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ARTICLE INFO ABSTRACT

Keywords: Recently the focus of the oil and gas industry is to find the alternative material for well barrier applications.
Well cementing Geopolymers are among the suggested materials, which could be used in the future to solve the well integrity
Geopolymer issues rooted by the properties of Portland cement. Previous study with rock-based geopolymer indicates the
EZ;];';)::SSIES potential of geopolymer to be used as a barrier material. However, there are still some shortcomings of geo-

polymer material, which need to be improved to make it a possible option for well cementing applications. This
study aims to improve the properties of the geopolymer. Al,O3 and multi walled carbon nanotubes functionalized
with hydroxyl group (MWCNT-OH) nanomaterials were used to study their effect on rheological, filtration loss,
and mechanical properties of the geopolymer. Moreover, the effect of nanomaterials on the setting time and
microstructure of the geopolymer has been studied. Results obtained from this work indicate that, nanomaterials-
based geopolymers have better mechanical properties and setting time compared to the neat geopolymer.
Addition of nanomaterials produced a more ductile structure with higher compressive and tensile strengths.
Microstructure and element analysis confirmed the formation of a more compact and dense structure with the
presence of MWCNT-OH and Al,O3 throughout the structure of the geopolymer.

1. Introduction

In hydrocarbon wells, cement is one of the important well barrier
elements used during well construction, completion, and Plug and
Abandonment (P&A) phases. When well productivity is not economical,
or the well experience uncontrolled leakage, the fate of the well is to be
permanently plugged and abandoned. The primary function of well
cementing is to seal annular spacing between casing-casing or casing-
formation, hinder formation-casing communication, providing struc-
tural integrity, and preventing formation fluid from leaking to the sur-
face (Nelson and Guillot, 2006). Fig. 1 presents possible leak scenarios
that occurred due to improper zonal isolation. Possible leak paths from
the well could be: through cement due to permeability of cement,
through cracks caused by downhole stresses (e.g. thermal shocks, tec-
tonic stresses, post-cement operations) and brittleness of cement, in the
microannuli at the interface of casing-cement or cement-formation
caused due to shrinkage of cement and/or insufficient wetting to
ensure bonding between casing and cement. Properly designed slurry, as
well as good cementing practices, are the key factors for successful
cementing operation. For any civil engineering works, it is important to
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follow recommended practices and standards. NORSOK D-10 (2013)
defines well integrity as “the application of a technical, operational, and
organizational solution to minimize the risk of an undesired leak during the
lifetime of the well.

Well integrity issues are reported in several parts of the world. For
instance, Vignes and Aadngy (2010) have audited the integrity status of
the Norwegian Continental Shelf (NCS) wells based on the information
obtained from seven operators. As shown in Fig. 2, their investigation
indicated that out of the 75 wells (i.e., 48 production and 27 injection
wells), casing and cement integrity issues recorded 11% of well integrity
issues each. A recent survey performed by the Petroleum Safety Au-
thority (PSA) Norway on 1995 wells from 13 operators shows that 30 %
of the wells have well integrity issues (Norway, 2019).

Moreover, Watson and Bachu (2009) have statistically assessed the
leakage potential of several abandoned wells in Alberta, Canada. This
study indicates that improper zonal isolation is one of the causes of leak
to the environment.

Depending on the well design and completion, qualified cement can
be counted either as a well barrier element in the primary or secondary
barrier envelope (see Fig. 1). Although cement has been the prime
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Fig. 1. Well barrier envelopes (blue as primary and red as secondary) and
NORSOK D-10 cement requirement (Belayneh and Aadngy, 2015; Norsok,
2013). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 2. Categories of well barrier element failures in the Norwegian sector of
the North Sea (Vignes and Aadngy, 2010).

material used for zonal isolation and P&A, the enacted mechanical and
long-term durability requirements by different authorities make the use
of alternative barrier materials important. NORSOK D-10 (2013) re-
minds that any barrier material used for zonal isolation or P&A shall be
impermeable, able to withstand mechanical loads/impact, and non-
shrinking. In addition, the candidate material shall resist downhole
chemicals and ensure bonding with steel and formation. Obtained re-
sults by different researchers and dialogue with operators suggest that
the use of alternative material to Portland cement might be necessary to
reduce the risk of well barrier failure (Teodoriu et al., 2013; Jafariesfad
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etal., 2017a; Kiran et al., 2017; Salehi et al., 2017; Vralstad et al., 2018).

The primary failure mechanisms associated with the Portland
cement are addressed as, but not limited to, changes of temperature and
pressure regimes that cause cement cracks, brittleness (low ductility) of
cement, volume changes causing possible microannuli (Vralstad et al.,
2018). Furthermore, poor cementing practices can result in channels
through cement (Shenold and Teodoriu, 2016) and tectonic stresses
(Lavrov and Torsater, n.d; Jafariesfad et al., 2017a; Vralstad et al.,
2018) are circumstances that intensify the risk of material failure.
However, due to the above shortcomings with the Portland cement,
researchers are trying to look for supplementary materials. Several
alternative materials such as bismuth-based materials (Carragher and
Fulks, 2018), resins, creeping formation, and geopolymer have been
proposed or used as an alternative to Portland cement (Khalifeh et al.,
2013, 2014; Vralstad et al., 2018).

Geopolymers have been used in the construction industry and sug-
gested as a supplementary material to cement for well construction
(Khalifeh et al., 2014, 2018; Liu et al., 2017; Salehi et al., 2019). Geo-
polymers are inorganic polymers made of a long chain of aluminosilicate
materials formed by the process of geopolymerization. Geo-
polymerization is the term introduced by Joseph Davidovits in 1978
(Davidovits, 1982, 1991). In this process, reactive alumina and
silica-based materials, known as precursors, act as source material. The
source material is mixed with a hardener, which is an alkali silicate
solution to activate the geopolymerization process. Three different
mechanisms (dissolution, orientation and polycondensation) are
involved during the geopolymerization process (Duxson et al., 2007;
Davidovits, 2005). A variety of precursor materials based on natural
minerals such as feldspar, metakaolin, kaolinite, and solid wastes like fly
ash, blast furnace slag, rice husk, and several others can be used to
produce geopolymers. The geopolymer structure has a 3-D network gel
consisting of Si04 and AlO4 tetrahedrons that are bonded alternately by
sharing the oxygen ions as Si-O-Al-O (Davidovits, 2005; Komnitsas,
2011). The stability and strength of the geopolymer depend on the
properties of the source material. Some of these properties may include,
but not limited to, fineness, particle size distribution, chemical compo-
sition and reactive content of the geopolymeric precursors (Singh et al.,
2015). Moreover, the concentration of soluble silicate, water content,
and pH level of the hardener are also important factors (Duxson et al.,
2007).

