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KEYWORDS Abstract One of the significant problems of drilling with water-based muds in oil and gas wells is
Drilling mud; the instability in the Shale Formations. Conventional additives cannot plug nanometer-sized pore
Shale instability; throats of Shale. Today, Nanotechnology is used to improve the performance of water-based muds.
Sol-gel method; Adding some Nanoparticles with unique properties to drilling fluids has remarkably improved the
Amorphous Mesoporous mud’s properties. Therefore, this study synthesized Amorphous Mesoporous Silica Nanoparticles
Silica Nanoparticles; (AMSN) with heightened purity and suitable Special Surface Area (SSA) using the sol-gel method.
Rheological properties; Then AMSN was employed in an eco-friendly water-based mud to investigate the effect on rheolog-

Thermal stability ical properties, filtration, thermal stability, and Shale recovery.

Several analyses were conducted on AMSN synthesized by TEM, FESEM, EDX, DLS, XRF,
XRD, BJH, and BET. According to the results, AMSN has an amorphous phase, and its purity,
SSA, and total pore volume stand at 98.99%, 226.13 (m”.g~"), and 1.0539 (m*.g~"). Under two con-
ditions, the AMSN was incorporated into the water-based drilling fluid at four concentrations: 0.1,
0.5, 1, and 2% W/W. The primary condition is Before Hot Rolling (BHR), conducted at a
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Nomenclature

AHR  After Hot Rolling.

AMSN Amorphous Mesoporous Silica Nanoparticles.
API American Petroleum Institute.

AV Apparent viscosity, cP.

BHR Before Hot Rolling.
FL Fluid Loss, mL.
Gs gel strength, [bf/100ft>.

MW Mud weight, pcf.

OBM  Oil based Mud.

PV Plastic viscosity, cP.
Rpm rotation per minute.
S.G. Specific Gravity

TEOS Tetraethyl Orthosilicate.
WBM  Water-Based Mud.

YP Yield point, 1bf/100ft>.

temperature of 43.3 °C. A second trial was conducted after hot rolling (AHR) at simulated down-
hole temperatures of 121.1 °C and 148.8 °C, respectively. In both conditions, the results indicate
that the ideal concentration of AMSN is 0.1% by weight and improves the rheological properties,
thermal stability, and Shale recovery. Comparatively to base mud, an optimal concentration of
AMSN can increase apparent viscosity by 12.5% and reduce fluid loss by 55% in AHR conditions.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent decades, the global energy demand has increased signifi-
cantly. Accordingly, oil and gas are the main sources of energy when
compared to other sources. The production of energy from renewable
energy sources such as biomass, geothermal, wind, solar, and nuclear
sources is more expensive than conventional fossil fuels (Oseh et al.,
2019; Karakosta et al., 2021; Dhinesh and Annamalai, 2018). In the
past few decades, new technologies, and oil and gas exploration have
improved, and deeper formations are being drilled (Nanthagopal
et al., 2019; Annamalai et al., 2016). To ensure an economical and suc-
cessful drilling operation, it is therefore vital to improve the drilling flu-
ids to overcome the harsh conditions associated with deep Formation
to achieve a successful drilling operation (Bizhani et al., 2016).

Nanomaterials have been extensively applied to the oil and gas
industry in several fields including well stimulation, enhanced oil
recovery (EOR), and drilling mud formulations in recent research
(Harati et al, 2020; Singh et al., 2018; Patidar et al., 2021;
Jafariesfad et al., 2016; Bashir Abdullahi et al., 2019). Several research-
ers have successfully used nanomaterials as additives to improve the
rheological properties of drilling muds as well as to improve the filtra-
tion of drilling fluids (Zarei and Nasiri, 2021; Rafati et al., 2018; Bayat
and Shams, 2019). Additionally, nanomaterials have been successfully
used to improve Shale recovery, thermal stability, heat transfer, cutting
transport, and hole cleaning, as well as reducing torque and drag, min-
imizing stuck pipes, maintaining wellbore stability, and reducing For-
mation damage (Abbas et al., 2021; Jain et al., 2015; Mao et al., 2015;
Shojaei and Ghazanfari, 2022; Xu et al., 2018).

Several literature studies have revealed that Nanoparticles such as
zinc oxide (ZnO), copper oxide (CuO), iron oxide (Fe,O3), aluminum
oxide (Al,03), graphene oxide (GO), carbon nanotubes (CNT), tita-
nium dioxide (TiO,), zirconium oxide (ZrO;), and silicon oxide
(SiO,) have been employed to improve the properties of drilling fluids
(Sajjadian et al., 2020; Kok and Bal, 2019; Bayat et al., 2018; Sadegh
Hassani et al., 2016). A nanomaterial that is extensively used in the
preparation of drilling mud is Nano Silica, which is used in many dril-
ling mud formulations. (Srivatsa and Ziaja, 2011; Vryzas et al., 2015).
Nano Silica is one of the additives that can be used in the design of
environmentally friendly water-based muds (Yang et al., 2017). Many
techniques can be used in the production of Nano Silica, such as the
Plasma method, the Microwave radiation method, and the Sol-gel

method (William et al., 2014; Ramesh, 2009). Zarei et al, (2021), and
Mirzaasadi et al., (2021), proposed a new way to extract Nano Silica
from agricultural waste materials such as rice husks, and this method
could be performed quickly and cheaply (Zarei et al, 2021),
(Mirzaasadi et al., 2021).

The literature has found that low concentrations of Nano Silica can
improve the rheological and filtration properties of WBM (Salih et al.,
2016). Esfandyari et al. (2021) investigated the effect of Nano Silica
(SiO,) and titanium dioxide (TiO,) on the rheological properties of
water-based polymeric mud and the efficiency of filtration at 25, 50,
and 75 °C with varying concentrations ranging from 0.01 to 0.5 wt
%. These nanomaterials were found to be capable of increasing the
yield point and the gel strength and reducing the plastic viscosity
and filtration (Esfandyari Bayat et al., 2021).

