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ABSTRACT

Wellbore instability in oil and gas industry well drillings is a significant challenge that is linked to shale
swelling when shale interacts with free water molecules in the water-based drilling fluid. Strategic
design of environmentally benign, biodegradable, and effective shale hydration inhibitors is a prominent
objective of contemporary exploration in well-drilling fluids as a replacement for the common KCl which
is detrimental to aquatic lives. This work reports the synthesis and potential of novel green acrylic
polymer-amyl ester activated carbon (-C) nanocomposite to hinder shale hydration in formations during
drilling. Both less hydrophobic acrylic acid-acrylamide-activated carbon-amyl ester (AA-AAm-C-Amyl)
and more hydrophobic acrylic acid-acrylamide-octadecene-activated carbon-amyl ester (AA-AAm-OD-C-
Amyl) composites were synthesized, characterized, and tested with standard methods as a cleaner fluid
additive for shale swelling inhibition, and their results compared with that of KCI. The polymer matrixes
displayed remarkable thermal stability. Results also indicate that AA-AAm-C-Amyl and AA-AAm-OD-C-
Amyl composites could stabilize wellbore effectively with 95.2% and 93.7% anti-swelling ratio, and
shale recovery capacity of 97% and 95.2% respectively. The surface evaluation of the composite fluid-
treated bentonite revealed that the mechanism of inhibition could be based on the collaborative ac-
tion of nanopore plugging of carbon core and strong adsorption of the polymer component of the ma-
terials on clay surfaces via encapsulation and hydrogen bonding to form an impressive filter cake which
could actively prevent water invasion into formation. Hence, AA-AAm-C-Amyl and AA-AAm-OD-C-Amyl
composites could be a sustainable substitute for the conventional KCI as a shale inhibitor for well-

drilling.
© 2021 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

WBDFs are associated with shale swelling when the clay minerals
in the reservoir formations interact with free water entities in the

Wellbore instability has been identified as a major challenge in
well drilling industries especially when using water-based drilling
fluids (WBDFs) [1,2]. The WBDFs had greatly replaced their oil-
based counterparts for well drilling due to their stringent envi-
ronmental restrictions and the high cost of the latter [3]. However,
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fluid which eventually leads to drilling problems like a collapse of
well, stockpiling, drilling pipe sticking, and ultimately increases the
drilling cost [4,5]. Efforts had been made by diverse researchers to
tailor and formulate drilling fluids with incredible and required
qualities to mitigate shale swelling [6,7]. Albeit, the oil-based
drilling fluids have such excellent properties including good lu-
bricity; bit cooling effect; and fantastic performance in preventing
shale swelling [8,9], but they show poor logging ability; impact on
the environment negatively, and highly expensive [10]. On the
other hand, the WBDFs are safe, cheap, and have a good ability to
facilitate well data logging during drilling operations. Nevertheless,
it requires the incorporation of a suitable inhibitor to preserve the
shale minerals from hydration [11]. The first effective and com-
mercial shale inhibitor invented to address shale disintegration is
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potassium chloride (KCI) which has been proved to act by replacing
exchangeable cations in the shale clay mineral with potassium ion
(K™) with subsequent reduction of interlayer spacing between clay
particles through electrostatic attraction [12,13]. Regulatory re-
striction has however been placed on KCl because high concen-
tration is usually needed to achieve an effective outcome. The
consequence of this is the direct detrimental impact on the aquatic
ecosystem due to the high chloride ion content of the drilling waste
[14]. Therefore, the design of green, biodegradable, and efficient
shale stabilizers that meet the regulatory standard is crucial.
Myriad of compounds and materials have been developed and
investigated as suitable candidates for shale inhibitors for KCl
replacement. Examples are ammonium chloride, calcium chloride
[15], amines, imines, and their polymers derivatives [16,17], polyols
[18,19], polyether [20,21], quaternary ammonium salts [22,23],
polymers (ionic polymers and copolymers) [24,25], ionic liquids
[26] and silicates [27]. Some biodegradable materials like plant
extracts (Zizyphus spina-christi, Glycyrrhiza glabra, etc.) [28,29],
gelatin and its quaternary ammonium salts [30,31], melamine
[23,32], amino acids [33], and ammonium-grafted glucose [34] had
also been investigated. Many of these materials lack one or more of
the requirements in one way or the other, either based on the
statutory compliance with the environmental standard, high cost,
degradation, or their degree of performance is inefficient or having
compatibility issues. At real-life drilling temperature, the polyols,
for instance, have low efficacy to address shale hydration while the
amines, imines, and their polymer derivatives are associated with
toxic degraded products. The decomposition of plant extracts at
high drilling temperature and pressure is also questionable as the
studies did not report their thermal stabilities. The ionic liquids, on
the other hand, are not sustainable due to their likely toxicity ef-
fects and high cost in treating their waste. Large molecular weight
polymers significantly affect fluid rheology and thixotropy that
retard their real-time drilling applications. Nanomaterials have
been reported to be capable of plugging nanopores and nano-
fractures in shale formations, and they even have superior perfor-
mances by introducing different functionalities on their surfaces
[2]. Certain nanomaterials that have been studied in this regard
include silica nanoparticles [35,36] silica nanocomposites [37,38],
graphene and modified graphene [39,40], carbon nanotube [41],
nano-clay and its composites [42,43], polysaccharide nanoparticles
[44,45], and nano-polymers [46]. These materials demonstrate
notable inhibition abilities by forming clusters of the suitable filter
cake that grossly reduce filtration loss. However, the majority of
them are not biocompatible and not environmentally friendly, and
they have one or more other drawbacks. The silica nanoparticles,
graphene nanoparticles, and carbon nanotubes have limited
dispersion in water-based fluids ascribing to their physical aggre-
gation in aqueous media, and their rigidity hinders better pore-
clogging [47]. Some nano-polymers are nonbiodegradable due to
the presence of an aromatic ring of styrene while those involving
graphene are not cost-effective. The polysaccharide nanoparticles
proficiency reduces at naturally elevated drilling temperature. In
view of these setbacks, there is still a need for further studies in
developing a cost-effective, biocompatible, and low environmental
footprint inhibitor for shale drilling.

