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ABSTRACT

Most of water based drilling fluids easily penetrate into shale formations and cause serious problems
such as well instability, destruction of the formation, wall pipe folding and pipe adhesion. The present
research aims to assess the effects of alumina nano-particles (alpha and gamma) on shale/clay stability
due to the unique specifications of alumina (alpha and gamma) nano particles. The SEM, XRD, EDAX and
AFM analyses of recovered shale samples indicate that the average size of alpha alumina nano-particles
coating the shale surface and the pores existing in the shale is between 25 and 35 nm, whereas the
average size of gamma alumina nano-particles coating the shale surface and the pores present in the
shale is between 20 and 30 nm. In addition, samples recovered by nano-alpha reveal more porosity
remained in the shale sample in comparison with the nano-gamma nano-sample. Furthermore, the
results obtained from EDAX illustrate a suitable nano-gamma alumina over the recovered shale. The
experiment with five types of drilling fluid without the presence of potassium chloride as an inhibitor
salt designed. Thus, the water based drilling fluid containing nano-gamma alumina with less than 1 %wt
was chosen as the best sample. Generally, the presence of alumina nano-particles optimizes the stability

of formations containing ions like shale.
© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since shale formations are least stable and more susceptible to
water, clay content and ionic compounds, they are identified as the
most common and the most problematic drilling formations stone.
Its permeability is negligible and it includes tiny pores (in nano-
meter) which are not affectively blocked by the solid particles of
the common drilling solid particles. When a water based drilling
fluid is exposed to shale, water absorption immediately occurs. It
causes clay swelling. In fact, its tension and volume get increased.
The tension enhancement leads to dwindle the formation tension.
Finally, it brings about problems such as drill trapping, being
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laminated and the drilling pipe trapping [1]. Shale takes up almost
75% of drilled formations. More than 90% of the well instability
problems are caused by very low permeability properties, high pore
pressure of clay minerals and high capacity of CEC (cationic ex-
change capacity). The clay layers are swollen in touch with water.
Lastly, the well wall becomes unstable and the shale is collapsed
into the well. Shales are type of sedimentary rocks which are easily
laminated. They also hold a high percentage of clay. They can be
swollen, hydrated and fractured. While drilling through the shales,
we are dealt with several problems such as well hole instability,
wash outs, pipes trapping, high torque and directional drilling.
Annually, 500 million dollars spent on dealing with well instability
problems in shales. The water based muds are highly essential to
guarantee the well stability in shales for the sake of environmental
problems and the costs of oil based muds. In this regard, most of
concerns are caused by the sensitivity of shales to water. The hy-
dration of shales directs into resistance decrease and their fracture.
Most of oil based muds are used to deal with problems concerning
with shales drilling [2]. The oil based muds are mainly practiced in
order to prevent well instability in shale formations. Regarding the
drawbacks of this type of mud, researchers have been seeking to

2405-6561/© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Afs.alihosseini@iauctb.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petlm.2020.07.003&domain=pdf
www.sciencedirect.com/science/journal/24056561
www.keaipublishing.com/en/journals/petlm
https://doi.org/10.1016/j.petlm.2020.07.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petlm.2020.07.003
https://doi.org/10.1016/j.petlm.2020.07.003

