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ABSTRACT: For optimizing the drilling efficiency, nanoparticles
(NPs) specifically nanometal oxides have been used in water-based
drilling fluids (WBDF). Nano metal oxides improve the rheological
and filtration characteristics of the WBDF. However, dispersion
instability among pristine nano metals shrinks the performance of
the nanometal oxides due to high surface energy. Therefore, this
study aims to utilize silane-coated aluminum oxide NPs (S-Al,O,)
as an alternative to widely used pristine aluminum oxide (P-Al,O,)
in water-based drilling fluids. The S-Al,O; NPs were synthesized
using 3-aminopropyl triethoxysilane (APTES). FTIR, XRD, and
SEM analyses were carried out to examine the crystalline structure
and surface morphology of NPs. Moreover, the rheological and
filtration properties of nanowater-based drilling fluids were
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investigated at low-pressure and low-temperature (LPLT) conditions. The results of experiments revealed that S-Al,O; NPs
significantly upgraded the rheological properties compared to P-Al,O; NPs. The S-Al,O; NPs reduced plastic viscosity from 12.6 to
9.6 cP, apparent viscosity from 34.5 to 26.5 cP, and yield point from 46.5 to 39.5 Ib/100 ft*. The gel strengths (10 s and 10 min)
were reduced from 44.5 to 32 1b/100 ft* and from 77 to S9 1b/100 ft*, respectively. Furthermore, S-Al,O; NPs enhanced the
filtration performance, achieving a 26% reduction in filtrate loss and forming a thinner, more impermeable mud cake than P-AL,O;
NPs. In conclusion, the application of S-Al,O; NPs in water-based drilling fluid was found to be effective in improving the
rheological properties and controlling the filtrate loss effectively under LPLT conditions. The utilization of silane-coated NPs used in
this study will open new and novel doors of research in the fields of both drilling engineering and nanotechnology.

B INTRODUCTION

In the drilling circulation process, the drilling fluids remove the
drilled cuttings, apply the hydrostatic pressure, maintain the
wellbore stability, and cool and lubricate the drilling bit."”
Drilling mud is a mixture of variety of liquids, solids, and
chemicals depending upon the formation, temperature, and
pressure conditions.” > Generally, most additives of the drilling
fluid are added to develop the required properties: xanthan
gum, lignite, starch, barite, potassium chloride, and poly-
mers.®”"® Nowadays, nanomaterials are vigorously used in the
field of drilling fluid engineering to enhance the performance
of drilling fluids and address various challenges in drilling
operations. Nanoparticles have a high area-to-volume ratio;
therefore, they are highly reactive and perform superior
functionality."" ~'* Numerous studies have examined the use
of NPs to enhance the performance of the drilling fluids by
improving their rheology and filtration.">™*'

For instance, zinc oxide (ZnO) nanoparticles significantly
improved the fluid’s rheological and filtration properties of
WBDF, reducing the filtration loss volume by 42%, increasing
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the viscosity by 150%, enhancing the yield strength by 0.8%,
and increasing the gel strength by 55% compared to untreated
mud.”* Conversely, copper oxide (CuQO) nanoparticles were
found to decrease the viscosity by 50%, the yield point by 84%,
and the gel strength by 95% at a concentration of 0.5 wt %
under high-pressure, high-temperature (HPHT) conditions
while also reducing the fluid loss volume by approximately
30%. However, higher NP concentrations led to thicker filter
cakes on the wellbore walls due to particle agglomeration.”
Similarly, iron oxide (Fe,O;) nanoparticles showed a 27%
increase in viscosity, a 1.61% increase in yield strength, and a
100% increase in gel strength, along with significant improve-
ments in fluid loss and mud cake thickness compared to mud
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Figure 1. Conceptualized schematic of experiments of research.

without NPs.** A comparative study involving four nanometal
oxides—aluminum oxide (AL,O;), titanium dioxide (TiO,),
silicon dioxide (SiO,), and CuO—was conducted, and results
exhibited that nanoaluminum oxide increased the filtration loss
volume by 80% while SiO,, TiO,, and CuO nanoparticles
reduced the filtration loss volume. Additionally, Al,O,, TiO,,
and CuO nanoparticles improved the rheological properties of
bentonite WBDF compared to the base mud.”