Oseh et al. (2020) formulated a new WBM by Nanocomposites
which is known as (3-Aminopropyl) Triethoxysilane modified
polypropylene-Silica nanocomposite (PP-SiO, NC-NH2,) not only to
lift cuttings out of the annulus during drilling operation but also for
enhancing the rheological and filtration properties of the drilling muds
(Oseh et al., 2020). A study carried out by Mikhienkova et al. (2022)
found that Silica Nanoparticles were able to improve a variety of rhe-
ological properties in the oil-based drilling fluid. This included friction,
filtration, and colloidal stability (Mikhienkova et al., 2022). Other
research by Katende et al. (2019) shows that Silica Nanoparticles
can improve the rheological and filtration performance of OBM and
WBM systems at high temperatures (Katende et al., 2019).

Researchers have also used Silica Nanoparticles to clean and pre-
vent gas hydrate in gas Formation. Elochukwu et al. (2017) proposed
a new approach to improve water-based muds’ cutting transport and
carrying capacity using Nano Silica particles in both conditions; low
pressure and low temperature (LPLT) and high pressure and high tem-
perature (HPHT). Furthermore, this study indicated that adding Nano
Silica can create a thin, low-permeability filter cake (Elochukwu et al.,
2017). Zhao et al. (2021) tested five types of Nanoparticles suspended
in aqueous NaCl solutions to control quartz and kaolinite fine migra-
tion. The findings revealed that Nanoparticles could effectively absorb
and fix fine particles (Zhao et al., 2021). A study conducted by Prakash
et al. (2021) evaluated the effect of Silica Nanoparticles on Grewia
Optivia fiber powder (GOFP), as an environmentally friendly additive,
in water-based drilling fluids. Based on their results, the 5%
GOFP + 4% Silica Nanoparticles mixture reduced LPLT and HPHT
fluid losses by 74.03 and 78.12%, respectively, compared to base mud
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(Prakash et al., 2021). The application of Silica Nanoparticles to
reduce Formation damage has been demonstrated by Shojaei et al.
(2022) through combined experimental and numerical methods. In
both water and oil-saturated porous media, samples with 0.2 wt%
hydrophobic Nano Silica performed best, with returning permeability
of 68.4% (Shojaei and Ghazanfari, 2022). A flow loop system with 0 to
150 rotational per minute was used by Boyou et al. (2019) to study how
Silica Nanoparticles influenced hole cleaning. Results showed that Sil-
ica Nanoparticles increased the colloidal interaction with cuttings and
enhanced hole-cleaning efficiency by up to 44% (Boyou et al., 2019).

The use of Silica Nanoparticles in water-based mud to enhance
hole-cleaning properties has been reported by Gbadamosi et al.
(2019). It examined how flow rate, Nano Silica concentration, and cut-
ting size affect hole cleaning. According to experimental results, Silica
Nanoparticle concentration and flow rate are directly related to well-
bore cleaning (Gbadamosi et al., 2019).

Chaturvedi et al. (2021) utilized Silica Nanofluids as additives in
water-based drilling muds for drilling gas hydrate reservoirs. Research-
ers found that Silica Nanofluids in drilling muds helped to stabilize
absorbed gas bubbles and minimize gas blowouts during drilling
(Chaturvedi et al., 2021).

This research was designed to assess the performance of AMSN on
a polymeric-limestone WBM at 43.3, 121.1, and 148.8 °C. Moreover,
the influences of AMSN were also appraised to find the optimum con-
centration. For this goal, a polymer-based limestone WBM utilized to
drill the reservoir section of some Iranian oil fields was formulated in
the laboratory, and then AMSN was added at different concentrations
ranging from 0.1 to 2 % wt. After that, the rheological and filtration
properties of the drilling fluid and Shale recovery were studied.

2. Materials and methods

2.1. Materials

In this study, The Shale cuttings used were obtained from one
of the oil fields in southern Iran. Other materials are employed;
sulfuric acid (H,SO4 = 98%), caustic soda (NaOH = 98%),
soda ash (Na,CO; = 98%), Tetra Ethyl Orthosilicate
(TEOS = 99.9%), ammonium hydroxide (NH,OH = 28%),
ethanol (C,HsOH = 99.9%), were procured from Merck
Company (Germany). All reagents were used without further
purification.

TEOS: Si (0C,Hs),

Fig. 1

2.2. Synthesis AMSN

This study synthesized Silica Nanoparticles with amorphous
and porous structures using the Sol-gel method and precursor
materials of Silica alkoxide (TEOS). The synthesis process is
based on TEOS hydrolysis and polymerization, according to
Eq. (1) and Fig. 1., in an environment containing ethanol
and distilled water. In this process, sulfuric acid is used as
the acid reactant, and ammonium hydroxide is used as the
alkaline reactant (Rahman et al., 2008; Vasconcelos et al.,
2002; Jal et al., 2004). A hydrolysis reaction is performed by
placing TEOS in ethanol and water to produce an intermediate
product called a single-stage hydrolyses monomer with the for-
mula Si(OC,Hs);OH (Folgar et al., 2007). According to Eq. (2)
and Fig. 2, an intermediate product based on the reaction
polymerization produced water, known as the water condensa-
tion reaction. With the reaction of the products of the previous
stage and single-stage hydrolyses monomers based on the reac-
tion Eq. (3) and Fig. 3, another polymerization has been done.
This step is known as the Alcohol condensation reaction due
to the production of alcohol (Rahman and Padavettan, 2012).

The presence of sulfuric acid in the synthesis of Nano Silica
as a catalyst has increased the speed of TEOS hydrolysis and
Polycondensation reactions and raised the production effi-
ciency of Nanoparticles (Rahman et al., 2007, Rahman
et al., 2000).

To synthesize, first, 200 cc of ethanol was placed on a stir-
rer, and 25 cc of TEOS was added to it and mixed for 15 min.
Then 50 cc of distilled water was added to the prepared solu-
tion. Subsequently, sulfuric acid 10% was added to the previ-
ous formula to reduce pH (approximately 2.5 ~ 3). The mixing
process was performed at ambient temperature for 1 h to
obtain Sol. After 1 h, ammonium hydroxide was added to
increase pH (approximately 9.5 ~ 10), and the mixing was per-
formed to obtain a Gel-like product. Afterward, the Gel was
washed with distilled water several times using a vacuum pump
and the Buchner funnels. Then the Gel is placed in the freezer
at —70 °C for 24 h. The drying process is performed under a
vigorous vacuum condition (Pan et al., 2017).

