filtration loss volume was recorded again under the same
pressure difference for 30 min. In the second round of filtration
process, the filtration medium was mainly the formed filter cake,
which has a much lower pore size than filter paper. After the test,
the filter cake was carefully taken out and its thickness was
determined by a vernier caliper. The permeability of the filter cake
was calculated according to Darcy's law. Then the filter cake was
put in liquid nitrogen for 1 h, followed by transferring into a freeze
dryer for further drying. The morphologies of the dried filter cake
were examined by SEM.

2.12. Lubrication properties evaluation

The extreme pressure lubricity coefficient of the polymer-based
drilling fluid in the presence of varying content of HCNs was
determined by an EP lubricity tester according to the recommended
API standard. Meanwhile, MRS-100 Hydraulic four-ball friction and
wear testing machine was adopted to evaluate the lubrication and

Value
0.01416
55.92971
-2.53209E-4

Error
0.00451
0.29777
8.17127E-5

Intercept
Slope
X Intercept

Reduced Chi-Sqr
R2
Pearson's r

3.87918E-5
0.99989
0.99994

0.8 4

0.6 1

Absorbance, a.u.

04 4

0.2 4

T T T T T T

0.005 0.010 0.015 0.020 0.025

Methyl violet concentration, mmol/L

Fig. 3. Standard curve calibration.
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Fig. 4. Scheme of modified API filtration test.

anti-wear properties of HCNs, following the Standard of the 3. Results and discussion
Petrochemical Industry of the People's Republic of China “Deter-
mination Method for Wear Resistance of Lubricating Oil” (Four Ball
Machine Method) (SH/T 0189—92) with testing pressure of 147 N,
rotation speed of 1200 r/min, testing temperature of 25 °C and
testing duration of 60 min. After the test, the wear scar of the

bottom three balls was observed by a Zeiss Stemi 508

3.1. Characterization of HCNs

3.11. FI-IR
The FT-IR spectrum of HCNSs is presented in Fig. 5(a). The band at
3421 cm~! is indicative of O—H (hydroxyl or carboxyl) stretching
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Fig. 5. Structure characterization of HCNs: (a) FT-IR, (b) TGA, (c) Raman spectrum and (d) XRD.
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Fig. 6. SEM and TEM
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Fig. 7. (a) Variation of average particle size and (b) zeta potential of HCNs as a function of pH value.

stretching vibrations. The bands at 1707 and 1612 cm~' are
attributed to the C=0 stretching vibration of the aromatic carboxyl
group (CH—C=0) and C=C stretching vibrations, respectively,
supporting the concept of biomass aromatization during hydro-
thermal treatment (Wang et al., 2018). Characteristic bands at 1211
and 1024 cm ™! are due to the asymmetric stretching of C—O—C and
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bending vibrations of O—H, respectively. The band at 798 cm™! is
associated with aromatic C—H out-of-plane bending vibrations
(Supriya et al., 2015). These observations suggest that the abundant
hydrophilic functional groups, including hydroxyl, carboxylic, and
carbonyl groups, contribute to the high dispersion stability of HCNs
in aqueous solutions.
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Table 2
The rheological parameters and R? of three models for bentonite base mud at different concentrations of HCNs.
HCNs concentration, w/v% Bingham model Power-law model H-B model
np, Pa-s 7o, Pa R? K, Pa-s" n R? 7o, Pa K, Pa-s" n R?
0 0.0054 0.247 0.972 0.2728 0.2929 0.8485 0.3533 43473 x 1074 13772 0.9916
0.1 0.0055 0.1986 0.9687 0.2396 0.3077 0.848 0.3164 3.2525 x 1074 1.4243 0.9934
0.3 0.0054 0.1699 0.9703 0.2055 0.3327 0.8763 0.2835 3.6127 x 1074 1.4072 0.9935
0.5 0.0055 0.171 0.9679 0.209 0.3313 0.8714 0.2896 3.3241 x 1074 1.4222 0.9918
1 0.0068 0.5412 0.9794 0.4772 0.2791 0.8988 0.5912 0.0033 1.1106 0.9812
2 0.0077 0.7065 0.9751 0.5382 0.3001 0.9378 0.6002 0.0214 0.8451 0.9799
3 0.0084 0.94 0.9766 0.73 0.2745 0.9305 0.7710 0.0336 0.7924 0.986
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Fig. 9. Effect of HCNs on the API filtration properties (a) before and (b) after thermal aging at 220 °C.
3.1.2. TGA 3.1.3. Raman spectrum and XRD

