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Abstract

Drilling fluids are used in oil well drilling depending on their filtration characteristics and rheological properties. Because of
the increase in environmental policies, innovations in water-based drilling fluids (WBDF) have been proposed to convert them
into high-performance fluids with stabilizer properties during drilling, avoiding an increase in non-productive time (NPT) and
costs. This study proposes the enhancement of WBDF due to the addition of ZnO nanoparticles (ZnO-NPs). After the addition of
ZnO-NPs, the results show that the drilling fluid, with a concentration of 0.05 % ZnO-NPs, has improved rheological properties,
evaluated at 25, 50, and 70 °C. At room temperature, there is an increase in other parameters such as apparent viscosity (AV) 200
%, the plastic viscosity (PV) 180 %, the yield point (YP) 240 %, compared to the base fluid and furthermore 10-min gel strength
elevates by 80 % more. In addition, the amount of filtered fluid reduces from 13.5 to 10.4 mL, even under conditions of 500 psi
and 150 °C, there is a 54 % reduction, indicating the formation of a proper filter cake.

Keywords: Filtration control, HPHT conditions, Mechanosynthesis, ZnO nanoparticles, Water-based drilling fluids.

Resumen

Los fluidos de perforacion se utilizan en la perforacién de pozos petroleros dependiendo de sus caracteristicas de filtracion
y propiedades reoldgicas. Debido al aumento de las politicas ambientales, se han propuesto innovaciones en los fluidos de
perforacion a base de agua (WBDF) para convertirlos en fluidos de alto rendimiento con propiedades estabilizadoras durante
la perforacion, evitando un aumento en el tiempo no productivo (NPT) y los costos. Este estudio propone el mejoramiento del
WBDF debido a la adicién de nanoparticulas de ZnO (ZnO-NPs). Después de la adicion de las ZnO-NPs, los resultados muestran
que el fluido de perforacién, con una concentracién de 0.05% de ZnO-NPs, tiene propiedades reoldgicas mejoradas, evaluadas
a 25,50y 70 °C. A temperatura ambiente, hay un aumento en otros pardmetros como la viscosidad aparente (AV) 200 %, la
viscosidad plastica (PV) 180 %, el limite eldstico (YP) 240 %, en comparacién con el fluido base y, ademads, la fuerza del gel de
10 minutos se eleva en un 80 % mds. Ademds, la cantidad de fluido filtrado se reduce de 13,5 a 10,4 mL, incluso bajo condiciones
de 500 psi y 150 °C, hay una reduccién del 54%, lo que indica la formacién de una torta de filtracién adecuada.

Palabras clave: Control de filtracion, condiciones HPHT, Mecanosintesis, Nanoparticulas de ZnO, Fluidos de perforacién a base
de agua.
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1 Introduction

The petroleum industry contributes to the energy
context due to global oil consumption, increasing
since the beginning of this millennium, showing an
upward production trend from 3,300 to 4,500 million
tons of oil equivalent (toe) (Zheng et al., 2022). The
growing energy demand and the continuous depletion
of conventional oil reserves (Chuck H. et al., 2011)
have compelled the energy sector to innovate existing
technology to locate and drill complex formations
(Nwaezeapu et al., 2019). Drilling is a decisive process
for recovering underground materials such as oil and
gas, and drilling fluids are key to achieving this
goal (Sadeghalvaad & Sabbaghi, 2015). Furthermore,
these fluids are used to suspend cuttings, clean the
wellbore (Ofei et al., 2021), cool the drill (Yi et
al., 2024), preserve effective lubrication between the
drilling equipment and the well (Lysakova et al.,
2024), conserve proper weight-on-bit pressure (Reilly
et al., 2016), and provide wellbore stability (Ma
et al., 2024). The success of a drilling operation
depends on the fluid’s composition and properties of
the drilling (Aghdam et al., 2020). On the other hand,
the selection and quantity of additives in drilling fluids
affect the rheology and the desired filtration properties
of the fluid (Al-Zubaidi et al., 2017). An incorrect
formulation of the fluid generates problems during
the drilling process, particularly filtrate loss across the
formation, resulting in an excessively thick filter cake
(Y. Duan et al., 2024). This infiltration of the liquid
and solid phase of the drilling mud in the reservoir
formation affects the hydrocarbon production rate
and the liquid phase of the drilling mud could
create water-in-oil emulsion (w/o). These problems
are avoided when enhancing filtration properties by
decreasing the amount of lost volume of the drilling
fluid, and by rising rheological properties, such as
elastic limit, gel strength and shear rate, drilling
mud performance is improved (Ghayedi & Khosravi,
2020). Highly efficient drilling fluids are essential for
drilling in challenging zones, such as high-pressure,
high-temperature (HPHT) formations (Sulaimon et al.,
2017).

With recent progress in nanotechnology, Ibrahim
et al. (2024), Yi et al. (2024), and Oseh et al. (2024)
have studied the possibility of using nanoparticles
(NPs) and their integration with natural and synthetic
polymers in the petroleum industry. This is because
nanomaterials have specific characteristics of surface
effect and small-size (Friedheim et al., 2012). These
features make them suitable as additives to modify the
rheology and filtration properties of WBDF (Rafati et
al., 2018).

In relation to this topic, Pourkhalil H. and
Nakhaee, A. (2019), report the use of different

nanoparticles as additives in drilling fluids; they used
three Nano-ZnO fluids with different concentrations.
These fluids caused a reduction in pore pressure
accumulation and proved a desirable effect in blocking
pore spaces in the shale samples.

Studies conducted by Ahmad et al., (2021),
showed the synergistic effect of the polymer and
nanoparticles on the hydration of shale and the
swelling performance of drilling fluids, confirming
that it enhances the inhibition characteristics.

A study of the thermal stability of the fluid, by
Medhi et al., (2021), found that the addition of ZnO-
NP in the water-based drilling nanofluid increase
viscosity and reduce fluid loss.

Currently, the formulation of drilling mud has been
studied to lower costs, and to reduce the damage
caused by the filtration of the mud due to its inefficient
stability at high temperatures and pressures (Martin et
al., 2024), in addition to preserving the environment,
without compromising the performance of the fluid
and its functions (Ramos et al., 2013).

Therefore, the main objective of this work was
to investigate the effect of the addition of ZnO-
NPs synthesized by mechanochemical synthesis and
incorporating different concentrations to WBDF, to
evaluate the behavior of its rheological and filtration
properties. In this study it was demonstrated that
with short milling times of the inorganic precursors
for obtaining ZnO nanoparticles, it is possible to
obtain characteristics that contribute to improving
the rheological and filtration properties of a WBDF
formulation using bentonite and chemical additives.