Si(0C,Hs);0H

+(:<—> +

Water: H,0

Ethanol: C,H;0H

Stepwise of Hydrolyses TEOS.



V. Zarei et al.

Si(0C,H),0H SL(0C,Hs);0H

«

Water: H,0

Fig. 2 Stepwise reaction water condensation.
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Fig. 3  Stepwise of reaction alcohol condensation.

Sl(0C2H5)4 + H20 — Sl(OC2H5)30H+ C2H50H
ESi—O—Cz Hs + Hz ] HESI—O—HE—‘— CszOH
(0

Si(OC,Hs);0H + Si(OC,Hs);0H —= Si — O — Si = +H,0
=Si-O-H+H-0-S8Si=—=8-0-S8i=+H,0
)

SI(OC2H5)4 + SI(OC2H5)30H<—>E Si—0—Si= +C2H50H
ESi—O—C2H5+H—0—SiE<—>ESl—0—SlE+C2H50H
(3)

2.3. Drilling fluid preparation

The methodologies for preparing muds and measuring the
properties are according to a local laboratory experimental
work standard called NISOC and recommended practice for
field testing Water-Based drilling fluid (API RP 13B-1, 2009).

Nanoparticles must be thoroughly dispersed to work opti-
mally (Barroso et al., 2018; Addagalla et al., 2018). Dispersion
of Nano Silica particles is stabilized in drilling muds using
polymers such as Starch LV and PAC- LV (McElfresh et al.,

2012; Ma et al., 2018; Rimer et al., 2007). The pH of the
mud is then maintained above nine to ensure that the disper-
sion of Nano Silica and polymers is stabilized. A high pH con-
dition guarantees the dispersion of Nano Silica particles. Silica
Nanoparticles can acquire an anionic charge when dispersed at
a high pH. Silica Nanoparticles that have been charged on
their surfaces become self-repulsive, causing them to disperse
well. Experiments indicate that it takes longer for Silica
Nanoparticles to settle in a water-based environment with a
high pH than in deionized water. In addition, when Nanopar-
ticles settle in a high pH environment, their height is greater
than when they settle in deionized water. Because Nanoparticle
surface charge enhances their dispersion by inhibiting them
from approaching and adhering to one another (Katende
et al., 2019). The designed WBM formulation is tabulated in
Table 1.

In order to prepare the base drilling fluid sample, 0.5 gr of
Soda Ash was added to 350 mL of Salt Saturated Water (SSW)
to reduce calcium ions’ water hardness and contamination.
SSW was made by dissolving 355 g of sodium chloride salt
in 1000 mL of water at 25 °C. After it, 0.2 gr of Caustic Soda
was added to set the pH of the mud in the range of 9 to 9.5 F
0.5. At continuing, samples were mixed by a 5-spindle multi-
mixer at 11500 rpm for 5 min. At the end of 5 min, the AMSN
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Table 1 Designed water-based mud formulation for 1.36 S.G. mud weight.

No. Additive Function Composition
1 Salt Saturated Water (NaCl) Base fluid 350 mL
(355 gr NaCl in 1000 mL freshwater)
2 Soda Ash (Na,CO3) Treating water contamination 0.5 gr
3 Caustic Soda (NaOH) Controlling PH 0.2 gr
4 Starch LV Viscosifiers and fluid loss controller 6 gr
5 PAC LV Fluid loss controller 6 gr
6 Limestone Weighting agent 113 gr

Table 2 Result of rheological properties base drilling fluids and drilling fluids containing AMSN.

Mud Properties
0, 0, 03 05 010 02 03 06 0100 020 0300 0600 GEL2 AV PV YP T FL pH

10min

unit - - - - - - - - - - - - by ¢cP ¢cP & °C mL -
10077 10077
Mud Base BHR 2 25 3 4 6 7 9 13 16 24 31 47 3/4 23.5 16 15 433 6 9.5
(MB) AHR 0 05 1 1.5 2 3 4 6 9 15 19 32 1/1.5 16 13 6 60 6.8 8.74
MB BHR 2 25 3 4 6 7 9 13 17 25 32 49 3/4 245 17 15 433 5 9.4
aF AHR 05 1 15 2 25 4 5 7 10 16 22 36 1.5/2 18 14 8 60 3 8.61
AMSN
0.1% W/W
MB BHR 25 3 4 5 7 9 11 16 21 30 38 58 4/5 29 20 18 433 10 8.9
aF AHR 4 5 6 7 8 11 13 19 24 34 42 63 6/7 31.5 21 21 60 11 7.3
AMSN
0.5% W/W
MB BHR 6 7 8§ 10 12 15 17 22 28 38 47 68 8/10 34 21 26 433 18 8.6
aF AHR 10 11 12 14 15 19 21 27 33 45 55 80 12/14 40 25 30 60 16.5 7.12
AMSN
1% W/W
MB BHR 21 23 24 26 28 3l 33 38 43 54 63 88 24/26 44 25 38 433 15 8.5
aF AHR 26 28 29 30 32 33 36 42 48 62 74 105 29/30 52.5 31 43 60 14 7.05
AMSN
2% W/W

Table 3 Shale recovery and rheological properties of mud and 20 gr Shale at 121.1 C for 8 h.

Mud Properties
0 0 03 06 019 02 03 060 0100 0200 0300 000 GEL{x«< AV PV YP T FL pH Shale

Rec
wnit - - - - - - - - - - - - by cP cP & °C mL - %
10017 100/7
Mud Base BHR 2 25 3 4 6 7 9 13 16 24 31 47 3/4 235 16 15 433 6 9.5 -
(MB) AHR 05 1 15 25 3 4 5 8 12 19 24 38 1.5/2.5 19 14 10 60 5.15 86 93
MB BHR 2 25 3 4 6 7 9 13 17 25 32 49 3/4 245 17 15 433 5 94 -
+ AHR 1 15 2 3 4 45 6 9 13 20 26 41 2/3 20.5 15 11 60 3.1 79 97
AMSN
0.1% W/W

powder is added, and the solution is mixed for 10 min. Then 6 Pounds Per Cubic Foot (pcf), which is equivalent to 1362.2
gr of starch LV was added and mixed for 20 min to increase Kg per cubic meter (Kg/m?).

the viscosity. Furthermore, to enhance the filtration and rheo-

logical properties of the prepared mud in higher temperatures, 2.4. Assessing mud properties

6 gr of PAC-LV were gently added and mixed for 20 min.