Different researchers studied the advantages and current limitations
of geopolymers compared to conventional cement. Some of the advan-
tages include durability at corrosive environments (Nasvi et al., 2014;
Khalifeh et al., 2017), lower permeability (Gao et al., 2013; Salehi et al.,
2016; Nasvi et al., 2014), higher structural flexibility (Khalifeh et al.,
2015), lower chemical shrinkage (Salehi et al., 2016, 2017; Paiva et al.,
2018; Khalifeh et al., 2018) and lower CO, emission during production
(Gao et al., 2013). However, there are current limitations that limit the
application of geopolymer for well construction. These include lower
tensile strength compared to Portland cement and issues related to
controlling the pumpability of geopolymer slurry at elevated tempera-
ture for a reasonable time (Khalifeh et al., 2018). Another main barrier is
that technology has not been field tested and, therefore, not yet qualified
for use.

1.1. Nanomaterials in cement and geopolymer

In recent years, research results have shown that nanomaterials
(1-100 nm) can significantly improve the properties of conventional
drilling fluid, oil well cement, and enhanced oil recovery processes.
Nanomaterials have shown great potential to solve engineering prob-
lems related to the oil and gas industry. Due to a very small size and high
surface area to volume ratio, nanomaterials have the ability to create
smart materials with improved rheological and mechanical properties.
For instance, the application of nanoparticles in cement has shown
improved properties such as increase in compressive strength (Li et al.,



M.A.A. Alvi et al.

2004; Meng et al., 2012; Safi et al., 2018), flexural strength (Li et al.,
2004; Safi et al., 2018), tensile strength (Jalal et al., 2012) and reduced
permeability (Ozyildirim and Zegetosky, 2010). Researchers working in
the areas of well cementing have also introduced nanomaterials to their
mix designs to achieve better properties of the cement material (Ershadi
et al., 2013; Pang et al., 2014; de Paula et al., 2014; Khan et al., 2016;
Murtaza et al., 2016; Jafariesfad et al., 2017b; Li et al., 2017).

Moreover, the application of nanoparticles in geopolymer has shown
impacts on different properties. Many studies are available which show
the impact of nanoparticles on workability (Hassaan et al., 2015;
Phoo-ngernkham et al., 2014; Rodriguez et al., 2013; Gao et al., 2014),
microstructure (Assaedi et al., 2016; Phoo-ngernkham et al., 2014),
chemical shrinkage (Yang et al., 2015) and density and porosity (Deb
et al.,, 2016; Assaedi et al., 2015, 2016). Additionally, the effect of
nanoparticles on the mechanical properties of geopolymers has been
studied by some authors (Assaedi et al., 2016; Phoo-ngernkham et al.,
2014; Naskar and Chakraborty, 2016). However, very few studies are
available to address the effect of nanoparticles on the properties of
geopolymers for oil well cementing (Ridha and Yerikania, 2015; Khali-
feh et al., 2019a,b).

In geopolymer technology, the presence of aluminium oxide plays an
important role. By decreasing the ratio of Si/Al, the final geopolymer
material can be more flexible with a higher degree of resistivity to
corrosive chemicals (Provis and Van Deventer, 2009). In addition, the
use of aluminium for producing lightweight and sound-isolating geo-
polymers have been studied by some researchers (Hajimohammadi
et al., 2017; Leiva et al., 2019). We also know that the hydroxyl group
plays a role in the geopolymerization reaction. Therefore, the use of
nanoparticles functionalized with OH™ involves the nanoparticles in
geopolymer reactions to further enhance the properties of geopolymers.

In this study, MWCNT functionalized with a hydroxyl group
(MWCNT-OH), and Al,03 nanoparticles (AL-0450) have been used to
study their effect on the properties of rock-based geopolymer. The
impact of Al,O3 nanoparticles and MWCNT on different geopolymer
systems have been previously studied. For instance, Guo et al. (2014)
have added y-Al;O3 to fly-ash based geopolymer. This study shows that
Al,03 nanoparticles have modified the pore structure of the geopolymer
and produced a material structure with a narrow pore distribution based
on the FT-IR spectrum and SEM analysis. Also, nanoparticles improved
the compressive strength of the fly ash-based geopolymer, 2.0 wt% of
Al;03 nanomaterials increase the strength from 50 MPa to 56.8 MPa for
neat geopolymer after 28 days. Another study shows that the addition of
Al,03 nanoparticles to high calcium fly-ash based geopolymer decrease
the setting time of the slurry (Chindaprasirt et al., 2012). Phoo-n-
gernkham et al. (2014) showed that the microstructure of the Al,O3
based high calcium fly ash geopolymer was improved, with the forma-
tion of denser structure. Additionally, nanoparticles improved elastic
modulus, compressive, and flexural strength of the geopolymer paste.

MWCNTs have also been used in geopolymers to improve mechanical
properties (i.e. compressive and tensile strengths as well as Young
modulus) because of the superior mechanical properties of carbon
nanotubes. Saafi et al. (2013) introduced MWCNT to a low calcium fly
ash-based geopolymer. The addition of MWCNT having a concentration
of up to 1 wt% by weight of the geopolymer improved flexural strength
and Young modulus of the geopolymer. However, Saafi et al. (2013)
reported that a lower concentration of the MWCNT in the geopolymer
matrix gave better results due to sufficient dispersion of the nanotubes in
the slurry. The effect of carbon nanotubes on the compressive strength
and modulus of elasticity of fly ash-based geopolymer has been reported
by Rovnanik et al. (2016). According to Rovnanik et al. (2016), the best
result for compressive strength and modulus of elasticity of the geo-
polymer obtained when low concentration (0.15 wt%) of MWCNT was
used in the mix. Published results by Abbasi et al. (2016) show that
carbon nanotubes improve the strength of metakaolin-based geo-
polymers. According to them, an addition of 0.5% nanotubes had
increased compressive strength by 32% and flexural strength by 28% of
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the geopolymer. Moreover, SEM analysis confirmed the bonding of
MWCNT with the geopolymer, as nanotubes bridged the microcracks in
the structure of the geopolymer.