The thermal decomposition behavior of HCNs was characterized
and shown in Fig. 5(b). The weight loss between 30 and 100 °C was
ascribed to the loss of the adsorbed water. The weight loss before
300 °C was associated with the degradation of oxygen-containing
functional groups. At temperature between 300 and 600 °C, a
single-step degradation corresponding to the majority of the weight
loss of 48% was observed, demonstrating the decomposition of the
hydroxymethylfurfural (HMF) oligomers in the HCNs (Inada et al.,
2017). The maximum weight loss rate of HCNs occurred at 412 °C.
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As shown in Fig. 5(c), the Raman spectrum of HCNs shows two
characteristic peaks at 1387 (D band) and 1579 cm~! (G band). The
D band corresponds to the breathing modes of the rings or defects
in the graphite lattice, while the G band is associated with the
vibrational modes of sp? carbon atoms in defect-free graphene
sheets (Yu et al., 2023). The peak intensity ratio (ID/IG) normally
indicates the level of disorder of the graphitic materials. The ID/IG
value of HCNs is 0.47, which is consistent with previous study, also
verifies the low graphitic degree of HCNs (Ischia et al., 2022). The
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Table 3
The rheological parameters of various models for water-based drilling fluid with varying content of HCNs.
HCNs concentration, w/v% Bingham model Power-law model H-B model
np, Pa-s To, Pa R? K, Pa-s" n R? 7o, Pa K, Pa-s" n R?
0 0.0318 4.7453 0.9306 3.3353 0.2713 0.9522 2.6145 0.6486 0.5497 0.9989
0.1 0.031 4.7441 0.9265 3.2783 0.2745 0.963 2.5611 0.6844 0.5381 0.9982
03 0.03 3.8651 0.9305 2.5056 0.3066 0.9697 1.8424 0.6172 0.5488 0.9990
0.5 0.0324 3.6587 0.9305 2.2135 0.3356 0.974 1.4817 0.6631 0.5493 0.9994
1 0.0353 3.583 0.9323 2.0372 0.3609 0.9779 1.2653 0.6969 0.5545 0.9995
2 0.0428 4.0103 0.9325 2.1489 0.3827 0.98 1.2082 0.8405 0.5555 0.9994
3 0.0506 47413 0.9276 2.5122 0.3844 0.9772 1.2748 1.0640 0.5460 0.9995
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Fig. 11. (a) Variation of AV and (b) viscosity retention rate with HCNs content before and after dynamic aging at 220 °C.

XRD patterns of HCNs is presented in Fig. 5(d). A broad and low-
intensity peak at 22.6° assigned to 002 reflection was observed,
which means that HCNs are amorphous structures with low crys-
tallinity, in agreement with the Raman spectrum result.

3.1.4. SEM and TEM

The morphology of HCNs was analyzed with SEM. Fig. 6(a) il-
lustrates that many particles exhibited a spherical shape and
smooth surfaces. A portion of these particles aggregated and fused,
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resulting in structures resembling peanuts. Furthermore, mea-
surements using Nano Measure 1.2 software indicated that the
particle size distribution of HCNs spans from 150 to 460 nm, with
an average particle size of 300 nm (Fig. 6(b)). The TEM images of
HCNs are depicted in Fig. 6(c), which also corroborates the spherical
morphology. Furthermore, previous morphological studies verified
that hydrothermal carbons have core-shell structures that hydro-
phobic furan-rich polymer networks are in the core and various
hydrophilic oxygenated functional groups are attached to the
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Fig. 12. Variation in filtration loss properties for the polymer-based drilling fluid containing varying concentrations of HCNs: (a) before aging, (b) after dynamic aging at 220 °C, (c)
filter cake thickness prior to and after aging, (d) API filtration loss prior to and after aging.

surface (Higgins et al., 2020). Fig. 6(d) indicated that an amorphous
and core-shell structure was also observed for HCNs, consistent
with previous studies (Luo et al., 2024; Wang et al., 2017).

3.1.5. Particle size and zeta potential

As shown in Fig. 7, with the increase of pH value, the average
particle size of HCNs aqueous dispersion exhibited a decreased
trend while the absolute value of zeta potential increased gradually,
which was ascribed from the increased deprotonation degree of
oxygen-containing functional groups and enhanced repulsion be-
tween HCN particles at alkaline conditions (Tan et al.,, 2020). In
addition, it could be seen that at weak alkaline conditions, which
are also pH value range of typical water-based drilling fluids, HCNs
can be well dispersed.

3.2. Rheological and filtration properties under high temperatures

3.2.1. Bentonite base mud with HCNs

Fig. 8(a) shows the plots of shear stress versus shear rate for
bentonite base mud with various HCNs addition. When the HCNs
concentration was between 0.1 w/v% and 0.5 w/v%, the values of
shear stress were almost identical to that of bentonite base mud. A
more significant increase of shear stress was noted when the HCNs
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concentration reached 1.0 w/v%. Fig. 8(b) illustrates the changes in
viscosity with shear rate as the increase of HCNs concentration. All
the suspensions exhibited shear thinning non-Newtonian behavior.
The viscosity decreased slightly as the addition of relatively low
concentrations of HCNs. Similar to that of shear stress, when the
HCNs concentration reach 1.0 w/v%, the viscosity was obviously
higher than that of bentonite base mud. Due to the abundance of
oxygen-containing functional groups, the initial addition HCNs
raised the repulsion between the bentonite particles, which
diminished the number of association structures and resulted in
the reduction of viscosity. When the HCNs reached 1.0 w/v¥%, the
high concentration of nanoparticles in turn increased the interac-
tion between bentonite particles, corresponding to the increase of
viscosity. The increased solid fraction and hydrogen bonding be-
tween HCNs and bentonite particles are probably responsible for
this change (Kane et al, 2022). Various rheological models,
including the Bingham, Power-law, and H-B models, were
employed to fit the relationship between shear stress and shear
rate. As shown in Table 2, the H-B model delivered the most ac-
curate rheological fit, evidenced by the highest R? values. For HCNs
with concentrations above 1.0 w/v%, the H-B model yielded higher
K values and lower n values, suggesting an improved performance
in carrying drilling cuttings.
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Fig. 13. API filtration loss cake photographs of different testing fluids: (a) control sample before hot rolling, (b) control sample with 0.3 w/v% HCNs before hot rolling, (c) control
sample with 1.0 w/v% HCNs before hot rolling, (d) control sample with 3.0 w/v% HCNs before hot rolling, (e) control sample after hot rolling, (f) control sample with 0.3 w/v% HCNs
after hot rolling, (g) control sample with 1.0 w/v% HCNs after hot rolling, (h) control sample with 3.0 w/v% HCNs after hot rolling.