Finall.y, 113. gr of limestone was added, and it was mixed for The effect of AMSN in the WBM at four concentrations of
10 min to increase the density of the prepared mud to 85 1 (5 |, and 2% w/w were investigated. Experiments were
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Shale Cuttings
2-4 mm
20 gr

350 mL WBM

Hot Rolling |
8hr@ 121.1°C §

Fig. 4

performed to determine the influence of AMSN on changes in
rheology, pH, and fluid loss of the base mud. Two experiments
were performed to determine changes in the base mud proper-
ties due to adding AMSN.

In the first experiment, the mud properties were measured
after adding AMSN before heating and rolling. In the second
experiment, the mud properties were measured after heating
and rolling for four hours at 121.1 °C to simulate downhole
conditions during the drilling operation (see Table 2). The
essential rheological properties of the mud samples, including
shear stress vs. shear rate, apparent viscosity (AV) in cP, plas-
tic viscosity (PV) in cP, yield point (YP) in Ih;/100f#*, and gel
strength (GS) in Ib;/ 100f#*, were measured using a V-G meter,
model Chan 35. To measure these properties shear stress val-
ues of the prepared mud samples at 1, 2, 3, 6, 10, 20, 30, 60,
100, 200, 300, and 600 rpm were measured using the V-G
meter. AV, PV, and YP were calculated using Eq. (4), Eq.
(5) and Eq. (6). (Mirzaasadi et al., 2021; Pakdaman et al.,
2019; Novara et al., 2021),

_ Os00
AV ="3 (4)
PV = 0go0 — 0300 (%)
YP = 030 — PV (6)

Gel strength measurement tests were done at a shear rate of
3 rpm to measure the mud’s shear stresses after 10 s and
10 min of rest. This process is done according to the API stan-
dards procedure. Filtrate loss tests were done at 77 °F (25 °C)

Sieving

Mesh No. 35

Shale Recovery % |

)

_ Weighing Shale Cuttings |

)

Measuring Rheological
Properties at 60 °C

= =

: Caoling, Sieving and Drying of H
| Sl}_nle Cutt_ing; ‘

Shale recovery test.

Fig. 5 Mud cake and fluid loss after hot rolling test; right to left:
a) Base mud. b) 0.1% W/W AMSN.

and 100 psi using a six-unit low-pressure, low-temperature fil-
ter press equipment. The mud’s filtration volume was mea-
sured in 30 min (Mirzaasadi et al., 2021; Esfandyari Bayat
et al., 2021). To determine the acidity of the mud at ambient
temperature, a pH meter model WTW 323 was used.

2.5. Shale dispersion test

According to Table 2, the concentration of 0.1 w/w of AMSN
is the optimum concentration because it improves the rheolog-
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Table 4 The rheological properties of base drilling fluid and Shale recovery at 148.8 °C.

Mud Properties

01 02 0 3 0 6 0 10 0 20 0 30 0 60 0 100 0 200 0 300 0 600 GEL llgﬁ AV PV YP T FL ])H Shale
Rec
upit - - - - - - - - - - - - By cP cP & °C mL - %
10077 100/7°
Mud Base BHR 2 25 3 4 6 7 9 13 16 24 31 47 3/4 235 16 15 433 6 95 =
(MB) AHR 1 15 2 25 35 5 6 7 9 14 18 29 2/2.5 145 11 7 60 17 79 90
MB BHR 2 25 3 4 6 7 9 13 17 25 32 49 3/4 245 17 15 433 5 94 -
* AHR 15 2 25 3 4 55 7 8 10 15 19 31 2.5/3 155 12 7 60 14 7.1 93
AMSN
0.1% W/W

SEMHV:15.0kv. | wp:940mm |||

SEMMAG: 150 kx | Det: SE | 200 nm

View fleld: 1.38 im_ |Date(m/dly): 10/13/21| RMRC FESEM

MIRA3 TESCAN

L4 =22.80 nm

"‘Le.a

P

L1= 15’3:16 nin
A\

A L2=17.10nm

SEM HV: 150kV | WD: 9.40 mm
SEM MAG: 150 kx Det: SE
View field: 1.38 pm |Date(m/d/y): 10/13/21

Ll

200 nm

MIRA3 TESCAN

RMRC FESEM

Fig. 6 FESEM image showed the Amorphous Mesoporous Silica Nanoparticles.

ical properties, reduces the fluid loss of the mud, and causes a
slight change in the pH of the mud. So, to investigate the effect
of AMSN on Shale recovery, the base mud and the mud con-
taining 0.1 w/w AMSN are compared (see Table 3).
According to the American Petroleum Institute standard
API RP 131 method, the Shale recovery test was performed
(API, 2009). This experiment simulates the conditions of dril-
ling cuttings exposed to drilling fluid during transfer to the sur-
face in the annular space of the wellbore. The drilled Shale
sample was milled and sieved with mesh five (4 mm) and ten
(2 mm). The fine Shale particles that passed through mesh five
but remained on mesh ten were used for the experiment. 20 g
of the granulated Shale sample was added to a container,
including 350 mL of each fluid sample. The Shale and drilling
fluid sample cell were placed in a rolling oven for 8 hr at
121.1 °C. After the test period, the cell was cooled to room
temperature. A mixture of 15 1b per barrel of potassium chlo-
ride and saturated brine was prepared as the washing solution.
Afterward, the Shale particles were poured into a 35-mesh
sieve and were washed with a washing solution made (see
Fig. 4). Then Shale particles were dried in an oven at

g
?