One important criterion to be considered in the selection of nano-
particles is to obtain sufficient dispersion. Agglomeration of nano-
materials may lead to a negative impact on the properties of geopolymer
or other cement-based materials. Furthermore, lower concentration of
nanomaterials has a better performance compared to the use of large
amounts, which ultimately may lead to non-reacted nanoparticles in the
cement-based materials (Guo et al., 2014; Riahi and Nazari, 2012;
Sumesh et al., 2017; Khater and Abd El Gawaad, 2016).

In this paper, the intent is to study the effects of the AL-0450 and
MWNCT-OH nanoparticles on rheological properties, static fluid loss,
pumping time, and mechanical properties of a neat rock-based geo-
polymer (GP). The mechanical, elastic, and physical properties are used
to quantify and analyze the quality of cementitious material. In an oil
and gas well, cement can experience compressive and tensile loads.
Hence, in this paper, the elastic properties of geopolymers are charac-
terized through the uniaxial and Brazilian (indirect tensile) tests.
Additionally, the microstructure of the geopolymers containing the
nanoparticles was examined.

2. Experimental procedures
2.1. Materials

Granite is an intrusive igneous rock, and its main constituents are
quartz and alkali feldspars. Granite was used as geopolymer precursor,
in this work, to produce rock-based geopolymer. Velde Pukk AS pro-
vided powdered granite, and it was used without any further processing.
The particle size of powder granite was below 63 pm. To achieve the
required chemical composition of geopolymeric precursors, the chemi-
cal composition of granite was normalized by introducing silica flour
and ground granulated blast furnace slag. The chemical composition of
the geopolymeric precursor is presented in Table 1. The development of
the rock-based geopolymer and its reaction is extensively presented in
work done by Khalifeh et al. (2016).

Ground Granulated Blast Furnace Slag (GGBFS) is an industrial by-
product of the steel industry. The GGBFS has calcium and magnesium
content, but the precursor mix is designed so that the final calcium
content is less than 10 wt%. The GGBFS used in this study was supplied
by MEROX, Sweden, with the product name Merit 5000.

Silica flour is natural quartz sand, and it was supplied by Halliburton.
It was introduced to the mix design to adjust the Si/K»O ratio.

In this research work, a potassium silicate solution was used as a
hardener, which had a modulus number (SiO5/K50) of 2.30. Deionized
water was used to adjust the water content of the binder. The chosen
nanoparticles were introduced to the binder prior to the addition of
precursor.

To this liquid phase, suitable amounts of AL-0450 and MWCNT-OH
were added. Nanomaterials in the liquid phase (aqueous) were used in
this study. As nanomaterials are dispersions in the water phase, liquid to
solid ratio of the geopolymer slurry was adjusted according to the liquid
content of the nanomaterials.

2.1.1. Nanomaterials

MWCNT-OH used in this study were purchased from US Research
Nanomaterials, Inc. Functionalization of MWCNT is done to improve
their properties such as better dispersion, interfacial bonding strength,
better flexibility as well as better surface activity. Hydroxyl function-
alized nanotubes were used in this study to achieve possible reaction
with the geopolymer. In addition, a non-ionic surfactant containing ar-
omatic groups without having Alkylphenol Ethoxylates (APEO) is used
to disperse MWCNT in water. Ultra-sonication and centrifugation were
used to disperse the tubes and to form a stable dispersion of MWCNT in
water. Properties of MWCNT-OH are presented in Table 2.
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Table 1
Chemical composition of the geopolymeric precursor.
Chemical composition SiOy Al,03 Fe,03 CaO MgO K20 TiO, MnO SrO BaO S2- LOI Total
Wt. % 65.77 10.04 0.58 11.98 6.37 1.78 0.91 0.01 0.01 0.01 0.48 0.17 99.99
AL-0450 was purchased from the Alfa Aesar. AL-0450 is a colloidal
dispersion in 50% H,0O with dispersant, see Table 3 for properties of AL- gable 3 £ AL.0450
0450. Fig. 3 shows SEM images of the nanomaterials used in this study. roperties of AL~ :
Properties Values
. X Purity 50% in water, colloidal dispersion
2.2. Test methods and preparation of test specimens Formula AlOs
Form 45 nm APS for dry powder
2.2.1. Characterization and test methods Formula Weight 10196
Temperature and Pressure Conditions — For this study, the temperature ;‘;ﬁ:‘;;“: eli dex :1”27461; m/g
was chosen to be 50 °C and 70 °C. The ramp-up rate of 1 °C/min was Color White

selected for both cases. Additionally, curing pressure used for pressur-
ized consistency, uniaxial compressive strength, as well as ultrasonic
cement analyser was 14 MPa. This was done to mimic the possible
downhole temperature and pressure conditions in a well.

Shear Stress Measurement — Fann viscometer was employed to mea-
sure the rheological behaviour of the geopolymeric slurries. Atmo-
spheric consistometer was used to do the conditioning of the geopolymer
slurry at 50 °C. After reaching 50 °C, the slurry was conditioned for 20
min to achieve uniform temperature.

Consistency — In order to map pumpability and effect of pressure on
the pumpability of the slurries, atmospheric consistometer and pres-
surized consistometer recommended by API RP 10B-2 standard (API,
2013) were employed.

Static Fluid Loss — To measure the fluid loss of the slurries; first the
slurries were conditioned in the atmospheric consistometer at 50 °C
(BHCT). Then, high temperature and high pressure (HTHP) fluid loss cell
was used to measure the drained fluid. The achieved differential pres-
sure was 5.2 MPa. As the slurry was already conditioned at 50 °C, the
ambient temperature was used during the measurement, and all the
slurries were passed through the 850 pm sieve. The pressure was applied
by using carbon dioxide cartridges.