Furthermore, the modified Fe;0,/PSSS NP study revealed
that Fe;O,/PSSS NPs effectively controlled fluid loss by 30%
and enhanced the rheological properties of WBDF against its
pristine counterpart NPs.> Additionally, surface-modified
silicon oxide nanoparticles (SiO,/PAMPS, poly(2-acrylamide-
2-methylpropanesulfonic acid)) effectively blocked micro- and
nanopores in the wellbore, significantly reducing filtration loss
by 55% under both low-pressure, low-temperature (LPLT) and
HPHT conditions in comparison to pristine SiO, NPs.””**

As mentioned above, the surface-modified metal oxides
show greater performance in improving the rheological and
filtration properties of the WBDF than the pristine nano metal
oxides. The pristine nano metal oxides have greater
agglomeration properties due to their high surface energy;
therefore, they have high dispersion instability. In comparison,
the surface-modified nanometal oxides have high anti-
agglomeration properties because their surface energy is
controlled by coupling a functional organic group; hence,
they show greater dispersion stability. The novelty of this
research lies in the surface modification of pristine nano
aluminum oxides through a silanization technique by attaching
APTES with P-Al,O;NPs to improve their dispersion stability.
The purpose of this research is to examine and compare the
rheological and filtration properties of WBDF with pristine
nano aluminum oxide (P-AL,O;) and silane-coated nano
aluminum oxide (S-Al,O;). To achieve this, P-Al,O; nano-
particles were synthesized and characterized, and their surfaces
were modified through silanization. Subsequently, the WBDF
was prepared, and varying quantities of both types of
nanoparticles were incorporated into the base mud.

B EXPERIMENTAL SECTION

Materials. The chemical materials and compounds utilized
in this study for the synthesis of P-Al,O; and S-Al,O;
nanoparticles (NPs) and bentonite water-based drilling fluid
are detailed as follows. For the synthesis of P-Al,O; NPs,
aluminum nitrate nonahydrate (Al(NO;);-9H,0) with a purity
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of 98% was acquired from Daejung. 3-Aminopropyl triethox-
ysilane, H,N(CH,);Si(OCH,CH;); (APTES), also with a
purity of 98%, was obtained from Alfa Aesar for the silanization
of the pristine NPs. Bentonite powder with 95% purity and
barite (BaSO,) were sourced from Daejung for the preparation
of the WBDF.

Methods. The synthesis of pristine aluminum oxide (P-
Al,O;) NPs and the subsequent silanization of the nanometal
oxide were conducted by using a variety of laboratory
instruments. These included a hot plate magnetic stirrer
(Mtops, MS-300HS), autoclave reactor, sonicator (Faithful,
SS-Z410), centrifuge (Hettich, D-78532), furnace (Mtixt],
KSL-1700X-A3), and oven (Faithful, 202-0A). The vibrational
frequencies of bonds in the molecule were analyzed through
Fourier transform infrared (FTIR) spectroscopy (PerkinElmer,
Spectrum Two). Moreover, the crystalline structure and purity
of the NPs were verified through X-ray diffraction (XRD)
analysis (Siemens, DS000). Furthermore, the surface morphol-
ogy of the NPs was evaluated by using a scanning electron
microscopy (SEM) machine (Hitachi, SU8020). For drilling
fluid preparation, a multi-mixer (Sterling Multi, 9B) was
employed to ensure the thorough mixing of additives. The
rheological and filtration properties of the drilling fluids were
measured by using a viscometer (OFITE 800) and a multiunit
filter press (OFITE, 140-40). Moreover, a Saybolt viscometer
(LabTek, SL-FT-001) was used to measure the kinetic
viscosity of the mud filtrate. A general schematic of research
experiments is conceptualized in Figure 1.

Synthesis of Pristine Aluminum Oxide NPs. For the
preparation of pristine aluminum oxide NPs, a wet chemical
process was used. The aluminum nitrate AI(NO,); was placed
in deionized (DI) water to create a homogeneous solution.
The solution was placed in a sealed autoclave reaction vessel
under a controlled temperature of around 80 °C and the pH of
the solution adjusted in the range of 4 to S. The vessel was
placed in an oven at 140 °C for 8 h. After the vessel was
heated, the solid particles were filtered, washed with DI water,
and dried.