SiKe

@
8

5
8

Intensity
TeveinTereei Do Do o e

@
8

OKa

N
8

g

Energy
Fig. 7 EDX results test for AMSN.
121.1 °C, and the Shale sample was weighed. The Shale recov-

ery percentage was determined by Eq. (7), (Rana et al., 2020;
Saleh et al., 2022; Al-Arfaj et al., 2018).
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Table 5 Elemental detected from EDX analysis.

Components Si (0} K Ca Mg Na
Weight% 36.58 63.42 0.00 0.00 0.00 0.00

Table 6 XRF test results for Nano-Silica synthesized.

Composition Si02 P205 Fe203 K20 CaO Cl Na20 A1203 TiOz L.O. 1
Weight% 98.99 N. D 0.01 N. D N. D N. D N. D 0.01 N. D 0.99

Fig. 8 TEM image showed the Mesoporous Amorphous Silica Nanoparticles (AMSN).

weight of Recovered shale sample

Shale Recovery = * 100

weight of Initial shale sample

™)

2.6. Thermal stability test

In this step, the performance of the base drilling mud and the
mud containing 0.1% w/w of AMSN in the presence of Shale
at 148.8 °C was investigated (see Fig. 5). mud properties were
measured after 8 hr of heating and rolling at 148.8 °C. Table 4
reports the results of these tests.

3. Result and discussion

3.1. AMSN analysis

- FESEM test
Nanoparticles (NPs) must have conductive surfaces in order to
be photographed microscopically. As a result of the non-
conductivity of AMSN’s surface, the surface of AMSN is
covered with gold atoms (Zarei et al., 2021). Field Emission

Scanning Electron Microscopy (FESEM) model MIRA3-
TESCAN-XMU was used to photograph the surface of the
synthesized AMSN (Feng et al., 2023). The images were taken
at 200 nm and presented in Fig. 6.

- EDX test

By performing elemental analysis on the synthesized mate-
rials, each element’s chemical composition and weight percent-
age in the sample can be determined. By executing Energy
Dispersive X-ray Spectroscopy (EDX) analysis on the synthe-
sized Nano Silica powder, the values of each element were
determined and reported in Fig. 7 and Table 5.

- XRF test

X-ray fluorescence (XRF) spectroscopy based on the type
and intensity of fluorescence waves emitted from the synthe-
sized samples could be determined the chemical composition
and values of each component. XRF test has been conducted
on the synthesized sampling using ARL 8410 apparatus, and
its results are presented in Table 6.
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Fig. 9 DLS test results.

Table 7 BET test results for AMSN synthesized.

BET range limit (p/p, = 0.2762) 9-point number Unit
as, BET 226.13 [m* g
Total pore volume (p/po = 0.990) 1.0539 [em® g7 ']
Mean pore diameter 18.642 [nm]
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]
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<=
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0 T ]
1 10 100
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Fig. 10 BJH test results.
- TEM test

Transmission electron microscopy (TEM) model Zeiss
LEO-906 Germany, operating at 80KeV, was used to show
the mesopore created during the synthesis of Nanoparticles.
The image taken is presented in Fig. 8.

- Nanoparticle size analyzer

To determine the particle size of synthesized AMSN, used
Dynamic Light Scattering (DLS) apparatus model Scattero-

scope I, Qudix, Korea (Mousavipour et al., 2021). The results
of this analysis are shown in Fig. 9.

- Surface area and pore size analyzers

The BET (Brunauer, Emmet, and Teller) and BJH (Barrett,
Joyner, and Halenda) theories are the famous models used to
determine the Specific Surface Area (SSA), porosity volume,
mean pore diameter, and procedure for calculating pore size
distributions respectively. To measure these parameters for
synthesized AMSN, the apparatus model TriStar II Plus,
USA, was used. The results of this analysis are shown in
Table 7 and Fig. 10.

- XRD test

X-RAY Diffraction spectrometer (XRD) analysis was used
to determine the amorphous or crystalline phase of the synthe-
sized AMSN by apparatus model (X’Pert PRO-MPD PANa-
lytical, Netherlands). The X-ray diffraction patterns are
shown in Fig. 11.

3.2. AMSN characterizations

So that had better know the synthesized AMSN, several ana-
lyzes have been performed to show the properties. Evaluating
the size of AMSN by FESEM showed that particles have
Nano-size (Fig. 6). Furthermore, DLS analysis confirms that
the synthesized AMSN has Nano-size spectrums. DLS trial
reported that the size of AMSN ranged from 50 nm to 4.5
um, with the average size D50 of 180 nm and D90 of
300 nm (Fig. 10).

Solid pores can be classified into three categories based on
their pore size. Solids with a pore size below 2 Nanometers or
in the range of 2 nm contain micro-pores, pore sizes between 2
and 50 nm indicate mesopores, and pore sizes larger than
50 nm are called macropores (Davis, 2002). Hence, the results
of BET analysis have revealed the presence of Nanometer
pores with an average pore diameter of 18 nm (Table 7), which
indicates AMSN classified at mesoporous materials. As shown
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Table 8 The Shale sample mineralogy.

XRD test results.

Stepwise of forming Amorphous Mesoporous Silica Nanostructure.

No. Mineral Content, wt%
1 Cristobalite 49.6
2 Montmorillonite 21.1
3 Quartz 13.2
4 Kaolinite 8.7
5 Calcite 7.4

by the TEM image of the synthesized Nanoparticles in
Fig. 8, which form the pearl necklace network, secondary
particles in mesoporous materials are composed of com-
pacted Silica primary particles. This is confirmed by the
schematic shown in Fig. 12, for mesoporous materials
(Zhang et al., 2004).

The results of the BJH isotherm reported in Fig. 9, repre-
sented the pore size distribution pattern. As shown in Fig. 9,
pores in the range of 2 nm have the highest distribution, and
with an increasing radius, the distribution of pores decreases.
This pore size can belong to the channels between the primary
particles. Pores with dimensions of 2 to 50 nm are the space
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between the secondary particles that are classified in the range
of mesopores (See Fig. 12). The surface area of AMSN was
obtained by BET analysis at 226.13 (m? g™ '), (Table 7).