Water-soluble polymeric materials such as a copolymer of
acrylic-acrylamide are well known for their clean applications due
to the presence of little or no volatile organic compounds in their
solution. This makes it to be suitably integrated into diverse for-
mulations in various industries such as pharmaceuticals, foods, oil,
and gas, etc. [48] Appreciable numbers of such polymers have been
applied in different fields as emulsifiers, dispersants, bio-stimuli
materials, gel, film agents, foam or emulsion stabilizers and
destabilizers, rheology modifiers, thickeners, binders, antimicrobial
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ingredients among others [49]. The application of the polymers as
shale inhibitors has been established due to their ability to form
thin films on shale surfaces, which in turn controls filtration vol-
ume, and helps in adjusting fluid rheology to suit shale formation
drilling [50]. The copolymer containing an equivalent amount of
acrylic acid and acrylamide is biocompatible and biodegradable
with discerning uses in medicine [51].

Carbon is one of the major abundant elements on earth. It occurs
naturally as coal or graphite and with other elements such as
organic molecules. Activated carbon (AC) is a well-known nano-
carbon that has a large surface area, high porosity, and high surface
reactivity which makes it useful as an adsorption material for both
organic and inorganic pollutants. The activity of AC even gets
improved when its surface is modified with various functionalities
[52]. Compared to graphene and carbon nanotube, AC is very cheap
to prepare, easily available, economically viable, and can be
generated from various precursor sources including biowastes
[53,54], fossil fuels [55], polymers (natural and synthetic) [56] and
oil and gas waste (like asphaltene) [57]. Other applications of AC
include soil conditioning, catalysis, separation, and decolorization,
and water purification [58,59]. Inorganic nanoparticles such as AC
experience aggregation in aqueous media which affects their ability
to plug pores in shale. So, combining the plugging ability of AC
nanoparticles with hydrophobic and/or hydrophilic characteristics
of polymers will be a great idea to disperse them for effective and
efficient shale inhibition. The potential of functionalized AC as
nano-plugging material in shale drilling was reported [60]. Herein,
biodegradable polymer-amyl ester-modified AC composites were
designed as an excellent WBDF additive to inhibit shale hydration
in oil and gas drilling operations. Both less hydrophobic acrylic
acid-acrylamide-activated carbon-amyl ester (AA-AAm-C-Amyl)
and more hydrophobic acrylic acid-acrylamide-octadecene-
activated carbon-amyl ester (AA-AAm-OD-C-Amyl) composites
synthesized show outstanding performance in retarding the
imbibition of free water in drilling fluid into clay minerals of so-
dium bentonite (Na-Bt). Their mode of action could be premised on
the synergetic effect of the polymer film adsorption on clay parti-
cles facilitated by hydrogen bonding formation, and the plugging
ability of the slightly hydrophobic nanosized amyl-ester AC that
could allow prevention water invasion into formation.