Fig. 14. SEM images of filter cake for polymer-based drilling fluid with various concentrations of HCNs before hot rolling: (a) control sample, (b) 0.3 w/v% HCNSs, (c) 1.0 w/v% HCNs,
(d) 3.0 w/v% HCNs.
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Fig. 15. SEM images of filter cake for polymer-based drilling fluid with various concentrations of HCNs after dynamic aging at 220 °C: (a) control sample, (b) 0.3 w/v% HCNs, (c) 1.0

w/v% HCNs, (d) 3.0 w/v% HCNs.

The bentonite-based mud, containing varying concentrations of
HCNs, was dynamically aged at 220 °C for 16 h. Filtration tests were
conducted both before and after dynamic aging. As shown in
Fig. 9(a), before hot rolling, a minor increase in the filtration loss
was observed when the HCNs concentration was lower than 0.5 w/
v%. Above that concentration the filtration loss exhibited a
remarkable increase, which was probably attributed to the
agglomeration of the excessive HCNs particles. As the bentonite
suspension subjected to hot rolling, high temperature caused clay
particles to dehydrate and aggregate into clusters. As a result, the
filtration loss significantly increased from 13.6 to 41.8 mL. Due to
the stable dispersion under elevated temperature conditions, the
addition of HCNs into the bentonite suspension could effectively fill
the micropores formed between aggregated clay particles, there-
fore resulted in the decrease of filtration loss. Specifically, a 50.7%
reduction in filtration loss was achieved at 0.5 w/v% HCNs
(Fig. 9(b)). At higher concentrations, the aggregation of HCNs par-
ticles may also occurred, which prevents the formation of effective
sealing. Therefore, the filtration loss did not exhibit a monotonic
decrease pattern but began to increase to some extent with further
increase of HCNs concentration, though it remained significantly
lower than that of the control sample, indicating that HCNs could
efficiently reduce the filtration loss at appropriate concentrations
after hot rolling.

3.2.2. Polymer-based drilling fluid with HCNs

3.2.2.1. Rheological properties. The rheological profiles of polymer-
based drilling fluid with the increase of HCNs concentration is
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presented in Fig. 10. As shown in Fig. 10(a), for HCNs between 0.1 w/
v% and 0.5 w/v¥%, the shear stress decreased with the increase of
HCNs concentration at equal shear rates. For the HCNs above 1.0 w/
v%, the shear stress was higher than the control sample when the
shear rate was higher than 200 s~ In the case of viscosity, as
shown in Fig. 10(b), at low shear rate (less than 10 s—!), the viscosity
initially decreased and then began to increase at 1.0 w/v% HCNs, but
still lower than control sample when the HCNs concentration
reached 3.0 w/v%. At high shear rate (above 10 s~1), the viscosity
also decreased initially and then increased again, which was
higher than control sample when the HCNs concentration reached
1.0 w/v%. Similar to that of bentonite base mud, the H-B model was
also the best fitting model for the rheological curves. It was
observed in Table 3 that the yield point (7g) generally decreased
with the HCNs concentration, different from that of bentonite
suspensions.

Fig. 11(a) shows the variation of rheological parameter AV for
the polymer-based drilling fluid incorporated with varying con-
centrations of HCNs prior to and after dynamic aging at 220 °C.
Howard (1995) indicated that a viscosity reduction rate of less than
50% after thermal aging at a specific temperature for 16 h is
indicative of thermal stability. Thus, the percentage reduction in
apparent viscosity (AV) can be used to assess the stability of the
drilling fluid following hot rolling. As shown in Fig. 11(b), after
dynamic aging, the degradation of polymer led to sharp loss of
viscosity. The viscosity retention rate was less than 30%. While the
addition of HCNs suppressed the viscosity decrease. It could be
found that excellent viscosity retention rate was observed at low