Uniaxial Compressive Strength — To measure the unconfined
compressive strength of the samples, a Toni Technik-H mechanical tester
was used. A loading rate of 27.6 MPa/min was selected according to the
API RP 10B-2 standard (API, 2013). All the samples were cured in an
autoclave at 14 MPa and 70 °C. Samples were cured in plastic cylinders
having dimensions of 100 mm length and 52 mm diameter. After curing
for the required time, samples were removed from the plastic molds and
were cut from both ends to achieve flat surfaces before measuring the
compressive strength. The specimen is loaded between parallel plates,
and the loading is on the surface of the cylindrical geopolymer plug. The
testing procedure is according to NS-EN 196-1 standard (Norway, 2005;
ASTM, 2013), and the compressive strength is given by:

F

s (€9)
Table 2
Properties of MWCNT-OH

Properties Values

Purity >95 wt% (carbon nanotubes)

>97 wt% (carbon content)

Content of -OH 1.76 wt%

Outside diameter 20-30 nm

Inside diameter 5-10 nm

Length 10-30 pm

Specific surface area (SSA) >110 m?/g

Color Black

Electrical conductivity >100 s/cm

Tap density 0.28 g/cm?

True density ~2.1 g/cm®

Aperture Size =30.00 um
EHT =20.00 kV

v,

Pixel Size = 5.6499 nm
. Aperture Size =30.00 pm

Fig. 3. SEM images of AL-0450 NPs showing the distribution of nanoparticles
(a and b), SEM images of MWCNT-OH showing the nanotubes (c and d).

Where F is maximum recorded compressive load (kN) and R is radius of
the specimen (mm).

Indirect Tensile Strength Measurement — Brazilian tests were conducted
by employing Zwick/Z020 mechanical testing machine. TestXpertIl
software was used to record the applied force on the sample. The loading
rate of 50 N/s, which is equivalent to 0.05 MPa/s was selected according
to the ASTM D3967-16 (Standard, n.d.). Unlike steel materials, rock and
cement like structures exhibit weak tensile strength. Hence, the indirect
test method is used to determine the tensile strength of such materials.
The Brazilian tensile tests were conducted according to the procedure
described in NS-EN 12390-6:2009 standard (Norway, 2009). The
specimen is placed between parallel curved plates, and the applied load
is continuously increased until failure. The tensile strength is given as
(Norway, 2005; ASTM, 2013):

2F

= (2)

O
Where F is the maximum load (Newton), D is the diameter (mm), and L is
the length of the specimen (mm). The unit of the tensile strength is N/
mm?.

Sonic Strength Development — Sonic Strength of the geopolymers
mixed with the nanoparticles were measured by Chandler Ultrasonic
Cement Analyser (UCA). The downhole temperature of 70 °C was used
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to map the sonic strength development. UCAs are designed to compute
the sonic strength of Portland cement by applying a pre-defined algo-
rithm and using the travel time of ultrasound through the cement slurry.
Therefore, to estimate the values for new materials, it is necessary to
develop a new algorithm. For this study, a customized algorithm feature
was used from UCA to accommodate geopolymer-based slurries. A
polynomial equation generated from the plot between transit time and
measured compressive strength from UCS was put into the UCA software
using a custom algorithm option in the instrument to calculate the sonic
compressive strength.

X-ray diffraction (XRD) — Bruker D8 ADVANCE Eco diffractometer
(having Cu-Ka radiation source, A = 1.5406 A, 40 kV, and 25 mA) was
used to study the X-Ray diffraction of the geopolymer and geopolymer
with nanomaterials. The X-Ray patterns were recorded in the 26 range of
5-70°.

Microstructure and Elemental Analysis — To get an insight into internal
structural make-up of the geopolymer, Zeiss Supra 35VP model scanning
electron microscope was used. Additionally, to quantify the percentage
of different elements present in the structure, the elemental analysis was
conducted with element dispersion spectra (EDS).

2.2.2. Slurry preparation

Slurry mix designs are presented in Tables 4 and 5. First, the pul-
verized granite rock was normalized with other industrial wastes to
prepare a unique chemical composition, which gives repeatable results.
Separately the hardener was prepared by mixing potassium silicate so-
lutions with deionized water. Then, suitable amounts of either AL-0450
or MWCNT-OH were added to the hardener and mixed with a high shear
rate mixer. The normalized geopolymeric precursors were mixed with
the nanoparticle blended hardener by using the commercial Waring
blender according to the API RP 10B-2 (API, 2013). The slurries were
conditioned with the atmospheric consistometer to make sure that the
system is homogenous. The sample preparations were conducted ac-
cording to the API RP 10B-2 (API, 2013). The liquid to solid ratio (L/S)
of the samples was 0.55. The specimens for compressive strength and
tensile strength measurements were poured in the plastic molds.

3. Results and discussions
3.1. Rheological properties

3.1.1. Shear Stress Measurement

The rheological properties of the neat geopolymer show non-
Newtonian (Bingham Plastic) behaviour as indicated by the previous
study. The addition of nanomaterials shows similar trends but with the
higher shear stress values for the same shear rate. Hence, nanomaterials
increase the viscosity of the material, see Fig. 4. As indicated by Hodne
et al. (2001) addition of micro-sized silica particles increased the vis-
cosity of the cement slurry. A similar trend is observed in this study; the
addition of nanoparticles to the slurry increases the solid content.

A sharp change in the rheological profile of the mix design con-
taining MWCNT-OH was noticed at high shear rate when the tempera-
ture increased from 40 to 50 °C. The reason for the behaviour remained
unknown. However, shear rates of more than 250 1/s are not commonly
experienced in the field, except the Bottom Hole Assembly (Saasen and
Ytrehus, 2018). Fig. 5 shows the apparent viscosity of the slurries at
different temperatures. It can be seen that nanoparticles have increased
the apparent viscosity. Moreover, for all the slurries increase in tem-
perature decreases the apparent viscosities.

The Casson model is a two parameter model, which was used to

Table 4
Composition of the AL-0450 modified geopolymer.

Component Precursor Hardener Water Nanomaterials (AL-0450)

Weight (g) 735 324.45 81.9 0.36
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Table 5
Composition of the MWCNT-OH modified geopolymer.

Component Precursor Hardener Water Nanomaterials (MWCNT-OH)

Weight (g) 735 324.45 81.9 0.18

—Ne iymer (GP) 0 C
= = GP+AL-0450 NPs 30 C id

= GP+AL-0450 NPs 40 C
e GPHAL-04:
- = GPHMWC]
- GPHMWC!