2. Experimental
2.1. Materials

The activated carbon used was prepared from waste tires ac-
cording to literature [61]. Sodium bentonite (Na-Bt) and ammo-
nium persulfate (APS) were provided by Sigma-Aldrich, USA.
Octadecene, acrylamide (AAm), acrylic acid (AA), sodium sulfite,
sodium dodecyl sulfate (SDS), and amyl alcohol (Amyl) were sup-
plied by Fluka AG, Chemische Fabrik, Switzerland. NaOH and nitric
acid were purchased from BDH Chemicals, UK. Al chemicals utilized
are of analytical grades. Shale cuttings for the recovery test were
provided by Saudi Aramco.

2.2. Amyl esterification of activated carbon

Activated carbon (2 g) was pretreated under reflux with 37%
HNO3 for about 6 h. The obtained material was filtered and washed
with distilled water to remove excess acid until neutral pH was
observed; dried for 24 h at 105°C in the oven; and pulverized into a
fine powder. Around 500 mg of treated activated carbon was
transferred to a round bottom flask. This was followed by the
introduction of 50 ml amyl alcohol and 1 drop of 98% sulfuric acid
as a catalyst. The mixture-containing flask was transferred into an
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oil bath and equipped with a magnetic stirrer. After reacted at
105°C for 6 h with the flask opened in the fume hood to get rid of
water as a by-product, the amyl ester activated carbon was
retrieved by filtration. This was then washed with distilled water
and dried at 60°C to obtain amyl ester modified activated carbon
(C-Amyl), Fig. 1(a).

2.2.1. Synthesis of polymer- C-Amyl composite

The polymer-C-Amyl composites were prepared by the free
radical polymerization technique according to the method
described earlier [62]. Acrylic acid co acrylamide co octadecene
with amyl functionalized activated carbon (AA-AAm-OD-C-Amyl)
and acrylic acid co acrylamide with amyl functionalized activated
carbon (AA-AAm-C-Amyl) were prepared. The mole ratio of the
monomers in the composites is 0.5: 0.5 for AA and AAm in AA-
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AAmM-C-Amyl, and 0.25:0.25:0.5 for AA, AAm, and OD in AA-AAm-
OD-C-Amyl respectively. The first polymer composite (AA-AAm-
OD-C-Amyl) is more hydrophobic than the second (AA-AAm-C-
Amyl) to examine the plugging essence of C-Amyl. In the experi-
ment, two three-necked flasks containing a magnetic stirrer were
placed in separate oil baths. Thereafter, 1.0 g C-Amyl was intro-
duced with 100 ml of deionized water to each flask and subjected to
rigorous mechanical stirring for 30 min. This was followed by the
simultaneous addition of 2.5 g of AA and 2.47 g AAm to the first
flask for AA-AAm-C-Amyl. However, 8.9 g of OD, 1.25 g AA, and
1.24 g of AAm were added at the same time to prepare the AA-AAm-
OD-C-Amyl with SDS as an emulsifier due to the hydrophobic
character of OD. The two solutions were further stirred and purged
with nitrogen gas for 30 min to get rid of the dissolved oxygen in
the mixtures at room temperature. The free radical polymerization
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Fig. 1. Preparation of (a) C-Amyl and (b) AA-AAm-C-Amyl and AA-AAm-OD-C-Amyl composites.
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was finally initiated with the introduction of 0.04 g¢ ammonium
persulfate (APS), and 0.01 g sodium sulfite as co-initiator for both
setups. The temperature of the systems was increased to 60°C and
reacted for 6 h to complete the polymer composite synthesis. Upon
completion, the composites were precipitated in ethanol. The
precipitated materials were then filtered and dried under vacuum,
Fig. 1(b).