A. Hassanzadeh, A. Alihosseini, M. Monajjemi et al.

substitute an optimized water based mud for the oil based mud in
oil industry [3—5]. Recent studies indicate that the swell and
collapse of shale are reduced through obstructing the entrances of
porous surroundings, decreasing the shale permeability, drilling
fluid, fluid and shale reaction. In consequence, different sizes of
additives can improve these problems. The average sizes of parti-
cles in nano-fluids ranging from 10 nm to 100 nm or even smaller
ones can diminish the low volume of nano-particles and prevent
deposition and agglomeration. Furthermore, it reduces the costs
necessary for the maintenance and transmission of these fluids.
Notably, a relatively vast surface of these particles reduce the un-
balance effects between the fluid and solid. As a result, it causes
suspension stability. As the size of particles gets decreased, the
relative surface of the thermal transmission gets larger. In fact, the
thermal efficiency of floating particles, which is a function of
thermal transmission surfaces, is increased by reducing the size of
particles [6]. nano-particles can obstruct the shale pores and inhibit
water flow into the shale. The nano-particles properly block the
entrance of shale pores and prevent crossing the drilling fluid [7,8].
The effective presence and the influence of adding nano-particles to
the water based drilling mud as well as its impact on water pene-
tration into stiff and soft shale indicate that water penetration into
shale will be reduced the most by nano-particles [9]. The drilling
mud from four fields of Atoka shale and Mexico gulf were consid-
ered both in the presence and absence of nano-particles. It is
economical to use nano-particles in marine drilling in order to
control the well instability problems in shale formations [10,11].
The multi-purpose nano-additives help the well stability and
reduce the formation decrease in water based fluid. It is estimated
that millions of dollars are spent for the sake of the well instability.
Indeed, the mildew is exposed to shale formations. Silica nano-
particles are used as multi-mud additives to reduce limpid water,
lubricate the mud, prevent shale swelling and stabilize the rheo-
logical properties. These nano-particles in different concentrations
obstruct the pores of shale [12—14]. The laboratory studies on the
effects of Fe4O3 on the rheological properties of the water based
mud at various temperatures indicate that the viscosity and con-
trolling water are kept during the operation. Accordingly, the Fe403
nano-particles of are able to keep the tension shear of fluids as the
temperature at certain levels gets more than the shear amount
[15—17] The multi-wall carbon nanotubes (CNTs) in water based
drilling mud is used to improve the rheological properties of dril-
ling fluid and the shale stability. Research shows that these nano-
particles can help decrease fluid wasting. Therefore, it contributes
to economize costs [18,19]. Analyzing the effect of Al,03 nano-
particle on rheological properties of the water based drilling
fluids illustrates that the presence of Al,O3 nano-particles can
stabilize the rheological properties at different temperatures. The
Al;03 nano-particles can keep the shear tension of the drilling fluid
when the temperature is increased [20]. Moreover, these laboratory
studies indicate that adding 1% of synthetic nano-particles of
Aluminum oxide to the drilling fluid of plastic viscosity, decreases
the effective viscosity, kinetic viscosity and yield point are dimin-
ished [21]. The nano-particle of aluminum oxide and silica/alumina
are aimed at improving the rheological properties and reducing
fluid losses. the research indicates that using nano-particle in
suitable concentration can contribute to stabilize the rheological
properties of drilling fluid. In fact, the filtration amount is reduced,
whereas increasing the concentration of nano-particles decreases
the amount of shear tension. The distribution of aluminum oxide
through the drilling fluid can lead to enhance the thermal stability
[22,23]. There are two main types of alumina groups called alpha
and gamma. nano-particles are able to obstruct the shale pores and
block the water flow into the shale. nano-particles can properly
block the entrance of shale pores and prevent crossing the drilling
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fluid. The alpha type is stiffer and its surface area is less and known
as corundum. Moreover, the alpha type holds a cubic structure.
Thus, the alpha type includes less —OH groups. Indeed, this factor
causes their pH difference. The softer type of alumina is gamma
which is more porous. This factor expands the surface area. The
gamma type holds rhombohedra structure. The solid phase of alpha
type and the gamma type are porous. Henceforth, thermal con-
duction of alpha is higher. Shale recovery was assessed in com-
parison with control sample in micro scale. To investigate the
properties of shale samples recovered by the alpha alumina and
gamma alumina based drilling fluid, several analyses such as SEM?,
XRD?, EDAX, AFM were performed. The most striking feature of this
research is to evaluate scientific and practical viewpoints of nano-
alpha alumina and nano-gama alumina while encountering reac-
tive shale/clays. Also the comparison between alpha and gama
phase of nano-alumina can remarkably assist researchers/drilling
engineers while using these products.

2. Materials and methods
2.1. Materials

The properties of materials used in this work have been shown
in Table 1. It is important to note that the necessary materials have
been purchased from Sigma Aldridge Company.

2.2. Laboratorial equipment

In Table 2, the specifications of several devices used to analyze
the samples have been shown. According to continuous calibration
of these devices, their accuracy is acceptable. So, the analysis results
are reliable.

2.3. The experiment method

In experimental section, the effect of common additives in water
based drilling fluid properties such as rheological properties,
filtration loss, shale/clay inhibition have been considered. The same
evaluations have been done in the presence on alumina nano-
particles in order to determine the effect of nano-particles on
drilling fluid properties. According to the mixing procedure, each
component was initially stirred for 10min (11000 rpm) to prepare
the fluids. In the next step, the nano-additive powder was added to
the fluid and mixed for at least 30 min. At the end, the fluid was
stirred in a high rotation for 20 min in order to achieve a homog-
enous mixture. After the properties were measured, the fluids were
put in hot roll at 250 °F temperature for 4hrs. Table 3 represents
formulations related to water base drilling fluids.