Shear Stress (Pa)

0 100 200 300 400 500 600
Shear Rate (1/s)

Fig. 4. Effect of temperature and the nanoparticles on the rheological behav-
iour of geopolymer.

== Neat Geopolymer (GP) 30 C
== Neat Geopolymer (GP) 40 C
==Neat Geopolymer (GP) 50 C
=8 GP+AL-0450 NPs 30 C
—e GP+AL-0450 NPs 40 C
e GP+AL-0450 NPs 50 C
~#= GP+MWCNT-OH 30 C
~e GP+MWCNT-OH 40 C
= GP+MWCNT-OH 50 C

Apparent Viscosity (Pa-s)

0 100 200 300 400 500 600
Shear Rate (1/s)

Fig. 5. Apparent viscosity of neat geopolymer and neat geopolymer modified
with AL-0450 and MWCNT-OH.

calculate the Casson yield stress and Casson plastic viscosity. The Casson
model provided a good fit for the measured shear stress and shear strain
values. At both high and low shear rates, the Casson model provides
more accurate results (Ochoa, 2006). The model is given (Nelson and
Guillot, 2006) as,

0.5 0.5,0.5

T :1'8'5 +ur Fort < 7, 3)
y=0 Forz>r1, @

Where,

T is the shear stress (Pa)

T, is the Casson yield stress (Pa)

}e is the Casson plastic viscosity (Pa)
y is the shear rate (sec™H

Table 6 shows the values for yield stress and plastic viscosity for neat
geopolymer and geopolymer mixes having nanomaterials. Yield stress
and plastic viscosity of cement-based materials are critical with respect
to displacement and the pumpability of the slurry. Higher values of yield
stress and plastic viscosity of the geopolymer mix with nanomaterial
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Table 6
Casson Yield stresses and Casson plastic viscosities.

Journal of Petroleum Science and Engineering 191 (2020) 107128

Temperature Casson Yield Stress-Neat Casson Plastic Viscosity- Casson Yield Stress- Plastic Viscosity-GP Casson Yield Stress- GP Plastic Viscosity-GP +
cQ Geopolymer (Pa) Neat Geopolymer (Pa) GP + AL-0450 (Pa) + AL-0450 (Pa) + MWCNT-OH (Pa) MWCNT-OH (Pa)

30 0.015 0.23 0.36 0.29 0.25 0.29

40 0.009 0.21 0.22 0.27 0.21 0.26

50 0.014 0.17 0.34 0.23 0.15 0.24

thickens the system and control the segregation of materials by
providing better cohesion. This increase in viscosity does not have effect
on the pumpability of the slurry, as indicated by the setting time results,
but it can have an impact on pump pressures and friction in the well,
causing larger downhole pressures when circulating.

3.2. Fluid-loss test

Fluid-loss values for cement slurries are generally high when addi-
tives are not used, which can contribute to problems such as gas
migration as well as maintaining the hydrostatic pressure and incom-
plete hydration of cement. Geopolymerization does not involve hydra-
tion reaction and requires less amount of water, but hardener loss may
result in loss of hydrostatic pressure or incomplete reaction. Our mea-
surements confirmed that lower values of fluid loss are associated with
the geopolymer. As shown in Fig. 6, very low values of fluid loss were
recorded after 30 min. The mix containing AL-0450 nanoparticles
showed a significant increase in fluid loss values. The possible reason
might be a delay in the hardening of slurry with AL-0450, as indicated in
Fig. 7. However, in the case of MWCNT-OH, there is a significant
decrease in fluid loss values. Perhaps, attachment of MWNCT particles to
the oligomers is a possible scenario.

3.3. Pumpability

For oilfield applications, geopolymeric slurry should set at the
desired time. Therefore, it is crucial to have control over the setting time
of the slurry. Retarders (such as lignosulfonates, and derivatives of
carbohydrate) are commonly used to delay the setting time of Portland
cement used in oil fields. However, these are not effective in case of the
geopolymers. Borax based retarders are suggested for the geopolymer;
however, a significant decrease in mechanical strength has been re-
ported (Allouche et al., 2017). Therefore, nanomaterials might be used
to prolong the pumpability of the geopolymer slurries by acting as a
retarder. Fig. 7 shows that the addition of nanomaterials almost doubles
the available pumping time of the geopolymers. Different mechanisms
could be involved here, which causes the delay in the setting of

=

E 14

=

=

s 12

=

s 1

2

2.

£ 08

<

@»
0.6 «@=Neat Geopolymer (GP)
0.4 =#=GP+AL-0450 NPs
0.2 -0~ GP+MWCNT-OH

e

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (minutes)

Fig. 6. Effect of AL-0450 nanoparticles and MWCNT-OH on static fluid loss of
the geopolymeric slurries.

nanomaterials-based geopolymer slurries. A possible scenario could be
that the nanomaterials might act as a shield between the aluminosilicate
precursor and hardener and reduce the rate of dissolution of
alumina-silicates (Allouche et al., 2017).

Delaying the gelation step can significantly prolong the setting of the
geopolymer slurry. As with the addition of nanoparticles, there are more
charged particles in the system, the electrostatic repulsion between the
similar charges in the system may be promoted. Also, surfactants that
are used to disperse the nanoparticles might act as retarders and delay
the setting time of the geopolymer slurries. The addition of the nano-
materials prolonged the pumping time to 3 hrs, see Fig. 7.

Our study shows that pressure does not have a significant effect on
pumping time, see Fig. 7, which is aligned with previous results obtained
by Khalifeh et al. (2019a) on the neat geopolymers.