2.2.2. Characterization

IR spectrum of AA-AAm-C-Amyl, AA-AAm-OD-C-Amyl as well as
the monomers, and the C-Amyl was obtained using Thermo Sci-
entific Nicolet spectrophotometer (iS10 FTIR). Pellets of 2.5 cm
diameter were prepared from potassium bromide and 5 wt¥% of the
sample.

The samples were scanned between 500 and 4000 cm™
wavenumbers, resolution 4 cm~. The FTIR analysis was supple-
mented with a proton NMR ('HNMR) experiment to reflect the
successful preparation of the products. This was achieved with
Brucker AV III 400 spectrometer (400 MHz) with the use of solvent
D,0.

Morphologies of the shale samples before and after contact with
Na-Bt were inspected under the scanning electron microscope
(SEM) FESEM/FIB/GIS (Tescan Lyra-3). Thermogravimetric analysis
(TGA) analyzer (TA Instruments SDT-Q600 Simultaneous TGA/DSC,
USA) was used to evaluate the thermal stability of the materials
under nitrogen atmosphere at 25—700°C.

1

2.3. Inhibitor evaluation

2.3.1. Anti-swelling ratio evaluation of bentonite

The anti-swelling ratio (AR) was accomplished in accordance
with China's Natural Gas Industry Standard SY/T 5971-94 for
measuring clay stabilization in drilling fluids [63]. Around 1 g of Na-
Bt has dispersed 20.0 ml of composites solution and then left for
2 h. The system was centrifuged at =1500 rpm until the fluid phase
is separated from the clay particles. The change in the volume of
bentonite was measured and AR was calculated as:

Viy — Vp

=

(1)

where Vyy is bentonite change in volume in distilled water. Vp is
bentonite change in volume in the polymer solution. V is bentonite
volume in kerosene.

2.3.2. Bentonite inhibition ability by immersion test

The immersion study was carried out on Na-Bt in the presence
of the two prepared materials. The results were compared with
swelling of the Na-Bt in both water and potassium chloride (KCI) to
prove the efficacy of the materials to inhibit shale. In this study, Na-
Bt powder was first dried at 105°C for 4 h to eliminate the adsorbed
moisture. Na-Bt powder was then weighed into 10 g portions that
were compressed to pellet discs of 5.0 cm at 10 MPa in a hydraulic
presser in 5 min. Afterward, the pellets were then submerged into
20 ml of deionized water, 10 wt% KCI solution, and 2 wt% of the
reported inhibitors. The immersed samples were observed after
around 16 h.

2.3.3. Shale cuttings dispersion test

A shale recovery was performed on shale samples in solutions of
each inhibitor. The shale sample was crushed and sieved in 6—10
mesh sizes. Approximately 50 g shale was added to 0.350 L of each
inhibitor's solution in 0.5 L vessel. After that, it was hot-rolled in the
hot-roller oven for 16 h at 150°C. Upon completion, the system was
allowed to cool to room temperature. It was then filtered and
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washed with distilled water. The shale was allowed to dry at about
105°C for 4 h in a vacuum oven. Then, the remaining dried shale
was sieved using 40-mesh sieve. The sieve retained shale was
weighed and noted to be M;. Recovery was calculated as [18].