Table 1
Features out the required materials.

Name of nanoparticle Alumina alpha Alumina gamma

Characteristics analysis

Density 3.97 g/m? 3.89 g/m>
Purity 99.9% 99%

APS 30 nm 20 nm

SSA >100 m?/g <200 m?[g
Appearance White powder White powder
Morphology Nearly spherical Nearly spherical

! scanning electron microscope.
2 X-Ray Diffraction.
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Table 2

Required laboratory equipment.
Company Application Device
Hamilton preparing drilling fluids Five-blade-stirrer
FANN 35 measuring the amount of fluid viscosity Visco-meter
OFITE Filtering under CO, pressure the high temperature and high pressure filtration
FANN At the pressure and temperature of psi 100 The high pressure filtration device APIT
3003 PTS The detecting analysis of components using X ray diffraction XRD
Zeisso DSM-960A Spectroscopy and 3D scanning from tiny structures SEM

Table 3

The formulation of the Water base drilling fluid systems.
Additives Application/Description Unit MUD #RR1 MUD #RR2 MUD #RR3 MUD #RR4

Concentration Concentration Concentration Concentration

Drill Water Base Fluid cc 335.8 335.1 335.8 335.1
nano-Alpha Alumina nano-additive 1b/bbl 1.05 14 - -
nano-Gama Alumina nano-additive Ib/bbl — — 1.05 14
SODIUM CHLORIDE AC Weighting agent 1b/bbl 252 25.1 25.2 25.1
KCL R-UPG Weighting agent/Inhibitor 1b/bbl 0 0 0 0
CAUSTIC SODA Ph control agent 1b/bbl pH~9.5-10 pH~9.5-10 pH~9.5-10 pH~9.5-10
SODA ASH Hardness control agent Ib/bbl 0.2 0.2 0.2 0.2
AMYLOSE B Drilling starch/Fluid loss control agent 1b/bbl 5 5 5 5
PAC LV-TG Fluid loss control agent 1b/bbl 1 1 1 1
BIO-XCD XC-Polymer/Viscosifier Ib/bbl 1 1 1 1
BIOCIDE MP Biocide/Bactericide 1b/bbl a few a few a few a few

2.4. The mineralogy of shale

Before and after recovery operation, the Scanning Electron Mi-
croscopy (SEM) is used to indicate the high porosity of shale/clay
samples also confirm the inhibition of nano-particles in recovered
shales. The presence of alpha alumina and gamma alumina nano-
particles is observed as a layer over the shale surface in analyses
and images. Additionally, the EDAX analysis is used to detect all the
elements existing in shale sample. The AFM analyses of recovered
shales via nano-drilling fluid system with alpha alumina and
gamma alumina are performed in order to illustrate inhibition
mechanisms by this nano-drilling fluid system. Beside the physical
mechanism of pore plugging, the AFM evaluation expresses
another physical mechanism known as surface coating provided by
nano-alumina (alpha and gamma) drilling fluids.

2.5. Shale recovery/inhibition method

The standard method of API RP 131 was applied to measure the
shale inhibition amount. In this experiment, the drilling fluid was in
connection with shale particles (placed between 5 and 10 mesh) for
4hrs in hot roll at 250 °F. The remained particles of shale were
poured on mesh 35. Percentage of 20 gr of the primary shale
remained on this mesh indicates the recovered shale. Obviously, as
this number gets closer to 100, the inhibitor will be more efficient
and stronger. The shales remained on mesh 35 are separated and
dried at 140 °F of the extreme phase. Then, they are weighed so that
they don’t include any humidity. The amount of shale recovery is
calculated as follow:

The amount of shale recovery% = [the mass of the recovered shale
(gr)/ the primary shale mass (20gr)] x 100 (1)
3. Results and discussions

3.1. The mineralogy results of the Under-0 study shales

Fig. 1 represents the XRD analysis of shale samples to measure
the amount of dominant minerals in shale samples. Table 4 displays
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the quality/quantity analysis of shale sample. The data obtained
from this table figures out that the shale samples used in these
experiments hold a percentage of montmorillonite more than 60%
and they are very active. They are completely hydrated in a drilling
water free from any inhibiting additive in less than 1 min. Other
minerals like dolomite, calcite and quartz include 5%.