H.-Y. Zhong, S.-S. Li, D.-Q. Li et al.
(a)
—MB— Polymer-based drilling fluid
35 1 L —@— Polymer-based drilling fluid + 0.5 w/v% HCNs
30 4 [ )
2
© i
o 25
£
=
o
20 4
15
| |
10 T T T T T T
0 20 40 60 80 100
Thermal aging time, h
(c)
0.8 4 —— Polymer-based drilling fluid
—@®— Polymer-based drilling fluid + 0.5 w/v% HCNs
0.7 4
0.6
@
©
o
£ 05
=
©
o
=i i
a 04
=
o
>
0.3 4
0.2
0.1 4

100

Thermal aging time, h

Petroleum Science 22 (2025) 1997—-2019

(b) 25
—MB— Polymer-based drilling fluid
—®— Polymer-based drilling fluid + 0.5 w/v% HCNs
°
20
15 4 ®
©
o
o’
>
10 4
5 4
n
0 T T T T T T
0 20 40 60 80 100
Thermal aging time, h
(d) 15
—— Polymer-based drilling fluid
14 1 —@— Polymer-based drillign fluid + 0.5 w/v% HCNs
13 4
12 4
- |
E 114
g
8 101
=
Q94
=
©
S
= 5
i
74
6 4
5
4 T T T T T T

100

Thermal aging time, h

Fig. 16. Evolution of rheological parameters and API filtration loss with static thermal aging time for various testing fluids: (a) PV, (b) YP, (c) YP/PV, (d) Filtration loss.

Table 4
Variation of rheological and filtration loss for various bentonite-free water-based
drilling fluid formulations before and after exposure to dynamic aging at 150 °C.

Formula Fluid 1# Fluid 2# Fluid 3# Fluid 4#
Results BHR AHR BHR AHR BHR AHR BHR AHR
@600 63 13 61 45 45 29 49 51
@300 45 8 48 31 29 16 31 32
@200 37 5 39 24 21 11 24 24
@100 27 3 28 16 14 6 11 11
6 8 0 6 2 3 1 3 3
@3 6 0 5 1 2 0 2 2
pH 13.18 1148 1254 1134 13.71 1129 1216 10.57
AV, mPa-s 315 65 305 225 22.5 145 245 255
PV, mPa-s 18 5 13 14 16 13 18 19
YP, Pa 13.5 1.5 17.5 85 6.5 1.5 6.5 6.5
p, glem? 1.03 1.03 1.03 1.03 1.26 1.26 1.26 1.26
FLap;, mL 8 125.6 10.8 12.8 6.0 8.0 6.6 8.2

HCNs concentration (less than 0.5 w/v%). With the further increase
of HCNs concentration, the viscosity maintained relatively stable
after hot rolling at 220 °C. Clearly, the addition of low concentration
of HCNs stabilized the rheology of polymer-based drilling fluid after
exposure to such ultra-high temperatures.

12

3.2.2.2. Filtration properties. Fig. illustrates the filtration
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properties of polymer-based drilling fluid with HCNs before and
after dynamic aging at 220 °C. Initially, the filtration rate for the
polymer-based drilling fluid was high, but decreased after 5 min
due to the formation of filter cake, as indicated by the change in the
slope of the filtration curve (Fig. 12(a)). The presence of HCNs
reduced the filtration rate and accelerated filter cake formation.
This effect was more pronounced after hot rolling at 220 °C
(Fig. 12(b)). Prior to thermal aging, the impact of HCNs on filtration
properties was minimal, with only limited reductions in filter cake
thickness and filtration loss. After hot rolling, due to polymeric
additive degradation, filter cake thickness increased from 1.6 to
4 mm and filtration loss rose from 11.2 to 37 mL (Fig. 12(c) and (d)).
However, these parameters significantly decreased with the addi-
tion of low concentrations of HCNs, and became stable with HCNs
concentration above 0.5 w/v%. At 1.0 w/v% HCNs, the filtration loss
was reduced by 78% compared to the base fluid. Fig. 13 shows that
after dynamic aging, the filter cake of the control sample became
thicker, while the filter cake with HCNs turned to be dark brown
and smoother.

Figs. 14 and 15 present the SEM images of filter cakes for
polymer-based drilling fluid with varying HCN contents, before and
after dynamic aging at 220 °C respectively. Fig. 14(a) shows that for
the polymer-based drilling fluid, the thorough hydration of
bentonite particles and the adsorption of polymers created dense,
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honeycomb-like network structures, resulting in a low-
permeability filter cake and consequently low filtration loss. With
the addition of HCNs, as depicted in Fig. 14(b—d), nanoparticle
clusters obstructed the polymer networks, which further reduced
the filtrate passage. This resulted in a decrease in filtration loss and
the formation of thin, impermeable filter cakes.

When the polymer-based drilling fluid was thermally aged at
220 °C, as shown in Fig. 15(a), because of the degradation of poly-
mers, the typical honeycomb-like network structures disappeared.
Meanwhile, since the adsorbed water becomes more rigidly
bonded to the clay at ~300 °F (Fisk and Jamison, 1989), aging at
220 °C remarkably alters the orientation of the adsorbed water on
clay surface. The dispersion of clay particles decreases and a large
amount of sheet-like aggregates form. Therefore, the filter cake
becomes much more porous and allows a quite higher filtration loss
value. After different concentrations of HCNs were added into the
polymer-based drilling fluid (Fig. 15(b—d)), although the associa-
tion of clay platelets occurred in a certain degree after thermal
aging, severe flocculated and aggregated structures did not form. At
the same time, the polymer networks still existed and numerous
HCNs particles were also observed in the filter cake, which give low
porosities and permeabilities of the filter cakes.