%)HOO%

Recovery = 50

(2)

2.3.4. Sodium bentonite rheology evaluation

The Na-Bt suppression efficiency of the materials was conducted
to determine the maximum clay yvoume that the inhibitor solution
could accommodate without a significant impact on the rheological
properties of the mud slurry. Typically, 4 wt% of Na-Bt was prepared
in the inhibitor solution solutions. The slurry was vigorously stirred
on a magnetic stirrer for 30 min with the same increment amount
for five successive Na-Bt added. The Fanna 50 S L rotational
rheometer was used to examine the rheological properties such as
yield point (YP) and apparent viscosity (AV) at room temperature
according to the 13B-1 American Petroleum Institute (API) protocol
using the following equations.

sz%ﬂ (3)
2
YP:03OO —2 6600 (4)

3. Results and discussion
3.1. Synthesis of polymer- C-Amyl composite

The FTIR spectra of the composites and monomers are shown in
Fig. 2. As shown in the C-Amyl spectrum, the peak at 2921 cm™! is
due to the C—H stretch of the amyl chain. At 1721 cm ™! is the strong
ester carbonyl (C=0) stretching vibration, while the peaks at
1572 cm™! and 1214 cm™! are characteristic features of C—H
bending and C—O—C vibrations respectively. The AAm spectrum
peaks around 3421 cm~! with an extending shoulder at 3194 cm™!
could be ascribed to hydrogen vibrational stretching of N—H. It also
shows two peaks at 1672 cm~! and 1605 cm~! (shoulder band)
indicating C=O0 vibration of amide (N—C=0) and C=C of alkene
respectively. The C—H bending vibrations appear at 1428 cm~! and
960 cm™ . For AA-Na, the C—H stretching band is seen at 2920 cm™!
as well as the C—H bending vibration at 1407 cm~ The peak at
1703 cm ™! could be attributed to C=0 stretching vibration of AA
while the C—O—Na band signal is observed at around 1163 cm™.
The spectrum of AAm in AA-AAm-C-Amyl composite shows an
amine vibration peak (-NH,) at within 3407 cm~! which broadens
to around 2950 cm~! indicating C—H stretching band which is not
clear. The broad peak at 1640 cm™~! may be as a result of the C=0
stretching overlap of C-Amyl, AA, and AAm while the broad peak at
747 cm~! is allotted to C—H bending vibrations of all the three
components of the composite which their hydrogen may be inter-
acting with one another. Regarding AA-AAm-0OD-C-Amyl, the peak
of N—H stretching comes up at 3357 cm~! which is overlapping
with C—H stretching of methylene around 2950 cm~ . The vibra-
tional bands at 1641 cm~! and 540 cm~! could be linked to C=0 of
C-Amyl, acrylic acid and acrylamide, and C—H bending of OD. In the
two composites, there are no absorption peaks around
1620—1680 cm™! pertaining to C=C bond. Therefore, the FTIR re-
flects the successful polymerization of the monomers in both
composites.
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Fig. 2. FTIR spectra of AA-AAm-C-Amyl composite and AA-AAm-OD-C-Amyl com-
posite relative to each single component that make them.

The "HNMR spectrum of AA-AAm-C-Amyl and AA-AAm-OD-C-
Amyl composites are presented in Figure S1. The NMR studies
were conducted to support and validate the FTIR results to express
the successful preparation of the materials. 'HNMR of AA-AAm-C-
Amyl, the characteristic peaks of 1.16—1.25 ppm and 1.51—1.58 are
due to —CH,- and —CHj3 protons of the amyl chain. The chemical
shift of 2.08 ppm is attributed to the shielded proton in —CH,-CH-
C=0—NH; of acrylamide while the peaks between 2.30 and
2.44 ppm indicate the shielded proton in —CH;-HC-C=0—0ONa of
acrylic acid. The peaks at 3.66—3.67 ppm and the one at 4.201 are
associated with deshielded protons in —CH,-HC-C=0—ONa and
—CH,-CH-C=0—NHj3. The intense peak at around 4.68 ppm shows
the deshielded peak of the C-Amyl ester proton. For AA-AAm-OD-
C-Amyl (Figure S1b) however, the highly shielded peaks at
around 0.75 ppm, 1.164 ppm, and 1.87 ppm are features of OD. The
shielded peak of —CH,-CH-C=0—NH, and —CH,-HC-C=0—0ONa
appear at 2.21 ppm and 2.63 ppm respectively. The peak at
4.84 ppm may be connected to D,0 molecule. The chemical shifts
showing at 4.24 ppm, 5.58 ppm, and 6.07 ppm correspond to the
deshielded protons of —CH,-CH-C=0—NH,, —CH,-HC-C=0—0Na
and C-amyl ester. The proton peaks of —NH; are missing in both
spectra as a result of substitution with D,0.