2 Materials and methods

2.1 Synthesis of ZnO-NPs

Mechanosynthesis method was used to synthesize
ZnO, applying as precursors: 3.45 g of J.T. Baker
zinc chloride (ZnCly) at 97% purity, 2.62 g of J.T.
Baker sodium carbonate (NayCO3) at 99.5% purity
and 11.48 g of sodium chloride (NaCl) or common
table salt. These precursors were mixed in a 92.87
mL stainless steel container with stainless steel milling
media, which was grinded in a 60 Hz mill (8000M
millSpex @), at different milling times: 20, 40 and
60 min, samples were named ZnO 20, ZnO 40 and
ZnO 60. The grinding time used to obtain ZnO-NPs
was taken from literature reports. (Espitia et al., 2012;
Sapkota et al., 2021), due to its influence on the
physical and chemical properties of the nanoparticles.
As grinding time increases, the particles tend to reduce
their size due to continuous fracture and cold welding,
resulting in a higher specific surface area (Abrica G.
and Goémez A., 2022). Furthermore, grinding time
induce transformations in the crystalline structure of
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materials, even long grinding times can lead to the
nanoparticles being contaminated by materials from
the milling media (such as the grinding balls and
the vial), which negatively affect the final material
properties (Prieto G. et al., 2007).

After milling, the ZnO was separated from the
NaCl residue derived from the reaction, with three
washing processes with distilled water and vacuum
filtration, then ultrasound treatment was conducted for
60 min and washed one more time. Subsequently, the
sample was dried in the oven at 120 °C for 2 h and
then calcined at 400 °C for 2 h with a ramp rate of
10 °C/min. 3 types of nanoparticles were obtained,
labeled depending on the time as ZnO X, where X=
20, 40 and 60.

2.2 Characterization of ZnO-NPs

X-ray Diffraction (XRD) was conducted for the
analysis of the crystalline phase obtained and the
crystal size of the ZnO powders, using an x-ray
diffractometer (Bruker D8-Advance) having a CuKa1
radiation with a wavelength of 1=1.54060 A, 40 Kv
and 30 mA. The intensity of the peaks was measured
in a range of 20° to 80° in 26.

RAMAN spectroscopy was used to identify the
structure of the Zn-O bonds, with a WITEC Alpha
300 spectrometer measuring from 50 to 700 cm™!, the
laser wavelength was 488 nm, with an integration time
of 1s. The ZnO powders were also analyzed by FTIR
spectroscopy Shimadzu IRAffinity-1 spectrometer, in
the range of 4700 to 370 cm™!.

The morphology of the ZnO powders was
determined by Field Emission Scanning Electron
Microscopy (FESEM). A JEOL JSM-7600F
microscope was employed at 15 kV acceleration
voltage, with a field emission gun, with a secondary
electron detector.

Particle Size Distribution and Dynamic Light
Scattering were carried out Zeta sizer equippment
Malvern Panalytical™ model ZS, in solutions at
a concentration of 5 mg of material in 10 mL of
dispersant in polystyrene disposable cell using Stokes
Einstein equation. These techniques were used to
characterize stability and surface distribution of ZnO-
NPs Water-Based Drilling Fluid.

Finally, the specific area was measured in a
Micromeritics™ model TriStar II 320 low-pressure
nitrogen adsorption analysis equipment, using the
BET method (Brunauer, Emmett and Teller).

2.3 Preparation of the Water-Based

Drilling Fluid (WBDF)

To compare the effect of the addition of the ZnO-NPs
into the fluid, a WBDF, called base fluid, was prepared,
mixing sodium bentonite treated with water at 10 %
w/v, this mixture was left for 24 h for hydration,
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Table 1. Additives used for the preparation of
water-based drilling fluid.

Additives % wW/v
Bentonite (Al,0,-4Si0, -H,0) 10.00
Xanthan gum ((C;5H,90,4)n) 0.25
Polyanionic cellulose 0.50
(IC¢H,0,(0H),CH,COONa]n)

Potassium chloride (KCI) 3.00
Sodium hydroxide (NaOH) 0.01
Formaldehyde (H,C=0) 0.10

and water was added later until an apparent viscosity
of 5 cP was obtained. Additives listed in Table 1 were
also added. The resulting mixture was stirred at high-
speed using a mechanical agitator, considering stirring
for 30 min for each additive incorporated. Sonication
was performed for 1 h for fluid homogenization.

2.4 Preparation of the modified water-
based drilling fluid

In order to evaluate the effect of ZnO-NPs on
the rheological and filtration behavior of WBDF
formulation, the modified water-based drilling fluid
(MWBDF) was prepared. First, it began a coupling
fluid called CF;, CF, and CF3; (according to the
percentage of ZnO-NPs added) was obtained, in 200
mL of a mixture of bentonite with water, diluted
to reach 5 cP, xanthan gum was incorporated at
0.25 % w/v stirring for 30 minutes. Afterwards, the
synthesized ZnO-NPs were added at 20, 40 and 60
milling minutes, at a concentration of 0.05, 0.10 and
0.15 % w/v (Table 2), concentrations > 0.20 % are not
recomended due undesirable effects on water-based
drilling fluids (Cardenas A., 2022). These fluids (CF,
CF, and CF3) were mechanically mixed for 30 min
with the WBDF to obtain the MWBDF formulations.

Table 2. Coupling fluids (CF) for the preparation of a

modified WBDE.
Nomenclature % w/v of ZnO-NPs % w/v of GX
CF, 0.05 0.25
CF, 0.10 0.25
CF; 0.15 0.25

2.5 Effect of ZnO-NPs on the rheological
and filtration properties of water-based
drilling fluid

Each of the samples obtained from the WBDF was
evaluated for its rheological and filtration properties.
Triplicate tests were carried out, following the
procedure and specifications recommended by the
American Petroleum Institute (API) (API, 2019),
using the appropriate equipment.
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2.5.1 Evaluation of rheological properties

The rheological tests of the WBDF and the MWBDF
with ZnO-NPs, were carried out with a Fann-35A
viscometer; according to the API 13B-1 standard,
these tests were tried at temperatures of 25, 50 and 70
°C and readings were recorded at 3, 6, 100, 200, 300
and 600 RPM, to make the measurements, the freshly
stirred sample was placed inside a thermal vessel and
heated to the test temperature.

2.5.1.1 Apparent viscosity

To calculate the VA, once the temperature was
reached, the engine was started by placing the
commutator in the high-speed position, with the speed
shift lever in the lowest position and when the value
was constant the reading at 600 RPM was recorded.

reading for 600 RPM

Apparent viscosity, cP = >

2.5.1.2  Viscosity plastic

To calculate PV, the switch was set to the speed of 300
RPM, when it indicated a constant value, the reading
was taken for 300 RPM.