The elemental analysis of the EDX test results on the syn-
thesized powder sample shows four peaks on the graph (see
Fig. 7). The first peak has small values and is related to the
gold atom used to cover the powder sample for microscopic
photography. The second and third peaks, with weight percent
of 36.58 and 63.42, are related to the two elements silicon and
oxygen, respectively. Finally, the last peak is related to the ele-
ments whose values were so small that the device could not
detect them. XRF analysis has been performed to determine
the chemical composition. The type of chemical composition
synthesized is silicon dioxide (SiO,), and its purity percentage
is 98.99% (Table 6).

Fig. 11 shows the results of the X-ray diffraction pattern of
the synthesized AMSN. This pattern shows that only a wide
peak is observed in the 23° (20) range, representing the Silica
material. The large width of the peak, 15° to 30°, always con-
firms that the Silica phase is amorphous (Liu et al., 2007).
Also, no other peaks are observed in this range, which con-
firms the high purity of the synthesized sample without creat-
ing an unwanted phase during the synthesis process (Tadjarodi
et al., 2012), (Thuadaij and Nuntiya, 2008).
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0.5% AMSN === 1% AMSN
—0—2% AMSN
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600 800 1000

Shear Rate (1/s)
a) Before hot rolling.
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b) After hot rolling.

Fig. 14  Shear stress versus shear rate, up to down; a) before hot rolling. b) After hot rolling (121.1 C).
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3.3. Shale characterizations

X-ray diffraction analysis determined the mineral content of
the Shale samples. The XRD test of the Shale was done using
XRD equipment (GNR Explorer, Italy). The Cu-Ka (A =

154 nm) at the voltage of 40 kV and operating current of
30 mA. The samples were scanned at a scan rate of 1/sec in

0.5% AMSN

1% AMSN 2% AMSN

Impact of synthesized AMSN on yield point.

the 26 range of 50 to 900. Table 8 shows the mineralogical
composition of the Shale samples (Msadok et al., 2020).

- Methylene blue test (MBT)

Methylene blue (Ci¢HsN;SCI) eliminates exchangeable
cations from clay minerals, which are absorbed by clay parti-
cles simultaneously. The absorption of methylene blue on the
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Shale surface can be used to calculate Shale’s cation exchange
capacity (CEC). The MBT procedure is as follows:

1. Add 50 mL of tetrasodium pyrophosphate solution (2%) to
the Erlenmeyer flask containing 0.5 gr Shale.

2. Stir thoroughly and boil gently for 10 min on low heat.
Boiling to a dry state is not recommended.

3. Allow cooling to ambient temperature before adding water
to make a volume of roughly 50 mL.

4. With an accurate burette, add 1 mL increments of Methy-
lene blue solution to the flask while stirring on the magnetic
stirrer. Since the endpoint should only be achieved when
25 mL or more has been added, somewhat greater incre-
ments (10 mL to 15 mL) can be used at the start of the titra-

40
OGel 10 sec (BHR)
OGel 10 min (BHR)
30 | @Gel 10 sec (AHR)
EGel 10 min (AHR)

35

25

20

15

10

Shear Stress (dyne/cm?)

Base Mud 0.1% AMSN

Fig. 20

j mj..mj-ﬂflﬂh

0.5% AMSN

tion. Stir the flask’s contents for 30 s after each addition,
then extract one drop of the suspension and place it on
the filter paper. The titration has achieved its initial end-
point when the dye shows as a faint turquoise ring or halo
surrounding the stained solids. It is advised that increments
of no more than 1 mL be utilized for more accuracy.

5. When the first endpoint is reached, stir the flask for another
2 min before dropping another drop onto the test paper.
The endpoint has been reached if the faint turquoise ring
or halo appears again.

Eq. (8) is used to compute the Methylene blue capacity of
the Shale Cy/pr_siae €xpressed in milliequivalents per hundred
grams (meq/100gr).

Table 9 The cation exchange capacity of some clay minerals.

CEC (mEq/100 g)

Clay Mineral

Kaolinite 3-15
Halloysite 5-50
Ilite 10-40
Chlorite 1040
Montmorillonite 60-150
Vermiculite 100-150

1% AMSN 2% AMSN

Impact of synthesized AMSN on gel strength.
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100% 1 mBase Mud (BM)
EBM + 0.1% w/w AMSN
95%
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85%
80%
Shale recovery
(AHR at 250°F)
Fig. 21

Vv

M Shale

CrBT—Shale = (8)

V denotes the volume of Methylene blue solution used in
the titration in mL, and m denotes the mass of the Shale sam-
ple in grams. Fig. 13 depicts the spot tests for the Methylene
blue titration endpoint and the turquoise ring around the
drops at the end of the test. According to the Methylene blue
test, the cation exchange capacity of the Shale is 75 meq/kg
(API RP 13B-1, 2017), (Rezaei and Shadizadeh, 2021).

3.4. Drilling fluid characterization

- Shear Stress

Shear stresses (dyne/cm?) of the mud samples were mea-
sured by using the viscometer at 1, 2, 3, 6, 10, 20, 30, 60,
100, 200, 300, and 600 rpm before and after heating. Accord-
ing to the bob and rotor of the viscometer, which is R1B1, the
shear rate constant of the viscometer is equal to 1.7023
(sec™! perrpm): therefore, the shear rates according to men-
tioned rpms are 1.7, 3.4, 5.11, 10.21, 17.02, 34.05, 51.07,
102.14, 170.23, 340.46, 510.69 and 1021.38 (sec™!)
respectively.

The results show that AMSN increases the shear profile of
mud samples. With increasing the concentration of AMSN,
the shear stress also increases. Fig. 14(a) shows the shear pro-
file of the mud samples at 43.3 ‘C before heating. Fig. 14(b)
shows that the shear profile of the mud samples was read at
60 °C after 4 hr of rolling and heating at 121.1 °C. It can be
seen that the shear profile of the base mud has decreased due
to heating and rolling, but with increasing the concentration
of AMSN, the shear profile before and after heating has
increased.