3.4. Mechanical properties

3.4.1. Uniaxial compressive strength (UCS)

The unconfined compressive strength tests were performed after the
specimens being aged at 12hr, 24hr, 3, 7, and 28 days. For each curing
time, three specimens were crushed, and the average strength values are
reported as a representative for the unconfined compressive strength.
Even though the geopolymer specimens were cured in autoclaves, the
mechanical destructive tests were conducted at ambient conditions.
Fig. 9 shows a continuous increase in the strength development of
geopolymers with the incorporation of MWCNT-OH and AL-0450 NPs.
This shows that nanoparticles are integrated into the material structure.
As indicated in Fig. 9, there is not a very significant difference between
the compressive strength between 7 days and 28 days. This indicates
that samples attained most of the strength in the first 7 days. However,
there is a continuous increase in strength with time. Introducing nano-
materials to the geopolymeric slurry might provide additional nucle-
ation sites for the aluminosilicate reaction, forming a more
homogeneous and denser geopolymer paste. Narrow pore distribution
and elimination of weaker zones within the geopolymer matrices could
lead to an increase in compressive strength. Hydroxyl groups on the
surface of the MWCNT may either react with the geopolymer structure
and releasing a hydroxyl group or make a hydrogen bond, as illustrated
in Fig. 8. This incorporates the MWCNT throughout the structure of the
geopolymer, as indicated by the microstructure analysis. It can ulti-
mately produce nanotubes reinforced geopolymer having higher me-
chanical properties such as compressive strength. Li et al. (2013) have
shown that the incorporation of Carboxymethyl chitosan improves the
mechanical properties of the fly ash-based geopolymer due to the
created hydrogen bond between the hydroxyl groups in N-Carbox-
ymethyl chitosan and the geopolymer.

In case of AL-0450 NPs, the smaller size of these particles may also
act as a filler and fill the pores in the structure of the geopolymer,
consequently yielding a more compact structure.

3.4.2. Stress and strain curves

Fig. 10 shows the measured stress-strain. As shown, the nanoparticle
treated system exhibited a longer deformation as well as a higher load
carrying capacity depending on the curing time. All the geopolymer
samples showed creeping behaviour, which means more ductility.
However, it is important to mention here that this behaviour is depen-
dent on the curing time, as indicated in Fig. 10, after 28 days
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nanomaterials-based system because less ductile with the time.

3.4.3. Modulus of elasticity

Tensile strength requirements for the oil well cement are dependent
on Young’s modulus (E) of cement and formation rock (Thiercelin et al.,
1998; Williams et al., 2011). Downhole stresses caused by temperature
or pressure changes, throughout the well life-cycle, can result in the
failure of cement sheath integrity (De Andrade and Sangesland, 2016).
Thiercelin et al. (1998) stated that higher compressive and tensile
strengths are not always the solution, and the flexibility of cement is
required in several cases to minimize the damage. Due to limitations to
use tri-axial cell, the piston displacement measurements, from uniaxial

compressive strength measurement, were used to study the elasticity.
Although the estimated values are lower than real elasticity, the relative
elasticities still remain comparable. As shown in Fig. 11, the introduc-
tion of nanomaterials to geopolymers did not significantly increase
Young’s modulus of the geopolymers. After 28 days, there is a minor
increase in Young’s modulus values, which is because of an increase in
the unconfined compressive strength of the nanomaterials based geo-
polymers. In fact, higher compressive strength and tensile strength with
low Young’s modulus are beneficial for oil well cementing applications.
The flexibility of the MWCNT-OH based geopolymer is expected to be
due to a flexible nanotube structure. Also, functionalization with the
—OH groups incorporate more flexibility in the structure of the geo-
polymer. In case of AL-0450, there is a sharp increase in the Young
modulus values in the first 3 days. This is due to the higher unconfined
compressive strength achieved by this sample in the first 3 days. As
shown in Fig. 9, AL-0450 based system attained most of his strength in 3
days, and afterward, there is a slow increase in the strength.

3.4.4. Compressive strength to young modulus ratios

Increase in the ratio of unconfined compressive strength to Young’s
modulus values for the nanomaterials based geopolymer indicates that
nanomaterials-based system has higher compressive strength with lower
values for Young’s modulus. A decrease in the value after 28 days is due
to an increase in both compressive strength and Young’s modulus.
However, for nanomaterials-based system, the ratio is slightly better
than the neat geopolymer, see Fig. 12.

3.4.5. Tensile strength (TS)

As geopolymers are known to possess lower values of tensile
strength, it is vital to improve their tensile strength for well cementing
applications. Nanomaterials used in this work have improved the tensile
strength of the neat geopolymer until 7 days. AL-0450 and MWCNT-OH
have significantly improved the tensile strength for 7 days; the latter has
even more effect on the tensile strength (see Fig. 13). The MWCNT-OH
additive improved the tensile strength of the geopolymer by 123% while
the AL-0450 additive leads to a 68% improvement for 7 days. Higher
tensile strength of the modified geopolymers with nanomaterials make
them more stable against tensile failures. However, for longer curing
time, the increase in the tensile strength is not very significant compared
to the neat geopolymer. After 28 days, mixtures with nano-additives
showed a decrease in tensile strength values compared to 7 days.
However, in the case of MWCNT-OH, tensile strength values are still
better compared to neat geopolymer after 28 days, see Fig. 13. It is
important to mention here, that new batch of materials was used for 28
days tensile strength, therefore this could be the reason of lower values
compared to 7 days test.
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with AL-0450 and MWCNT-OH modified geopolymer after 28 days.

3.4.6. Tensile strength to Young’'s modulus ratios

There is a significant increase in the ratio of tensile strength to
Young’s modulus for the rock-based geopolymer modified with the
nanomaterials for 7 days (see Fig. 14). This substantial increase, espe-
cially in case of MWCNT-OH, could be attributed to the high tensile

strength of the nanomaterials formulated geopolymer slurry. At the
same time, Young’s modulus is relatively low. In order to minimize the
mechanical damage to the cement sheath, it is beneficial to have a high
strength to Young’s modulus ratio (Roy-Delage et al., 2000). However,
after 28 days, the increase is not very significant compared to the neat
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geopolymer. In case of AL-0450, there is a slight decrease in ratio
compared to the neat geopolymer, while for MWCNT-OH, the ratio still
showed improvement.
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3.5. Sonic strength

Table 7 shows the empirical correlation developed in this study to be
used for estimating the sonic strength development of the geopolymers
and geopolymers modified with nanomaterials. The sonic strength
measurements show that the maximum strength development occurs on
the first day. A comparison of the UCA and consistency results show that
the geopolymers set a little faster in static conditions compared to the
dynamic situation (compare Figs. 7 and 15). It could be due to a delay in
gelation caused by a continuous mixing of the slurry. High values of
transit time at the start are due to the ramp-up of the temperature to 70
°C, which reduces the viscosity of the slurry as also shown in Figs. 4 and
5 that high temperature decreases the viscosity of the slurries (Pan-
chmatia et al., 2019). Moreover, additives used could also affect the
ultrasonic wave transmission, which can influence the transit time (Liu,
2017).