3.2. The SEM and EDAX analysis of the shale sample

Fig. 2 illustrates the recovered montmorillonite shale sample.
Clearly, this image reveals several pores in the montmorillonite
stone sample.

The EDAX analysis shows all the elements existing in the shale
sample. As expected, Fig. 3 features out a high percentage of silica
and aluminum in shale structure.

3.3. The SEM and EDAX analysis of recovered shale sample with
nano-alumina (alpha and gamma) drilling fluid system

Fig. 4 displays the SEM analysis of shale samples recovered by
nano-alumina (alpha and gamma) drilling fluid system with the
concentration of 0.1% wt. Related images feature out the coating of
shale surface by gamma alumina nano-particles. Notably, the
average size of nano-particles coating shale surface and the pores in
the shale is between 20 and 30 nm (X = 19.53 nm, Y = 16.67 nm,
D = 25.67 nm). This size is equal to the average size of gamma and
alpha alumina nano-particles.

The EDAX graph shows all the elements existing in the shale
sample. As expected, in Fig. 5, the graph carries out that the weight
percentage of aluminum is more than the blank sample.

3.4. The SEM and EDAX analysis of recovered shale sample by nano-
alumina (alpha and gamma) drilling fluid system with
concentration of 0.4%wt

Fig. 6 demonstrates the SEM analysis of the shales sample
recovered by nano-alumina (alpha and gamma) drilling fluid sys-
tem with concentration of 0.4%wt. remarkably, the average size of
nano-particles coating shale surface and the pores in the shale is
between 25 and 35 nm (X = 27.34 nm, Y = 30 nm, D = 40.59 nm).
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The quality/quantity analysis of shale stone sample.
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(b)

(d)

Fig. 1. The shale samples recovered by nano-drilling fluid system after hot rolling.

Combination percentage (%) Formulation

the formation phase

61

13 Si0,

12 Si0,

5 CaCOs3

4 CaMg(CO3),
1 CaSO04, 2H,0

Cag2(ALMg)2Si4010(0H)2, XH20

montmorillonite (13—0135)
quartz (33—1161)
christobalite (39—1425)
calcite (05—0586)

volomite (36—0426)
gypsum (33—0311)

This size is equal to the average size of alpha and gamma alumina
nano-particles. Moreover, more pores are remained in the shale
sample in comparison with nano-gamma alumina sample.

The EDAX analysis indicates all the elements existing in the
shale sample. Fig. 7. Shows the EDAX analyses of shale sample
recovered by nano-drilling fluid system with nano-gama alumina
with the concentration of 0.4wt. As expected, in Fig. 7, the graph
features out that the weight percentage of aluminum is more than
the blank sample. However, the weight percentage of aluminum is
less than that of Nano gamma alumina. In related spectrum, some
Cl~ has been observed. This observed Cl~ originates from the po-
tassium chloride solution which has been used for the final wash of
the shale sample (according to the API-RP 13 I standard).

3.5. The AFM analysis of shale sample (blank sample)

Fig. 8 shows the 2-dimension (2D) analysis of the blank sample
(the blank water base drilling fluid) in the absence of alpha alumina
and gamma alumina nano-particles. The micro-metric dimensions
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of blank sample in AFM analysis have been clearly indicated. Fig. 9
is 3-dimensional image (3D) of blank sample.

3.6. The AFM analysis of recovered shale by nano-alumina drilling
fluid system

Fig. 10 shows the 2D images of AFM of shale sample recovered by
nano-alumina (alpha and gamma) drilling fluid systems. These an-
alyses have been done in various resolutions ranging from 5mdt to
40 mdt. As indicated by the images, the measurements related to the
AFM software displays the nano-metric dimensions of particles.
Fig. 11 discloses the 3D images of AFM analysis of the shale samples
recovered by nano-alumina (alpha and gamma) drilling fluid system.

A comparison between 3D images of the blank sample and the
shale sample recovered by nano-alumina (alpha and gamma)
drilling fluid system clearly indicates that the appearance of the
shale surface has been changed which can be observed in all
analysis. Hence, the peaks illustrate the proper formation of nano-
layers from alpha alumina on shale surface.
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Fig. 2. The recovered montmorillonite shale stone sample.
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3.7. The AFM analysis of the recovered shale by gamma alumina
drilling fluid system

Fig. 12 shows 2D images of AFM analysis of the shale sample
recovered by nano-alumina (gamma) drilling fluid system. These
analyses have been done in different resolutions ranging from 5mdt
to 40 mdt. As indicated by images, the measurements related to the
AFM analysis shows the nano-metric dimensions of particles. Also
Fig. 13 displays the 3D images of AFM analysis of the shale sample
recovered by gamma alumina drilling fluid system. The white dots
observed in these images are in Nano metric diameters and 3D
images of AFM analysis show the proper formation of nano-layers
from gamma alumina on shale surface.