Silanization of Pristine Aluminum Oxide NPs. In this
study, the silanization technique was used for the surface
modification of pristine nano aluminum oxide. The ethanol
and APTES were mixed and stirred for 24 h at room
temperature to create a solution. After 24 h of hydrolysis, the
aluminum oxide NPs were added to the solution to create the
suspension, and the suspension was heated to 80 °C for the
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next 24 h. Afterward, the solution was washed with DI water
and finally dried out.

Preparation of Nano Bentonite Water-Based Drilling
Fluid. The base mud was prepared by mixing the various
materials, and their quantities are shown in Table 1.

Table 1. Water-Based Drilling Fluid Composition

material concentration
water 350 mL
bentonite 22.5¢
barite 203 ¢g
polyanionic cellulose 05g
caustic soda 05g

The same quantities of substances were used consistently
across all samples for the base fluid. For the preparation of
pristine nano water-based drilling fluid (PNWBDEF), 0.1, 0.2,
0.5, and 1.0 wt % of P-Al,O; NPs were added to the base fluid;
similarly, the silanized nano water-based drilling fluid
(SNWBDF) was prepared by mixing 0.1, 0.2, 0.5, and 1.0 wt
% of the S-Al,O; NPs in each sample. All experiments were
conducted according to the standards and guidelines of the
ASTM and APL

Determination of Rheological Characteristics of
WBDF. The rheological parameter (6) of the drilling fluids
was determined by using a rotary viscometer, and this
parameter was used to calculate the rheological properties by
using the following equations:

YP(Ib/100f¢") = 6,y — PV )
10, gel strength(Ib/100 ft*) = 6, after 10, (vi)
10, gel strength(Ib/100 ft*) = 6, after 10, ;, (vii)

where SS is the shear stress, SR is the shear rate, AV is the
apparent viscosity, PV is the plastic viscosity, YP is the yield
point, Oy is the dial reading, and N is the rotary speed (rpm).

Determination of Filtration Characteristics of WBDF.
A multiunit filter press was used to investigate the filtration
rate and mud cake thickness at the LPLT conditions,
specifically at 100 psi and 27 °C. This equipment, which
includes a pressurized cell equipped with a filter medium, was
used to determine filtrate loss and evaluate the properties of
the filter cake. A nitrogen gas cylinder was connected to the
filter press to maintain the required pressure of 100 psi.

B RESULTS AND DISCUSSION

Characterization of P-Al,O; and S-Al,O; NPs. The
FTIR analysis of the P-AL,O; and S-Al;O; NPs reveals
characteristic absorption peaks corresponding to distinct
functional groups and bonding features, as shown in Figure
2. Peaks at 607 and 756 cm™" confirm Al—O bond stretching,
while 1008 and 1109 cm™ relate to Al-O—H bending.”*~*° A
broad O—H band around 3420 cm™}, along with a bending
mode at 1640 cm™), reflects H,O vibration modes.>" Al-O—Si
and Si—O-Si bonds, possibly due to a silane coupling agent,
appear between 980 and 1220 cm™.** A wide peak from 3000
to 3550 cm™! confirms adsorbed water on the Al,O, surface.*®

SS(Ib/100ft") = 6y x 1.067 @) Additionally, APTES exhibit peaks at 1600 and 2950 cm™’,
with the 1632 cm™" peak indicating N—H vibrations and 2935
SR(S_l) =N X 1.703 (ii) cm™! showing C—H stretching, conﬁrming, the presence of the
silane coupling agent on treated surfaces.”*
AV(cp) = b400/2 (iii) The XRD diffraction peaks are used to confirm the structure
of the crystals and their purity according to the corresponding
PV(cp) = o0 = 300 (iv) crystal planes. Figure 3 shows the indexes for the diffraction
—P-ALO,
— S-AlL,O,

' %3420

Transmittance (a.u)

— »3440

T T
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Figure 2. FTIR analysis of P-Al,O; and S-Al,O; NPs.
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Figure 3. XRD analysis of P-Al,O; and S-Al,O; NPs.

peaks at the corresponding planes 26 = 25.6, 35.1, 43.3, 52.5,
57.4, and 66.5, which are (104), (110), (113), (116), (119),
and (030), respectively, for the P-Al,O; NPs.>>~>" Similarly,
the XRD results of the silane-coated Al,O3 NPs show the same
XRD peaks and planes, which shows that there is no change in
the crystal structure of NP. The XRD results show that P-
Al,O; and S-Al,O; NPs have polycrystalline and rhombohedral
crystal structures. The Debye—Scherrer formula is used to
calculate the crystallite size of the NPs, which is 33.49 nm.