Plastic viscosity, cP =reading at 600 RPM
—reading at 300 RPM

2.5.1.3 Yield point

For the calculation of the yield point, the formula was
used:

Yield point, 1b/100 ft? =reading for 300 RPM

— plastic viscosity

2.5.14 Gel strength

For the measurement of the gel strength of 10 seconds
and 10 minutes, the sample was stirred at 600 RPM,
approximately 15 seconds and the velocity assembly
were positioned in neutral; after that time, the engine
was shut down, keeping the drilling fluid static for 10
seconds and 10 minutes, respectively. Subsequently,
the switch was changed to a low-speed position and
the maximum deflection units at 3 rpm were recorded.
These readings are taken as values that represent gel
strength.

2.5.2 Evaluation of filtration properties

Low-pressure and low-temperature filtration was
measured for all samples of the MWBDF and WBDF
using an OFITE low-pressure filter press at a pressure
of 100 psi and room temperature (API 13B-1, 2019).
The volume of fluid passing through the standard filter
paper was recorded during 30 minutes within S-minute
intervals.

High-pressure and high-temperature (HPHT)
filtration properties were measured at 500 psi and 150
°C using an OFITE HPHT filter press. The test was
conducted for 30 minutes, and later the filtered fluid
was collected and measured.

2.5.3 Hot-rolling process

400 mL samples of each formulation (WBDF and
MWBDF) were poured into cylindrical aging cells
and pressurized at 200 psi using CO;, capsules,
maintaining rotation inside the roller oven for 16 hours
at 110 °C.

3 Results and discussion

3.1 Characterization of ZnO-NPs added to
the WBDF formulation

The ZnO-NPs with milling times of 20, 40 and 60
minutes were analyzed by structural, morphological
and textural techniques.

3.1.1 X-ray diffraction

The diffractograms presented in Figure 1 correspond
to ZnO-NPs synthesized at three milling duration time:
20, 40, and 60 minutes. No significant differences
were observed in the signal of the diffracted peaks,
mainly on the (100), (002), and (101) planes.
This confirms the successful synthesis of pure and
crystalline particles. X-ray diffraction (XRD) analysis
also showed the characteristic peaks of a hexagonal
wurtzite crystal system, with lattice parameters of
a=3.25 A, b=3.25 A and ¢=5.21 A (Bolarinwa er al.,
2017). These results indicate that mechanochemical
synthesis produces the crystal structure, consistent
with the standard reference card (JCDPS: 00-036-
1451).

The most intense peaks were observed at angles
of 36.2° and 31.7°, corresponding to the (100) and
(101) planes, respectively. Using the Debye—Scherrer
equation, the calculated crystal sizes were in the
ranges of 42 and 47 nm for ZnO 20; 45 and 48 nm for
7Zn0 40; and 42 and 47 nm for ZnO 60, corresponding
to the main peaks mentioned above.
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Figure 1. X-ray diffraction patterns of precursors and
ZnO powders synthesized by mechanochemical route
with varying grinding times of 20 (ZnO 20), 40 (ZnO
40), and 60 (ZnO 60) minutes, and synthesized at 450
°C.

3.1.2  FTIR spectroscopy

As ZnO crystals were obtained by milling techniques,
ZnO-NPs powders were analyzed to evaluate the
presence of contaminants or residuals from the
mechanochemical reaction. Figure 2 presents the FTIR
spectra corresponding to the three milling samples.
Distinct bands are observed in all three spectra: the
band at 3500 cm™! corresponds to the O-H functional
group (hydroxyl groups), caused by both molecular
and dissociative water absorption, resulting from the
synthesis process and moisture absorption from the
air (Aquino et al., 2018). The band at 1624 cm’! and
1121 cm! is associated with the C=0O functional group
linked to symmetric stretching of sodium carbonate,
and to the C-OH group resulting from bending,
respectively (Senthilkumaar et al., 2008). The band at
902 cm™! is associated with the formation of Zn with
tetrahedral coordination (Garcia M. et al., 2024) and
the band at 720 cm™! are attributed to Zn-O stretching
(Zargar et al., 2014). Additionally, the band located at
380 cm™! corresponds to the ZnO vibration (Aquino et
al., 2018).

These spectra indicate that the ZnO-NPs
samples at 60 min contain the highest amount of
reaction residuals, which could potentially influence
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Figure 2. Fourier Transform Infrared (FTIR) spectra of
ZnO powders synthesized via mechanochemical route
with grinding times of 20, 40, and 60 minutes.

the rheological properties of the MWBDF formulated
in this study.

3.1.3  Raman spectroscopy

Since the bands associated with the precursors appear
in the FTIR analysis, the ZnO powders were analyzed
by Raman spectroscopy. The peak observed at 100
cm’! in Figure 3 belongs to the low-frequency mode
of Eyy, related to the vibration of the Zn-sublattice;
the peak at 333 cm’! is an Epy-Ejp vibrational
mode developing from phonons of the boundary zone
of wurtzite ZnO. The peak presented at 438 cm’!
corresponds to the high-frequency Ery mode; this
vibration mode occurs after the movement of oxygen
atoms in the ZnO lattice (Tichaona Taziwa et al.,
2017). Finally, the peak located at 580 cm! is E;(LO)
mode and originates from oxygen vacancy defects
in ZnO (Qi et al., 2008). All samples present four
vibrational modes characteristic of ZnO, sustaining the
obtention of crystalline ZnO, which was observed in
the diffractogram in Figure 1. The shift in spectral
bands observed around 330 cm™' and 430 cm™! with
different grinding times ocurrs due to temperature
changes caused by mechanical action (Michael J.
Pelletier, 1989) and the stress within the material by
grinding time increase, affecting molecular vibrations
(Ibafiez et al., 2023).
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Figure 3. Raman spectra of ZnO powders synthesized

via mechanochemical route with varying grinding
times of 20, 40, and 60 minutes.

3.1.4 Field emission scanning electron microscopy

Based on the structural analysis, ZnO-NPs were found
in crystalline form, but the presence of the remnants
could be affecting the agglomeration of the particles.
The above is exemplified in the micrographs of Figure
4a, 4b and 4c, which show the ZnO-NPs obtained after
20, 40 and 60 min of milling, respectively. ZnO-NPs
of 20 min present an irregular morphology. For the
samples of 40 and 60 minutes, a semi-spherical shape
is observed, but decreasing in size as the milling time
increases. 100 measurements were conducted for the
size distribution, and according to the results they have
a predominant size of 60 +8, 40 +3 and 30 +2 nm for
20, 40 and 60 minutes, respectively.

A2
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Figure 4. FESEM images of ZnO-NPs synthesized by
mechanochemical route, with varying grinding times:
a) 20 minutes, b) 40 minutes, and ¢) 60 minutes.