- Apparent viscosity

The apparent viscosity in the Bingham plastic model is one-
half of a dial reading at 600 rpm. As shown in Fig. 15, adding
AMSN to the base mud increases the apparent viscosity before
and after hot rolling. The increase in apparent viscosity occurs
due to the chemical activity of the AMSN. The functional
groups in AMSN cause proper bonding of polymers through
colloidal forces, which increases the apparent viscosity of

Shale recovery
(AHR at 300 °F)

Impact of synthesized AMSN on Shale recovery at different temperatures.

drilling muds (Zarei and Nasiri, 2021). The highest apparent
viscosity occurs at a concentration of 2% w/w AMSN.

- Plastic viscosity

When a drilling fluid has a high PV, it loses its pump-
ability, and high values of forces are needed to move the dril-
ling fluid. On the other hand, when the drilling fluid has a low
PV, it will not be able to transfer drilled cuttings and solid par-
ticles in the mud from the bottom of the well to the surface
(Esfandyari Bayat et al., 2021). Polymer additives in the dril-
ling fluid are degraded due to increasing temperature during
the drilling operation, which will reduce the plastic viscosity
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50
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D)
w
0
0 200 400 600 800 1000
Shear Rate (1/s)
b) After hot rolling.
Fig. 22 Impact of synthesized AMSN on Shear stress up to

down; a) before hot rolling. b) After hot rolling (121.1 C).
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properties of the drilling fluid (Perumalsamy et al., 2021).
Therefore, drilling fluid needs an additive to maintain or
enhance this property.

As shown in Fig. 16, PV decreases when the base mud is
placed in the simulated downhole condition. While at the same
time, adding AMSN to the base mud before and after the hot
rolling increases PV. The rise of the concentration of AMSN
leads to an addition in plastic viscosity. Because with the addi-
tion of AMSN, the solid particles in the fluid will rise, conse-
quently reducing the distance between the particles. As the
distance between the particles reduces, more physical contact
is raised, which leads to an elevation in the friction force.
Increased friction increases the fluid resistance to motion,
interpreted as risen plastic viscosity (zarei et al., 2018). The
highest PV was obtained when the highest concentration of
AMSN was applied (i.e., a concentration of 2% w/w).

- Yield point

The yield point of a fluid is due to electrochemical forces
created by electrical charges on the surface of reactive parti-
cles. The yield point directly affects the ability of the fluid to
carry solid particles and drilled cuttings from inside the well
to the surface (Esfandyari Bayat et al., 2021). The experimental

30 B Base Mud (BM)

27 | BBM+ 0.1% wiw AMSN

24
21

results show that the yield point of the base mud is reduced by
placing it in the simulated downhole conditions. Adding
AMSN to the base mud increases the yield point before and
after heating. The highest yield point is obtained when the
highest concentration of AMSN was applied (i.e., a concentra-
tion of 2% w/w), (see Fig. 17). An excessive increase of the
yield point also reduces the pump-ability of the drilling muds,
so Nanoparticles should always be used at the optimal concen-
tration in the fluid.

- fluid loss

Fig. 18 shows that placing the base mud at the simulated
downhole temperature increases filtration. One of the main
reasons for increasing the fluid loss of the base mud in heating
and rolling is the breakage of the polymer chains related to
thermal degradation. In some cases, adding AMSN to the base
mud increases the filter loss and, in other cases, decreases the
amount of filter loss. When Nanoparticles are utilized in opti-
mal concentration, the presence of Nanoparticles in drilling
mud counteracts the effect of hot rolling on LPLT fluid loss,
or in other words, it thermally stabilizes the LPLT fluid loss
of drilling mud. These results demonstrate the ability of parti-
cles of nano to plug the pores of filter cake generated during

18
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Fig. 23

Impact of synthesized AMSN on rheological properties, up to down; a) before hot rolling. b) After hot rolling (121.1 C).
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filtering, resulting in lower permeability and LPLT fluid loss
(Beg et al., 2019, Srivastava et al., 2021).

At high concentrations of AMSN, accumulation and aggre-
gation of particles occur, causing some pores in the mud cake
of the samples before and after the heating and rolling process.
Pores in these mud cakes increase the permeability of the mud
cake so that there is an increased amount of filtration. Fig. 19
shows the image of mud cakes after hot rolling for 4 hr at 121.1
‘C. When AMSN are used in optimal concentrations, creating
a homogeneous cake with the lowest permeability, reduces
fluid loss before and after the hot rolling. The mud cake thick-
ness for base mud and Silica Nanoparticle concentrations of
0.1, 0.5, 1%, and 2% by weight is 1.5, 1, 1.7, 2.2, and
2.5 mm, respectively.

Fig. 18 shows that the mud sample containing 0.1% w/w of
AMSN has the lowest filter loss, so the concentration of 0.1%
w/w of AMSN is optimal. As shown in Fig. 19, the mud sam-
ple containing 0.1% w/w of AMSN has the lowest thickness
compared to other mud cakes and without pores. Pores have
developed on the mud cakes at concentrations of 0.5, 1, and
2% w/w of AMSN, proving that these concentrations are
not optimal. Because in these concentrations, aggregation of
the particles has happened.

_pH

According to the experimental results, adding AMSN to the
drilling mud samples reduces the pH of the drilling mud. In
water-based muds, AMSN reacts with the hydroxyl anions,
decreasing the pH. In Table 6, the lowest pH is obtained at
a 2% w/w AMSN concentration. A series of reactions between
AMSN and hydroxyl anions in Eq (9) and (10) could occur
(Piroozian et al., 2012; Kang et al., 2016).

SiO, + 2NaOH — Na,0SiO, + H,O (9)

- Gel Strength

Gel strength demonstrates the drilling fluid’s ability to sus-
pend solid particles when the drilling fluid rotation is stopped
and the fluid column is in a static state (Al-Yasiri et al., 2019).
The gel strength of the drilling fluid is due to the electrochem-
ical forces in the fluid system in static conditions (Shakib et al.,
2016). Gel strength measurement is made on the viscometer
using the 3-rpm reading, which will be recorded after stirring
the drilling fluid at 600 rpm to break the Gel. The first reading,
known as initial gel strength, is noted after the mud is in a sta-
tic condition for 10 s (Kania et al., 2021; Du et al., 2020). The
second reading, called final gel strength, will be measured after
10 min. As shown in Fig. 20, adding AMSN to the drilling
fluid increases the gel strength of the fluid before and after
the hot rolling test. It can be seen the gel strength increases
with increasing AMSN concentration, and the highest gel
strength is obtained when the highest concentration of AMSN
was applied (i.e., a concentration of 2% w/w).