The surface morphology of the P-AL,O; and S-Al,O; NPs
was analyzed by using SEM. The SEM images show that the
surface morphology of P-Al,O; and S-Al,O; NPs is nanoplate,
as shown in Figures 4 and 5, respectively. The whitish part in
Figure S shows the silane (APTES) coating over the ALO,
NPs.

Figure 4. Surface morphology of P-Al,O; NPs.

Effect of NPs on the Rheological Characteristics of
WBDF. Shear Stress vs Shear Rate. Figure 6 shows the
phenomenon of agglomeration and dispersion of the P-Al,O;
and S-AL,O; NPs in the drilling fluid.

The shear stress (SS) and shear rate (SR) of WBDF,
PNWBDF, and SNWBDF were evaluated by using a
viscometer. As depicted in Figure 6, the increase in shear
stress with shear rate indicates that the flow behavior of the
base mud confirms the Herschel-Bulkley model, exhibiting
shear-thinning or pseudoplastic properties akin to Bingham
pseudoplastic fluids.”>*
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Figure S. Surface morphology of S-Al,O; NPs.
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Figure 6. Dispersion of NPs in drilling fluids.

Figure 7 illustrates that SNWBDF exhibits a greater degree
of shear thinning compared to PNWBDEFE. This enhanced

[——wBDF (wt% 0)
I~ — PNWBDF (wt% 0.1)
|~ — PNWBDF (wt%0.2)
I~ — PNWBDF (wt%0.5)
I~ — PNWEDF (wt% 1.0)
- - - MNWBDF (wt% 0.1)
100 -} - - MNWBDF (wt.% 0.2)

L - = MNWBDF (wt.% 0.5)
- MNWEDF (wt.% 1.0)

140

120

Shear stress (Ib/100ft)

T T T
200 300 400 500 600

Shear rate (sec™’)

Figure 7. Shear stress vs shear rate of the WBDF, PNWBDF, and
SNWBDF.

shear-thinning effect is attributed to the anti-agglomeration
properties of the S-Al,O; NPs. The S-Al,O; NPs exhibit
superior dispersion stability due to their high electrostatic
repulsion, steric hindrance, lower surface energy, weaker van
der Waals forces, and minimal Ostwald ripening effect among
the NPs.
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Plastic Viscosity. Plastic viscosity (PV) refers to the
resistance to flow caused by friction between solid particles
within the drilling fluid. Typically, drilling fluids with high PV
are more difficult to pump, which can be detrimental to the
drilling efficiency. Consequently, achieving the optimal PV is
essential for ensuring safe and effective drilling operations.*’

As illustrated in Figure 8, the PV of the drilling fluid
generally increased with the addition of NPs. The P-Al,O; NPs

—— PNWBDF
—— SNWBDF

13 H

124

114

104

Plastic Viscosity (CP)

T

T T
0.4 0.6 0.8

NP concentration (wt.%)

Figure 8. Plastic viscosity at different concentrations of P-Al,O; and
S-Al,O; NPs.

increased the PV of the mud by approximately 25% than did
the S-Al,O; NPs at the equivalent concentration. The greater
increase in PV with P-Al,O; NPs compared to S-Al,O; NPs
can be attributed to the clustering of the pristine NPs due to
stronger van der Waals forces.

Apparent Viscosity. Apparent viscosity is defined as the
effective viscosity of a drilling fluid under specific flow
conditions, representing the ratio of shear stress to shear rate
in a given flow state. The drilling fluids are non-Newtonian;
their viscosity changes in response to shear stress, making
apparent viscosity a crucial parameter for understanding the
flow behavior of the drilling fluid under both static (trip-in)
and dynamic (trip-out) conditions.""