3.6. X-ray diffraction

X-ray analysis of the neat geopolymer and geopolymer with nano-
materials is shown in Fig. 16. XRD pattern of neat geopolymer showed
that quartz (SiO3), albite Na(AlSi3Og), microcline (K(AlSi3Og)), illite
(Ko.65Al5.0[Alg 5Si3.35010]1 (OH)2) and clinoptilolite-Na ((Na,K,
Ca)a—3Al3(Al,Si)2Si13036-12H20) are the main phases present in the
geopolymer structure. Minor peaks for oligoclase ((Ca,Na)(Al,Si)4Og)
are also present.

Similar phases are also present in the nanomaterials based geo-
polymer structures. Fig. 17a—d shows that additional peaks are present
for geopolymer with AL-0450. For instance, peak at 8.75° is due to the
formation of phyllosilicates minerals from mica group like phlogopite
(KMg3(AlSi3)010(OH)3). Small peaks at 9.9, 11.1°, and 13-14° are due to
the formation of zeolite-based mineral (e.g. clinoptilolite-Na and albite).
Moreover, smaller additional peaks at 19-20° for geopolymer having AL-
0450 additive are due to the formation of illite. Peaks present at 21-25°
are due to the formation of albite, microcline, oligoclase, and illite. The
broad peak at 26° is due to quartz, there is a minor shift in the peak for
geopolymer with AL-0450 due to the formation of microcline and albite,
and an additional peak at 26.7° is for microcline.

Table 7
Empirical Correlations obtained from the plot between uniaxial compressive
strength and Transit time.

Samples Empirical Correlation

GP + AL-0450
GP + MWCNT-OH

y = 27.658x%1775.7x + 27797
y = 66.938x%-3583.8x + 47808
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Similar to neat geopolymer, peaks at 27-33° are due to albite, illite,
and microcline phases with few additional peaks for the same phases for
geopolymer with AL-0450. New peaks at 34.64° are formed due to the
formation of almandine (Fe3Alx(SiO4)3). Also, there are minor peaks for
alumino-magnesiotaramite (Na(CaNa)(MgsAl)(SigAl)O22(OH),) at 34-
35°. A peak at 41.8° is for diaspore (AIO(OH)) for a geopolymer with AL-
0450.

There are also additional peaks for berlinite (AIPO4) at 20.9-26.6°
and 34-68°, specifically at 64.1-67.9°. The sharp peak at 60.08° is due to
the formation of mullite (3A1,03.2Si05). Moreover, additional albite,
illite, and microcline are also present throughout 30-70° for geopolymer
with AL-0450 additive.

The additional sharp peak at 8.75° is also present for MWCNT-OH
due to the formation of phyllosilicates minerals. In case of MWCNT-
OH geopolymer, the broad peak around 13.6° is associated with
graphite, while other peaks are due to additional aluminosilicate min-
erals like albite. In addition, the carbon peak is formed at 20.96° for
MWCNT-OH. There is a peak shift for MWCNT-OH at 26° is due to the
graphite peak at 25.60° is overlapping with a quartz peak. There is also a
broad peak at around 27.44° because of graphite for MWCNT-OH.
Additional peaks for MWCNT-OH at 28.2° is due to microcline. A peak
at 39.5° is due to the formation of albite and illite. Minor peaks at 42.3,
42.5, and 44.6° are due to graphite. In addition, minor peaks at 54-55°
are also due to graphite. X-ray analysis indicates that additional phases
are formed in case of geopolymer slurries with nano-additives. It shows
that nanoparticles took part in the reaction. The stability of nano-
materials dispersion might be the reason for the effective reaction be-
tween nano-additive and other raw materials used to formulate
geopolymer slurries. Moreover, in case of MWCNT-OH, the hydroxyl
groups might be a possible reason for taking part in the reaction, see
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Fig. 8.

3.7. Microstructure analysis

Microstructure analysis shows that nanomaterials have reacted with
the geopolymer components and contributed in the geopolymerization.
As shown in Fig. 19 a-d, the AL-0450 nanoparticles based geopolymer
has form dense microstructure as compared to the neat geopolymer, see
Fig. 18 a-d. Nanomaterials are able to form a structure that is more
compact and improved interlocking morphology, as shown in Fig. 19 d).
AL-0450 nanoparticles produced highly ordered geopolymer structure,
as revealed in Fig. 19, due to the low ratio of Si/Al. Yong et al. (2007)
have observed similar behaviour where a decrease in Si/Al ratio
contributed to higher chemical interactions and a more ordered struc-
ture. Studies have indicated that nanomaterials fill the gaps in the
structure of a geopolymer, which constructed a more homogenous and
compact structure (Huang and Han, 2011; Lo et al., 2017). In addition,
this structure produced materials with higher strength, as confirmed by
the compressive strength results.

Similarly, for MWCNT-OH based geopolymer, the nanotubes have
reacted with the geopolymer and produced a structure that is more
compact without any pores and empty spaces in the structure. As
mentioned previously in the introduction that MWCNT bonded the
surfaces of the geopolymer and uniformly distributed in the geopolymer
structure as indicated in Fig. 20 b. Moreover, nanotubes bridged the
microcracks in the structure of the geopolymer. Since the samples used
for the SEM analysis are from the compressive strength test, therefore
there are cracks in the structures as indicated by the SEM images.

3.7.1. EDX analysis

Fig. 21 shows the elemental analysis for the neat geopolymer, and it
can be seen that a lower amount of aluminium is present in the neat
geopolymer. Additionally, carbon is not present in the geopolymer
without MWCNT-OH.

EDX analysis for the geopolymer with nanomaterials showed that
both AL-0450 and MWCNT-OH contributed to the geopolymerization
reactions. As shown in Figs. 22 and 23, both AL-0450 and MWCNT-OH
are uniformly distributed throughout the structure of the geopolymer.
Stable dispersions of nanoparticles in dispersants may be contributed to
this phenomenon. The uniform distribution of nanomaterials is critical
to improve the properties of the geopolymer. Mapping of the geo-
polymer structure with AL-0450 and MWCNT-OH also indicates that
addition nanoparticles increase the percentage of aluminum and carbon
respectively in the geopolymer structure.