A comparison between 3D images of blank sample and the shale
sample recovered by nano-alumina (gamma) drilling fluid system
indicates clearly that the morphology of the shale surface has been
changed which can be observed in all images. Hence, the peaks
illustrate the proper formation of nano-layers from gamma alumina
on shale surface. Fig. 14 indicates the Nano layer profile of alpha
alumina on the recovered shale. The shale sample recovered by
nano-alumina drilling fluid system profile by nano-alumina drilling
fluid system are indicated in Fig. 14. The profile shows that layer

650 F
520 | i
390 }

260 F O

130 Al

™

. ade PPN

0 "
0.0 1.3 2.6 39 5.2

6.5 7.8 9.1 10.4 11.7 13.0

Lsec:50.0 234 Cnts 1.670keV Det:Element-C2B

Fig. 3. EDAX analysis of the unrecovered shale stone sample.

20.0kV ~ x60.0K

(a)

Fig. 4. SEM images of shale sample recovered by nano-alumina (alpha and gamma) drilling fluid system with concentration of 0.1%wt.
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Fig. 5. EDAX analysis of shale samples recovered by nano-alumina (alpha and gamma) drilling fluid system with concentration of 0.1%wt.
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Fig. 6. SEM analysis of shale sample recovered by nano-alumina (alpha and gamma) drilling fluid system with concentration of 0.4%wt.
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Fig. 7. EDAX analysis of shale sample recovered by nano-alumina (alpha and gamma) drilling fluid system with concentration of 0.4%wt.

size ranges are between 300 and 7550 nm and/or 0.3—0.75 pm. The
enhancement of this layer thickness divulges that the alumina
nano-particles have been formed as a single nano-layer on the
blank sample layer.

As indicated in 3D images, the gamma alumina nano-layer can
be formed over on the shale surface. Fig. 15 indicates the Nano layer
profile of gama alumina on the recovered shale. According to this
profile, nano-alumina layer size is ranged from 320 to 450 nm or
from 0.32 to 0.45. The increase of the layer thickness expresses that
the gamma alumina nano-particles are formed as single nano-layer
on the control sample.
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4. Conclusions

The present study has investigated the inhibition effects of
modified Water based fluid with nano-alpha alumina and nano-
gamma alumina based fluid for the stability of shale formation.
According to the achieved data, the following results have been
concluded. The alpha and gamma alumina can properly coat the
shale surfaces in comparison with the unrecovered shale sample.
SEM images indicate the pore plugging also surface coating
mechanisms for shale inhibition by alpha and gama alumina nano-
particles. Besides SEM, AFM confirms nano-layer formation on
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Fig. 8. AFM analysis for 2D of blank sample in the magnitude of 5, 10, 30, 40 mdt.
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Fig. 9. AFM analysis of 3D of blank sample in the magnitude of 5, 10, 30, 40 mdt.
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Fig. 10. AFM analysis for 2D of the shale sample recovered by nano-alumina in the magnitude of 5, 10, 30, 40 mdt.
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Fig. 11. AFM analysis for 3D of shale sample recovered by nano-alumina in the magnitude of 5, 10, 30, 40 mdt.
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Fig. 13. AFM analysis for 3D of the shale sample recovered by gamma alumina in the magnitude of 5, 10, 30, 40 mdt.
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Fig. 14. Profile of alpha alumina nano-layer in the magnitude of 30mdt.
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Fig. 15. Profile of gamma alumina nano-particles in the magnitude of 30mdt.

cuttings (shale samples). With the same concentration (0.4%wt) of
both nano-alpha and nano-gama alumina, nano-gama alumina has
the highest shale recovery/inhibition in com. The AFM analyses
evaluation expresses another physical mechanism known as sur-
face coating and shale inhibiting mechanisms. The 3D images of
AFM analysis feature out that using nano-alumina (alpha and
gama) can change the cuttings morphology and makes it more
homogenous. Comparing the thickness profile of recovered shale
samples with both nano-alpha and nano-gama alumina. Indicates
multi- nano-metric layers of alpha alumina and gamma alumina on
shale surfaces.
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