3.2.2.3. Long term thermal stability. In deep and ultra-deep well
drilling, the trip time is much longer than that of shallow well. In
the tripping operation, the circulation of drilling fluid stopped. The
drilling fluids have to combat high temperature under downhole
for a long time. Under such an extremely harsh condition, both

Petroleum Science 22 (2025) 1997—2019

exposure temperature and heating duration should be considered
during the thermal degradation process (Shin and Cho, 1998). To
assess the impact of HCNs on the long-term thermal stability of
polymer-based drilling fluid, the fluid was statically aged at 200 °C
for various durations.

As shown in Fig. 16(a), the plastic viscosity (PV) of the polymer-
based drilling fluid decreased progressively with the increase of
aging time. Fig. 16(b) illustrates a dramatic drop in the yield point
(YP) after 16 h of thermal aging. After aging at 24 h, the YP to PV
ratio fell significantly and then fluctuated slightly, indicating
reduced stability and poor drilling cuttings carrying capacity
(Fig. 16(c)). In contrast, with 0.5 w/v% HCNs, both PV and YP
remained considerably higher than those of the polymer-based
drilling fluid at equivalent aging times. Additionally, PV and YP
values changes relatively little with aging time, reflecting much
greater thermal stability. The smaller reduction in rheological
properties and lower filtration loss (Fig. 16(d)) with thermal aging
further demonstrate the effectiveness of HCNs in enhancing the
long-term stability of the polymer-based drilling fluid.

3.2.3. Bentonite-free water-based drilling fluid with HCNs

The variation of rheological and filtration properties for the
bentonite-free water-based drilling fluid with and without HCNs
before and after dynamic aging at 150 °C for 16 h is shown in
Table 4. Because the used polymeric additives are mainly natural
polymer derivatives, the bentonite-free water-based drilling fluid
(Fluid 1#) exhibited a drastic decrease of rheological parameters
after aging, and the filtration loss increased to as high as 125.6 mL.

Fig. 20. Cryo-SEM images of HTSP solution with and without HCNs before and after hot rolling at 180 °C: (a) HTSP solution before hot rolling, (b) HTSP solution containing HCNs
before hot rolling, (c) HTSP solution after hot rolling, (d) HTSP solution containing HCNs after hot rolling.
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Fig. 21. (a) '3C solid-state NMR spectra and (b) Raman spectra of HCNs before and after thermal aging.

In the presence of 0.5 w/v% HCNs, a much better stable rheological
parameters and lower filtration loss were observed for Fluid 2#,
indicative of excellent thermal stability. When potassium formate
was used for weighting material, a relative stable rheology and
filtration properties were also observed after hot rolling due to the
thermal stabilization effect of potassium formate (Fluid 3#). For
xanthan gum, when the temperature reaches a critical point, the
molecules change from a long rigid helical rod structure to a
collapsed random coil, accompanied by the significant viscosity
loss. The formate anions can improve the hydrogen bonding and
self-association of water, therefore increase the transitional tem-
perature of xanthan gum and delay the order-disorder conforma-
tional change (Howard and Downs, 2015). Meanwhile, formate
potassium can act as a powerful reductant and anti-oxidant by
scavenging the free radicals, which protects the polymers from
thermal degradation (Bungert et al., 2000). These combined effects
improved the thermal stability of the fluid at elevated tempera-
tures. After incorporation of 0.5 w/v% HCNs, a further improvement
in the stability of rheological properties after hot rolling was ob-
tained (Fluid 4#), demonstrating a synergistic effect between po-
tassium formate and HCNs.

3.2.4. High temperature stability mechanism

3.2.4.1. Soluble oxygen concentration measurement. During drilling
operation, oxygen enters the drilling fluid at the surface, which is a
key factor for the oxidative degradation of water-soluble polymers
(Glass et al., 1983). The dissolved oxygen initiates oxidative
degradation processes that lead to the breakage of molecular chains
and removal of substituent groups, and corresponding drop in
viscosity. When oxygen is present, the degradation rate of polymers
mainly depends on the oxidation reaction (Gijsman, 2013). This
phenomenon is often aggravated by the temperature. Previous
study indicated that the viscosity of polymer decreases dramati-
cally when only a small amount of dissolved oxygen is present
(Yang et al., 2019). To avoid the polymer suffering severe degra-
dation, it is necessary to minimize the concentration of dissolved
oxygen as much as possible (Seright et al., 2010).