In this work, the base mud exhibits an apparent viscosity of
18 cP. As depicted in Figure 9, the apparent viscosity of WBDF
increases with the addition of NPs. Notably, the apparent
viscosity of SNWBDF is 26.5 cP at 1.0 wt % of S-Al,O; NPs,
which is almost 30% lower than the apparent viscosity of the
PNWBDF at a similar amount of P-Al,O; NPs. This
discrepancy is attributed to the dispersion stability of S-
Al,O; NPs, which possess a lower surface energy and surface
charge than P-Al,O; NPs.

Yield Point. The yield point (YP) can be defined as the
resistance to fluid flow caused by surface-charged particles. An
increase in YP generally enhances the drilling fluid’s capacity to
efficiently transport and carry cuttings to the surface. However,
the YP must be sufficiently high to ensure the effective removal
of cuttings from the wellbore.**

In this study, the YP of the base mud was 21 1b/100 ft*
Figure 10 depicts that the YP of WBDF showed a steady
increase with the addition of NPs, at concentrations from 0.1
to 1.0 wt %. Specifically, the YP of PNWBDF is 46.5 Ib/100 ft*
at the 1.0 wt % of P-Al,O; NPs, which is 18% more than the
YP of SNWBDF at equivalent concentrations of S-Al,O; NPs.
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Figure 10. Yield point at different concentrations of P-Al,O; and S-
AL,O; NPs.

The reason behind this phenomenon is the stronger van der
Waals forces and lower electrostatic repulsion among the P-
AlL,O; NPs.

Gel Strength. Gel strength is a crucial property of drilling
fluids that indicates their ability to suspend solids and
cuttings.” Gel strength is the properties of the drilling fluid
measured when the circulation system is halted. Figures 10 and
11 illustrate the effects of P-Al,O; and S-Al,O; NPs on the gel
strength of PNWBDF and SNWBDEF at different concen-
trations after 10 s and 10 min, respectively.

Initially, the base mud exhibited gel strength values of 12 Ib/
100 ft* at 10 s and 13.5 Ib/100 ft* at 10 min. As shown in
Figures 11 and 12, the 10 s and 10 min gel strengths increased
with the addition of P-Al,O; and S-Al,O; NPs. The 10 s and
10 min gel strengths of PNWBDF were 44.5 and 77 1b/100 ft*
at 1.0 wt % of P-Al,O; NPs, respectively, which is about 30%
more than gel strengths achieved by S-Al,O; NPs at the same
concentration. This difference is attributed to the dispersion
instability of P-Al,O; NPs, while S-Al,O; NPs exhibit greater
stability in solution.

Effect of P-Al,O; and S-Al,O; NPs on the Filtration
Properties of WBDF. Filtration Loss. The fluid loss is
pertinent to the volume of fluid, which is lost into the
formation due to a permeable mud cake.** In drilling
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Figure 11. 10, gel strength at different concentrations of P-Al,O;
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Figure 12. 10, gel strength at different concentrations of P-Al,O;

and S-AL,O; NPs.

operations, the high fluid loss is considered unfavorable.”> The
base mud without NPs showed a fluid loss of 14.0 mL after 30
min (Figure 13). The fluid loss at 1.0 wt % of P-Al,O, NPs is
24.5 mL, which is 26% more than the fluid loss caused by S-
AL, O; NPs at the same concentration. The reduced fluid loss in
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Figure 13. Fluid loss at different concentrations of P-Al,O; and S-
AL O, NPs.
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SNWBDEF is attributed to the effective dispersion of the S-
Al,O; NPs. This dispersion allows the NPs to block nano- and
microscale pore spaces in the mud cake, reducing its
permeability and consequently lowering fluid loss.

Quality and Thickness of the Filter Cake. For optimum
drilling fluid, it is desired that the drilling fluid should form a
thin and impermeable mud cake around the walls of the
wellbore to have minimal fluid loss volume and sustain the
wellbore stability.**™** The base fluid produced a mud cake
with a thickness of S mm. Tables 2 and 3 show that the P-

Table 2. Permeability of the Mud Cake Formed by Pristine
Nano Bentonite Water-Based Drilling Fluids (AP = 7.1 atm,
A = 124.8 cm?)

concentration (wt %)  hy. (cm) g (cP)  dv/dt (cm®/s) K (mD)
0 0.5 [ 0.0065 0.0220
0.1 0.4 7.5 0.0062 0.0210
0.2 0.48 9 0.0058 0.0283
0.5 0.5 11 0.0051 0.0317
1.0 0.53 12.5 0.0045 0.0350