Testing results performed in this work indicates the potential of
nano-additives in altering properties of geopolymer mixtures. Rheology
results showed that nanomaterials could increase the viscosity of the
slurries, however for both neat geopolymer slurries and slurries with
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nano-additives, viscosity decreased with temperature. Moreover, nano-
additives also increase the plastic viscosity, apparent viscosity, and yield
point of the geopolymer. However, as indicated in Fig. 7 an increase in
viscosity does not have effect on pumpability. Also, the fluid loss result
in Fig. 6 showed that geopolymer having AL-0450 nanoparticles have
more fluid loss, which might be due to delay in the setting of the slurry.
While in the case of MWCNT-OH, delay in setting did not affect the fluid
loss and, in fact, improved the fluid loss compared to neat geopolymer. It
could be explained from Fig. 8, which suggests the attachment of
MWCNT-OH with the oligomers. The attachment of tube structures with
the geopolymer structure controls the loss of fluid.

Fig. 7 showed the ability of nano additives to delay the setting of
geopolymers, additionally setting time of slurries is not affected by
pressure, and as slurries with nano-additives took almost the same time
to set under atmospheric and high pressure. Unconfined compressive
strength results showed that nano-additives could improve the
compressive strength of neat geopolymer. The geopolymer achieves
most of the strength in the first 3 days, see Figs. 9 and 15. After 3 days,
there is a steady increase in the compressive strength values, and there is
not a very significant difference between 7 and 28 days. Therefore, no
test was performed for 14 days. However, it would be interesting to
check in the future how the materials behave after 14 days. Stress-strain
curves in Fig. 10 indicates that until 7 days nanomaterials-based slurries
showed longer deformation and higher load carrying capacities. While,
as curing time increases, mixtures with nanomaterials become less
ductile, which indicates that materials could become more brittle with
the time. Fig. 11 also confirms this phenomenon where Young’s modulus
of the geopolymer mixture with nanomaterials is higher than neat
geopolymer, which suggests that mixtures with nanomaterials become
less ductile after 28 days. This could be disadvantage for long-term
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wellbore integrity. However, Fig. 12 indicates that the ratio of UCS
and Young’s modulus for the mixtures with nanomaterials after 28 days
is slightly better than the neat geopolymer. Moreover, Fig. 10 h also
showed that mixtures with nanomaterials still showed higher load car-
rying capacity and reasonable deformation compared to the neat geo-
polymer. Future study with curing samples for 6 months can provide the
answer if nanomaterials-based mixture becomes more brittle or not.

Tensile strength results indicate that nanomaterials have improved
the tensile strength of neat geopolymer for 7 days. However, after 28
days, mixtures with nanomaterials showed lower tensile strength values
compared to 7 days. It indicates that for longer period nanomaterials
based geopolymers lost their tensile strength. However, further studies
are needed to find the reason for these phenomena and to confirm that
nanomaterials might not improve the strength of neat geopolymer for
longer periods.

Sections 3.5 to 3.7 are the test performed to compliment the tests in
the previous section. Sonic strength result showed that reduction in
viscosity causes the transit time to increases, which supports the
reduction in viscosity with temperature, as indicated in Fig. 15. Also,
this test supports that mixtures attained most of their strength during the
early stages of curing. X-ray analysis, SEM, and EDX analysis confirms
the involvement of nanomaterials during geopolymerization.

New minerals formation, as indicated by X-ray analysis, confirms the
presence of nanomaterials in the mixture. SEM analysis shows the
compact structure formation for the geopolymer mixtures with nano-
materials. Which, also indicates that nanomaterials are well mixed with
precursor and other raw materials used to formulate geopolymer. EDX
results conformed the uniform distribution of the elements present in the
nanomaterials, which again confirms the proper reaction between nano
additives dispersions and other additives used to formulate geopolymer
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Fig. 21. Element analysis of geopolymer.

as well as stability of nano-additive dispersions. e MWCNT-OH decreased the fluid loss of the geopolymer. However,
AL-0450 increases fluid loss compared to neat geopolymer.

4. Conclusion e AL-0450 and MWCNT-OH both increased the compressive strength
of the neat geopolymer from to 2945 psi to 4154 psi and 4274 psi

This work indicates that nanomaterials have the ability to contribute respectively after 28 days.

in geopolymer structure, showing improved mechanical properties and e Stress strain curves showed better load carrying capacity and

modified structure. deformation for AL-0450 and MWCNT-OH based mixtures. However,
after 28 days, mixtures become less ductile.

e Findings from this work have shown that nanomaterials have e Nanomaterials based mixtures did not show a significant increase in
significantly enhanced the pumping time of the neat geopolymer Young’s modulus values compared to the neat geopolymer. AL-0450
slurry. Results showed that nano-additives increase the thickening showed more increase in Young’s modulus after 3 days, due to high
time to 3 hrs at 50 °C and 14.7 MPa. compressive strength.

e Nanomaterials have increased the viscosity of the geopolymer slurry.
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Fig. 23. Element analysis of geopolymer with MWCNT-OH particles.

e AL-0450 and MWCNT-OH based mixtures slightly increase the ratio
of UCS and E after 28 days.

In case of tensile strength, both AL-0450 and MWCNT-OH based
mixtures showed improvement after 7 days. However, after 28 days,
the increase is not very significant in case of AL-0450, while
MWCNT-OH based mixture still showed improvement compared to
neat geopolymer.

Incorporation of nanomaterials produced a more flexible geo-
polymer structure until 7 days, with a significant increase in the
tensile strength to Young’s modulus ratio compared to neat geo-
polymer. However, after 28 days, tensile strength to Young’s
modulus for AL-0450 slightly decreases compared to neat geo-
polymer, while for MWCNT-OH ratio is improved compared to neat
geopolymer, but decreases compared to 7 days.

UCA results confirm the maximum strength development occurs at
the early stages of curing.

The XRD analysis showed the formation of new minerals that was an
indication of the chemical reaction of nanoparticles with
geopolymers.

Dense and compact microstructure formation with the nanomaterials
is being confirmed from the SEM analysis. Moreover, elemental
analysis indicates the uniform distribution of nanomaterials in the
geopolymer structure.

This study indicates that nanomaterials can produce geopolymer
material with improved mechanical strength and flexibility for a
curing period of 7 days, however, for longer curing periods, nano-
materials might lose these properties as observed in this work.
Therefore, future work should investigate the ability of nano-
materials to provide long term integrity.
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