As shown in Fig. 17(a), for the polymer-based drilling fluid,
because of the accelerated consumption of oxygen under high
temperatures, the dissolved oxygen concentration decreased
obviously with the increase of HCN concentration after hot rolling
at 200 °C. The dissolved oxygen concentration of the fluids in the
presence of HCNs was as low as approaching zero. In the process of
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long-term thermal aging, as depicted in Fig. 17(b), the dissolved
oxygen concentration for the polymer-based drilling fluid in the
presence of 0.5 w/v% HCNs exhibited a rapid reduction and then
maintained stable at near zero. These results indicated that HCNs
can effectively exclude the oxygen from the drilling fluid and pro-
tect the polymers from oxygen attack.

3.2.4.2. Scavenging free radical. For biopolymers, they are easily
attacked by one of the most reactive radicals, namely hydroxyl
radical (Ash et al., 1983). As the strongest known oxidants, hydroxyl
radicals can abstract hydrogen from the nearest organic molecules
with no difference (Levitt and Pope, 2008). In this study, the hy-
droxyl radicals were generated by a classical Fenton reaction. The
effect of HCNs on scavenging the hydroxyl radicals was probed by
an indirect methyl violet UV-Vis spectroscopy method and a direct
EPR method. As shown in Fig. 18(a), for the control sample, since
the methyl violet was attacked by the highly reactive hydroxyl
radicals, the solution became colorless and resulted in the low
absorbance. As HCNs were incorporated, the absorbance gradually
increased. As depicted in Fig. 18(b), the hydroxyl radical scavenging
rate increased to 59% at 0.3 mg/mL HCNs, after that it decreased
along with the increase of HCNs content.

The EPR spectra obtained from the samples of DMPO-OH with
different concentration of HCNs are shown in Fig. 19(a). They are
typically composed by a characteristic 1:2:2:1 quartet with hy-
perfine couplings (Han et al., 2011). The scavenging activity is
evaluated by measuring the signal intensity of the second peak in
solutions containing the HCNs with respect to a control without.
The signal intensity decreased with the increase of HCNs concen-
tration. As depicted in Fig. 19(b), when the concentration of HCNs
reached 10 mg/mL, a 60% decline in free radical signal was
observed, demonstrating an effective scavenging capability of HCNs
for hydroxyl radicals. The difference between the results of methyl
violet UV-Vis spectroscopy method and EPR method is still not
clear, which needs further study.

3.2.4.3. Physical crosslinking interaction. Cryo-SEM is a powerful
technique in characterizing microstructure of polymers. As shown
in Fig. 20(a), for the synthetic polymers before thermal aging,
numerous sheet-like and filamentous structures connected with
each other were observed, which are responsible for the solution
viscosity. In the presence of HCNs (Fig. 20(b)), a large number of
spherical particles gathered together. Meanwhile, some particles
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Fig. 22. (a) XPS fitted spectra of HCNs, C1s peaks of HCNs (b) before and (c) after
thermal aging.

bridged between the polymers and formed networks, which act as
physical crosslinkers between the polymer chains. After thermal
aging at 180 °C, the appearance of the synthetic polymer changed.
The wide sheet-like and filamentous structures disappeared
(Fig. 20(c)). Relatively narrow strip structures with many
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micropores on the edge were formed instead, which corresponded
to the remarkable loss of viscosity and indicated the thermal
degradation. However, for the solution with HCNs, as shown in
Fig. 20(d), although the sheet-like structures of polymer dis-
appeared and transformed into a rope-like structures, the favorable
interaction between HCNs and polymer chains to cross-link and
form networks is still visible, which demonstrated that the syn-
thetic polymers are less susceptible to the thermal aging effect.
HCNs played a vital role in reinforcing the thermal stability of
synthetic polymers.

3.2.4.4. HCNs structure variation before and after thermal aging.
As shown in Fig. 21(a), the >C NMR spectra of HCNs can be cate-
gorized into three regions. Region I (0—80 ppm) represents sp>
carbon atoms. Region I (100—160 ppm) corresponds to sp> carbon
atoms in C=C double bonds, with signals between 140 and 160 ppm
specifically associated with oxygen-bound, O—C=C, sp? carbons.
Region III (175—225 ppm) includes carbonyl groups such as car-
boxylic acids, ketones, and aldehydes (Titirici, 2013). After thermal
aging at 200 °C, the peak areas at 148.39 and 117.33 ppm decreased
from 21.08% to 12.23% and from 22.06% to 20.26%, respectively.
Conversely, the peak area at 33.76 ppm increased from 42.23% to
51.33%. The reduction in peak area in Region Il and the increase in
Region I indicate a decrease in sp? carbon content in C=C double
bonds and an increase in sp> carbon content following thermal
aging. This finding is further supported by the Raman spectra
shown in Fig. 21(b). Before thermal aging, two distinct peaks of D
band and G band were observed. After thermal aging, the ID/IG
increased from 0.47 to 0.66, suggesting the decrease of sp? carbon
atom content, which was probably attributed to the adduction re-
action. In addition, two new peaks at 2930 and 3008 cm~! indic-
ative of the D + G and 2D’ band respectively appeared (Thapliyal
et al.,, 2022), which also indicated the increased disorder degree
of carbon materials.