3.1.5 ZETA potential

Once the shape and size were identified, the size of
the ZnO-NPs in suspension was confirmed. Figure 5
exhibits the distribution of particle sizes measured in
solution at a concentration of 5 mg of material in
10 mL of dispersant, one for each milling time. The
particle size varies for all samples, in the case for
ZnO synthesized at 20 minutes the size is 373.7 nm,
for ZnO synthesized at 40 minutes the size is 661.5
nm and for ZnO synthesized at 60 minutes the size is
336.2 nm. These results reveal that the nanoparticles
synthesized at 60 minutes of milling have a smaller
size and could have greater stability in a solution, since
larger and heavier particles tend to settle more rapidly
(Arenas Gaviria, 2024). The particle size of ZnO
determined by this technique differs from FESEM
analyses, because in the presence of water, ZnO-NPs
could be disperse or aggregate depending on the pH
and concentration in suspension; although ZnO does
not swell, interaction with water can affect its size and
shape due to the adsorption of water molecules on its
surface (Salas et al., 2016).
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Table 3. BET physicochemical characterization of ZnO-NPs, including specific surface area, pore volume, and pore
size distribution in agglomerate.

Sample  Specific area (mz/g) Pore volume (cm3/g) Pore size (nm)
Zn0-20 1.75 5.15 X103 25.63
Zn0-40 2.88 7.97 X103 24.56
Zn0-60 7.26 21.63 X103 15.53

Table 4. Average value and standard deviation of apparent viscosity (cP).

Before hot rolling

25°C 50 °C 70 °C
Zn-60 Zn-40 Zn-20 Zn-60 Zn-40 Zn-20 Zn-60 Zn-40 Zn-20

C A SD A SD A SD A SD A SD A SD A SD A SD A SD

0 19 1 19 1 19 1 125 0 125 0 125 O 138 03 138 03 138 0.3
005 39 05 297 03 273 029 35 03 27 05 24 0 33 05 232 03 215 0.5
0.1 332 07 32 0 285 0 292 03 245 05 258 06 263 0.8 222 06 253 0.6
015 31 05 30 05 277 03 265 05 252 03 238 0.8 242 03 215 0 233 0.3

After hot rolling

0 21 05 21 05 21 0.5 185 1 18.5 1 18.5 1 135 0 135 0 135 0
0.05 377 06 365 06 33 03 292 0 27 06 25 03 255 05 245 03 23 0
0.1 395 05 365 06 36 05 315 0 31 08 275 0 285 05 23 0 255 0
0.15 412 08 345 03 315 0 315 05 25 06 265 0 2065 O 22 03 22 0.3

A= Average, SD= Standard deviation, C= Concentration, ZnO-60= ZnO of 60 minutes of grinding, ZnO-40= ZnO of 40 minutes of

grinding and ZnO-20= ZnO of 20 minutes of grinding.
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Figure 5. Particle size distribution analysis of ZnO
powders synthesized via mechanochemical route,
determined by Z potential measurements, using a
10 mL dispersion containing 5 mg of ZnO powder,

obtained after 20, 40, and 60 minutes of grinding.

o

1200

3.1.6  Textural evaluation of the surface of ZnO-NPs
by nitrogen physisorption

All samples follow typical type IV isotherms, which
are characteristic of mesoporous particles (Sing et
al., 1985). However, the specific area of ZnO-NPs
synthesized at 60 minutes (7.26 m?/g) is higher than
that of ZnO-NPs synthesized at 20 (1.75 m?/g) and 40
minutes (2.88 m2/g) of milling (Table 3). This result
is expected since the nanoparticles of smaller size are
those synthesized at 60 minutes and it can be observed
that the smaller the particle size is, the greater the
specific area (Ovando, 2018).

3.2 Evaluation of rheological and filtration
properties of drilling fluid

The results of the evaluation of Rheological properties,
Filtration properties and Colloidal stability of drilling
fluid for WBDF and MWBDF at 0.05, 0.10 and 0.15
% are shown below.

3.2.1 Rheological properties

To evaluate the effect of the ZnO-NPs addition in
the WBDEF, several tests were performed: apparent
viscosity, plastic viscosity, yield point and gel strength
at 25, 50 and 70 °C, varying the addition of the ZnO-
NPs before and after rolling.

Apparent viscosity (AV) is an important
parameter in hydraulic calculations, it must be
adequate to lift formation cuttings and to remain
between 20 and 60 cP, to ensure adequate hole
cleaning capacity and well pressure control. However,
these values must be adjusted depending on the
specific well conditions.

Figure 6 shows the apparent viscosity (AV) for
both the WBDF and the MWBDF with 0.05 %, 0.10
%, and 0.15 % w/v of ZnO-NPs, and at three different
evaluated temperatures (Table 4). It is observed that
at all three temperatures, the ZnO-NPs-based fluid
has higher values than the WBDF. However, the
MWBDF with ZnO-NPs synthesized at 60 minutes of
milling and a concentration of 0.05 % demonstrates
the highest AV of all temperatures. This trend persists
after the fluid is submitted to hot rolling, although, in
this case, the highest AV is observed at a concentration
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of 0.15 %, with a tendency to degrade due to the effects al., 2011), while at elevated temperatures it presents
of temperature. an inverse result since the value of AV decreases as

Regarding the impact of ZnO-NPs on AV, an temperature increases, this is caused by the deficiency
improvement is observed at the NPs concentration of the intermolecular attractive forces between the
compared to the WBDF. This increase is due to the nanoparticles and the WBDF (Dejtaradon et al., 2019).

agglomeration of particles in solution (F. Duan et
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Figure 6. Rheological comparison of the base fluid (WBDF) and ZnO-NPs-based drilling fluid at varying
concentrations (0.05, 0.10, and 0.15% w/v) and temperatures (70, 50, and 25 °C), before hot rolling and (A) after
hot rolling (B) conditions.
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Figure 7. Comparison of the plastic viscosity enhancement of ZnO-NPs-based drilling fluids at varying concentrations
(0.05, 0.10, and 0.15 % w/v) and temperatures (70, 50, and 25 °C), relative to the base fluid (BF), before hot rolling
and (A) after hot rolling (B) conditions.
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The AV of the MWBDF with NPs synthesized at
60 min showed an AV of 20 and 30% higher than the
formulations based on NPs synthesized at 40 and 20
min respectively, for all NPs concentrations. This may
be because the size of the NPs synthesized at 60 min
is smaller compared to the size of those synthesized
at 40 and 20 min, and the surface area being larger.
This behavior aligns with that reported by Faisal et
al., in 2024 with the work of uncoated and polymer-
coated green magnetite nanoparticles and by Blkor et
al., in 2021 in their investigation of aqueous mud with
polypropylene beads and treated nanosilica treated
with sodium carbonate (Blkoor et al., 2021; Faisal et
al., 2024).