3.2. The TGA results

The high-temperature tolerance of shale inhibitors is considered
vital to their efficiency to reduce shale hydrations during the dril-
ling process as a result of a high temperature regularly experience
in wellbore [64]. The thermogravimetric analysis displaying the
thermal stability of AA-AAm-C-Amyl and AA-AAm-OD-C-Amyl as
the temperature rises are displayed in Figure S2a and b. The ma-
terial shows excellent thermal stability. In AA-AAm-C-Amyl of
Figure S2a, about 20% weight loss was experienced as the tem-
perature rises to 250°C from room temperature. The decrease in the
quantity of the material at this stage could be ascribed to the
vaporization of structural water molecules [63]. A further decrease
gradually in the percentage of the remaining material accounting
for about 40% reduction up to a temperature of 480°C. The polymer
component started undergoing degradation at this stage. The last
part of the graph showing further decomposition of the composite
above 480°C to around 620°C upon which there is no discern
weight reduction of the material until 700°C is reached. This is a
step of the degradation history when the material undergoes
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carbonation to form a carbon residue. Approximately 25% residue
was still present indicating that the AA-AAm copolymer contrib-
uted to the mass of the activated carbon center of the C-Amyl.

In contrast, in the TGA graphical representation of AA-AAm-0OD-
C-Amyl (Figure S2b), a steady declination of the material's weight
was observed between room temperature and 220°C. This may also
be the response of moisture evaporation from the material with
almost 30% loss in weight. Above this temperature to about 380°C,
drastic weight loss is clearly shown as a result of rapid depoly-
merization and decomposition responsible for above around 30%
reduction in the material content. The depolymerize remnants
went through carbonization above this temperature until it reaches
520°C with almost 30% declination over which there is no further
obvious weight retardation. The leftover at the end of the analysis is
10% pointing that the vaporization of molecules of some of the
polymer molecules occurred which is smaller than that of AA-AAm-
C-Amyl. This could be a result of OD fragmentation at high tem-
peratures into small molecular weight volatile organic compounds
that can easily liberate.

3.3. Inhibition tests

3.3.1. Anti-swelling characteristics of AA-aam-C-amyl and AA-aam-
od-C-amyl

The anti-swelling ability of 2 wt% AA-AAm-C-Amyl and AA-
AAmM-OD-C-Amyl were evaluated and compared to that of 10 wt%
KCI that is the most commonly used shale inhibitor in oil and gas
industries for drilling shale formations. The results of the anti-
swelling are shown in Fig. 3(a). Na-Bt is made-up of 80% or more
montmorillonite of which makes it react and swells rapidly when it
interacts with water. The swelling of Na-Bt was reduced in the
existence of 2 wt% of both AA-AAm-C-Amyl and AA-AAm-OD-C-
Amyl. The best result was recorded in AA-AAm-C-Amyl corre-
sponding to about 95.2% anti-swelling ratio. This was followed by
AA-AAm-OD-C-Amyl showing the anti-swelling ability of 93.7% and
the 10 wt% of KCl gave the list value of 55.4%. Hence, C-g-AA-NH;
effectively minimized shale hydrations and showed excellent
inhibitive traits to Na-Bt clay that has similar nature to smectite
components of the shale formation.

3.3.2. Shale recovery test

The examination of shale recovery was carried out in 2 wt% of
the composite's solution. This is vital to doublecheck their effi-
ciency to prevent untimely hydration and dispersion of shale cut-
tings during drilling operations. The recovery noted for shale in the
aqueous solution of the materials was compared to that of KCI as
well as water only, Fig. 3(b). The value obtained in pure water was
35.1% demonstrating significant hydration and dispersion of shale
in water. The 10 wt% KCl gave 63.0% but the 2 wt% AA-AAm-C-Amyl
and AA-AAm-OD-C-Amyl show higher values of 97.0% and 95.2%
respectively. This result indicates that AA-AAm-C-Amyl and AA-
AAmM-OD-C-Amyl could greatly hinder shale hydration and disper-
sion during drilling even when used in the real fluid formulations.
This further correlates with the outcomes of the anti-swelling
measurement that could enhance the stability of wellbore.