The variation of chemical compositions of the HCNs before and
after thermal aging was identified by XPS. Fig. 22(a) shows the Cls
and O1s spectra of HCNs before and after thermal aging. The rela-
tive content of surface element C increased from 77.91% to 80.12%,
and the relative content of O decreased from 22.09% to 19.88% after
thermal aging. Fig. 22(b) and (c) present C1s spectrum of HCNs and
their Lorentzian Gaussian peak fitting results before and after
thermal aging treatment. The C1s spectra were deconvoluted into
four peaks at 284.87, 286.98, 289.12 and 291.01 eV, which are
attributed to aromatic ring carbon group (CHy, C—C/C=C), hydrox-
ide radical groups (—C—OR), carbonyl group (>C=0) and carboxyl
groups, esters or lactones (—COOR), respectively (Zhang et al.,
2023). Quantitative area analysis indicated that, after thermal ag-
ing, the relative area of the peak at 284.87, 289.12, and 291.01 eV
increased from 76.45% to 82.57%, 1.99% to 4.43%, and 1.25% to 3.54%,
respectively, while the relative area of the peak at 286.98 eV
decreased from 20.31% to 9.46%. It was obvious that the relative
content of surface —OH decreased while —COOR increased. During
the thermal aging process, in the presence of a small amount of
oxygen, the primary hydroxy groups would be oxidized into alde-
hyde groups and finally became carboxyl groups (Gao, 2012).

3.2.4.5. Mechanism analysis. During drilling operation, the drilling
fluid is constantly in dynamic circulation, and oxygen in the air
continuously dissolves into the drilling fluid. The contact with ox-
ygen is unavoidable. The oxidation of polymeric additives is a
radical chain reaction that may be initiated by the presence of ox-
ygen. High temperature can accelerate this breakdown process
dramatically. The thermal oxidative degradation results in the
breakage of molecular chains and removal of substituent groups,
which in turn leads to the rheology and filtration properties
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deterioration. Several approaches have been used to minimize
oxidative degradation, such as removal of all dissolved oxygen and
addition of free radical scavengers (Ferreira and Moreno, 2017).
HCNs are core-shell structures with abundant oxygen-
containing surface functional groups and hydrophobic polyfuranic
networks in the core (Luo et al., 2024). As stated above, HCNs
preferably act as capturers of dissolved oxygen and therefore avoid
the free radical formation and oxidative degradation. Meanwhile,
based on the analysis of ultraviolet spectroscopy and EPR, due to
the presence of surface hydroxyl groups and the sp? carbon core,
HCNs can effectively scavenge the destructive hydroxyl radicals via
hydrogen donation and radical adduction reaction (Li et al., 2023),
which are involved in oxidative degradation processes at elevated
temperatures, affording protection to polymers. Furthermore, the
polymeric chains in the solution may be adsorbed on the HCNs
surface via hydrogen bonds. HCNs can act as physical crosslinkers
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Fig. 25. Filter cake permeability after testing with various fluids.

between polymers, which makes the polymers difficult to be
attacked by reactive radical species and less susceptible to the high
temperatures. The above factors in combination contribute to the
stability of polymers at elevated temperature conditions, which are
premise to the rheology and filtration control. With respect to
rheology and filtration properties, the networks formed between
HCNs and polymers and the dispersed HCNs particles to plug the
micropores of filter cake are also conducive for rheology stability
and filtration loss control under harsh high temperatures (Fig. 23).

3.3. Shale stabilizing properties

3.3.1. Linear swelling test
When drilling into troublesome shale formations, the hydration
and dispersion of shales induce complicated wellbore instability
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Fig. 26. Photographs (left) and SEM images (right) of filter cake obtained from calcium bentonite suspension with varying content of HCNs: (a) filter cake filtrated with deionized
water, (b) filter cake filtrated with 0.5 w/v% HCNs suspension, (c) filter cake filtrated with 1.0 w/v% HCNs suspension.

problems. The potential of HCNs in improving the shale stability
was verified by linear swelling test and modified API filtration test.
As shown in Fig. 24, for control sample, the calcium bentonite
swelled quickly after contacting with deionized water. After testing
for 180 min, the swelling rate approached an equilibrium. The
swelling rate was 86.46% at the end of the test. The addition of
HPAM slowed down the swelling rate, indicated that the adsorption
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of HPAM onto clay surface impeded and retarded the penetration of
water molecules. The swelling rate was reduced to 65.27%. Further
incorporation of HCNs exhibited lower swelling rate, which further
decreased to 54.82% at 0.3 w/v% HCNs, revealed that a synergistic
effect between HCNs and HPAM. The physical sealing of HCNs
probably contributed to this decreased water-clay interaction.
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3.3.2. Modified filtration test