Plastic viscosity (PV) represents the flow
resistance of drilling fluid caused by mechanical
friction within the mud. According to the literature,
any increase in solid content of the mud results in
higher plastic viscosity (Darley & Gray, 1988). This
outcome is evident in Figure 7, where nanoparticle-
based fluids reach a significant increase in PV
compared to the WBDF, being the highest value
observed in the MWBDF with ZnO-NPs synthesized

at 60 minutes. For all fluid formulations, PV decreases
as the temperature increases (Table 5). At 70 °C,
the MWBDF with ZnO-NPs at 40 minutes displays
values similar to the WBDF, as the fluid loses thermal
stability for this property. After hot rolling Figure
7b, PV wvalues increase compared to PV before
rolling. Nonetheless, the MWBDF ZnO-60-NPs fluid
generally remains superior to other formulations.

The cationic ZnO-NPs interact with the anionic
bentonite plates, causing the formation of larger
particles within the drilling fluid. Larger particle sizes
result in lower viscosity because mechanical friction
is reduced (Guan et al., 2020). However, other studies
suggest that this formation is limited by the presence
of positive potassium ions, which may bind to the
anionic bentonite plates (Ahasan et al., 2022).

The yield point (YP) indicates the initial
resistance of the fluid caused by electrochemical
forces between particles. Figure 8 shows graphs of this
parameter at the three temperatures, showing that the
fluid formulations based on ZnO-NPs maintain values
above the WBDF (Table 6).

Table 5. Average value and standard deviation of plastic viscosity (cP).

Before hot rolling

25 °C 50 °C 70 °C

Zn0O-60 Zn0O-40 Zn0-20 Zn0-60 Zn0-40 Zn0-20 Zn0O-60 Zn0-40 Zn0O-20
C A SD A SD A SD A SD A SD A SD A SD A SD A SD
0 127 2 13 2 13 2 53 05 5 0.5 5 05 67 02 7 02 7 0.2

0.05 23 1 153 06 20 0 21 1.5 133 12 167 06 17 1.5 8 1 15 2
0.1 187 1.5 18 0 153 0.6 157 12 12 1 12 1.7 107 15 83 12 127 1.2
015 177 1.5 167 06 163 06 153 1.5 11 1 8 1 103 06 9 0 7.7 1.5

After hot rolling

0 163 1.7 163 1.7 163 1.7 13 1 13 1 13 1 67 05 67 05 6.7 0.5
0.05 25 1.7 21 1.7 17 1 16 0 15 1 10 1.5 17 1 13 06 11 0.6
0.1 257 12 20 12 23 1 16,7 06 20 1.5 14 0 167 06 12 0 14 0
015 273 15 20 06 19 0 19 1 12 1.2 18 0 17 0 11 0.6 10 0.6

A= Average, SD= Standard deviation, C= Concentration, ZnO-60= ZnO of 60 minutes of grinding, ZnO-40= ZnO of 40 minutes of

grinding and ZnO-20= ZnO of 20 minutes of grinding.

Table 6. Average value and standard deviation of yield point (Pa).

Before hot rolling

25°C 50 °C 70 °C

Zn0-60 Zn0-40 Zn0-20 Zn0-60 Zn0-40 Zn0-20 Zn0-60 Zn0-40 Zn0-20
C A SD A SD A SD A SD A SD A SD A SD A SD A SD
0 6 1.2 6 1.2 6 1.2 68 03 68 03 68 03 68 01 68 01 68 0.1
0.05 149 0.8 138 03 7 03 136 12 13.1 0.7 7 0.6 146 1 146 07 62 1.4
0.1 139 08 134 0 126 06 13 0.8 12 05 133 1.1 15 1 133 06 122 0.6
0.15 128 1 128 03 109 03 107 1 13.6 07 152 03 133 03 12 0 15 1.2

After hot rolling

0 54 22 54 22 54 22 53 05 53 05 53 05 66 03 66 03 6.6 0.3
0.05 122 1.1 136 1.1 152 1 126 03 109 06 149 13 82 05 109 03 118 0.6
0.1 133 07 155 06 13 05 142 06 114 0.7 13 0 114 03 106 O 11 0
0.15 133 07 142 03 12 0 12 05 128 06 82 0 9.1 0 106 05 117 0.3

A= Average, SD= Standard deviation, C= Concentration, ZnO-60= ZnO of 60 minutes of grinding, ZnO-40= ZnO of 40 minutes of

grinding and ZnO-20= ZnO of 20 minutes of grinding.
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Figure 8. Comparison of the yield point of the base fluid (WBDF) and ZnO-NPs-based drilling fluid at varying
concentrations (0.05, 0.10, and 0.15 % w/v) and temperatures (70, 50, and 25 °C), before hot rolling and (A) after

hot rolling (B) conditions.

The graphs of the MWBDF with NPs synthesized
at 40 and 60 min have similar values to those of 0.05%
w/v. With this concentration, the MWBDF with NPs
at 20 min and the WBDF do not exhibit a significant
difference, there is only an increase in the yield point
with a rise in the concentration of ZnO-NPs. After
hot rolling, the MWBDF with ZnO-NPs presents an
increase in the yield point compared to the WBDF,
with a tendency to decrease when temperature rises.

This increase is attributed to the interaction
between cationic nanoparticles on the surface and
the anionic platelets of bentonite clay, triggering
flocculation, which contributes to flow resistance
(Baik & Lee, 2010; Barry et al., 2015). This means, the
viscosity and the internal attraction force of the fluid
increase. The surface area of materials expands at the
nanoscale, and as a result, the surface energy increases.
Therefore, the particles agglomerate together to reduce
this energy. In other words, the attraction between the
particles grows, thereby increasing the yield point by
adding nanocomposites into the fluid (Hyne, 2014).
The increase in yield point improves the fluid quality
by enhancing the ability to clean drill cuttings from the
well, reducing the probability of drillstring sticking,
and reducing drillstring torque.

Gel strength is the shear stress of drilling mud that
is measured at a low shear rate after the mud remains
static for a certain period of time. This property allows
the fluid to turn into a gel and maintain the particles
and cuts generated during drilling in suspension, when
there is no circulation, or the flow is interrupted

(Admin, 2022).

A drilling fluid formulation designed with
incorrect gel strengths often results in bit balling and
settling of the drilled cutting at the bottom of the well
(Ahmad et al., 2021). This leads to operation problems
such as adhesion problems in pipes, excessive pressure
and torque, and rise of bit temperature that reduces
the lifespan of the tool (Admin, 2022) and causes
delayed drilling operations. The main purpose of the
gel strength is to suspend the drilled cutting in the
wellbore during a small interruption in the drilling
process; therefore, drilling formulations that keep the
drilled cuttings in suspension are considered optimal
(Ahmad et al., 2021).