3.3.3. Immersion test

Immersion test has been a reliable method for decades usually
use in the oil and gas industry to explore the inhibition strength of
shale inhibitors using Na-Bt. The state of Na-Bt pellet was observed
in water, 10 wt% KCl and the 2 wt% solutions of the synthesized
components. Figure S3a-e shows the status of Na-Bt a few minutes
after insertion into and after 24 h of introduction in the media. As
can be seen, the Na-Bt in deionized water (Figure S3b) experiences
more hasty swelling than KCl and composites solution due to the
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Fig. 3. Anti-swelling ratio (a) and shale recovery test (b) results of water, 10 wt% KCI, AA-AAm-C-Amyl and AA-AAm-OD-C-Amyl composites.

extreme infiltration of water molecules. However, in 10 wt% KCl,
Na-Bt dispersed with little swelling due to the substitution of so-
dium ions with potassium ions that help in the aggregation of the
clay particles together. In contrast, the Na-Bt pellets in AA-AAm-C-
Amyl and AA-AAm-OD-C-Amyl did not experience an obvious
collapse in their shape reflecting the essence of the prepared ma-
terials to strongly tackle the problem of shale hydrations.

3.3.4. Rheological influence of inhibitors

The efficiency inhibition performance of the materials is further
established using increased Na-Bt concentration as well as to check
the impact inhibitor solution on the rheological parameter of ideal
drilling mud. Potential shale inhibitor should not negatively affect
mud apparent viscosity (AV) and yield point (YP) to avert any form
of mechanical wellbore instability. As presented in Fig. 4, AV and YP
of Na-Bt drastically increased in freshwater due to high colloid
flocculation of the mud system as a result of high interaction be-
tween the clay particles and water leading to significant hydration
and coagulation. The AV and YP are however maintained at a
moderate level for KCl, AA-AAm-C-Amyl, and AA-AAm-OD-C-Amyl
due to their ability to minimize clay-water interaction. The KCI
rheological properties are a bit lower than that of AA-AAm-C-Amyl
and AA-AAm-0D-C-Amyl due to the potential of potassium ion (K*)
to diffuse into the clay minerals by replacing the sodium ion (Na™)
of the Na-Bt. This tends to shrink the interlayer spacing between
two clay particles due to the low hydration energy of K. The AV
and YP of AA-AAm-C-Amyl and AA-AAm-OD-C-Amyl are quite
close to each other because they will both exhibit likely inhibition
mechanism by plugging micropores and microfractures in a shale
formation in collaboration with the adsorption of polymer mole-
cules on the clay surface. The designed composite is quite less
impactive on the rheological and filtration properties with regards
to their neutral chemical nature. The pH of drilling fluids is usually

140
—=— Water

a 120 | —a— 2 wt% AANa-AAm-C-Amyl
g\ —o— 2 wt% AANa-AAm-OD-C-Amyl
2 100 I o 10w KCl
3
2 80
S
= 60
2
2 40 F
)
< 20t

16 20
Concentration of Na-Bt(wt%)

(a)

12

maintained within 8.5 and 10 to reduce plastic viscosity (PV) which
improves the rate of penetration and reduces pump pressure for
circulation [65]. This also helps in minimizing environmental
impact through fluid loss and prevents pipe sticking associated
with reduction of filtration volume by the formation of think filter
cake [66]. Acidic or basic inhibitors inevitably alters the pH of fluids,
thus more additives will be needed to adjust to an ideal level for
effective drilling operation. More money and materials could be
saved by avoiding the use of additives to attain the right viscosity or
pH required and even prevent issues like circulation problem if a
neutral inhibitor is used.