The physical sealing properties of HCNs were evaluated by a
modified API filtration loss test. The decrease of permeability was
used to indicate the water invasion minimization and the effec-
tiveness of sealing the micropores of filter cake by HCNs. As shown
in Fig. 25, using the calcium bentonite filter cake as the filtration
medium, the permeability of the filter cake after seepage with
deionized water, 0.5 w/v% HCNs suspension and 1.0 w/v% HCNs
suspension was 40.9, 15.8, and 2.3 mD, respectively. It could be seen
that addition of 1.0 w/v% HCNs into the suspension resulted in a
94.4% reduction of permeability, indicating extraordinary sealing
performance. The SEM images of various filter cakes are present in
Fig. 26. It was clear that for the control sample having calcium
bentonite alone, a porous and loose filter cake was formed with
aggregated calcium bentonite particles. After inclusion of HCNs, the
adsorption of HCNs on the surface of clay particles plugged the
micropores of the filter cake, which reduced the filtration channel
of water molecules. As higher concentrations of HCNs were added,
numerous tiny particles interacted with bentonite particles and
formed a dense and impermeable filter cake, which caused the
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dramatic decrease of permeability. It could be inferred from the
above tests that HCNs could inhibit clay hydration in combination
with polymers and plug the micropores to prevent pressure
transmission into the shales, which are essential for shale forma-
tion stability.

3.4. Lubrication performance

3.4.1. Extreme pressure lubricity test

The extreme pressure lubricity coefficient of polymer-based
drilling fluid as a function of HCNs content before and after hot
rolling at 220 °C is illustrated in Fig. 27. The lubricity coefficient
decreased progressively with the increase of HCNs content. A
reduction of 22% was obtained when 0.5 w/v% HCNs was added.
Owing to the improvement of thermal stability by HCNs, the
polymer-based drilling fluid maintained relatively stable after hot
rolling at 220 °C where the lubricity coefficient showed a similar
change trend as before thermal aging.

3.4.2. Four-ball friction test

The lubrication and anti-wear performance of HCNs were
further evaluated by four-ball friction tests. As shown in Figs. 28
and 29, after addition of 1.0 w/v% HCNs into the bentonite sus-
pension, the average friction coefficient was reduced from 0.5806
to 0.4656, accompanied with the average wear scar diameter
decrease by 26%, implying HCNs could effectively reduce the fric-
tion. Numerous studies reported the lubrication mechanism of
micro/nano spherical particles, which emphasized that the spher-
ical particles could improve the tribological properties by con-
verting sliding friction into rolling friction like ball bearings,
forming a protective boundary film to prevent the direct contact of
wear surfaces, filling the gap of friction surface and repairing the
wear scars, and acting as polishing agents to reduce the roughness
of friction surfaces (He et al., 2022; Lyu et al., 2021; Wu et al., 2019).
HCNs may decrease the friction by one or a combination of the
above mechanisms.

4. Conclusions

In this study, hydrothermal carbon nanospheres (HCNs) were
synthesized using glucose as a precursor through a green hydro-
thermal carbonization process and introduced to improve the
properties of water-based drilling fluids for the first time. The
following conclusions can be deduced from the study:

(1) HCNs had minimal impact on the rheological behavior of
bentonite base mud but significantly reduced its filtration
loss after thermal aging at 220 °C. A 50.7% reduction was
observed at 0.5 w/v% HCNs. For polymer-based drilling fluid,
HCNs also had a minor effect on rheology. The H-B model
was the best fit for the rheological curves before thermal
aging. After hot rolling at 220 °C, viscosity retention
increased from 29% to 63%—90% with varying HCN concen-
trations, and filtration loss decreased by 78% with 1.0 w/v%
HCNs. The polymer-based drilling fluid with 0.5 w/v% HCNs
maintained stable rheology and low filtration loss after static
thermal aging at 200 °C for 96 h. For a bentonite-free water-
based drilling fluid primarily made with modified natural
polymers, the viscosity retention increased from 21% to 74%
after hot rolling at 150 °C in the presence of 0.5 w/v% HCNs,
and further increased when HCNs and potassium formate
were employed in combination.

(2) Owing to abundant oxygen-containing functional groups and
sp? C=C bonds, HCNs could effectively trap dissolved oxygen
and scavenge free radicals, preventing thermal oxidative
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Fig. 29. Surface morphology of the lower ball wear area in the four-ball friction experiment: (a) bentonite base mud, (b) bentonite base mud with 1.0 w/v% HCNs. Up: No. 1 ball;
Middle: No. 2 ball; Down: No. 3 ball.

(5) The environmental-friendly and sustainable HCNs played a
multifunctional role in extending thermal stability,

degradation of polymers. Additionally, cross-linking in-
teractions between HCNs and polymers contributed to

thermal stability. The high-temperature stabilization effect
and nano-size of HCNs significantly enhanced the rheological
and filtration properties of water-based drilling fluid at
elevated temperatures.

improving rheology and filtration loss, enhancing wellbore
stability of shale formations and raising the lubrication
properties of water-based drilling fluid. This study also paves
the way for novel applications of hydrothermal carbon

(3) HCNs could inhibit clay hydration and swelling in synergy materials.
with partially hydrolyzed polyacrylamide and physically seal
the micropores, contributing to shale formation stability.

(4) HCNs could reduce the extreme pressure lubricity coefficient
of polymer-based drilling fluid by 49% after thermal aging at ~ CRediT authorship contribution statement
220 °C. The four-ball friction test implied that HCNs effec-
tively improved the lubrication and anti-wear performance
of bentonite base mud.
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