Table 3. Permeability of the Mud Cake Formed by Silanized
Nano Bentonite Water-Based Drilling Fluids (AP = 7.1 atm,
A = 124.8 cm?)

concentration (wt %)  h,. (cm) u (cP)  dv/dt (cm®/s) K (mD)
0 0.5 6 0.0065 0.0220
0.1 0.38 6.8 0.0059 0.0172
0.2 0.43 8 0.0055 0.0213
0.5 0.45 9.5 0.0048 0.0232
1.0 0.48 10.6 0.0041 0.0236

AlL,O; NPs formed a thicker and permeable mud cake as
compared to the thinner and impermeable cake formed by S-
Al,O; NPs at the same concentrations. This behavior,
illustrating the pore-plugging capabilities of both pristine and
silane-coated NPs, is depicted in Figure 14. It was observed
that S-AlL,O; NPs produce a thinner cake due to the effective
plugging of nano- and microsized pore spaces. In contrast, P-
Al,O; NPs form a thicker and less effectively plugged cake due
to particle agglomeration.

H ™
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"" "
Drilling Fluid Additives
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Figure 14. Dispersion and agglomeration of P-Al,O; and S-Al,O;
NPs at the mud cake.
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Mud Cake Permeability. Permeability is the ability of a
medium to transmit the fluid. In drilling operations, it is
intended to make an impermeable mud cake; however, it is not
possible. Therefore, it is endeavored to develop a drilling fluid
that should make a thin and less permeable mud cake.

Darcy’s law (eq viii) was used to determine the permeability
of the filter cake.

dv;/dt = KAAP/uh, (vii)
where h, is the thickness of the mud cake (cm), u is the
viscosity of the mud filtrate (cP), dvy/dt is the filtration rate
(cm®/s), and K is the permeability of the mud cake (millidarcy,
mD). Tables 2 and 3 present the calculated permeabilities of
the mud cakes. For PNWBDF, the permeability of the mud
cake at a high concentration of 1.0 wt % was 0.0350 mD,
whereas the permeability of the filter cake from SNWBDF at
the same amount was 0.0236 mD.

B CONCLUSIONS

In this study, pristine aluminum oxide (P-AL,O;) NPs were
silanized by using APTES to create silane-coated aluminum
oxide (S-AL,O;) NPs. Characterization using FTIR, XRD, and
SEM confirmed the successful synthesis of the NPs and the
effective coupling of APTES with ALO;. Following this,
nanoenhanced bentonite water-based drilling fluids (BWBDF)
were formulated by incorporating various concentrations
(ranging from 0.1 to 1.0 wt %) of P-AL,O; and S-Al,O; NPs.

The S-AL,O; NPs displayed significantly enhanced pseudo-
plastic behavior in comparison to P-Al,O; at the maximum
concentration of 1.0 wt %. At this concentration, S-Al,O; NPs
reduced the PV of the drilling mud by 30% relative to P-Al,O;,
demonstrating their effectiveness in managing flow resistance.
Additionally, the S-Al,O; NPs decreased the apparent viscosity
of the drilling fluid by 30%, indicating improved fluid efliciency
and reduced energy requirements. The YP was similarly
affected, with S-Al,O; reducing it by 18% at the same
concentration, highlighting its potential in stabilizing drilling
operations. Gel strength—measured at both 10 s and 10
min—was reduced by 37% with S-Al,O; NPs compared to P-
Al,O;, which can lead to easier restarting of circulation after
shut-in periods. Furthermore, S-Al,O; NPs showed superior
filtration performance, evidenced by reductions in fluid loss
and the formation of a thinner, less permeable mud cake.
Specifically, at 1.0 wt %, S-Al,O; reduced filtrate loss by 26%,
decreased mud cake thickness by 10%, and lowered mud cake
permeability by 48% compared to P-Al,Os;.

In conclusion, the silane-coated aluminum oxide NPs
presented superior performance over pristine aluminum
oxide NPs, in controlling the rheology and filtration efficiency.
Therefore, S-Al,O; NPs are promising additives for optimizing
water-based drilling fluid performance, especially for challeng-
ing drilling environments. Future studies should explore the
effects of these NPs under high-temperature, high-pressure
conditions to further validate these findings and extend their
applicability.
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