Figure 9 shows the variation of gel forces for
10 minutes and 10 seconds in WBDF and MWBDF
samples with the three milling times (20, 40 and 60
min) and concentration variation of the ZnO-NPs in
the formulated drilling fluid (C1= C2= and C3=) and
the temperature (25, 50 and 70 °C). It is observed that
at the different temperatures that were evaluated, the
values of this property increase for all concentrations,
in contrast to the WBDF, which remains below half
the value obtained with the MWBDF samples (Table
7). The fluid with the greatest gel strength is the
one formulated at a concentration of 0.05 % with
nanoparticles synthesized for 60 minutes of milling
time. This is attributed to the fact that the surface area
is greater and therefore the number of NPs per unit of
weight is higher than that of the NPs synthesized at 20
and 40 minutes of milling, thus increasing the strength
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of the gel in comparison with formulations with these
latter NPs (Perween et al., 2018). After hot rolling,
these values decrease due to the degradation of the
additives under these temperatures and pressures. Gel
strength values decrease as the temperature increases;
other studies have reported similar trends (Bayat &
Shams, 2019; Dejtaradon et al., 2019). Furthermore,
progressive behavior of gel strength is observed after
time, since gel strength values at 10 minutes are
higher than those for the gel strength at 10 seconds;
this increase is consequence of the presence of ZnO-
NPs and electrostatic forces between particles in the
solution (Parizad et al., 2018). This effect reveals the
ability of the mud to suspend cuttings or drilled solids
and any relatively heavy material when circulation is
stopped. Although, on the other hand, greater shear
force is necessary to break the gel as mud that
returns to its liquid state when the drilling operation
is resumed, is required.

On the other hand, comparing the rheological

behavior as a function of the concentration of
nanoparticles, it is observed that when it increases,
the values of the rheological properties decrease.
Table 8 shows evidence of this and Figure 10
presents the TEM images of ZnO-NPs obtained in
the drilling fluid samples at the concentrations studied
in this work, it is observed that as the concentration
in the fluid sample increases, ZnO-NPs tend to
agglomerate. This phenomenon is produced by the
specific dynamic interactions of ZnO nanoparticles,
which have surface charges that at high concentrations,
can generate attraction between opposite particles,
facilitating agglomeration (Aquino et al., 2018; Abrica
and Gomez, 2022).

The enhanced rheological properties resulted from
the formulations based on ZnO-NPs with a larger
surface area (7.26 mz/g), which coincides with other
reports where a smaller particle size (30 nm) allows

Table 7. Average value and standard deviation of gel strength 10 seconds and 10 minutes (Pa).

Gel strength 10 Seconds (Pa)

Gel strength 10 minutes (Pa)

Before hot rolling  After hot rolling  Before hot rolling  After hot rolling

TCEC) 25 50 70 25 50 70 25 50 70 25 50 70

WBDF A 24 19 19 29 19 19 7 6 58 55 48 55
SD 06 0 1 06 06 06 07 07 14 07 0 21

60-C1 A 67 62 56 62 59 48 109 102 96 96 9.1 82
SD 06 0 0 06 1 0 12 15 06 07 0 07

60-C2 A 65 62 56 53 58 45 108 101 91 91 89 82
SD 29 0 06 06 O 06 78 07 14 07 07 28

60-C3 A 6.1 58 53 51 43 43 102 96 86 9.1 86 72
SD 06 0 0 0 0.6 1 12 12 0 07 14 O

40-C1 A 62 51 54 59 43 43 101 96 91 91 86 79
SD 0 108 51 43 0 0 0 0 36 31 61 38

40-C2 A 5.8 5 45 53 43 38 94 89 86 86 77 17
SD 83 62 62 47 O 0 36 38 79 0 0 0

40-C3 A 54 45 43 48 38 34 84 86 82 82 7 67
SD 51 56 0 0 0 0 4 3.8 0 0 49 0

20-C1 A 6 51 53 54 43 43 96 91 89 89 86 72
SD 07 14 0 1 06 O 07 14 0 14 07 07

20-C2 A 5.8 4.6 5 48 41 38 94 91 86 86 79 172
SD 06 0.6 0 06 0 06 0 14 0 14 07 1.7

20-C3 A 54 45 5 46 38 34 9.1 89 82 86 72 6.7
SD 06 06 06 06 O 0 0 0 07 0 0 1.7

A= Average, SD= Standard deviation, WBDF = water-based drilling fluid, C (1, 2 and 3) =
Concentrations (0.05, 0.10, and 0.15 %) and Grinding Times (20, 40, and 60 minutes).

Table 8. Particle size of ZnO-NPs at different concentrations in drilling fluid samples, determined by Dynamic
Light Scattering (DLS).

ZnO-NPs Z-average (d.nm) St Dev (d.nm)
60-C1 523.1 184.4
60-C2 550.1 272.4
60-C3 641.9 285.2

C1= Concentration de 0.05 %, C1= Concentration de 0.10 %, C1= Concentration de 0.15 % w/v.
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Figure 9. Gel strength behavior of ZnO-NPs-enhanced drilling fluids subjected to various temperatures. Gel strength
of a) 10 seconds, b) 10 minutes of the base fluid (WBDF) and the drilling fluid based on ZnO nanoparticles at 0.05,
0.1 and 0.15 % w/v; at 25, 50 and 70 °C.

Figure 10. TEM images of ZnO-NPs synthesized by mechanochemical method at 60 minutes of grinding and
suspended in drill fluid samples with concentration of (a) 0.05 %, (b) 0.10 %, (c) 0.15 % w/v.

an increase in apparent viscosity and the gel strenght formation’s pore diameters allows for better plugging
of the drilling fluid (Perween et al., 2018), since its and forms a thin, impermeable cake, reducing filtrate
interruption in the clay network is less. Additionally, loss.

a drilling fluid containing particles smaller than the
Another important characteristic is the specific
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area of the nanoparticles that provides thermal stability
to the drilling fluid due to the large number of particles
per given concentration. According to Dejtaradon et
al., (2019), the nanoparticles in the drilling fluid are
required to remain stable and suspended, so it is
crucial that the particle size in suspension is smaller
to prevent sedimentation (Dejtaradon et al., (2019).
These results exhibit a rheological trend similar to
previous studies with oxide/polyacrylamide nanosheet
nanocomposites evaluated on the properties of a
WBDF and the effect of wheat nanobiopolymers on
the rheological and filtration properties of the drilling
fluid (Ali et al., 2024; Gudarzifar et al., 2020), Table
9 shows a comparison of rheological enhancement,
filtration control, thermal stability and environmental
impact of ZnO-NPs obtained in this work with other
nanomaterials used in drilling fluids. In conclusion,

the results obtained from this research could improve
the rheological properties of WBDF more than some
materials reported previously for the formulation of
drilling fluids.