3.3.5. Mechanism of composites inhibition

It is important to discuss the mechanism of inhibition of AA-
AAmM-C-Amyl and AA-AAm-OD-C-Amyl composites to prove their
capability to address shale clay hydration. The surface of the Na-Bt
pellets after the immersion tests was investigated with SEM.
Fig. 5(a) represents the SEM image of the plain Na-Bt surface and
when exposed to the composite's solution. The plain Na-Bt has a
rough surface and pores. The coarse and pores surface of the Na-Bt
were plugged by forming a thin film relating to adsorption of C-
Amyl/polymer composite upon exposure to 2 wt% of AA-AAm-C-
Amyl and AA-AAm-OD-C-Amyl solution Fig. 5(b) and (c). Since
activated carbon (AC) generally has a high surface area, it could
firmly adsorb the polymer matrix on its surface. Also, with the
presence of amyl ester on the surface of AC, the amyl chain could
interact with the polymer backbone to form a more hydrophobic
shell on the modified parts of AC [67]. The high surface energy and
surface area of the exposed AC part could facilitate its adhesion to
the clay surface to plug the micropores. The amyl tail tends to form
a hydrophobic film with the polymer chain in both AA-AAm-C-
Amyl and AA-AAm-OD-C-Amyl which repels the approach of wa-
ter molecules toward the shale surface, Fig. 6. One should assume

100 r
—a— Water
— —a— 2 wt% AANa-AAm-C-Amyl
& 80 I o 2wi% AANa-AAm-OD-C-Amyl
S —o— 10 wt% KCI
5 60 f
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2 40
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4 8

Fig. 4. The inhibition influence of inhibitors' solution on increased Na-Bt based on apparent viscosity (a) and yield point (b).
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Fig. 5. The SEM image of (a) plain Na-Bt, and Na-Bt immersed in (b) 2 wt% AA-AAm-C-Amyl and (c) AA-AAm-OD-C-Amyl after 24 h And EDX spectra with EDX elemental analysis of

(d) plain Na-Bt, and Na-Bt immersed in (e) 2 wt% AA-AAm-C-Amyl and (f) AA-AAm-OD-C-Amy]l after 24 h.

that the AA-AAm-OD-C-Amyl should give the best result due to the
presence of the long chain of hydrophobic OD, however, the two-
polymer component makes similar contributions of forming a
thin film covering AC-Amyl and clay surface. The better result of
AA-AAm-C-Amyl in the immersion and the shale recovery test
maybe could be premised on the hydrogen bond formation po-
tential due to more acrylic acid and acrylamide groups present in
AA-AAmM-C-Amyl than AA-AAm-OD-C-Amyl. To this end, AA-AAm-
C-Amyl and AA-AAm-OD-C-Amyl have the tendency to be used as
active shale inhibitors in wellbore drilling. This further justifying
the potency of AC as an excellent plugging agent for shale micro-
pores and cracks.

4. Conclusions

The potential of novel green activated carbon (AC) nano-
composite as an efficient shale inhibitor was investigated by pre-
paring two polymer composites of AA-AAm-C-Amyl and AA-AAm-
OD-C-Amyl with varying hydrophobicity. Both materials exhibited
outstanding performance to ameliorate shale hydration and inva-
sion of water into the shale formation. The composites display
superb anti-swelling strength and shale recovery efficiency. About
95.2% and 93.7% of anti-swelling ratios were recorded for AA-AAm-
C-Amyl and AA-AAm-OD-C-Amyl respectively compared to that of

Water repulsion
on shale surface

Water

L ]
/nolecules

Shale formation Hydrophobic composite
layer

Fig. 6. Anticipated shale inhibition mechanisms by the reported material.
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55.4% for 10 wt% KCl. The percentage shale recovery was 97.0% for
AA-AAm-C-Amyl, 95.2% for AA-AAm-OD-C-Amyl, 63.0% for 10 wt%
KCl, and 35.1% for deionized water. The assessment of the treated
clay particles revealed the formation of a thin film of adsorbed
polymer molecules on the clay surface that could greatly minimize
or prevent drilling fluid free-water interactions. Besides, the pres-
ence of C-Amyl in the synthesized materials could facilitate the
plugging of nanopores and cracks in a typical shale formation in the
event of drilling. Overall, AA-AAm-C-Amyl and AA-AAm-OD-C-
Amyl composites could act as viscosifier as well as cleaner shale
inhibitors with significant control of the filtration loss into shale
formations. This study gives an insight into improving the eco-
friendliness of oil well drilling fluids and reducing the general
drilling cost.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.petlm.2021.07.002.
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