- Shale Recovery

Table 9 shows the cation exchange capacity values for dif-
ferent clay minerals (Schwanke and Pergher, 2013, Bain and

Smith, 1994). According to the MBT test, the CEC of the
Shale is equal to 70 (See Fig. 13). As a result, Montmorillonite
is the Shale used in the Shale recovery tests in this paper.
Moreover, the XRD analysis of the Shale indicates that it con-
tains 21.1% of Montmorillonite. This Caly which belongs to
the Smectites class, has the second-highest cation exchange
capacity. Because of their high negative charge and small par-
ticle size, Smectite clays have the most remarkable ability to
swell and disperse (Rowell, 2014).

The experimental results showed that a concentration of
0.1% w/w of AMSN improved all the base fluid properties
and had no adverse effect on the base fluid, so it was intro-
duced as the optimal concentration. A Shale recovery test
was performed for base fluid and fluid containing 0.1% w/w
of AMSN. The results of the Shale recovery test showed that
AMSN increased Shale recovery (see Fig. 21).

AMSN plugs the pores on Shale particles and prevents
water from diffusing into the Shale (Ahmad et al., 2021;
Hoxha et al., 2019; zarei et al., 2018). In addition, the func-
tional groups on the AMSN interact with the surface charges
on Shale and inhibit the hydration of Shale particles (Saleh
and Ibrahim, 2019). Polymers in drilling fluid also play a vital
role in reducing Shale hydration, swelling, and dispersion
(Azad et al., 2018a). The polymers create a hydrophobic pro-
tective layer around the Shale and encapsulate it to prevent
direct contact of water with the Shale particles. In this manner,
hydrophilic parts of the polymer chains adhere to the Shale’s
hydrophilic parts, and the polymers’ hydrophobic parts pre-
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Fig. 24 Impact of synthesized AMSN on Shear stress, up to
down; a) before hot rolling. b) After hot rolling (148.8 C).
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Mud cake dissolves rapidly in 25% hydrochloric acid.

Impact of AMSN on rheological properties, up to down; a) before hot rolling. b) After hot rolling (148.8 °C).

vent water from approaching the Shale (Azad et al., 2018b).
Fig. 22 shows that adding AMSN to this fluid increases the
shear stress. The presence of Shale also improves the rheolog-
ical properties and filtration of the base fluid. As shown in
Fig. 23, the small amount of Shale dispersed in the drilling
fluid improves the rheological properties and reduces the filtra-
tion of the drilling fluids.

- Thermal Stability

In order to evaluate the thermal stability of the designed
drilling fluid in simulated downhole conditions in the presence
of drilling cuttings, a new experiment was designed. The base
fluid and the drilling fluid containing 0.1% w/w of AMSN with
20 g of Shale were heated and rolled for 8 hr at 148.8 °C. Then
their properties were measured at 60 ‘C. The results show that
AMSN enhanced rheological properties, decreased fluid loss,
and increased Shale recovery.

Fig. 24 shows that AMSN increased shear stress compared
to base fluid before and after hot rolling. Fig. 25 shows that
AMSN enhanced the AV, PV, and FL before and after hot
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rolling but did not affect the yield point. It can be seen that
AMSN improved the GS after hot rolling in the presence of
Shale particles.

- Formation Damage

A new experiment was developed to determine the risk of
Formation damage caused by the designed drilling fluid under
simulated downhole conditions. In this experiment, the drilling
fluid was heated and rolled at 121.1 °C for eight hr with 0.1%
w/w AMSN and 20 g of Shale. Following that, an LPLT filter
press was used to prepare the mud cake. An oven at 105 °C
was used to dry the mud cake. The mud cake was then treated
with hydrochloric acid 25 %. All of the mud cake’s contents
dissolve rapidly in the acid (See Fig. 26), and when the solution
passes through the filter paper, nothing remains, and it does so
fast. Since Silica Nanoparticles are nanometric in size, they do
not cause Formation damage despite not dissolving in
hydrochloric acid. Because when other additives are dissolved,
Nanoparticles are released, and with the production fluid flow,
Nanoparticles with too fine also flow.

4. Conclusion

This paper studies drilling fluid and Shale stabilizing by using Nan-
otechnology. This research synthesized Amorphous Mesoporous Silica
Nanoparticles (AMSN) with heightened purity and suitable surface
area using the Sol-gel method. Utilizing AMSN, an environmentally
friendly water-based drilling fluid with increased rheological properties
and Shale recovery, has been designed. The results showed that apply-
ing AMSN in the muds prepared has advanced thermal stability. The
main results are as follows:

(1) By assessing the AMSN, it was seen that the phase of AMSN is
amorphous, and its purity, special surface area and total pore
volume are 98.98%, 226.13 (m? g "), and 1.0539 (m® g™,
respectively.

(2) Designed drilling mud is environmentally friendly and does not
contain chemical substances Shale inhibitors.

(3) Evaluation of the rheological properties of the base fluid and

fluids containing AMSN before and after heating showed that

adding AMSN improves the rheological properties before and
after heating.

Between concentrations of 0.1, 0.5, 1, and 2% w/w of AMSN

used in this study, a concentration of 0.1% improves all the

drilling fluid properties. Concentrations of 0.5, 1, and 2% w/

w increase FL and mud cake thickness.

The results show that adding AMSN in the optimal concentra-

tion to the drilling fluid also increases the thermal stability and

Shale recovery of the base fluid.

Due to the use of calcium carbonate additive and other soluble

materials in hydrochloric acid, this mud does not cause any

damage to the production layers. Therefore, the designed dril-
ling fluid in this study can be used for drilling reservoirs with
high pressure and temperature.
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