3.2.2 Filtration properties

Fluid loss is monitored during drilling operation as it
causes problems including formation damage, stuck
pipes, wellbore instability, etc. Hence, Figure 11
represents the loss of fluid at a pressure of 100 psi and
25 °C. It is observed that with the addition of ZnO-
NPs the filtered volume, accumulated during the 30
minutes of the test, decreases from 13.5 to 10.4 mL.
After rolling, the same trend is observed, but only with
values on the lost volume from 15.2 to 12 mL (Table
10).

Table 9. Comparison of rheological enhancement, filtration control, thermal stability and environmental impact of
ZnO-NPs obtained in this work with other commonly used nanomaterials in drilling fluids.

Nanomaterials Rheological Filtration control Thermal stability Environmental impact
improvement

ZnO-NPs The apparent viscosity The amount of filtered As the temperature At high
(AV) increases by 200 fluid lowers from increases, colloidal  concentrations,

%, the plastic viscosity 13.5 to 10.4 mL. At stability is maintained, nanoparticles can
(PV) by 180 %, and high pressure and although the ZnO- pose risks to the
the yield point (YP) by high temperature, the NPs tend to degrade, environment (this
240% (this work). filtered volume is affecting the properties work).

reduced by 54 % (this of the WBDF (this

work). work).

Sio, Apparent viscosity  Filtration volume at Destabilization of SiO, is considered
and yield point, in a 25 °C and 400 psi colloidal  dispersion environmentally safe,
range of 18 % to 47 decreases by 19 % occursduetoincreased especially if used
9 (Cardenas, 2022). (Parizad et al., 2018) temperature  (Parizad in biodegradable

etal., 2018). combinations
(Cardenas, 2022).

TiO, TiO,-NPs contributes  The volume of filtrate They have resistance TiO, nanoparticles
to an increase in the loss decreased by 64 to thermal degradation can  increase  the
viscosity(Sadeghalvaad % with the addition of in the rheological thermal stability of
& Sabbaghi, 2015). NPs. (Sadeghalvaad & and filtration drilling fluid, at high

Sabbaghi, 2015). characteristics of temperature they have

drilling fluids (Beg et
al., 2020).

little degradation
(Mendoza & Rojas,
2021).

Graphene oxide (GO) The plastic viscosity Filtration loss The side chains, like It is thermally more
of the drilling fluid decreased to 38.96 the main chains of stable with synthesized
increased reaching 15 % and 3436 the nanocomposite, additives (Gudarzifar
and 18 mPas, The %, at LPLT and remain stable at et al., 2020).

YP of the drilling HPHT, respectively high temperaturas
fluids increased with (Gudarzifar et al., (Abdullah et al.,
NPs (Abdullah ef al., 2020). 2024).

2024).

Carbon nanotubes Plastic viscosity HTHP filtration loss The properties of the They are more
improved by 85.7 % was reduced by 42.86 fluids deteriorated with  environmentally
and gel characteristics % 11 % reduction increasing temperatura friendly than
by more than 160 in API filtration loss (Lysakova et al., their petroleum-
% (Lysakova et al., (Lysakova et al., 2025). based counterparts
2025). 2025). (Lysakova et al.,

2025).
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Table 10. Average value and standard deviation of volume of filtrate in mL, under Low-Pressure (100 psi) and
Low-Temperature (25 °C) Conditions.

Before hot rolling

BF 60-C1 60-C2 60-C3 40-C1 40-C2 40-C3 20-C1 20-C2 20-C3
Time A SD A SD A SOD A SOD A SOD A SOD A SOD A SD A SD A SD
min
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 5 02 36 02 48 03 42 06 42 02 44 03 46 04 42 06 46 05 44 06
10 68 04 54 04 64 05 66 07 6 07 64 06 66 06 64 05 6 0.1 62 02
15 85 05 7 02 7.8 04 8 03 7.6 04 8 03 82 04 76 03 78 03 8 0.4
20 102 03 83 01 92 03 94 04 9 03 94 03 94 04 88 04 9 0.1 92 04
25 119 04 94 0.1 10 03 106 05 102 03 105 06 102 02 106 05 10 04 106 05
30 135 05 104 03 112 05 116 02 112 04 116 08 116 05 11.8 04 112 04 114 02

Before hot rolling

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 6 0.4 5 02 46 0.7 6 02 56 06 48 04 46 05 54 02 57 02 55 1.1
10 83 05 7 07 82 04 86 07 78 03 82 05 8 0.2 8 01 76 08 7.8 0.6
15 108 07 88 07 98 07 106 07 96 06 10 05 98 08 98 02 10 1.5 95 05
20 125 06 96 02 116 06 122 05 108 06 11.6 08 11.6 03 11.2 05 11.8 1 11 0.6
25 136 06 108 04 128 08 134 05 12 02 128 02 128 0.8 126 0.8 128 02 125 09
30 152 12 12 04 132 03 148 09 132 04 142 05 145 05 138 1 141 05 138 0.8
A= Average, SD= Standard deviation, WBDF = Base fluid, C (1, 2 y 3) = Concentrations (0.05, 0.1, and 0.15%) and Grinding
Times (20, 40, and 60 minutes).
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Figure 11. Filtration performance of WBDF and ZnO-NPs-enhanced drilling fluids at various concentrations (0.05,
0.10, and 0.15 % w/v) and grinding times (20, 40, and 60 minutes), Under Low-Pressure (100 psi) and Low-

Temperature (25 °C) Conditions.

The formulation of the drilling fluid with the
largest volume of filtrate reduction is the fluid
with ZnO-NPs of 60 minutes of milling and
concentration of 0.05 (60-C1). This is because with
this concentration the filter cake that is formed is a thin
and impermeable suitable filter cake, in other words,
the nanoparticles are filling the pores of the formation,
preventing the passage of fluid into the formation
(Ahmed et al., 2020).

Each cake obtained was measured using an
accuracy vernier caliper and Table 11 lists the

14

thicknesses in inches (in) of the cake obtained after the
low pressure and temperature filtration test. It can be
seen that the thickness is reduced to around 50 % with
the addition of the ZnO-NPs compared to the WBDF.
Moreover, there is a change in appearance and color as
seen in the images in Figure 12.

Regarding the lost filtration test, Figure 13
illustrates the volume filtered at high pressure and high
temperature, before and after rolling, for all samples
of the WBDF and the drilling fluid with the addition
of 0.05, 0.10 and 0.15 % w/v of ZnO-NPs with
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Zn0-60-C1 Zn0-60-C1-AR

Figure 12. Photograph of filter cakes of the WBDF and
with ZnO-NPs, before and after hot rolling.

Table 11. Evaluation of filter cake thickness in ZnO-
enhanced drilling fluid formulations: before and after
rolling process.

Formulations  Before rolling  After rolling

(mm) (mm)
Zn0-20-C1 1.295 1.397
Zn0-20-C2 1.346 1.651
Zn0-20-C3 1.854 2.159
Zn0-40-C1 1.27 1.778
Zn0-40-C2 1.27 1.651
Zn0-40-C3 1.575 2.388
Zn0-60-C1 1.194 1.27
Zn0-60-C2 1.346 1.956
Zn0-60-C3 1.854 2.083

60
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Figure 13. HPHT filtered volume analysis of WBDF
and ZnO-NPs-enhanced drilling fluids at various
concentrations (0.05, 0.1, and 0.15%) and grinding
durations (20, 40, and 60 minutes).

milling times of 20, 40 and 60 min. The filtrate volume
lost in the test carried out at 500 psi pressure and 150
°C, a significant reduction in lost volume is observed
for the formulations with ZnO-NPs (Table 12). The
formulation with ZnO-NPs of 60 minutes of milling

was the one that showed the greatest reduction from
54 and 48 % before and after rolling. Therefore, it
is assumed that the ZnO-NPs are blocking the pore
spaces of the base fluid.

Filtration tests show that ZnO-NPs reduce the
volume filtered into the formation; at 100 psi and room
temperature, the filtered volume accumulated during
the 30 minutes of the test is reduced from 13.5 to
10.4 mL (Tala 12). After hot rolling, the same trend is
noticed, with a reduction from 15.2 to 12 mL. For the
case of elevated pressure and temperature conditions
(500 psi and 100 °C), it is reduced by 54 % (15.2 mL)
and 48 % (27 mL), compared to the WBDF (33.4 and
52 mL), before and after rolling, respectively (Table
13). At a temperature of 70 °C and after hot rolling,
the rheological properties of the drilling fluid decrease,
however, this drop is minor compared to the WBDEF.

3.2.3 Colloidal stability of drilling fluid

The colloidal stability study was carried out by visual
observation (Li et al., 2020; Macias C. et al., 2024)
, consisting of introducing the samples of the drilling
fluid formulations into 15 mL test tubes. They were
observed from the beginning and every 24 hours, for
10 days, to show the stability of the samples over time.
In Figure 14, it can be seen that samples with different
concentrations of ZnO-NPs synthesized at different
grinding times showed better stability compared to
WBDF. The nine samples of the MWBDF remained
stable after 10 days, no sedimentation is observed in
the test tubes, however, in the base fluid a separation
of the water is observed (Figure 14d). The other
formulations based on ZnO-NPs are observed without
significant changes in the test tube, evidencing that
the addition of these nanoparticles improves colloidal
stability.

Conclusion

This study aimed to develop a water-based drilling
fluid, MWBDF using ZnO-NPs as additives for this
type of drilling fluids. Based on the results, it can
be concluded that ZnO-NPs, synthesized by the
mechanochemical method, were capable of improving
the rheological and filtration properties of water-based
drilling fluids. Causing this material to be versatile
due to the simplicity of its synthesis and useful due
to the characteristics of improvements in rheological
properties. Particularly, the MWBDF with ZnO-NPs
that had the best performance was the one obtained
using the ZnO-NPs for 60 minutes of milling and a
concentration of 0.05 in the BF, at room temperature.
The other evaluated properties, in comparison to
the WBDF, also reported improvements such as an
increase in AV to 200 %, PV to 180 %, yield point to
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240 % and gel strength increases 80 % more than the to agglomerate and this deteriorates the properties. In
WBDF after 10 minutes of being in static condition. It conclusion, this improvement process is viable with
was observed that concentrations of 0.10 and 0.15 % only 0.05 % of ZnO-NPs in the BE.

are not recommended since these nanoparticles tend

Table 12. Average value and standard deviation of volume of filtrate HPHT.
WBDF 60-C1 60-C2 60-C3 40-C1 40-C2 40-C3 20-C1 20-C2 20-C3
A SO A SO A SO A SD A SD A SD A SD A SD A SD A SD

BR 334 12 152 07 192 09 29 17 20 12 216 14 22 2 21 15 23 26 274 0.7
AR 52 23 27 14 33 05 498 26 33 04 40 2 48 03 38 14 43 12 51 1.7

A= Average, SD= Standar desviation, BR= Before hot rolling, AR= After hot rolling, WBDF = Base fluid, C (1, 2 and 3) =
Concentrations (0.05, 0.1, and 0.15%) and Grinding Times (20, 40, and 60 minutes).

Table 13. Comparison of filtered volume reduction in different formulations before and after hot rolling process.

Formulations  Before rolling (%) After rolling (%)

60-C1 54 48
60-C2 43 37
60-C3 13 4
40-Cl1 40 37
40-C2 35 23
40-C3 34 8
20-C1 37 27
20-C2 31 17
20-C3 18 2

Dia1

Figure 14. Samples of ZnO-NPs-based drilling fluid formulations and WBDF: a) day 1, b) day 5, c) day 10 and d)
separation of water in the WBDF.
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The fluid that gave the best result regarding the
filtration property was the WBDF added with 0.05 %
of ZnO-NPs synthesized at 60 minutes of milling (60-
C1). It was also the one that obtained the best formed
filter cake, that is, being permeable and thin, with a
lower thickness of the cake formed on the filter paper
after the filtration test.

As can be seen, the use of ZnO-NPs can provide
significant benefits to the properties of water-based
drilling fluids. However, there are also important
limitations that must be considered. Obtain ZnO-
NPs with controlled properties (such as specific size
and morphology) through mechanochemical synthesis
could be difficult to scale. Since drilling operations
require a large volume of NPs, it is necessary to
investigate economical and environmentally friendly
synthesis methods to reduce costs. Another limitation
is the compatibility of ZnO-NPs with the different
conditions and properties of each reservoir and oil
well. These NPs are sensitive to factors such as
pH, temperature, and the presence of contaminants.
In this research, field trials were not possible;
it would be important to validate the laboratory
results obtained and evaluate their behavior under
real-world conditions. Furthermore, it was observed
that at high concentrations, nanoparticles tend to
agglomerate, reducing the available active surface area
and decreasing their effectiveness in functions such
as cuttings transport. Therefore, it is important to
explore combinations of ZnO with other materials,
such as TiO, or SiO,, to create hybrid nanoparticles
that further improve the performance of drilling
fluid properties. It is also important to investigate
methods to coat or functionalize nanoparticles with
polymers, organic compounds, or ligands that can
improve their stability and compatibility. Another
issue is that nanoparticles face specific regulations
related to their safe use and handling. Although
ZnO 1is recognized for its antimicrobial capacity,
at high concentrations, nanoparticles can pose risks
to human health and the environment, especially if
released during drilling. Therefore, it is necessary
to analyze their biodegradability or ways to recover
the nanoparticles after use. The use of ZnO-NPs in
drilling fluids remains a promising field, although the
implementation of nanoparticles in drilling fluids at
the field scale faces several technical, economic and
environmental challenges, and research is required to
mitigate these limitations.
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